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FOREWORD
THE LASER AT ITS 25th ANNIVERSARY

I. Ursu
The Central Institute of Physics

The invention of Laser, one of the most exciting scientific breakthroughs of the century,
has been the outcome of an interdisciplinary effort involving contributions of many singular
minds and teams throughout the world. The way to this discovery was paved by a host of
significant results in various fields such as optice, gas discharges, spectroscopy, solid state
physics, quantum mechanics, thin film depaositing technology, electronice and fine mechanics.

The advent, 25 years ago, of the first born - J.M.Maiman's ruby laser - followed shortly
by other solid state devices such as the Can:U and CaFZ:Sm ones, and by the first gas laser - on
Helium-Neon - initiated an almost explosive development of lasers of various kinds (gas-, liquid-,
solid state-, and plasma-lasers), working in various regimes, from c.w. to very short pulses
(femtosecond range), with peak powers up to terawatts and covering almost all the optical range
from vacuum ultraviolet up to the milimeter region. Laser has greatly influenced the subsequent
advancement of technology, including several areas with problems that have not been given a
final solution as yet (e.g, communications on laser carriers, triggering and control of nuclear
fusion reactions, etc.). At the same time, lasers have opened new prospects for basic research,
and particularly for the interdisciplinary investigations.

Romania's first He-Ne laser, that was first operated on October the 20th, 1962, was the
achievement of a research group led by our late colleague, profgssor lon Agarbiceanu, at the
time head of the Laboratory for Optical Methods in Nuclear Physics at the Institute of Atomic
Physics in Bucharest - Magurele.

I believe we in Romania are entitled to take pride in the fact that such a remarkable
result was obtained within less than e year from the first news on Laser worldwide.

Romanian physical research was already relying on a sound expertise and experience, and
was increasingly gaining recognition for several outstanding results, in such laser-relevant fields,
as e.g. gas discharges, optics/spectroscopy (particularly hyperfine structures), dielectric multi-
layer thin films research and technology, solid state physics, magnetooptical resonance,
theoretical physics. A well-established school in electronics and mechanics was also available.
Such assets made possible the prompt setting up of a complex research group that proved itself
as soon able to give Romanian physics the access to a highly sophisticated instrument.

About the same time dynamic developments in quantum electronics (paramagnetic

resonance absorption and stimulated emission of microwaves by transition ions in crystals) were



"ALMOST" 25 YEARS OF LASERS IN ROMANIA

M.Ivascu

The Central Institute of Physics, Bucharest

The laser - as its very name states - is a device for amplifying light by means of the
stirnulated emission of radiation. Its discovery came shortly after that of the maser which does
the same thing in the microwave range. They both lie at the origin of 8 new branch of
contemporary science: quantum electronics. Furthermore, it is only too fair to acknowledge their
tremendous impact on virtually all fields of modern science and technology. Amang these | shall
mention at random the production of energy in fusion reactions, the onset and contro! of complex
physico-chemical processes, the development of high purity and other special materials advanced
.tools (with special characteristics such as a yery high accuracy), the transmission, processing and
storage of information to say nothing of a wealth of domains in fundamental research, ranging
from nuclear and atomic physics to chemistry and biology.

There are two ways to -approach the problem of quantum amplifiers of radiation. One of
them is the extension of traditional optics research (absorption, spontaneous emission) to the
investigation of stimulated emission. The other one concerns the use of gquantum electronics
methods in the optical domain. According to their own tradition and specific goals of research,
different countries have decided to follow either of these ways or both of them, in parallel. The
latter choice was taken among others by Romania.

The optical approach has been adopted by the group at the Institute of Atomic Physics in
Bucharest, lead by Profess.r lon Agarbiceanu, and it resulted in the operation of the first
Romanian laser in 1962, shortly after the discovery of the laser effect. Romania thus ranges
among the world's first nations to obtain - in a practically independent way - original results in
this brand new domain of research. | shall not enter any further details concerning this type of
research since our achievements are presented in the introductory survey by Professor Ursu.

I shall stop a bit more at the second way - the quantum electronics approach - another
major field of interest for our Institute. This approach is entirely due to the initiative of
Professor loan Ursu, who is the founder of the Romanian School of quantum electronics. These
studies originate in Professor Ursu's own investigations on electron spin resonance and maser

processas in crys'tals doped with transitional ions.



Soon came the first high performance lasers, solid state lasers, as a result of the
research initiated by Professor Ursu and his group, using active media which were, as | would like
to stress, prepared at t' 2 National Center of Physics.

From the very beginning, a wide R & D programme was devised, which was airned at
correlating the Institute's efforts with the specific needs, not only of our own research, but also,
and even more important, with the needs of Romania's economy and social life.

New types of lasers were thus developed of higher efficiency and reliability, tunable over
a wide spectral range, along with large laser installations such as those designed for the
production and investigation of dense hot plasmas or the development of new enrichment
methods and isotope separation. Besides, one should not overlook the nonlinear optics studies
which led to obtaining new wavelengths in the laser output, as well as the spectroscopy devices
using lasers tunable in the visible and ultraviolet, the laser automatic data processing,
parametric lasers allowing a high accuracy interferometry, end scores of other impressive
achievements.

To conclude this short presentation of what might be called the "contemparary history"
of lasers in Rornania, | will go back to reemphasize the benefits of a policy "tuning" physics
research to the needs of national economy.

We take much pride from our having succeeded to balance fundamental and applicative
research - and this does not confine to only laser research (currently developed at the Institute
for Physics and Technology of Radiation). We are costantly open to every scientific challenge as
much as to the needs of our colleagues working in industry, agriculture or medicine (the latter
being obviously of a fundamental social impact).

It is in this direction too that we have followed the advice and suggestions and, which is

the most important, the personal example of Professor Ursu.



PHYSICS RESEARCH AND APPLICATICM WITH THE FIRST ROMANIAN L ASER

A.Agafitei, V.Vasiliv
Central Institute of Physics, Bucharest, ROMANIA

The first Romanian He/Ne laser that became operational on Octomber 20, 1962, had a
resonant cavity whose metallic structure consisted of four thermocompensating rods providing a
good mechanical stability of the laser mirrors over a long operation period. A photograph of the
device is given in Fig.l1.

Each thermocompensating rod was made of several different metals to minimise the
thermal . dilatation caused by variation in temperature during laser operation. The matallic
assembly had a thermal dilatation coefficient of about 5:10-8 degree-1.

The resonant cavity consisted of a razotherm or quartz tube of 85 cm in length ans 12
mm in inner diameter, with or without inner electrodes. Adjoining either there was s metallic
chamber including the mirrors with high reflection coefficient within the relevant spectrsl
range. Mirror position could be accurately adjusted by twisting, from outside the chambers, two
micrometric screws for the vertical and horizontal planes respectively, with respect to the
discharge tube axis. The mirrors (of 1 m in length) could be adjusted from the gutside for their
holders where mounted in silphons that allowed minute mechanical shifts.

Parallelism adjustment for the resonant cavity mirrors was achieved through an original
method using an optical system with multiple reflection on the laser mirrors. The method
provided an‘ adjustment accuracy of + 1.5 arc seconds, which sufficed to assure mirror
parallelism and perfect normality on the optical axis of the discharge tube, hence appropriate
conditions were created for the laser effect to be obtained . Thi final adjustment was carried out
in service by maximizing the value of the emitted signal.

The electric discharge in the active medium was proyided by either a high frequency (39
MHz) generation or the direct application to the discharge tube electrodes of a direct or
alternating voltage..

For the spectroscopic analysis of the radiation emitted by the active medium, the
research group developed out of standard laboratory apparata a direct-reading spectrometer
that, used a cooled photornultiplier and served as either emission spectra recorder or photon
counter. The diagram of this device is given in Fig.2 . The instrument enabled fast recording over
a wide spectral range in order not to exceed the time interval for which emission conditions of
the investigated source were virtually unchanged. A medium-resolution monochromatorwas used,
followed by a liquid nitrogen-cooled photomultiplier, whose spectral sensitivity ranged from 0.35
to 1.2 pm. Supply came from a stabilized (10-4) direct voltage source, which was adjustable
within the range of 500-2000 V, and the photocurrent was amplified using an electrometric

amplifier, then let to recording potentiometer via a decade resistance devider to reduce the
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sensitivity of the recorder (with a dynamic range of 40 db for photocurrent measurement).

Using the thermocompensating rod-equipped resonator, laser oscillation was obtained on
the 1152.3 nm, 1118 nm and 1160 nm transitions, the former of which was also the strangest. The
most intense laser emission occured at high frequency, high direct voltage supply, These results
were among others reported at the 3rd International Congress in Quantum Electronics held in
Paris on February 11~15, 1963. The abstract of this our report presented at the Congress is shown
in Fig.3.

A 3 m long, externa) mirror He-Ne laser (Fig.4) was build in December 1962. The tubes
employed to build it were sealed by either optical contact, welding or epoxy resin of the aralidite
type such windows may be seen in Fig.5.

This device helped evidence laser oscillation on six new near infrared transitions,
previously unreported in literature: 1049.8 (2s3 -- 2p7); 1084.4 (2s7 -- 2pg); 1114.3 (284 -- 2pg);
1139 (285 -- 2pg); 1176.7 (232 -- 2p2); and 1523.1 (287 -- 2p]).

From the first laser which had been equipped with thermo-compensating rods, we
subsequently moved on to the system using external mirrors which was found to provide better
opportunities for both laboratory studies and many applications.

Rasotherm glass tubes and melted quartz tubes of 3 to 15 mm in inner dismeter and 20
to 300 cm in length were used in the different construction variants. Some of the tubes employed
had their slits sticked up by either optical contact on epoxy resin of the araldite type; others had
welded slits. Different manufacturing technologies were worked out for each type of slit.

The discharge tube and the mirrors were both fixed by means of special mechanical
holders to optical benches of high mechanical stability. To support the external mirrors, a
mechanical system was used which allowed for the independent rotation of each mirror around
two perpendicular axes, so that window parallelism was much more easily obtained. The plane
and spherical mirrors with curvature radii from 60 to 400 cm and fine optical processing up to

/80, were alternatively coated, in vacuum, with 13 succesive deposits of zinc sulphide and
cryolite, and had a reflexion coefﬁcieht F=99.2%. Other research dealed with the mode of

the He-Ne laser emission on infrared radiation and its quantum efficiency.

FIGURE CAPTIONS
Fig. 1 Photograph of the first He-Ne laser made i\n Romania
Fig. 2 Diagram of the spectrophotometer with direct reading for laser spectroscopic research
Fig. 3 Summary of the peper presented at the third International Congress of Quantum
Electronics
Fig. 4 Photograph of the 3 m He-Ne laser
Fig. 5 Photograph of the laser windows used in 1963
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LASER CONTROL OF MOLECLL AR FLOWS THROUGH POROUS
MEDIA AND METAL CAPILLARES

l.Ursu, R.Alexandrescu, V.Draganescu, D.Oragulinescu, C.Grigorlu,
L.N.Mihgilescu, [.Morjan
Central Institute of Physics, Bucharest, Romania
A.M.Prokhorov, N.V.Karlov, V.A.Krevchenko, A.S.L sguchev,
N.A.Orlov, Yu.N.Petrov
Institute of General Physics, Moscow, Academy of Sciences, U.5.5.R.

Effects of resonsnce laser radiation on molecular flows through porous structures
are discussed with particular reference to the dependence of the permeability of a fine-
pored membrane on the variation in the incident laser intensity. A theoretical
interpretation of these phenomens arc given which accounts for the orientational action
of the radiation field.

Preliminary experimental results concerning leser driven diffusion through metal

capillaries are also reported.

Introduction

It was experimentslly shown that a molecular flow keeping Knudsen character is
diminished under the action of resonance laser radiation, if passing through e porous or capillary
structure /1,3/. The interest In the development of these experimental techniques has not only a
fundamental character but it also refers to the possibility of using porous structures and
capillaries for laser controlling gas flows and component separation from gasenus mixtures.

The theoretical explanation of these phenomena shows that the specific features of
molecules' behaviour on the surface in a resonant electromagnetic field are mainly determined by
the field polarizing action on molecules /2/. A variation of the adsorption potential further
causeés a decrease of the molecular diffusion coefficient on the surface and, accordingly, of the
diffusion velocity. Besides the interaction of field polarized molecules and surfsce ones, an
interaction of the induced molecular dipole with its reflection into the wall takes place which
may explain the modifications of the diffused flow, corresponding to changes in the incident
radiation intensity.

Experimental results are presented concerning the behaviour of the transparent porous
structure-adsorbate system when submitted to the resonance laser radiation, together with the
interpretation in a| theory of the orientational action of the radiation field. Besides the resonant
éffect, the thermal action of the laser radiation on both resonant and non resonant molecules is
also analysed. Finaly, some experimental results concerning laser driven diffusion through metal

capillaries are reported.
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Effects of resonance laser radiation on molecular

flows through porous structures

The molecular transit of small toluene flows (0.1-1 mg/h) through samples of fine-pored
mica (filter diameter and thickness of 1 mm and 40 pm respectively, pore size = 50 A) was
investigated when submitted to the resonant c.w. CO laser radiation of 0.1-10 wiemZ (2 & 5.4
pm). The gas pressure was (1-3) torr when admitted into pores and (107%-107%) torr at the sample
exit. The laser irradiated the porous sample at the exit of the gas flow. The gas flows were
detected and recorded by a8 quadrupole mass spectrometer KM-2. Mention should be made that in
these experiments the Knudsen character of the flow was carefully checked up. The experiments
were carried on at room temperature.

As mentioned before, in a8 rather wide range of flows (from 0.1 to 100 mg/h) and f:/:r
many different substances, the flow locking degree rises with the incident laser radiation. In
these experiments, a much more intricate dependence of the sample permeability on the
radiation intensity was found. Thys, as one may notice from Fig.1, high permeability spikes were
evidenced in this case, for which the molecular flow through the sample grows lerger than it does
in the absence of the laser radiation.

These transient phenomena may be analysed from the temporal evolution of the
transmitted toluene flow (Fig. 2) et different levels of the incident laser intensity. We notice
that, corresponding to intensity ranges where the laser irradiation results in diminishing the flow
of resonance molecules, the radiation action induces a fast flow decrease followed by & slow
increase (thermal effect), while after switching off the radiation, the flow slowly falis down
again (Fig. 2b). Sharp spikes (of "~ 1 s) were observed in the evolution of the transmitted flow,
when switching on/off the laser radiation in other intensity ranges (Fig.2,c,d,e). Mention should
be made that for minimizing thermal effects influence, the laser was switched on for ratr;er
short periods of time (10 - 20 s).

The theory of the orientational action of the radiation fjeld, which accounts for the
evolution of the tramsitted flow, starts from the adsorption potential for the laser palarized
molecules. Using the general expression that was given in /2/ one may write the variation of the
adsorption potential caused by the interaction of a polarized molecule with its image induced
into the wall material as:
d“Ezcosze(hcoszB) (5,62.‘1”2)

2 2 2
16hR¥ (6 +v%) (834v7) M

4 F3

AU o

if the laser field is perpediculer to the surface. Here, §.= . - w, stands for the laser
frequency detuning out of the center of the resonance line of the two molecules, 6§, , 82 , vy
Y2 are the detunings and molecular line widths corresponding to the adsorbed molecules (index
1) and their images (index 2) respectively, Ro stands for the distance separating the molecule

from the surface, while a is the radiation reflection coefficient out of the surface. If & is the
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matrix eleinent of the transition, then 0 is the angle between £ and &

A similar expression may be derived for the interaction between polarized and
unpolarized molecules, in the gaseous phase and on the surface, respectively /3/.

For an RO of the order of the molecular size, one has to consider the interaction with the
molecules of the nearest surroundings, which can be accounted for by summing the pair wise
interactions, AU . This summation greatly depends on molecular location and orientation. If

Y, 62 v Y2 61 ' the surface projections of the induced molecular moments are
equiprobably directed along and across the field and AY'  w O for an arbitrary momentum
distribution of the molecules diffused from the gaseous phase. If 62)72, 61 ? Yy the
projections of the induced molecular dipole moment on surface and in the gaseous phase are
parallel when 6. 62 have identical signs and antiparallel if their signs are different. Then, if
the molecule is placed over the center of a square with diagonals of 2a, whose angles are

4
occupied by adsorbed molecules, Al  is given by

2 a )
X (a-R)d

S WE N C R
(a7 +Rp) @

wqR -~ = .
A= [(EO.E,)(EO.E,)/mZ]{([exp (== - & D1/[(sa01v,) (8amiva) )i c}

where K i8 the wave vector, T is the molecular radius vector and F = ?2 '-;l'

One notices that when averaging the potential (2) over the coardinates of a diffused
molecule, :.Ul does not vanish.

For E directed along the surface, we have 61=62= 0,/and corresponding expressions
for AUIOI may be deduced.

The important conclusion derived from egs. 1,2 is the/trong dependence of AUO on the
molecular orientation, which is of particular significance. Also, we note that one gets a variation
of the adsorption potential for laser polarized molecules which is always 0, i.e. under the
action of the resonant field the adsorption potential deepens.

When the potential ALJ1 is greater than kT, the diffused molecules will be placed at
definite locations on the surface and oriented. The value AU /kT is therefore characterizing the
molecular orientability degree slong the laser field E So, if the absolute values of the
adsorption potential are increasing, this will result in further increased molecular orientability.
However, depending on molecular orientation on the porous surface, the adsorption potential of
molecules grows lower, and consequently, the diffusion coefficient rises. This was the case when
a certain degree of molecular filling was attained /3/ or when flows of nonspherical symmetrical
molecules were used (like toluene) which positions and orientations are shifted relatively to the
adsorption potential maximum in laser radiation field. This is the very case also for certain

values of the radiation intensity, where the filter heating causes the molecules' de-aorientation,

-12 -



i.e. a slow fall of the diffused flow (Fig.zé). For comparison, in the case of chaotic molecule
arrangement the thermal effect will be reversed (Fig.2b). Finally, we consider that the first
spike on Figs.2 c,d,e can be accounted for by the thermal evaporation of the molecules from the
sample surface, while the second and third spikes can be accounted for by the molecular
orientation processes. The duration of these spikes is determined by the characteristic times in

which the molecules fill up the surface and diffuse through the porous sample, respectively.

Thermal effect

From the experimental evidence previously exposed, one may observe the importance of
the thermal action of laser radiation on both resonant and nonresonant molecules. The
investigation of superficial diffusion processes under laser heating was performed on porous
polymeric films having a metal covered surface /4/. On laser irradialion of such films, the
radiation is practically not penetrating into the pore's volume, while the field, even that
surrounding the metallic surface, remains low and has no significant polarizing action on the
adsorbed molecules. The heating of the reflecting metal-covered surface is the primary effect,
while the temperature below the shielded surface is slowly changing, due to the poor thermal
conductivity of the film.

The study of molecular transit in the case of benzene (resonant to the CO laser
radiation), sulphure hexafluoride (resonant to the CO2 laser radiation) and nitrogen, through a
fine-porous polymer film which was metal-covered on one face (pore diameter ~ 1500 K,
porousity ~ 2%, film diameter = &4 mm) under irradiation with c.w. CO and CO2 lasers has
shown that the flows of resonant and nonresonant gases are similarly modified under the action
of laser radiation. The dependence of the relative increase of the C6H6 molecular flow on the
CO laser radiation intensity was shown in Fig.3. The strong exponential evolution reveels, as
mainly responsible for the flow increase, the evaporation of the molecules which are diffusing
through the outlet surface under the laser action.

Our experiments pointed out that, in laser irradiated porous structures, many processes
may contribute to the different aspects of flow changes, like molecules' adsorption on the
external surface and volume diffusion of molecules in pores and molecules' eveporation at a
surface heating. On the ability to control the simultaneous influence of these processes depends
the correct interpretation of laser driven effects on resonant molecular flow through porous

media.

Laser driven resonant gas flows through metal capillaries

The surface polarisation action of the electromagnetic wave on resonant molecules also
takes place at the diffusion of molecular flows through metal capillaries /5/.

In comparison to capillaries which are transparent to laser radiation /1/, metal
‘capillaries have the advantage of extending the range of laser wavelengths and corresponding

resonant gases. Also, due to the important values of the induced dipole reflection coefficient at
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a metal surface, polarization effects at resonant molecular flows through metal capillaries may
be expected.

We performed preliminary experiments with nickel capillary of 0.5 mm in diameter,
placed with ane end in a high vacuum system provided with a ionic pump (FAN-SPI-2) and with
the other end connected to a preliminary vacuum system, through which the gas flow entered at
pressures between 0.5 and 12 torr. The gases used in the experiment were SFB and N2. The
molecular mass spectra were recorded by a quadrupole mass spectrometer Baizers QMG 111. The

focalised c.w. CO,, laser radiation was intraoduced in the capillary at the gas exit.

Under Iaazer irradiation and for pressure ranges 1-2 torr, our investigations showed a
diminishing of the resonant molecular flow G (keeping the laser power conatant and = 7 Watt).
The radiation influence on nonresonant N2 flow results in a slow increase, due to thermal effect.
If the flow enters the capillary at pressures situated around 10-15 torr, the effect of relative
flow decrease G/GO attains a value of ~ 0.5 at the same raediation intensity. Further
improvements must be performed to allow the system to work at such pressure ranges.

With increased laser intensity, the capillary permeability to SF6 flow decreases. With a
capillary of 155 mm length the greatest attemuation of @/Oo was of ~ 0.3-0.4 at a radiation
intensity at the capillary exit of 32 Watt/cmZ /5/.

The interest in developing the metal capillary technique in order to laser control gaseous
flows and component separation is further sustained by investigations of the different processes
involved (like temperature and pressure dependence irradiation geometry, etc.) together with

theoretical interpretation of these phenomena.

Figure Captions

Fig. 1 - The dependence of. the relative toluene molecule flow through a fine-pored mica
membrane on CO laser radiation intensity.
8) - a molecular flow of 3 mg/h; b) - of 0.5 mg/h; c) - of 0.1 mg/h.

Fig. 2 - Time dependent radiation influence on the molecular flow through a fine-pored
membrane.
a) - laser radiation; b) - molecular flow changing (molecules on the porous surface are
not oriented); c), d), e) - molecular flow changing (the orientation effect grows froin c)
to e)).

Fig. 3 - Dependence of the relative flow change of benzene on the incident CO laser radiation
intensity.

a) - inthe case of a ~ 0.4 mg/h flow; b) - for a ~ 1 mg/h flow.
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INFLUENCE OF THE TARGET QUALITY AND STATE ON THE EVOLUTION
OF THE INTERACTION PROCESS OF HIGH POWER LASER
RADIATION WITH SALID TARGETS

1.Ursu, lleana Apostol, Doina Craciun, Maria Dinescu, I.N.Mihailescu
L.Nanu, Leona Nistor, A.Popa, V.S5.Teodorescu
Central Institute of Physics, Bucharest, ROMANIA
A.M.Prokhorov, N.I.Chapliev, V.I.Konov
Institute of General Physics, Moscow, URSS

A systematic analysis is presented on the influence of the target surface quality
and state on the evolution process of high power laser radiation with solid targets.

A systematic electron-microscopy is performed on the metallic surfaces, either
preexsitent or indueed by processing or as a result of power laser irradiation. Metallic
and nonmetallic defects were revealed with a vaporization thresholds lower than that of
an ideal plane metallic surface, which might lead to a lowering of the breakdown
threshold of a gas in the neighbourhood of the metalic target.

The specification of threshold conditions for the breakdown plasma inltiation in gases, as
an effect of enough powerful laser irradiation of solid target is significant both for scientific
and practical reasons:

(i) to receive a proper physical explanation on the well-known experimental evidence of
the dramatic lowering of the plasma ignition threshold in a gas in the neighbourhood of solid
surfaces as compared to pure gas breakdown [1-6];

(ii) as the target surface is involved ae an initiator in the breakdown ignition, a particular
attention has to be paid to the physico-chemical state’ qf the sUrface and especially to ite
influence on the plasma threshold;

(iii) the rather dense and hot plasma appearing as a result of the gas breakdown, leads to
the energy redistribution inside the interaction zone and lies at the origin of a supplementary
thermal [7] and mechanical [1] action upon the target, which proves to be of spscial importance
when using powerful lasers for material processing [8);

(iv) plasma formation on metailic components which are to be used in laser resonators as
in other optical setups involving powerful laser radiation is strongly limiting the handled output
energy density [9-10);

On th other hand, the breakdown plasma generation in a gas in the neighbourhood of solid
target under the action of powerful laser radiation occurs as a result of the superficial
vaporization of the target and the development of an avalanche in the vapour {2]. There is a

significant difference between the phenomena underlying this process in the case of non-metallic
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and metallic targets:

(i) Because the typical nonmetallic targets (graphite, glass, plastice) strongly absorb laser
light ang/or have low heat conductivities, the threshold level of the incident laser radiation
intensity that is able to induce target vaporization, [, lies below that corresponding to gas
breakdown ignition lpy, i.e.

Ipr > Iy (1)

That is why when the incident intensity of the laser radiation tends to l., the intense
vaporizstion of 8 nonmetallic taget surface supplies the original centers for the development of
the avalanche ionisation process.

The defects and impurities of all kinds therefore seem not to be significantly involved in
the breakdown ignition in the neighbourhood of nonmetallic targets.

(ii) For metals we usually have

Iy dlpr (2)

The defects and impurities on metallic surfaces were therefore proposed as the source of
centers from which the avalanche ionisation is initiated [2,4]).

A large experimental effort was therefore focused during last year-to the investigation
of real metallic surfaces, both prior and after the powerful laser irradiation, with the aim of
highlighting the defects and impurities that could be implied in the laser radiation-metallic
target interaction process [11-15]. We shall further refer to some recent dats obtained by
electron microscopy methods on the defects and imﬁui‘itias covering the metallic surfaces and
which could be either:

- pre-existent;

- introduced by the metallic surface processing;

- a result of the powerful laser irradiation.

1. Previous to laser irradiation

1.1. Metallic targets whosee surface was only subjected to alcohol cleaning

Al, Cu and Ti samples were subjected to elemental analysis in which oxygen was
identified but no traces of carbon on nitrogen were evidenced [15].

The following surface defects were observed, to which the lowering of the breakdown
threshold can be ascribed:

(i) Dielectric centres, appearing lighter on the scanning images (fig.1).

The dimensions of these nonnetallic centres are in the range of several pm and their
density reaches 106 cm~2. The centres can be seen in more detail in figs 2,3.

The microanalysis of these regions showed strong metal and oxygen lines while carbon
and nitrogen welie missing. The dimensions and concentration of these centers are both
diminished as a result of surface cleaning with alcohol.

(ii) Defects in the target material itself in the form of a thin layer of flakes, grooves,
pores etc. [16,17). Typical images of such defects, with a concentration (1-2) orders of magnitude

lower than the concentration of the nonmetallic centres are given in figs. 4,5.
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The thickness 1 of these defects was of the order of several ym. The vaporisation
threshold value of a thin superficial layer of a thickness 1, termally insulated from the metallic

support, can be estimated as cop sT 2
1 v

~
v = 6))]
A Tl

where

c X 0.9 Jg'l OC‘l'Dsﬁ'_ 2.7 g.un‘3are the metal's specific heat and density respectively,
while T1 is the absorption time (taken to be for instance the F WHN of the first peak in a TEA-
COg laser pulse, during which the breakdown plasma initiation takes place or not). For T, 2600
K, 1™ 3x10-> cm one gets I, ~ 2x107 Wem-2, i.e. Iy~lp; as predicted before and in very good

concordance with the experimental evidence [1-6,15).

1.2. Metalic targets whose surface was subjected to working operations

It was shown that the surface working procedure has an essential influence on the
surface and concentration of defects [11-15]). ’

For illustration we selected some of our recent results (15], when the metallic (Cu)
samples were submitted to the following working procedures:

(i) the surfaces had been polished first with a diamond paste, containing abrazive
particles with minimum dimensions § 1 pm (further referred mechanical polishing);

(ii) some of the samples were then subjected to a high-temperature asnnealing (up to
100°C), in a furnance evacuated to £ 10-4 Torr for 5 min (thermal treatment);

(iii) other samples were subjected to polishing with an orthophosphoric acid solution
(electrachemical polishing);

The samples absorptivity (within an accurcy of + 15%) was determinated, before and
after laser irradiation, by means of calorimetric method, using the heating curve of the target
(and its derivative), which was probed with cw COg laser radiation [18-19).

From fig.6, one can see that on mechanically polished surfaces scratches were left by
the abrasive metarial. The average distance between scratches was ~ 0.5 pm, while their width
was ~ 0.1 pm. Also, a great number (107-108 em-2) of abrasive particles (the white dots), with
typical dimensions of 0.1-0.5 ym, remained attached to the metallic blade.

Scratches were much less pronounced on samples that had been subjected to either high-
temperature annealing (fig.7) or electrochemical polishing (fig.8). The high-temperature
annealing and the electrochemical polishing also significently lowered the concentration of alien
inclusions.

Defects were also identified in the target material itself in form of growing steps,
grooves (fig.9), flakes (fig.10), and pores (fig.11). They were less frequent, as their concentration
was only 104-105 cm2. Flake- and pore-type defects grow much more pronounced as a result of
electro-chemical polishing of high temperature annealing. High-temperature ennealing also
results in the advent of numerous growing steps (fig.12), probably by recrystallization in
superficial layer. i

We shall further introduce some quantitative elements.
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In figs.13, 14 the behaviour of the delay time, tg, between the beginning of the laser
pulse and the appearance of the plasma light was represented, for different irradiation spots in
the cese of some monocrystalline copper targets which were subjected to a higher quality
polishing (A) and to polishing of lower quality (B) respectively.

One notices:

(1) For a given irradiation spot area, Ag, the delay time showed a strong decrease
tendency as a function of the focused energy density, p , when ?Lgd- while forp s nghe delay
time kept approximately constant;

(2) The minimum delay to the plasma light appearance was of (30-50) ns while the
maximum delay typically does not exceed 250 ns, and in any case, keeps lower than the duration
of the initial peak; ]

(3) The essential difference due to the surface state was found in the corresponding
threshold energy density values; thus for Ag .. 0.43 mmZ in the case of targets A, Ipy (15-20)
J/em2, while for Ag_, 0.45 mmZ, Iy, . 10.5 J/cmZ was evidehced in the case of the targets B8; for
larger spots, of 2.81 and 2.9 mmZ, the difference is not evident, (3-5) versus (4. 6 5.2) J/em?
(such a behaviour is obviously pointed out to the breakdown initiation on the account of the
surface defects and impurities, whose density depends on the surface processing degree; indeed,
for the radiation surface large enough, rather numerous initiation centres are acting within the
irradiation spots, even for relatively clean surfaces and the breakdown threshold appear to be
comparable [20]);

The lowering of the irradiation spot leads to the increase of the threshold energy density
(the so-called "dimensional effect"). The dimensional dependence of the breakdown threshold can
be two possible causes:

(i) the losses by electron diffusion out of the interaction zone;

(ii) the stochastic character of the breakdown initiation centers within the irradiation
zone.

It appears rather hard to distinguish between two mechanisms so far. Thus (fig.15), a
case for the stochastic mechanism might be found in the increase of the scattering of the
éxperimentally determined values of the threshold energy density when decreasing the
-irradiation spot area while the threshold energy density keeps constant for Ag » 0.8 mm2.

On the other hand, the coefficient of electrons free diffusion in vapours evaeluated as

kT
D= ﬁ S 7 x 10" em?/s (4a)

e e
{where k is the Boltzmann constant, ng ~(2-3)x1018 em-3 the electron density, T ~10-12 em2
the effective electron-neutral particles collision cross-section and Ty ., 3110 K) is congruent

with the value of~ 4.2x104 cm2/g inferred from 4

. d =« Dtd ()
where d is the laser spot diameter. This result is therefore supporting the first of the afore

mentioned mechanisms.
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dimensional effect based on the introduction of periodical structures as a result of powerful laser
irradiation of metsllic surface.

In table 1 a number of data were collected on the concentration of alien including, n,
absorptivity Ag, and the threshold energy density required to induce the air breskdown plasma in
front of the metallic target, © br» in the case of the three afore mentioned working procedures.

Table |

Machanical Thermal Chemical
polishing annealing polishing

n ecm . 1x10° 6x107 Ix107

A, (%) 1.23 1.42 0,85
-2

obr (J.cm ) 9.5 5.4 13.5

It is to be pointed out that

(1) the initial absorptivity of all samplee was relatively small, in spite of the high degree
of contamination by abrazive material;

(2) a direct interdependence exists between the initial absorptivity and the initiation
threshold of air breakdown in front of these targets;

(3) there is no evidence of a clear link between the density of the abrasive particles and
the target absorptivity, but the latter seems somewhat dependent on the defects in material (i.e.
flakes, pores, growing steps).

In conclusion, there is always s considerable number of defects and impurities that cover
real metalic surfaces, to whose presence can be attributed the lowering of the veporization
Initiation threshold, resulting in low-threshold gas breskdown in the neighbourhood of metallic

target.

2. After laser irradiation

2.1. The targets were submitted to a large number of pulses (up to several thousands) at
intensity levels inferior to the monopulse breakdown ignition threshold.

The irradiations [15] were performed with pulsed CO; laser systems delivering £ 10 J in
monopulse and £ 0.4 J at a high repetition rate (f { 1 k Hz) at average duration of several s,
that were focused in spots approximately 2.2x10-2 cmZ. The incident laser beam attenuation was
obtained through an arrangement of calibrated polyethylene filters.

The breakdown threshold was established either visually or from fast streak camera
recording . .

We observed that after a certain irradiation time, a plasma accompanies every Incident
laser pulse. Two mechanisms can be made responsible for this experimental evidence:

2.2. Laser activated metal oxidation N
In fig.16 we give a typical photographic image of copper target which was heated under
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the action of powerful COj lsser radiation in the above mentioned conditions [15). The following
features are to be mentioned:

(i) we emphasize the presence of oxide layers which turn out to be thermslly insulated
from the metallic substrate;

(i1) cracks are induced into the oxide (which accounts in our opinion for the increased
oxidation reaction rate in the case of laser irradiation in comparison with the isothermic
oxidation conditions in "c]dsical" oxidation).

The oxide films (the specific presence of the CuO and CupO was identified) are then
more easily vaporised by the laser radiation and the gas breakdown is induced by lower
intensities.

This assertion gets further weight as:

- the oxides can be regarded as thermally insulated fram the metallic substance when
(58) 1 < x1/ X
in this case (X of Cup0 T=T1~1(57 ), one gets x.§ 1 um, in good keeping with the experimental
observation;

- if interference phenomena are taken into account, the temperature at the oxide air
interface rises with x until
(5b) x < A/un
one finds again x { 1 pm, so the oxide layer is consequently underlying the low threshold

vaporization.

2.3. Development and accumulation of remanent plastic deformations [14, 20-23)

Repeated action of the laser radiation results in significant morphological of the
surface. In fig.17 one observs the photograph of the border of an irradiation zone together with
an unirradiated fragment.

The border of irradiation zone presents a strongly pronounced brignt cnaracter, while in
the irradiation zone a granular structure shows up (fig.18). The typical grain diameter is d (20-
50)m. The depth of the border between grains is rising when borh the total number of laser pulses
and the incident energy density are rising. The wi'dth of the border between grains can reach
values of ~ (6-10) pm while the border depth reaches ~ (1-2) um (fig.19).

Inside the irradiation zone, local defects were identified (flakes with melted borders,
separated drops of frozen fusion (fig.20); the incidence of such defects is relatively small, n <
104 cm-2.

' Accurate etching with fluorine hydride showed that the initial structure of the
unirradiated material is characterized by larger grains as compared to the irradiation zone.

To help in analysing the results, a simple mode was used.

The maximum variation of the mirror surface tempefalure induced under the action of
such a laser pulgse can be obtained from

Tmax = ——3Ap___
(ko 1) 03]
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where k, ¢, c are target thermal conductivity, density and specific heat respectively. As a result
of this fas‘t temperature increase, the surface layer tends to expand. Inertial forces, originating
in the neighbouring culd regions withstand this expansion. Mechanical strains are then induced in
the zone surrounding the heated portion. As the depth of the heated layer is rather small
(~ 10-3 em), the axial stress falls to zero in characteristic times of -. 10-8 s, while the radial
stresses last for 10~ s, carresponding to the irradiation spot diameter of 1 cm. The relation
between the radial stresses and the surface layer temperature is given by

B 2 At

[+]
Yy zz o7

v )
Here TE,V are the dilatation coefficient, the Young modulus and the Poisson coefficient of the

>_-|g

metal respectively. The minimum temperature which causes plastic deformation is equal to
T . (1-v) o
min a (8)
Here o is the elasticity of the material. Taking into account the eq.(6) one gets an estimate of

the minimum energy density for which the plastic deformation threshold is reached

(1'\’)(lkoscr).' (9)

Pmin " 2AaL ©

By repeated temperature cycles following periodical laser irradiation the plastic
deformations accumulates if

(1-v) (lszCT) 4

P~ 04 * Prin ” AT (10)

The plastic deformations emerge on the surface as deformations where the sliding bands
the free border overlap. Then, as a result of repeated laser irradiation a gradual damage of the
surface (mainly cracking) is initiated, which, in its turn leads to metallic surface defects
underlying the lowering of the vaporization threshold. By the vaporization of these defects, the
conditions are met for air plasma ignition at a reduced energy density while the hot zone of the
ignited plasma underlies the significant increase of the mechanical and thermal stress of the
target surface thus causing ite dramatic damage.

Let us further introduce the corresponding calculation. The minimum temperature which
leads to the plastic deformations advent in the case of aluminium is aT; = 25°%which correspond
to an energy density Ofgni?\ 25 ) cm'z. The threshold for the plastic deformations correspond
consequently to Py2 5 Jem?, in very good according with the afore-mentioned experimental
evidence.

We want to point out here the large potential application of this effect (for example in
optical recording) as well as its important consequence for the development of high performance
metallic optics to be used in connection with very high péwer laser system (23, 24). Aes a matter
of fact we consider already necessary that every laser component for very powerful laser system
to be characterized from now on by the monopulse damage threshold and the threshoid of

damage cumulation.
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2.3. Powerful pulsad laser irradiation (I>l,p)
The absorptivity, A}, and the threshold energy density for including air breackdown,
, subsequent to powerful laser irradiation behaves as the specified in Table Il.
Table 11

Mechanical Thermal Chemicul
polishing annealing polishing

A (%) 1.13 1.29 0.8

1 -2
'UI‘ (J,cln ) 13.7 13.0 9.5

The point to note first is the lower absorptivity (A] > Ag) following the powerful laser
irradiation. it seems that the cleaning effect [19] prevails in this case over the oxidation process.

However, the competition between the cleaning effect and the induction of new defects
appears to be rather critical. Thus, while the breakdown threshold energy density was increased
in the first two cases it was lowered for the electrochemically worked surfaces (these targets
turn out to be more subject to the new defects induction due to the absence of the amorphous
layer removed by this type of working).

The same situation was evidenced in fig.13 (target of better processing) where no
significant differences are to be noticed in the T4 p ) evolution in the case of the first shot (V)
and the next one {*) directed fo a same location, of. 2.18 mmz, on the copper target surface.

Finally, we must point out that the analysis of the P p(A) evolution has to be correlated
with information on the specific surface state, lest misinterpretation of the experimental resulta
should arise. For instance, from tables | and Il one sees that for ele¢trochemically and
mechanically palished copper target before and after laser irradiation for Ag . 0.83% and A)
1.13% the respective threshold energy densities are rather closed,6f 13.3~13.7 J/emZ,

In the fig. 21 we represented the behaviour of the efiergy spent for plasma initiation,
computed as

ty

Yin T (f) I(t)dt an
where the integral was performed over the real temporal shape of the laser pulse, as a function
of the irradiation spot area. We note the similarity between the evolution of Plth(A.) end
P th(Ag) evolutions,

On the other hand, it is obvious that if the probability of the breakdown ignition is
defined as related to the development of the ionization avalanchs, the most significant
parameter characterizing the breakdown appearance is the incident laser intensity (I criterion).
However, if most of the adsorbed laser energy is consumed for defects heating (up to their
vaporization), as we evidenced the situation stays in the case of the powerful CO; lessr
irradiation of metals, the breakdown threshold will be properly characterized by the f"th
.qQuantity ( P criterion).
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As a very important concluding remark we emphasize therefore that in order to describe

adequately the breakdown threshold condition in front of metallic targets, in the general case, it

R . !
is therefore necessary to specify the values of |, ptn, Pth, td, Ap, A, as well as the real

temporal shape of the laser pulse.

Finally we point out that pulsed irradiation of metallic targets in the ambient gases,

whether in the presence or absence of breakdown plasma, can result in the cpntrolled

modification of the target surface condition and physico-chemical properties at the irradiation

sites.
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RECENT ADVANCES IN THE STUDY OF THE Nd: GLASS LASER
WITH PLASMA MIRROR

V. Draganescu, M. Ishasescu, E. Udrea, I. Ursu, V.G. Velculescu
Central Institute of Physics, Bucharest, Romania
V.F. Fedorov, .V. Fomenkov, A.N. Malkov, A.M. Prokharav, V.A. Spiridonov
Institute of General Physics, Academy of Sciences, Moscow, URSS

A Nd:glass laser with plasma mirror generates smooth output or single/multiple
giant pulses, strongly depending on the pumping level. The smooth generation can be
explained by taking into account the experimental values of the reflection and absorption
of the plasma in front of the target.. A sudden heating of the plasma is followed by an
increase of the reflection which gives rise to the giant pulse. A numericel simulation of
this model is in agreement with the experimental data.

1. Introduction

Ag it is well known, the plasma mirror laser (PML) is able to generate very short,
powerful laser pulses and a hot, dense plasma near the target surface. Many papers /1-10/ have
reported investigations on this laser, both with superradiant and with unstable oscillator
triggering. The understanding of the dynamice of the laser-plasma system is in a continuous
development.

The PML with oscillator-amplifier configuration requires lower energy pumping and
yields more powerful pulses than the superradiantly triggered PML. We shall further refer to this
type of PML, although the physical mechanism seems to be the same in the both cases.

Three distinct types of temparal emission of this laser were observed, depending mainly
on the pumping of the oscillator. For low pumping, the laser yiels typical spikes, which change
insignificantly if one removes the target. At a well defined value of the pumping - the threshold
of the PML - one obtains a quasi-continuous generation (smooth profile of the temporal
emisgion). At this point, normal spikes are generated again if the target is removed. A little
increase of the pumping, over PML - threshold, causes simultaneously Q-switched and mode -
locked pulses, due to the strong nonlinearity of the resonator plasma.

In the following, we shall present the temporal behaviou; of the emission of a Nd:glass
laser with plasma mirror and propose a model for the smooth profile and the giant pulse mode of
this laser. Section 2 presents the experimental set-up and the main experimantal date of our
PML.. Section 3 offers an explanation of the smooth profile and giant pulse regime based on the
analyeis of the rate equations.
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2. Laser system and experimental results

A typical experimental set-up /7,8/ is shown in Fig.l. The rods have a 4.5 cm diameter
and 68 cm length, wilh faces cut at 5° angle. A Cassegrain telescope with magnification close to
2 is used as unstable confocal resonator. The dielectric mirrnrs, with reflectivities over 99% and
curvature radii of 478 cmn and 254 ¢m are separated by 112 cm. The diameter of the convex
mirror is half of the -od diameter. Each rod is water cooled and pumped by four flashlamps in a
quasi-elliptical stainless steel cavity. The lamps are simultaneously triggered ty a high voltage
pulse applied on the cavities. The laser beam is focused on a graphite target in air by means of a
52 cm tocal length lens.

The known types of PML temporal emission, depending mainly on the pumping of the
oscillator, were observed. The pumping of each amplifier is about 34 kJ and corresponding free
running gain is close to 4.

Normal relaxation spikes are generated for low pumping of the oscillator. The laser
threshold of the telescope oscillator is = 16 kJ. The spike emission lasts about 0.6 ms of the
1.5 ms long flashlamp pulse and starts about 0.6 ms after the lamp triggering. The spikes change
insignificantly if one removes the target. Typical overall energy is 120 J for 18 kJ, 34 kJ and 34
kJ pumping of the oscillator and respectively the two amplifiers.

Near the 21 kJ pump level of the oscillator, the emission becomes smooth. Like the
previous spikes, the smooth emission lasts 0.6 ms and starts 0.6 ms after trigger. It disappears if
the target 1s removed or if it is moved out of focus by more than + 1 cm. The overall energy
output is typically 140 J. According to the above definition, the pumping required by the smooth
generation is the PML threshold.

Giant pulses are generated over the PML threshold. They overtop the smooth profile and
contain a significant part of the output energy. For example, at = 23 KJ oscillator pumping, a
single giant pulse is observed, with an energy of 40 J, while the total output is 150 J. Multiple
giant pulses are generated at higher pumping, e.g. 4 pulses, 360 J total energy, at 24 kJ pumping
level of the oscillator.

The fast photodiode shows mode locking structure of the giant pulses, consisting of 1-3
trdins of about 10 ultrashort pulses with the repetition rate of 10 ns and the interval between

trains of about 100 ns. The mode-locking of this PML will be treated elsewhere.

3. Model of the smooth and giant pulse generation

As we have seen, at a certain pump level - the PML threshold - the spike emission turns
into smooth generation and, above this level, giant pulses raise from the quasicontinuous profile.
To explain this pi'ocgss, we must correlate the evolution of the plasma absorption and reflection,
with the laser dynamics /2, 9/. The strong plasma - laser coupling determines the operation mode
of the laser i.e., smooth generation, giant pulse and mode locking /10/. Except the mode locking,
the working regimes of the PML may be derived from the appropriate rate equations.

The rate equations system of the 4-level Nd:glass laser is written as follows:
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q - is the photon density, Np, N3 - are the population densities and T2,73" the lifetimes of the

lower and upper laser levels, respectively; W(t) is the pumping rate due to ::hé flashlamp; o I8 the
effective cross-section of the stimulated emission in the Nd:glassrod; ¢ is the length of the
active medium; » =2L/c; L is the optical length of the PML resenator; ¢ is the speed of light in
vacuum; 1. is the decay time of the photons in the resonator; Ry, R; are the reflectivities of the
mirrors and A is the overall absorption in front of the target. N3 3 and q are given for & volume
unit and, in order to obtain the laser output, g must be multiplied by the volume of the active
medium. -

For a more correct modelling of the PML, we should write, besides the equations (1-4), @
system of hydrodynamic equations describing the evolution of the plasma and an expression for
the radiation absorption in this plasma. The elaboration of these partial differential equations
becomes a very difficult task due to the presence of air and to the long evaluation time of the
plasma.

However, we shall try to obtain the main features of the PML, starting from some well
known physical considerations, correlated with the available experimental dsta. Flrstly, we may
consider that the energy measured before the starting of the PML emission corresponds to a
laser beam, intense enough to produce 107-108 W/emZ in the lens focus. At these intensitles, e
‘plasma layer that is sufficiently reflecting is obtained, which is able to start the PML. From this
moment, we do not have on oscillator followed by amplifiers any more, but the whole system
acts as an oscillator between the concave dielectric mirror and the plasma mirror. On the other
hand, in order to reach these power densities, a suitable initial radiation intensity together with
the corresponding population inversion must be assumed. That means that the initial conditions’
of the equations (1-4) at the start of the PML are not g(0) = 0, n;{0) = O any more, which give rise
to the well known' spikes but q(0) = qtP and nj(0) = n;th, where n; is the populsaticn inversion, and
all the threshold valuas correspond to the pumping at the start of the PML, namely W(0). The
overall shape of the output shown in Fig. 2 b and c is a quasicontinuous profile, modulated by
slowly damping ripples which derive from more or less blunted spikes. The actual form of the
output depends on how near to qth are taken the q{0) values.

Secondly, we want to point out that all the information about the Etlasma and the

absorbing layer in front of the target is contained in the reflectivity Ry and the sbsorption A of
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the plasma. In spite of the fact that the target plasma reflectivity R2 may be rather high, the
quantity which enters into the system and which is experimentally measured is Ry (1-A). Of
course, this expression takes account of all possible absorptions: of the plasma, of the hot flare
and eventually of the powder cloud ejected from the target. Experimentally it was found that,
during the smooth profile generation Ry (1-A) takes a rether constant value of about 3x10“‘,
which gives n = 7.4 x 107s"1.

Thus, by choosing initial conditions near threshold and a correct value for n , the system
(1-3) gives the PML output shown in fig.2 b, c. While in b we started with the thresold conditions,
in ¢ we used g(0) = 0.8 gth; we see that the further the initial conditions from threshold, the
more resembling to the spikes is the output profile. The other constants are: g =2x10-16m3s-1;
W(D) = 5.6x1026m-3s-1; R1=0.99; 1 =10-7s; T = 4x10-4s; 6x10-8s /11/. A further smoothing of *
the profile could be obtained by considering an even weaker dependence of R (1-A) upon q, as it
was pointed out in /10/. Obviously, the absorption may be influenced by the plasma temperature,
and therefore, by the incident flux, but until now such a dependence was not establiched
experimentally.

Now, let us consider the mechanism of the generation of the giant pulses. This procees
leads to a new value of n , corresponding to the measured Rp(1-A) ~ 5x10-3. It follows that the
giant pulse generation is due just to the switching of n form 7.4x107s-1 to, say, 3.8.x107s-1, i.e.
Ro(1-A) = 2.4x10-2. It is very likely that this sudden change of the reflectivity is due to a self
focusing process in the target plasma, which may occurat a certain photon density. A rough
calculation shows that the population inversion in the Q-switch regime is about 1.25 times grater
than that in the smooth profile. It gives a pulse of about 400 ns width and 50 J energy, which Is in
good agreement with the experimental data. Fig. 2d shows the output found by integrating the
systemn (1-3) and supposing that the switching of n occurs when the photon density reaches Qéﬂa
In our case, this means a reasonable value of 1012 - 1013w/em? in the focus, when self-focusing
is expected. The integrated energy is shown in Fig. 2e, in good agreement with the experimental
data /12/. For higher pumping, the qglevel may be reached many times, each time accompanied
by a switch of n, and this explain the observed train of giant pulses.

4. Concluding remarks

Summarising, we emphasize the progress in the understanding of the plasma mirror laser.

The above presented Nd:glass PML is in many aspects similar to the previous ones /1-3/.
It switches from smooth generation to giant pulse mode by increasing the pumping.

The model assigns the smooth profile to the change of the quality factor of the resonator
with suitable chosen initial conditions. The quality factor contains all the informations on the
plasma, namely its reflectivity and absorption. A steep increase of the reflectivity due probably
to a self-focusing process of the laser radiaticn, leads to giant pulse formation.

An exact analysis would require more detailed calculations concerning the processes

during the irradiation of the target, based upon careful diegnostic of the plasma. For the



moment, a satisfactory fitting of the theory with the experimental data was obtained in the

frame of a rather simple physical model.
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FIGURE-GAPTIONS

Schematic diagram of the experimental set-up LR- laser rods; M - dielectric mirrors; S -
beam splitters; L - lenses; T - target; P - photodiode; O - oscilloscope; C - calorimeter.

Typical time-evolution of the pumping and of the calculated functions: a - pumping
function W; b,c - smooth profile (b starts at the threshold, c takes g(o) = 0.8 qth; P is the
output power; d - single giant pulse; e - integral of the output power of fig. 2d (E is the

output energy, reversed for the sake of comparison with experimental data /12/).
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TEMPERATURE OETERMINATION IN CW CO2 LLASER
HEATED MOLECULLAR GASES

[.Ursu, R.Alexandrescu, C.Grigoriu, [.N.Mihgilescu, I.Morjan
Centrel Institute of Physics, ROMANIA

A.M.Prokhorov, F.V.Bunkin, B.S.Luk'yanchuk, E.A.Morozova. G.A.Shafe-
Institute of General Physics, Moscow, U.5.5.R.

Temperature determinations of ges mixtures as heated by a CW CO2 laser
radiation were performed inside the action zone of laser radistion. The method is based
on Information derived from the radiation spectra of gas mixtures, and also allows for

the determination of some thermophysical parameters of the molecular gases.

Introduction

We investigated thermal radiation spectra of molecular gases for which the light
radiated on different lines is in a thermodynamic equilibrium with the substance /1/. When laser
heating the gaseous mixture up to temperatures of ~. 1000 K, the recorded spectrum appears as
a euperposition of the thermal radiation spectrum and the luminescence spectrum of the gas. The
radiation spectrum appears as a system of narrow lines, whose envelope is determined by a Plank
function of the temperature T.

We further present experimentally recorded radiation spectra proceeding fiom the SF6
mixtures with molecular gases (e.q. ammonia, xenon, helium, air), under the action of a CW CO2
laser radiation. It is known that SF'6 presents strong absorption bond in the generation range of
the CO2 laser. The buffer gas pressure increase for a constant SF6 pressure results in an increase
in the sample heat capacity, while the total absorbed laser energy keeps constant. Thus, by
selecting the buffer gas properly one can modify the temperature within the laser heated zone by

changing the pressure of the buffer gas.

Experimental

Thermal radiation emitted spectra were studied by heating a molecular gas with a CW
laser source stabilized on the P(16) ( A = 948 cm'l) line. The incident power was varied in the
(11 - 25) W range and the beam diameter was (5 - 7) mm. The laser radiation was focussed (with
the aid of a NaCl lens, «, 40 cm focal length) inside a cross-sheped gas cell, containing the gas
mixture. The input window was made of ZnSe, while the cn‘.ltput and the two lateral windows were

made of KBr. The internal diameter of the cell was of 25 mm, the distance between the input
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and the output windows was of 60 mm; the lateral windows were at 30 mm from the input
window and at 50 mm from each other. The radiation emitted at 90° relatively to the incident
laser beam by the gas in the center of the cell was recorded with a IKS-29 spectrophotometer.

Spectra for both pure SF
12/.

6 and SF6 mixtures with air, ammonia, helium and xenon were recorded

In order to estimate the rising time T of the thermal radiation until a stationary state
is reached, the radiation collected through a lateral window of the cell was focused onto a

nitrogen cooled GeAu detector and the amplified signal was visualised on an oscilloscope.

Results

The recorded radiation spectra in the (400 - 1400) l:m'l

range are shown in Fig. 1.

One notices that the radiation spectra of the gas mixture consist of three components
corresponding to the thrge strong a{bsorptinn lines of the SF6 molecule (the v 3 (= 947 cm'l).
v (= 605emDand v, v,

The intensity distribution in the radiation spectrum is modified when changing the gas

. (-= 1280 cm'l) transitions, respectively).

contents (i.e. the partial pressures of SF6 and buffer gas). In Figs. 2, 3 we have thus shown the
SF6 pressure dependence of the I( Va)ll( v 3) and I( v 2t v .’4)/1( v3) ratios, for a given
pressure of a certain buffer gas (ammonia, helium, xenon) and a fixed level of the incident laser

power ( A~ 20 W). Here I( v 3), I va), I v, + VA) stand for the intensity radiated on the

2
maximum of the respective tranaitions.

On the other hand, with the SF6 pressure increase, the laser radiation absorption and,
correspondingly, the gas mixture temperature also increase. The maximum of the emitted

intensity arround the transition is then shifted to "red". It was shown that absorption

Vs

maximum of the transition is shifted by 13 to 37 cm'1 relatively to the radiation maximum,

v
3
corresponding to pressures of SF6 from 1 to 50 torr. The maximum value of the radiation

intensity is therefore not influenced by the absorption on the- transition (see Fig. 1). In the

Vs

casé of the transition, the maxima of the radiation and absorption lines coincide for low

v
4
pressures of SF6 ( < 20 torr) and so this transition is strongly self-absorbed. However, when
increasing the SF6 pressure up to 50 torr, the shape of the absorption profile is shifted by + 10
cm'l, but it the buffer gass pressure increases, the absorption profile shift is significant only for
lower pressures of SF6 .
Analysis

The radiation intensity for a gas mixture uniformly heated may be expressed as /3/

I = rp(1-e"'1)

(1)
-hv/
wnere XM ¥ (1-e kT ) stands for the absorption index of the gas mixture when the

stimulated emission is taken into sccount. ID is the spectrsl intensity of the Plank equilibrium



radiation /3/, 1 the thickness of the layer heated to a temperature T and h, k the Plank and
Boltzmann constants respectively. So, the radiation intensity of the thermal radiation at a given
frequency incident onto a photodetectar is given by

hv hv

3 T KT KT ) 2)
2hv "1, _ex(] e )L (e -9 (

c
The temperature evolution of ¥ (T) for the laser wavelength—tuned on the P(16) line can be

I(v) =

obtained from /4/ as
-1

x(T) = 8T
6))
where R = const.
Knowing that at a constant volume, the pressure dependence on temperature is /3/
n(T) = ATZ
one gets
(T) ~ 1/Yp
X P ®)
By an appropriate normation of the pressure from (2), (5) we obtain 1
L - B (1-e Py
I(\))~(e‘/5— 1)-1'[1 - e ‘/B ] )
and, for X (T) ‘= const. ’
1 5
= (7
Jp -1 -v(1-e “YP)¢
where Y .« const. I(v) ~ (e -1 1-e

Using data for the temperature dependence of the radiation.maximum in the case of the

V3 transition which were derived in /5/, and knowing the evolution of the maximum when

increasing the 5F6 pressure, the dependence of the gas mixture temperature on the SF6 pressure
was found in a very good concordance with the predictions of eq. 4 /2/.

The computed value of 1/I( v 3) (eq.6), in which v = ¥ 3 8 = 1 Il = 1)gave the

curve 4 in Fig. 2. In Fig. 3 we have shown (curve 4) the computed evolution of the ratio between

the intensity radiated on the v 2t Vg and Vv 3 lines respectively (with sa} v=],1 >~ 1 and

X(T) = const. for the transition v vy which has a small absorption of the

\Y
correspanding frequency). 2
Figs. 2, 3 illustrate that the approximations given by the eqs. (6), (7) sre ir good
agreement with the experimental investigations.
A direct experimental information which avoids the difficulties related te the nonlinear
equation of thermal conduction in gas mixtures with significant thermodiffusive effects, is the
rising time of the thermal radiation until a stationary state is reached. The establishing

temperature time may be written for two cases /6/: either by a thermal conduction process along

-39 -



the cell radius, when

R
 ~ —
0 a
@
or via the convective heat exchange through the cell walls, when
T, = _E Roc
v (9)

Here, a stands for the temperature conduction coefficient, R is the cell radius, ¢ , c are the gas
density and specific heat, respectively, and p stands for the constant of convective thermal
exchange.
Using the temperature dependence of the temperature conduction coefficient
da
alt) =q+ 3= T
b =Star a0
and defining v 0™ the time for which the thermal radiation signal increase by e times, i.e. to a
-1 .
value of lm“(l - e ), we obtain from (B)
R?

1 [
o da -1 Q1)
2 “(1'9 )Tstat

The values of the establishing time of the thermal radiation T o obtained for different

mixtures of SF6 with xenon, helium, air and ammonia, are given in Table 1.

Table 1
' R
PSF Buffer PBuffar gas "o( s ) A:acci . asy T,K
(torr gas (torr) (W.m ™ ".grd™) (m©.s”
6 Xe 70 0.06  0.19 4.17.10°% 625
125 0.075  0.0188 3.33.10°% 92
6 160 0.085 0.016 2.94.107% 547
6 He 45 0.26 321
. -0 »
10 air 0 0.06  0.0534 6.25.10™" 1210
10 660 0.07  0.0288 3.57.107% 640
10 750 0.082  0.0229 3.05.10°% 520
6 NH, 65 0.07  0.0443 3.57.107% ses

* Aceprding to /1/, the temperature value at this point is = 127S.
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The columns 5, 6 contain the estimated heat conduction and temperature conduction

coefficients for the gas mixtures. The temperature values listed in the column 7 were obtained

with the aid of eq. (11) excepting for the SF6 - helium mixture. For this latter case, it was shown

/2/ tnat the convective thermal exchange through the lateral wall is prevailing and eq. (9) is then

valid.

The experimental results reported here show that when heating mixtures of molecular

gases under the action of a laser radiation, spectra of thermal radiation are emitted. Proceeding

from these spectra, one can establish the temperature inside the action zone of the laser

radiation as well as some parameters of the mixtures, such as heat conduction and temperature

conduction coefficients. The thermal spectra also contain information on the nonequilibrium

thermo-dynamical processes which develop in gaseous phase /2/ and which allow, among others,

to identify the intermediate reection products.

Fig. 1

Fig. 2

Fig. 3

Y

2/
13/
la/

/5/
lé/

FIGURE CAPTIONS

Intensity distribution in the spectrum of SF, and xenon mixture (PXe ~ 70 torr)

a- PSF& x5 torr ¢
b- PSF6 a 15 torr

c- Ps_,__ s 35 torr

Dependence of the ratio between the intensities emitted on the 4 and vi lines on
the SF6 pressure for different mixtures

1) - pNH; = 30 torr 2)-Pye = 70torr

3) - Ple = 80torr 4) - theoretical estimation

Dependence of the ratio between the intensities emitted on the ( v 2%+ V a) and 3

lines on the SF6 pressure for different mixtures

1) - PNH; = 30 torr 2) - PXe s 70 torr
3) - PHe s B0 torr 4) - theoretical estimation
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COLOR CENTER PASSIVE Q-SWITCHING OF YAG:Nd LASERS

I.Ursu, A.Lupei, V.Lupei, C.Stoicescu, F.Domsa, V.l.Manzatu, S.Georgescu

Central Institute of Physics, Bucharest

1. Introduction

Giant pulse laser emission with a high repetition rate is of great practical interest.
Electrooptical Q-switches could solve the problem, but their use is sometimes inconvenient due
to their complexity ar}d fairly high price. The most simple and cheap are passive Q-switches
using saturable absorption of some organic dyes. However, in this case the obtained peak powers
are rather small, present high instabilities and large lasses.

In the last years a new type of passive Q-switch based on saturable absorption in crystals
with color centers become the subject of increased interest. The most suitable system for
neodymium lasers is a LiF crystal with Fi color centers /1-5/. These centers present at room
temperature a saturable absorption band, peaked at about & 960 nm, with a linewidth of ~ 1.62
x 103 cm-1, thus the 1.06 p emission of neodymium lasers falls inside this band. The good thermal
properties of LiF lead to the possibility of using these Q-switches in high repetition regime.

Using such a Q-switch larger single pulse energies than with dye-absorbers can be
obtained. However, they have the same disadvantage, multiple pulse lasing at high pumping. A
method to overcome this difficulty has been proposed by us /6/ by using a -combined system
consisting of a mechanical and color center LiF:F3 Q-switch,

Two directions have been followed in our research: a technological approach to improve
the LiF:Fi Q-switch qualities (Fi centers concentration, losses, thermal stability, damage
threshold etc.) and an experimental and theoretical study of the generation characteristics of a
YAG:Nd laser using such Q-switches. Results connected to both difections of investigation shall

be briefly presented.

2. Results and discussion

Lithium fluoride single crystals have been grown by Czochralski method using resistance
or induction heating. Growth has been done in vacuum or different atmospheres. Attention has
been paid to optical quality of the crystals. Proper heat treatments have been found to improve
optical characteristics of the crystals. Optical testing including scattering, stresses
birefringence, interference fringes etc. has been done with the KP-74 complex.

F 3 centers have been obtained by irradiation with a Co60 source.

Studies to find technological conditions to increase F centers concentration in LiF at a
lower level of losses include dependences on: & - irradiation conditions, rew material and
growth conditions. Absorption coefficients are determined at room temperature by using a Cary
17 spectrometer. Values up to 0.4 cm-l at 1.06 p have been obtained.
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Data about residual absorption (losses) in Q-switch have been obtained from the
transmission through it of a YAG:Nd laser. An experimental set-up consisting of a Y/ G:Nd laser
(Spectra Physics) with a pulse width of 10 nsec and output energy that can be continuously
varied, a powermeter and some simple optics have been used. At large energies, a linear
dependence between the energy transmitted through LiF:F2 absorber and incident energy is
obtained. Residual absorption coefficient is estimated from the slope of this curve. Values
between 0.04 and 0.09 cm-1, function of technological conditions, have been determined.

Laser characteristics of such a Q-switch have been tested in several configurations using
different YAG:Nd rods grown and processed in our laboratory. Experimental set-up consists of a
plane-plane configuration resonator with a cilindrical reflector and a Xenon flash lamp.
Repetition rate of the pumping source is up to 10 Hz.

Emission characteristics can be characterized by a diagram as in Fig. 1 where output
energy function of pumping is presented. A 5x70 mm YAG:Nd rod, a Q-switch with initial
transmission of 30%, output mirror with R = 8 % have been used. Free generation emission (o)
passive LiF:F7 Q-switching (& ) and combined system mechanical and LiF:F2 Q-switch ( @) are
presented. The multiple pulsing in the case of using LiF:F3 alone is observed. Pulse width is less
than 10 nsec. By the combined system multiple pulsing is overcome, pulse width is shorter (larger
peak powers) and an increase of the single pulse energy with pumping is obtained.

A theoretical analysis to find the proper conditions for a given laser configuration has
been done by solving rate equations, including those connected to passive @-switch. Dependences
on: Q-switch characteristics (initial and final transmission), output mirror reflectivity, pumping
pulse width, laser rod characteristics, etc., have been numerically obtained. It has been found
that output power is essentially determined by Q-switch characteristics and laser rod cross
section. A rather monaotonous dependence on extraction mirror reflectivity (R) is obtained. In
Fig.2 the output energy (single pulse) by using three differeny Q-switches as function of R is
presented. Low reflectivities are favourable for larger extraction energies, at a higher threshold.

The theoretical analysis shows that the observed strong dependence of the output on the
particular laser rods used in our experiment could be explained solely by the differences in laser
rods and we have to admit variations in stimulated emission cross-section and efficiency. Such
variations in YAG:Nd laser rods with the same nominal conecentration of neodymium have been
recently connected with the existence of several non-equivalent positions of Nd3+, and this wes,
in turn explained as an effect of impurities or defects /7/. A systematic study of these effects by
laser spectroscopy with an attempt to connect the properties of the rods with the conditions of

the crystal growth is in progress.
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ANAL YSIS OF GRATING RESONATORS BY MEANS OF MATRIX TECHNIGUES

A.Beles, l.lovitz Popescu
F aculty of Physics, University of Bucharest, P.O.Box 5211

This paper introduces an optical transfer matrix for the arrangement known as
Littrow mounting of a diffraction grating. The results thus obtained are applied to the
analysis of the usual grating resonator used for pulsed dye lasers. Several new designs (of

stable and astable type) are also investigated.

L. Introduction

A classical design of the pulsed dye laser resonator is based upon the use of a diffraction
grating in lLittrow mounting. Although frequently employed, this configuration lacks a
comprehensive investigation in terms of optical resonators' theory so that usually, its design
parameters are chosen in a somewhat arbitrary manner. This state of the art is in some sort a
consequence of the fact that the properties of a diffraction grating are not suitable for an
integral equation approach, while the alternate, optical transfer matrix tehnique may not
account for pure diffractive phenomena.

However, in practice, apart from the spectral discrimination, the actual behaviour of a
diffraction grating in Littrow mounting resembles that of a conventional optical system. In fact,
we shall show that this similarity is not merely conjectural but can be supported by meens of a
simple optical transfer matrix. This result provides us with the necessary preliminaries for a

standard analysis of grating resonators.

Il. The optical transfer matrix for a Littrow mounting of a diffraction grating

Let us consider the configuration shown in fig.1, where TI4 and IT; represent respectively
the imput and output reference planes, whileTg specify the plane of the grating. The same figure
also indicates the choise of various coordinate systems and the meaning of different symbols
apperating in the subsequent equations.

A successive use of Kirchhoff's diffration integral emphasizes the correlation between

the optical fields in]']1 and‘nz wifh due consideration of fields in'n'a Thus we find
extJik(L+L) ..
o) (xyaxy) = ——— =[x () ulxay ) Liscos(RVF )]
oo (.ir) “Lei 1)

[- . - - : ' .. ' .
itcos(-n,,r, ) Jexr e ikb dxay, o, Y,

y

, . . 2 2 L% v Y
e R O R e A GRS IO NS ol g R PR

)y,s5in a



l1 if y, is the ordinete of an edpe of the prating

and X(¥;) =
10 otherwise

If Littraw's condition 2a.cosn = k A is fulfilled (where o« is the angle y;0727, fig.i) then
the anguler distribution of the diffrared field has a maximum value along the incidence direction,
which thus represents a natural optical axis for the system. As usual, we shall assume that for
all fields propagating along directions close to the optical exis the paraxial approximations are
valid 80 that, 1+cos(f ,1;;2)'-'2;1+cos(r72' ,129;2.

The elements A, B, C, D of the optical transfer matrix /1/ can be obtained by e
rear -angement of (1) so as to assume the form:

“”'r’[“‘("“")] Ik 2 2 2 2
T }'u‘ll xr ﬂ?[“(‘l’yx) + :\(";."/3)"'("1"1*"1':'3) Sx dy (2)

A convenient change of variables from X2:¥? to u,w leed.l to

I elu du] y (v Yoo C/

13)(;’[i5. )] L . r:ik"“1ux1(_i»:1 (a)
e T T ——r.—»‘rr’ :
h )(‘ 2 2 > L'+l oo "‘ < (})
where 1 L+L'cos a ., 3 Locon ¥
T I VTS N () M TN PO I
X x P
Sl sln g, ®
1
A new change of variables through

performs the required matching of coefficients appearing in (3.b) if

- . L-lices” < = i'L ces a sin’ )
+ o k] 8 P
J = . .ﬁ__L - 1 c = Y —_—— 20 = 2 = Lo & a (5)
L L’L' 2 ;’l_l

b [ YL+1.'cos a

(6)
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where C - xi

/ il duf x(w)el? dv )

while b and d may take arbitrary values.
By simple algebraical operations it may be shown that (5) implies L+L'=0 so that the

above expressions of A, B and D are simplified to

A -+ Cesin a D=r?;n—u B =0 (B)

where the necessary condition AD-BC=] has also been used,
Considerations presented elsewhere /2/ enable us to find C=0, so that the optical

transfer matrix for a diffraction grating in Littrow mounting assumes the following final form

C sin a 0
M. =
G ( 1 9
g U sin a

A simple check of (3) may be done for the case of a continous diffraction grating in

Littrow mounting (i.e. plane mirror). Then Xx(w)=1anda 25 30 that it is easy to see that we
get the well known result.

From a practical point of view the devélopment of sybsequent sections is greatly

* simplified by the assumption that we are dealing w%gh an "ideal" grating for which ¢ =1. From

(7) we see that our assumption fits in as the number df\grooves per millimeter increases.
[ )

[IL. Analysis of the ussal design of grating resonators

The design shown in fig.2 represents the usual arrangement for a pulsed dye laser
resonator. Although in practice ¢ = 0 (i.e. the optical power of tiie plane mirror), it will prove
valusble to assume first that ¢ may take any value.

Caléulatinq the transfer matrix for a complete roundtrip of the resonator we find the

following velues for its elements

t t
A=A - 3(A~DJ[1 -2 ]
mzL'
t t
t- -(Aoo)z[1 - = — ]
m3r
10}
, C - -0
i
D =D

where }=¢ L while all otheg symbols must be refered to fig.2.
The trace of the matrix generated by (10) is
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t, ts
AsD = (A+D)[1 - 5(1 - = - mzz)] (11)
and this result indicates the important influence of the grating matrix elements up on the
general behaviour of the resonator.
1fd+0(as commonly used), since A+D>2, then also A + D > 2, which means that the
arrangement illustrated in fig.2 is of astable type. Thie situation involves an approp;-iate output

design for the laser beam and a corresponding value for the gain of the resonator given by.

M = %[ AsD o JZ;T;;?T;] ‘ 12)

In our case, as the tuning of the laser requires different Littrow angles, the gain of the
resona.to.r is variable over the spectral band of interest.

Another problem connected with the usual " v = 0" resonator arises from the fact that,
although variable, A+D takes values very close to.2. From (11)we see that any mechanical
perturbation of the output mirror may leed to A + D < 2 (through # 0), and thus induces a change
from astable to stable type resonator. From the proceding arguments it becomes clear that

= 0 does mot make the best choise.

IV. Stable and astable grating resonators with controlled parameters

It is known that a stable resonator is described by a roundtrip matrix whose trace takes
values in the interval (-2,2). In the opposite case, the resonator is astable.

Out of a variety of possible designs, we shall investigate just three arrangements which
may be obtained from the usual one by minor modifications (see fig.3).

The trace for the first arrangement (fig.3.a) is given by (11), while for the ather two

(fig.3.b,c) we find respectively

t“ te A9+09L
A+D = [A+D][1- wsist.’:(l -l E) -t 'TD—]
™ 13
Yoist © Y P T L
and
mAt)+m't,0  At, +Dt,
A+D = (A+D) [1 -mi (1 - —TT + =) g€ = vr (14
A+D m

As we may note, (11) contains 5 parameters (tg, ts, m, £ , ) which permii an effécthe,
contro_l of the resonator behaviour in the selected band of operation. To the same end, (13) and
(14) offer respectively 7 and 8 ajustable parameters. ) '

When typical values are introduced in the above rélations, so ae to identify the type of
operation at the ends of the spectral band of interest, one obtains the diagrams I_llultrated in
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fig.4. The validity of these diagrams for all the configurations discussed is a consequence of the
fact that in order to improve the spectral resolution of the grating, one must employ a rather
strong magnifying telescope (m ~ 10 ¢+ 20). However, 9 in fig.4 means ¢ L for an arrangement as
in fig.3.a,dgeffor the resanatar shown in fig.3.b, endang Efor the arrangement shown in fig.3.c.

As a general rule, fig.4 indicates that all configurations disscussed may be adjusted to
operate as well as stable or éstable resonators. The resonator in fig.3.a generates a narrow cross
section laser beam, while the other two geometries may be designed such as to produce a light
beam of given cross section. )

In the specific case of astable operation ml:e must ensure a constant gain of the resonator
over the entire spectral range of the dye. This may be accomplished by means of numerical
techniques which allow the identification of simultaneous solutions of (12), when specialized at

the ends of the spectral band of interest.

V. Conclusions

We have shown that the Littrow mounting of a diffraction grating may be described in
terms of a conventional optical transfer matrix. The results thus obtained were applied to the
analysis of several grating resonators. It was shown that each arrangement offers a set of design
parameters through which one may'completely control the behaviour of stable or astable

resonators.
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HOLLOW CATHOOE METAL VAPOUR LASERS

[.M.Popescu, M.1.Cilea, A.M.Preda, C.P.Cristescu
The Physics Departiment of

the Polytechnic Institute of Bucharest

The paper presents the results of the study of three different types of hollow
cathcde metal vapour lasers made up in our laboratory: the tic-Cd-Zn laser, the laser
with two active plasmas ana the He-Zn laser with hrass calhode. The characteristics of

czch syslern are presented.

1. Introduction

The_ metal vapour lasers are interesting from both the scientific and the technologic
points of view. The laser oscillation can be obtained on transition either of the metal ion or of
the metal atoin.

The metal vapour lasers working on ionic transitions can generate a great variety of
oscillations in the range between the ultraviolet and the near infrared, with reasonable
efficiency. Most of them are characterized by low threshold current and relatively high gain /1/.

Usually a buffer gas is necessary. In mast systems the helium plays this role, but Ne and
Ar are also used ocasionally /2,3/. .

The partial pressure of the metal vapour necessary is in the/range 10-2 - 10! Torr.

In the metal vapour ionic lasers, besides the direct elgttron collisions, two excitation
mechanisms play an important role:

a) Charge transfer in thermal energy collisions between ground state helium ions (He*)
and metal atoms in the atomic ground state (M). As a result, a certain ionic level of the metal
atom is prefferentially populated. The reaction can be written:

HE + M - (M")* + He
b) Penning reaction
He(235) + M - (MH)* + He + e
where the metal ion population is seated by energy transfer from the helium metastables (235) to
the ground state metal atoms.

The homogeneity of the metal vapour buffer gas mixture in the discharge space is a
stringent condition for the proper working of a metal vapour laser. An important step in solving
this problem was the introduction of the hollow cathode discharge.

The rest of the paper is dedicated to the recent results obtained by the authors in the
study of hollow - cathode metal vapour lasers.
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2. Hollow cathode He-Cd-Zn laser

It is well known /4/ that the temperature which insures the necessary metal vapour
partial pressure (10-2 - 10-1 Torr) in the case of Zn is some 100 degrees higher than for Cd.
While the working temperature of the He-Cd system is in the neighbourhood of 200°C, the He-Zn
system oscillates when the wall temperature is in excess 280°C, The oscillation of the He-Cd
laser ceases at a temperature lower than the threshold temperature for the He-Zn laser. These
results have led to the general belief that the He-Zn and He-Cd plasmas are incompatible for
simultaneous laser operation. However, making use of the relation between the evaporation rate
E and the absolute temperature T which, in the case of Cd /S/, has the form log E=A-5050 @T-1,
with A and @ constants, one can show /6/ that, on condition that the cadmium amount present in
the discharge zone is small enough, the optimum partial pressure can be preserved for a wide
range of temperatures. In fact, the appropriate Cd pressure can be rnaintained up to
temperatures well in the range characteristic for the He-Zn laser so that simultaneous
oscillation on Cd* and Zn* lines appears possible.

Using this observation, a laser discharge tube was constructed in which a carefully
chosen small amount of Cd was introduced besides the usual amount of Zn. The cathode is a 60
cm stainless steel tube with 4 mm i.d. and the anode is a metal cylinder set coaxially with the
cathode. Helium is used as buffer gas at a pressure of 10 Torr. The discharge current is 0.9 A.

Figure 1 shows tha lgser output at A= 537.8 nm (Cdll) and > = 492.4 nm (Znll) versus
the temperature of the tube wall.

In the range 265 - 285°C the two lines oscillate simultaneously with no influence on one
another.

The passibility of simultaneous oscillation on transitions of different metal atoms (ions)
is very attractive because of the large number of oscillations which can be generated by a single
laser in 8 wide spectrum.

3. The He-Zn laser with two active plasmas

The metal vapour discharges used laser devices are usually sustained by d.c. voltages. In
the following we present a discharge tube working on a.c. voltage which provides laser oscillation

.on both alternances of the applied voltage. It consists of two cylindrical electrodes set parallel
to the discharge tube axis as shown in figure 2. ‘

Each cylinder can play the role either of hollow cathode or of anode, depending upon the
direction of the applied voltage. Thus conditions for laser operation exist in each of .the two
hollow electrodes during one half of the cycle of the a.c. voltage. The characteristics of the two
laser beams depend upon the twe resonators, so that "simultaneous" oscillation can be obtained
on two different trensitions of the Zn ion, .

Aiso, by introducing a small amount of cadmium in the discharge zone, one of the laser

beems can be a Cdll line and the other a Znll line.
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The output dependence upon the buffer gas pression and the wall temperature is simllar
to the usual hollow cathode laser. )
The output at 492.4 nm versus the effective discharge current is that shown In figure 3

for a wide range of helium pressure.

4. He-Zn laser with brass hollow-cathode

The active atoms (metal atome) are usually obtained by evaporation of small metal
pleces placed somewhere in the discharge zone or In its immediate nelghbourhood. The heat
generated by the discharge is usually aufflclent for the generation of a metal vapour partial
pressure of 10~ -2 . 10-1 Torr necessary in most metal vapour lasers.

It was already mentioned that the uniform distribution of the active stoms along the
discharge is @ very important condition.

Usually, the hollow cathodes are made out of refractory metals such as stainless steel,
kover etc. These materials, due to their relatively low thermal conduction, generate strong
nonuniformity of the temperature along the discharge and consequently of the active atoms
distribution. .

The result is discharge instabilities which usually terminate the life of the laser tube.

We managed to avoid these difficulties by making the hollow cathode out of rich Zn brass
/8/. The discharge tube consists of a 60 cm brass tube with 4-6 mm l.d., which plays the role of
hollow cathode, and another tube of the same material with 15 mm L.d. which is the anode. The
dlscharge is taking place inside the cathode through 4 mm dlametor holes perforated 4 em apart,
along a generator of the cathode cylinder.

The dlscharge is fed on two voltages: a low half rectified voltage which serves for the
heating up of the discharge tubs end a high, pulsed voltage which gixcite the active specles. The
coupling of the two circults is shown in flgure 4.

The helium pressure is around 8 Torr and the average curr” of the heating up discharge
Is 750 mA.

The current puldes, obtained by use of a TGU-1-35/3 thiraton, have a duration of 1 us and
frequengy of 400 Hz.

In these conditions simultaneous oscillstion have been obtained on 491.1 and 492.4 nm
Znll lines and 533.7 and 537.8 hm Cdll lines. Cadmlum was pressnt as impurity in the brass. The
lager output at 492.4 nm versus the diecharge current is shown in figure 5 for three values of the
buffer gas pressure.

Laser oscillation was also aobtained when the discharge was fed on tpe half rectified
voltage.

The use of brass as cathode materlal brings in considerable i nprovement in He-Zn hollow
_cathode lasers In the following respects:

~ 8) The discharge is very stable and the temperature is uniformalong the length of the

discharge.
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b) In so far as the metal of interest - zinc - is embedded in the cathode material, the

distribution of the active atoms in the discharge zone obtained by evaporation is remarkably

uniform.

c) The lifetime of such a laser is much longer than for a refractory metal hollow cathode

laser. A brass cathode device constructed in our laboratory have been in use for more than 500
hours without any alterations of the output characteristics.
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ACCURATE MATHEMATICAL METHODS FOR SMOOTHING QUT
EMPIRICAL FUNCTIONS AND PERFORMING DIRECT AND
INVERSE ABEL. TRANSFORMS

Nicholas lonescu-Pallas
Central Institute of Physics, IPTRD,

Laser Division, Bucharest, Romania

The problem of evaluating direct and inverse Abel transforms (used in optics and
plasma physics) is considered in view of elaborating improved calculation method as
compared with the existing ones. A smoothing out method, based on orthagonal
polynomials, is proposed on this occasion. The method has the advantage that leads to
polynomials in ﬁ‘_"? and , accordingly, the inverse Abel transform of a certain
function (given as a set of empirical data) becomes a quite simple operation (almost a
consequence of the specific manner of smoothing). The problem of mechanical
integration on the range (0,1) is also examinated (as being directly connected to the Abel
transform or to the coefficient determination of smoothing out golynomial) and some
new improved formulas are proposed. Finally, the problem of polynomial oscillations
(introduced during the smoothing process) is analysed and suggestions are made how to

reduce their amplitude.

Using Abel transform for plasma diagnosis
Let us consider a certain material medium filling a cylinder of infinite length and

circular cross section of radius R. A monochromatic light wave

n 2 Cc
v = a cos(wt-kx} [, k = %— , w o= 2ay/ , AV = v = -

travelling in a direction perdendicplar on the cylinder géneratrice, intercepts the cylinder
surface In a point A, has a path inside the cylinder, in a transverse section, and leaves the

cylinder surface in another point B. The phase shift underwent by the wave is

\&T{n( '\/02+x2)-1}dx ()

where the deviation of wave direction inside Lhe cylinder, as a result of the refractian, was

B
) . w
8 1mr c{(n )ds % 2 =

neglected and the refractive index of the material was assumed as depending solely on the
&lotence from the axis to a given point in a transverse plane. g ‘s the y coordinate in this
plane of either A or B points. Now, let us adopt the followin{; denctations (implying a variable
changing). .
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Voled = o, g=x, %: T, @) = £(&), 2z R[n(r)-1] = g(1) @
with the aid of which the integral (1) becomes
1
F(8) = fg(n—=L— - 3) .-
[ 2
T -6

It is of practical interest to estimate g( v ) (the refractive index distribution) when f( ¢ ) is

given (the phase change distribution). The solution is exactly known (inverse Abe! transform)

1
g(e) = - 2§ Flddr
9

2 2
1 =8

)

Nevertheless, owing to the fact that what is really known is only the values (altered by
experimental errors) of the function f( &) in few points (which, in addition, may be non equi-
distant) and owing to the subsequent difficulties, coming from the necessity of performing the
derivation of an experimental function, and, thereafter, of evaluating a singular integral, the
estimation of inverse Abel transform, proceeding from empirical data, is a highly intricate
problem., Such problems pertain to the class of ill conditioned problems (instability in the
Hadamard's sense). The solutions, so far proposed, for evaluating the function g(¢ ), are to a
great extent emblrical, and cannot ensure a high level of confidence and accurateness together
with a rapid ct.:mvargance of the mathematical algorithms used for processing the empirical data.
The best approximation recommended In the literature is based on a previous smoothing of
empirical data, on a going over from few non-equidistent to many equidistant integration points,
on a difbretizing of the (direct) Abel integral

N-1 j+1
£(5) =4 g(H—298 |, s =0, 1, 2, ... N-1, (5)
Pond VT

on an approximation of the unknown function g by a finite difference expansion

g® = (0 e(h - sh + Gl ae(h + gr(e-D (im0 Te (D ©
+ FrCe-9) (6-3-0 (e-3-2a%e() - ... '

on a certain option about the degree of approximation (for instance, to discard differences higher
than second ones), on performing the integration on every strip J < ¢ < j+1 and finslly, on
inversing the problem in order to find 9, =9 (%) In terms of f' _E f(-}.) by inversing a ‘certain '
matrix with known elements. In the case of second difference approximation (the most elaborate
cage of this method, to be found in literature - but not trested in full rlgor).wo obtain

N-2
o (s) | yals) L1 oy () )
'Fs N 5§ {gjuj (g_i’1 gj)Bj 7(3.1,2 2£J,1 gj)YJ }
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1 (s (s) (s)
* tJ‘{BN 1°N- 1 * (eygy-q) By 7(g~ 28y-1*8N-2) Y- }
(s =0, 1, 2, ... N-2)

1 (N-1) (N-1) (N-1)
-1 = N{3N-1°N-1 * (2y"Ey.q) By- ey 28y 1By D Y }

where 1
J0
0(5) = ————Ec15 = \/(J'1) \/J -g?
VeZ-s (8)

s) 3t I :
sle) - £ (E-J)——f-fi—z . %[J Vit-s? = (5-1) \/(.101)_2-52]

+ 3 1 (1) V(31 2-s?
3 Wit-e?

-
Y(s) . JJ' (€ -3) (5'3'1)—5'25'— = [.}(jﬂ)(j-%) + g- sz] Vigen2-s? -
i ." 2 2

J
£°-s

[

j+Vit-s?

=% : . PN
- [%(J‘%)j . % sz]'djz-sz - (2j¢1)% g21n Lit1) Virn2-s

Fors’¥0v{ehave 8. =1, B:=T, .yj=--g- and obtain

p 1 1
: {)s(r)dt * N Zj{gj * 3(g5.0mey) - '1’2(3 +2728j,4 g)} @

L1 L 1
Fz‘{grm LI 'H(gw'zgwd’gu-z)}

N-
BT 1 1, 1
W {,J g5 0 TEn-178) - Taeye) v ety - ﬁ(gw'z‘-‘rl-fgm-z)}

For arbitrary 8 we obtain, after adequate reordering of the terms

i () _,(s) , 1 (s . (pls) _ (s 1 (s)
fs |( B ZY5 ) v (850 - v5Y) 75
502

* n}
(10)

' 1 s) (s} _ ,(s) _ _(s) ,(s)
= [gN(FN 117281 32 YN S RTI C IO IO T Pt R e

- YN‘2 * ? YN':’) * 7 gN_ZYN_al 5 5 Vg

. {(s) _ _(s) , (s)_,(s),1 (s) - .
gs‘1(Bs Ye s+ 1 8501 s.p s 0, 1, 2, ... N-4
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(N-1) , 1 _(N-1) (N-1)_g (N-1) (N-1)
Fn-1 { NOBN- T N1 ) By (egsy TRy TNy D)
1 (N-1)
* 7 EN-2TN-1

(N -2) 4 IN-2) 1 (N 2) . (N=-2)_,(N-2)__(N-2)
fyo2 ™ -{ (8y 7 Vet 5 Yoo ) - -

IYEREC PR VAV o

(N-2) __(N-2) 1 IN=2) | LIN-2) | (N-2) | 1 (N-2)
*Byoz TTn-2 ) ¢ Bn-2(T Yo *N-2 By-2" 2 Yy )
(N 3) 1 _(N-3) , 1 (N 3) . ;
N3 ‘{ NCBN-1 T Z - 2 )
(N 3) (N-3) (N-3) (N-3) _ _(N-3) | 1 (N-3)) |
* gy-q(ay “ BnotT T Th-r ot By-2 TN-2 7 Yn-3 )
1 (N-3) | (N=3) _ g(N-3) | 1 (N-3) | g(n-3) _ (N-3)y
+ ey-2(3 Tyoy N-2 BN-2 2 'N-2 Bn-3 YN-3
(N 3) _ gIN-3) 1 (N -3)
* ey-3lay Bn-3 V] )

Thie is an algebraic system of N equations for the quantities (go, 9)» gz,...,gN) which may be
solved (provided that 9 is given) by reverting the matrix of the system. There are here two kinds
of difficulties preventing us to reach a high level of precision: first) the ill conditioning of the

system of equations due to the tendency of the coeficiente ( a ., g ., y ) to accomplish more

and more an indetermination of the form  «-= at the expense of llncreasmg the number N of
integration points. The tendency is so much more stressed as we increase the order of
approximation ( g j is more~divergent than a it Y j is more divergent than g i a.s.0.); second)
to increase the convergence of the procedure for N - = it is necessary to increase the order
of approximations, id est to include higher order finite differences (at least third order in view of
accounting for the inflexion points). This entails, however, to previously psrform a very accurate
smoothing out. All in all, the method turns out to be very tedious and not able to ensure a
reasonable accuracy. An {mproving of the method may still be achieved by partielly taking apart

the divergent parts of the coefficients o poBp Y We obtalin

a$s) (2 j*+1)
.J(J+1)2_sz . 'sz-sz (11)
o) - 3 G4%1) - s’y v o2y, LitD) @ m}
TVt ey VG i+ Vitst

(s) 1 {[ld (23+3)-1] - 38 (2441)[35 +4j(j+1) - 3]}

Y 'g
N [s2+(5+1) (25-1)]) V(3+1) 3-a? + [ue?+3625+0)}Y 8
-G %)s'ln Ge) » V(e -s'

Jo+ it-s?

s £ jSN-9, 0SS s s N-
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In this way, the method may be appllied at least for performing the direct Abel transform. (There
(N-1) (N-1 _(N-1)

N-1 ?B8N-1 "YN-1 even in the case of

is however a slow divergence of the coefficientsq

completely avoiding the indetermination

N-1) _ 1 ] (N-1) _ 2 _nx
;Nl“ ZN-0", 8l VI(N-2) 7", vyl ~ - g VION-D T )
but it brings no serious difficulty. More difficult is a residual ===  jndetermination still

persisting in the expressions ofé(sl) and Y(Sj?: For insthnce, three digits are lost due to this

situation in the case N = 20.)

Some accurate formulas for performing direct

and inverse Abel traaforms

Owing to the lack of accurate methods in the literature of .this subject, we have
undertaken a study in view of filling up the respective gap. Once the smoothing out of empirical
data is accepted as a necessary stage towards the final evaluation of an Abel integral, we are in
& position to calculate the value of the smoothed out empirical function at any point in the range
0<x< i) and, as a matter of fact, it is of little interest to still confine ourselves to equldlstant
Integratlon points.But, if non-equidistant integration points may be used, then adequate varlable

transformation may avoid the (integrable) singularity of the integrant, converting the lntegral in
a conventlonal one, whereof we are already ac ualnted how to be approximated.
Using the transformation « = \/ x° + (1-x ) ¢ 2 y the direct Abel transform becomes
flg) = \/1-C2 fg( '\[x24(1-xz)cz) dx
o

Now, it is opportune to write

+1 :
fle) = 2 V1-6% [ gl Vx2 e (1-x2)672) dx
-1
+1
°r Fle) = 3y/1-¢7 | {\/1-x2 g(Vx? e (1-x2)5 )a
- 1- x

and, dccordingly, to apply the Legendre or the Tohebisheff integration’ formulas. ‘Ihe second case

13)

(13)

exhibits the advantage of an increased accurateness, because the |ntegrat|on points are given

analytically and, accordingly, the number of points may be taken arbitrarily large
_ 2 % 0 2k-1 7 2k-1 7 .2 Zk-1
£(8) = 1-¢® == %k(sm - Me(Veos™ = x4 7sin® o 1) (14)

For odd n, the resppctive formula acquiresa symmetrical form

f(g) = 2‘ \/ -2-——-1- IkCOS ﬁ g( \/sinz :;: + CZCOSz -2-:1—:1-) (149

and is particularly suitable to be used in conjuction with a minicomputer. The convergence for
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m - - of this formula is not, however, too rapid becsuse in the case g( T ) = 1 one obtains

— xfc(cm+1)
Fo) = J1-87 ! ] J_[

+ 0(em+1) -“]
sin['/<(2m+1)]

“‘ (ur+ y?

It is also possible to apply a modified version of the sirople Tchebysheff formula
i

1

f = 2 FO)
fix)dx N 15)

Such a formule has real lntegratlon points even for N > 9 if, instead of requiring an exact result

when f(x) is a N-th degree polynomial, we ask only to have a given superior limit of error when

f(x) has the respective form. Applying this approximation principle to the case of direct Abel

transform, we obtained the following formulas (having a relative error < 10'5)
N

27
F(C] = vV1-C ;—- zkb( \/_Jlll J +C CO0S Lk)

1

(16)

— 63 —_—
flo) = Vi-e L e+ O e
1

The angles ¢ K (k = 1,2,3,...,27) and the roots X (k = 1,2,3,...,63) are given in the addenda. For
27) the first formula (16) gives a precision

the same number of integration points (2 m + 1 = N
definitely higher than formula (14').
Similar treatment may be applied to the inverse Abel transform, provided that f(0) =0

One obtains 4. 1
glc) = 2(1-¢%) "{fm - J'[F(R)-F(C)]d—:}
x
o
where R = Jx' + (1-xz) c2 = '\/c2 + (1-_c_f_)'§2 17)

Taking formula (17) as a starting point, we may derive an analytical expression of the inverse

transform, based on derivatives of f( ¢ ), namely

2 g _3\. et 3/a
gle) = 2 (1-¢*) (o) - i SLE—L— £102) + ;—QLCJL[P(:)—:#"(U]
[4
2.89/a
1o / ' - .
- LOKJ;L_[f (e) = 66" (c) + L CFv ()] +
4

Qae)

< nt 1 l
A }

(6 TN]

- efT(g)

¢ A0, ¢ A1
2 1 " 1 .o 1 [XY]
g(0) - ,{f(m = qmgr FRL0) - s FTU(0) - e FUYC0) - }
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When f( ¢ )= \/1- ¢ 2 one obtains

B O R T A
74 80 BYE ° 7304 cerl 7 b

The mast efficient result to be derived from the integral (13) is the following one. If

[X] =N

g(&) = p(0) = F(1 -

n 2 )j
glv) Y.b.o(1-t%) Y,
0l J 19)

where bj and j sre 2n arbitrary parameters, then

-

- ()’1)
'———)
r¢ax.
( =

n 2 )j
- . b, .. .-

M) -
I

Conversely, if f( & ) is given under the form (20) then g( 1 ) is obtained under the form (19), the
coefficients b]. being bj = aj/p-j. This suggestsa powerful method of performing the inverse Abel
transform on the following line of reasoning: the smoothing out of empirical data should be
globally and analytically performed in such a way as for delivering us an expression of the form
(20). The coefficients A. are obtained as a result of the smoothing out process all over the range

(0 < x < 1). For the sake of simpliness we adopt the following expression of * j

J (21)
Thus
n .
r 2y )¢
flg) = J.a (1-g)
. 7]
0
A 2 3 . N + 3 . 2
4 [a, * @19 *@,;3 * 23Q 2,9 asn gz (1-¢%) (22)
n . At
r{ar+j+1 2 2
a1 B — = 25110
. od Vx A+ - E)
For A =0, g( T ) acquires the simple expression
- 4 vy 3/2 32 5/2
glt) T 70 * 5910 gy 22 5r 930
(23)
a5€ 7/2 517 9/2 z
R AR nz (1)
For X\ = } one abtains
3 15 35 3 315 o f93 s
BUT) = a0 + 50,0 * 75 3,87 * 75 8,00 * qgp "Wt Y 7R a0



In this way, the problem of evaluating the inverse Abel transform is reduced to the problem of
performing a global analytical smoothing out. There are, in principle, two possible ways to work
out a smoothing problem - either by applying the Gauss least square method, which leads to
calculation of high order determinants and (for this reason) to an ill conditioned prablem, or by
resorting to the orthogonal function method (in principle, equivalent to the first one), which
exhibits the main difficulty of non-existence, in the literature of applied mathematics, of a set
of orthogonal polynomials, defined on the domain (0,1) and having definite mathematical
properties. Facing these difficulties, we however chose the second alternative and gave an
almost ideal solution as may be seen in the sequel. We succeeded to reach the following
outstanding result: being given a certain analytical and bounded function defined on the domain
(0,1), it is always possible to find a polynomial approximation optimizing the integral of the
function on the respective interval (polynomization). The spproximation is obtained by applying a
standard mathematical formula and is equivalent - under given restrictions - to the homologous

approximation coming from the least square method.

Smoothing out by means of arthogonal polynomials
Let us consider an analytical and bounded function f(x‘). defined on the domain
- 1 s x < +1, and whose parity (under reflection x - -x) is not specified. We may write
F(x) = 2[fF(+x)+F(=x)] + 2[F(ex)=F(-%)]
< N (26)
It may be expanded (as an accepted approximation) in a finite series of Legendre polynomials

where
n 4\, N
F i)z Vnedp ix) po(x) = 2 g (1-x7)
n 2 n ’ n on. o
4 sn., ax
+1 ’ (26)
[P GIP () =8 0 0 PL-x) = (-D"P (+x)

The coefficients Ar and 'Bs may be determined by resorting to the orthogonality of Legendre
polynomials. We first obtain
1 +) ) - : + | ., L
3 f|[+(+.) sy -x) ]n'l(x)cx + 3 [ [f(+x) -r(-x)JFl(x)dx =
o - " N
r Ar52r,1 * Es B5625+|,1

Ot~

whence, by specifyingl=2 v ,or 1 =2 v +}, respectiveiy

v

+! 1
A, =3 {I[F(+x) + £ P, (x)dx = £[F(+x) + F(-x) )7, (x)dx

+

|
G = f'[F(ox) - F('K)]$2V+|(x)dx = [[r(ex) - f(_,)]p“”(x)dx
_I °

~ol—-
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Further on, we need information about the parity of f(x). In absence of any information of this
kind (which often happens to be the case for empirical functions) we put forward two plausible

conjectures
1-st: F(x) = F'(0)x + F(x), F(-x) = +F(+x) (case a)
2-nd: Flx) =-F(0) + G(x) , G(-x) = -G(+x) (case b) (28)

Now, the coefficients of the Legendre expansions may be easily evaluated and, accordingly, we

may write ] ;
(case a) A, = 2[[*F(x)-+"(O)x]pzv(x)dx, By* 2 (0) [xP, (x)dx
o o
Jg £'(0), B, =0, (v>0)
N 1 .
fix) = xf'(0) + gr PZF(x)Z(fJ[F(x]-F (0)x] 2x_(x)d:n( 299
(case b) 1
o * zfto)épo“)dx = /2 f0) , A =0 , (v>0)
1 —
. B, = 2f[F(x)-F(D)]P, , (x)dx
[s]
N 1 _
Flx) = FOO) + ], P25’1(x)ZI[f(x)-f(O]]P25'1(x)dx
° ° (29)

The approximations in the two cases (a,b) ensure the continuity of the function'"of its first
derivative at x = 0.

It may be demonstrated that Legenfire (polynomial) e)rﬁansion is equivalent with Gauss
(least square) method.

If we want to perform the inverse Abel transform, then, the case (a) is to be preferred
rather than the case (b) and the condition f(1) = 0 must be adopted. Let us assume that f(x) < (1-

-x)" inthe proximity of x = 1. Then, we adopt the alternative conjectures
fix) = (1-x2)x[f'(0)x'F(x)] . F(-x) = F(*x) (case a')

22 e N ¢ )
fFix) = (1-x5)[FL01+6(x)] > G(-x) G(+x) (case b')

The parameter , may be determined only by knowing again some additional information about
f(x). When no such information is available, the value A =4 is to be preferred instead of the
value ) = 0 (unconditioned optimizing) which leads to excessive distortion of the inverse Abel

transform at the edge x = 1. Now, the approximation formulas become

r

N
F(x) = (1-xl)x{f'(0)x + I P, (x)zj[ f(x) < - f‘(U)x]Fzr(x)dx}
o) olx)
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N
1A £(x)
£(x) = (1-x7) {f(o) + 55 F’Zs”(x)zf[—“T - f(U)]F25+1(x)dx} 61

The continuity conditions (for f(x) and f'(x)) at x = 0 are, in the cases (a',b') too, preserved.
(Moreover, the second derivative at x = 0 acquires a correct value in the case of even

approximation.)
For even approximation, the function f(x) is obtained under the form

(32)
and the inverse Abel transform may be easily obtained for f(0) = 0. Our first task is to obtain an

N 2
f(x) = 'F'(°)l'(1"")’\ + Ir ar(l"‘ )r*)‘
(o]

analytical expression for a. In this purpose, we introduce new polynomials Z( A\ ) related to
even Legendre polynomials
z [A) = P (x) » A= X
1 21 (33)
and obeying a certain differential equation which may be derived from the differentlal equation
of Legendre polynomials by operating there the necessary changes of index and argument

a4’ z,(x) dZ. (]

A(1- A)—d-—O(?—%)‘) é)‘ + 1(1.%)21(;\) =0 (34)
A

The solution of this equation turns out to be

2] O S RN N
. 1-j,-21 A J 1.d (35)
2 EJ('” 2 e Y L Ty

It is now opportune to define a new variable (suggested by formula (32)) and, acccordingly, new

polynomials, namely

zl(q)= Zl(x) , q = 1-A

(36)
The new polynomials satisfy the differential equation
d' i, (q) dn, ()
q(1-q)——d—11-— c (-3 q)—a—-— « 1(1 + g)o,(a) = 0 G
a .
whose solution is ) F(1 + § + 1) ;
1! 2 Ja 1 qJ
2,0q) = t -1)9d T -——f— q7 I (-1)~a
1 0‘]( ) T30t IT(1 + ?)
1 1 1 3, 1 1
=1 - 1+(1 + 3)q + 1(1-1) *(1 + 1+ 3a - —= 1(1-1)(1-2)
(1’ T 2029 T 5n “(38)

1 3 5, 3 bo(-)? .
(1 + = 1 1 ., 3 . 5 oW1
( * (1 s 5)(1* 5a o o (1’7)(1 ’Z)(l 5) ... (21 - 5)q
Now, let us consider a function :p (q). It may be epproximated by a flnite series of j g 1

polynomials
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N 1
2 _ 2
¢(q) El Clﬂl(q) , Cl - (41*1)£w(x)21\x Ydx ,  e(x) = ¢(1-x") (39)

But, by the very process of this approximation, .. l(q) became a polynomial of N-th degree of
the argument q, and we need to determine the coefficients of this polynomial

N 1 . . N N-s
_nJd 1 31 . n oS = (_15 C S+k
TS MERICDRT belosa® o s (0° L Cuel™

Keeping in mind that the C-coefficients are related - through the intermediary of Z-polynomials
-to the r* -coefficients, we may equally write

1
B, = (-1)° I PLS)(xt) olx)ax

N
(0 ke i 2 1) rp P (a1)

J ol Ns

N
(s), 2
Py ) gk

o x

N 1
*(a) = I _(-%° [P{) (") o(x)ax
(s} o

It remained to us to determine the I -coefficients of the P-polynomials. The technique used in
this purpoee is the same as for the 3 -coefficients (although a little more complicated) - i.e. to
calculate the coefficient of a given power of the argument. One obtaine

N-s
- (oL Il nledtgt L s
o
L 42)
Fns (
NEs 14 14j
- L;(-107[6Q1ed) #1]a "y . 12s
[o]
In our case

oty = {Fel - £ (0)x}

(1-x%) (43)
end, accordingly,
a. = (-7 IP‘”( ){J—H—f'(o)x}dx (a8)
(1-x%)

The smoothing out problem s thus reduced to the problem of evaluating the integrals in (44). The
final optimization formula is
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N 1
Fa = £k Y T DT T PP () { D o)
o o (1-x7)
(45)

The first polynomials Z,( A ), o |(q) and Pp( A ) are given in addenda.

In practical applications, the (inverse) Abel transform is connected to some physical
quantities, as for Instance the refractive index distribution, which must be everywhere finite.
This entails the additional condition

f0)=0 (46)

Polynomial oscillations

The most serious difficulty, we come across when we apply least square method or
(equivalently) the orthogonal polynomial method is the occurence of polynomial oscillations. No
general method exists at present to avoid these undesired oscillations, although some indications,
to be respected in view of minimizing them, may be formulated. Let us, for instance, consider
the function f(x) = x. If we want to approximate it by even Lagrange polynomials, then we have
to interpret it as the right branch (0 < x < 1) of the even function F(x) = xz, defined on the
domain (-1 < x < 1). What is really approximated in this case is the function F(x), whose
derivative is not continuous at x = 0. Indeed, lirg,O{F'(u) - F‘(-x)} = Zii =2 £ 0. As a

consequence, the approximant

f(x) = x ¥ +1.020508 - 1.187012 q + 5.201904 q° - 15.727905 g’

+ 19.381674 q* - 8.633655 q° = +0.055514 + 3.608498 x’ (47)

- 12.028317 x* + 24,537759 x® - 23.786601 x® + B8.633655 x'% = f(x)

2, exhibits large polynomial oscillations (especially/"in the proximity of zero). The

whereg=1 - x
increase of the approximation order gives no significant improvement, the convergence process

being slow. Indeed, the next approximation

_ 14,105 247 134,147 . 71,383 » 18,538,585
f = . - - s
(x) X X -1-4-1—3——6’ 3 027 q —1_5716,3 q ¢ _7'_078', q -—m’ q

(87"

8,788,507 s 50,702,925 6

* STz 9 T T7097,152 9
only slightly changes the maximal departures ascertained in the previous approximation (f(0) =
0.047254 instead of f(0) = 0.055514). Nevertheless, such an approximation is not altogether
destituted of certain practical virtues - these actually depending on the destination assigned to
the respective approximant. If we want to use expression (47) for calculating the inverse Abel
transform, we will obtain very wrong results, for the Abel transform is a typlcal operation

amplifying the polynomial oscillations (a kind of undesired "mathematical laser"). Contrarily, the
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respective approximant is quite adequate for calculating the integral of f(x), for the integral is a
typical operation damping the polynomial oscillations (a kind of welcome "mathematical anti-

faser"). Indeed, proceading from (47) we may de.ive the useful and "accurate"” formula
x? = +0.111 028 x + 2.405 666 x3 - 4.,811.326 x® +« 7,010 788 x?

' - 5.285 912 x° « 1.569 756 x' S (L)
Another useful example is the approximation of -the circle. Let us ignore the true value
of the parameter A ( A = }) (which would lead to the tautologic expression F(x) = ,/l-xz) and

assume 1 = 0, ThisTeads to the "polynomization" of the ciréle

Fix) = tf1-x? = * {0.087203 + 2.834104 q - 7.085261 3’ + 12.044944 o3

- 10.216693 g“ + 3.337453 q®} = :(1.001750 - 0.618907 x?

(49)
+ 1.123943 x* - 4.552702 x® + 6.470572 x® - 3.337453 x'°)

Proceeding from (49), we may calculate the inverse Abel transform of v 1-x%. The rigorous result
must be 1. One obtains

g(x) = 1= 0,055515 q~ " + 3.608493 q * - 12.028313 q°/2
(50)

. 24.537758 /% - 23.786601 q /2 + 8.633655 q°/2 = F(x)

Now, let us compare (47) to (50). We ascertain the fulfilment of the relationship
xg(J1—x2) = F(x) 1)

which is the same connection between the approximants of the functions g(x) and f(x) as between
these (exact) functions. The polynomial oscillations of F(x) in (49) {deflned as oscillations of the
approximated radius of the circle) do not exceed, in their ampljtude, about 3 x 10'3, while the
polynomial oscillations of g(x) in (50) have an amplitude up to/leO‘2 in the interval 0 < x < 0.96
and up to 9x107% in the interval 0 < x < 0.98. The divergence of g(x) for x + 1 is a consequence
of ignoring the true value of the ) parameter.(This divergence, however, is not too dramatic -
7 in the interval 0 < x < 0.998.)

When all the analyticity conditions at x = 0 and x = 1 are fulfilled, we expect to have a

the amplitude of oscillations amounting to 13 x 10°

minimizing of the polynomial oscillations. Such an example may be prepared as follows. Let us
congider the function y(x) = 1 - xz. By adppting for A the value A = &, we obtain the

approximant

b 1 /2 /a

£(x) = 1-x> % 0.087203 g + 2.834104 g

+ 12.044344 q77"- 10.216693 q°/' + 3.337453 g

- 7.085261 g
Ma 2)

which satisfies the conditions: y(1)

$ vr_i .

= —\/1-x“, whence we obtain a new approximation of the circle
a

0, y{0) = 0. The inverse Abel transform of y(x) is g{x) =
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J1-x¥'= 0.068489 + 3.338850 q - 10.433308 q? + 20.693918 q°

(53)

- 19.746985 q° -+ 7.095750 q®

On the other hand; formula (52) may be regarded as a new approximation of the function y(x) = x
y(x) = x ~ 0.087203 x™ + 2.834104 x*/2 - 7.085261 x*/?

v/2 p/2 w2 (54)

+ 12.044944 x -10.216693 x + 3.,337453 x

whose polynomial oscillations are much decreased as compared to the oscillations of the
approximants (47) or (47'). At the same ‘time, the approximant (53) for the circle is almost
comparable to the approximant (49). The pair of functions (52), (53), connected one to another
through an Abel transform, is an example of how polynomial oscillations may be decreased (but

not suppressed) by carrectly establishing the limiting conditions.

Working out an empirical example

When we go over from the problem aof “polynomizing" and Abel transform of a certain
analytical function to the problem of Abel transform of a certain empirical function, known
(with a certain error) only in few (eventually non-equidistant) points we come across specific
aspects preventing us from the confortable applying of a standard method. We illustrate the

situation on an experimental set of data kindly delivered by Dr. Ileana Apostol.

x f(x) X f(x) X f(x)
0.0000 (-1.94) 0.5204 -0.39 0.8777 +0.71
0.1607 - 0.81 0.6187 0.00 0.9113 +0.71
0.3189 -0.77 0.6787 + 0.65 0.9592 + 0.48
0.4005 - 0.71 . 0.7986 +1.03 1.0000 0

(The data represent the shifts of the 16-th frange in an experiment aiming at evaluating the
electron density in a laser produced plasma.) We first made a diagram of the data and concluded
that the value f(0) = -1.94 is, presumably, much altered by uncontrolled errors. According to the
convention about to unprobable events, we eliminated this value and replaced it by f(0) = -0.85 as
suggested by the di'pgi'a'm. Thereafter, we ascertain that the conditions (0) = 0, f(1) = 0 are
fulfilled. In principle, we may now apply the standard nptimizing method (either in the least
square version or in the orthogonal polynomial one) havir:: in mind the following difficulties:
1) owing to the small number of experimental points, p--dynomial oscillations of undesired
amplitude will be introduced during the smbothing out process; 2) the artificial increasing of the
number of points may introduce unrealistic variations in the curvature with the same undesired
consequences for the Abel transform. Under the given circumstances, the most reasonable
attitude seems to be that of a global examination of the diagram, out of which we may obtain
the additional information: 1) The function f(x) has a high order contact at x = 0; 2) In the
interval 0 < x < 1, f(x) has a single maximum whose coordinate and abscissa may be graphically

estimated. Accordingly, we adopt the trial expression
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Fx) = a,(x2""221) « g (x8"74o1) v a (x2MB0) (558)

The coefficients (al, 8y 33) are determined by the conditions f(0) = fo, f'(xl) = 0, f(xl) = fl'
while the parameter n stands for ensuring the high contact at x = 0 and, at the same time a
general fitting of the curve. Taking n = 1,2,3 we conclude that the best fitting is obtained for n =

2, namely

a, = 47.30360 , a, = -81.,35786 , a, = +44.90436

(55b)
In view of performing the Abel transform, we have to go from x to q variable (q =1 - x2)
f(x) = -1.00076 q + 42.80664 g’ - 130.91536 g’
(56)
+ 133.16334 g - 44.90436 q°
The Abel transform is now easily to perform by applying formula (23)( A =0, a, = 1))
g(x) = -1.27421 g + 72.67081 o'/ - 266.63858 q°/° -
7/ 8/3
+ 310.03331 q - 116.16306 q
The physical meaning of g(x) is delivered by the relation
R r
gx) = 2[ntx)-1]y , x =g (58)

where R is the radius of the cylindrical plasma, n - the refractive index of the plasma, A the
laser wave length (used for obtaining the interferometric pattern) and r the distance from the
plasma axis in a perpendicular plane. As the polynomial oscillations are completely avoid*and the
smoothed out curve systemaiiéally reproduces the trend of empirical data, the results (56 - 57)
are the best ones obtained with a quite small humber of parameters. To use more parameters
(this implying necessarily the increase of time spent for mathematical processing of data)
becomes opportune only when (by specifying the errors of all the empirical data) we decide to
consider as relevant other details of the experimental curve.

- Concerning the mechanism of avoiding the polynomial oscillations, we observe that
expression (56) of f(x), which has the form (40) and, in principle, contains 6 coefficients ( g o
%) 1P B B 5) to be determined, was actually evalua\ted only by using the three coefficients
(al, 8, 83) :in (55b). Accordingly, B ,=0and B = B (3, 8 ay) k = 1,2,...,5. We may
formulate the following conjecture. Avoiding the polynomial oscillations is equivalent to
establishing certain constraints among the coefficients of smoothed out approximant, which may

take the form of some parametric dependences.

Determining the coefficients B K

When no additional information may be obtained in view of avoiding the palynomial
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oscilletions, it remains to us only to evaluete, using mechanical quadrature methods, the
integrals in (45). If the function f(x) is given for equidistent velues of its argument, then it is
recommended to use Gregory-type formulas (mor.fied for suppressing high order finite
differences which may accumulate errors)

b N -
1 frxiex = l{zj Fasy 239) -
o]

b-a N .
(59a)
n
1.(n) b-ay , _, b-a
gl(-1) N [Flas1 ¥ « F(b-1 -]
The values of the coefficients C({') are given as rational numbers
n- 2 (59b)
a2y _ 5 2y _ 1 t2) _ 1
% s - gt T
n=24
ct 965 C(‘n 462 Cu) . 338 c(u) _ 146 Cuo)
o  Tai0 - 1 1330 2 : 3 1720 4
27
n-8 T420
cte . 84161 ct® . 55688 cl® 66109 cto 57024
o © 120860 1 TZ20960 ° 2 T20960 ° 3
cl® . 31523 c® 9975 c(® 1375
4 IZUQGU ’ S . 6

If the function f(x) is given for non-equidistant abscissae no longer we have at our
disposal very accurate sstimation methods. However, good results are obtained by using Simpson
parabolic rule for arbitrary intervals.

X

XN N-2 Xk+1 N N-2,
fUyGadx = I [ yOadx [ yOaddx & T {g(yk*yk‘.,)uk - (60)
Xy 1 Xy XN-1 1
Ay
k
A(—=>) A
Ax Yo
1 k 3} 1 N-2 )
 — (AX + oy A Ay + -—-(Ax -
B ° ax thx (ax) N-1%N-1 7 7 Bx ' N-1
Byy.
A(EN_E)
1(3A 28%, 1) N-2 . (ax )2
+ x + . -
6 N-2 N-17ax _5*8Xy_y N-1

Ao L ) A _ } _ . . .
where © x, = Xieel = M Yie = Vw1l ~ Yk = y(xkd) . y(xk). Formula (60) is quite efficlent
when the differences 4 X do not differ too much from one to another and the number N of
integration points is sufficiently large. It is aleo possible to increase (by interpolstion) the
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number of points with the aid of formulas

1 p (ex)® Ay N
v 1 =30y - g s Aas ko=t oee N2
koo k%K1 K
(61)
Y 1= Yy-2 "0 %(”N“N-1'2”N-2)KZHLZ * %(‘N"N-1'2“N-2)E§ A‘T;l (2:N 2
N-3 *N-2 N-2"9%N-1 N-2°

in view of improving the graphical representation of experimental data (and, eventually, of
observing additional features of the curve useful for avoiding polynomial oscillations). After the
increase of number of experimental points by using formula (61) (if necessary even many times)
the integrals of the form .

IPLP)(xz)y(x)dx

o
are evaluated by using formula (60) for Y(x) = P(,::(x)y(x). During this evaluation process the

random experimental errors of y(x) are automatically avaided.

ADDENDA

1. Equivalence between least square method a1 d the orthogonal polynomial method

We proceed from the functlonals

j[f(c) {1 (ql] dg = F(r;c) » (k=0,1,2, ... 1)
(1,a)
a
I['F (C, -zl alql ] dl; - (r;ak) ’ (k - 0' 1‘ 2' b !')
° ° (1,b)
and require their optimization
oF at
-0 , -0 , (k=0,12, ...p71)
whence
1 1 K r 1+k
C, = (4k+1)[floim (q)dr ., [flr)a'de = I, a,fa” Tz
° ° ° ° 3)
But, becauseﬁt) - Ii C nl(q)we obtain in the particular case f( ¢ ):qk
171
°
K k 1 K k - (a)
q = 21{(41+1)£q nl(qld:}nltq) z Zl C,9y
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The second formula in (3) may now be written

1 1 Kk 1
k . . k (5)
1{£q nltq)dc}{(41 1)£f(c)nl(q)dc} gl Clgq a,(qldg

) 1ok
):1 arfq de =
o} ]

[s R o b o

Therefore, (from (5) and (3)) we haye
; k b Kk
[f(t)g'dt = [q ilclnltq)dc (6)
o o O

At the same time, expanding f( [ ) in. & -sgries we have as well

1

J'f(()qkdc = j'q {1 c,0,(qlde 6
o

Formula (B) is @ consasquence of (1,b) cqmbined with (1,a), while l.urmu.l_a (6" is & consequence
exclusively of (1,a). If the methods (1,a) and (1,b) are equivalent, then the formulas (6) and (6")
must be equivalent as well. Subtracting, part by part, (6') from (6) we obtain

1, T
fa® 1, cyn,(addz =0
e k+1

But this expression is indeed zero, because qk may replaced by ita expansion in (4)

Foy - 101
21' Zl C clfﬂl.ﬂ dg = 211 21 Cl'cl -(m =

°  k#1 ° o k#1

(Ta notice that the expression of qk in (8) cannot contain 1 -polynomials of arder mugher then k,
because always it is poseible to express qk a8 a linear combination of (whatacever) polynomials of
degree ranging from 0 to k (but not exceeding k !)) Q.E.D.

II. Generating function for o -polynomials and the first ; -polynomisls

%[(1 s 22 S+ 2t 4 (1 4 22T 4 z’)-%] = I oj@a
[ ]

a
no('?):““ (q)—1-2-q?n (q)-1-5q+—§q;
= 221 18 a 3 - 297 3
na(q) =1 —r q + _92 q - %3% q ]; n (g) =1 - 18qg + - q
429 q3 6435 ‘ll ) 55 715 _a 3575 ST

e +mq .rn(q)—1-7q+—rq —E—q

|
60775 4 _ 46189 = | .
*7e 9 - e S ¢ n,(q) = 1 - 39q + 2925 @ _ 58525 .

314925 & 529074 = 676039 L
+ - h
_m_ q Tg_ q W q kr



1l. Generating function for Z-palynomials and the first Z-polynomlals

;—[(1 - 228 s 27 (1 v 22/ 4 2P '*] - Ij Z.(2)2%
. o

J
-1 .. 3 1 .35 .a_ 15 3
Z,(2) 1 ,J 2,0 =5 A -3 , Z,(A) =g ZA*3
231 .a 315 a3 _ 105 . _ _5
Za(k)>-—‘r5-l\ g * _._Tg
5435 . _ 12012 .3 , 6330 .a _ 1260 35
_ZA(A)’_TZE)‘-WA *m)\'mh*m
7 (r) = 48183 & 109395 . , 9009 ,s _ 30030 ,a , 3465 , _ 63
51_-753—l—— W—,A —ig-s—k -W)‘ =>TE VI

Z.(\) = 676038 A% - 9638969 ,s 2078505 A® - 235255 ,s
e Toza M Iz Mt TTom o M SEEE
.~ _ Sz T

. 225225 ,a _ 9009 , , 231
1024 512 ‘1023

* . 0)
IV. The polynomials Pn(xz)
N =20

Pg")(x’) =1

-}
(-]
—~~
x
[ Y]
~
[]

%(5:’-1) ,

PV () = J3Ex*-1)

2
-
L]
~
x
»
S
[}

B@ixt-14x*41)
- 105 4 b1 9n?
Py (x*) = —g=(15%"-12x7T)

il §%%(35;?-30,3.3)

a
-~
[
-
~
x
»
S’
L
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(0) .
Py (x*) = 1(828x°-495x*+135x%-5)

33(1001x®-1265x* +375x*-15) ,

o
@ -
-
-
~
x
~
~
n

(2)
Py (x®) = 153(9008x®-11935x"+3795x-165)

t3) p
PV (x) - 2%%%(231:‘-315x'*105x2-5)

{0) y
P (xY) = T;§(2u31x'-uooof +2002x°-308x"+7)

PIV(x?) = §§(21B79x°-3803Bx'+20020x“-323ux3+77)
P:”(x’) = 5232(5009x°-9072x"+4370x"-840x" +21)
P:”(f“) = §%§(9aaosx°-17n17nx‘+93230x“-17290x‘+a55)

% 2 109395
Po (X)) = Srygp(6835x°-12012x°46930x"-1260x>+35)

(o)
Py (x*) = 7%%(29393x1°-82985x°048410x°-13650x"'1355x2-21)
Pav (x?) = Z135(24871x"°-55233x°+42126x°-12810x"+1323x*-21)

- 3238(323323x°-73547 1x" +576138x °~180390x*+ 19215x"-315)
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3 36465 10 _ 29,8 6_rp, 5,5195x3-105
P (x*) = =5ggg(95095x 220077 x®+175022x%-56490x"+6195x )

P (x?) - 832835 (85085x"°-199485x° +162162x"-53130x"+5985x% - 105)
s

P (x?) - 280383 (46189x"°-109395x° +9009Cx" -30030x " +3465%7~C3)
S

N =6
91 10 o _ °
PLO (x?) = qpg(185725x"?-480314x"%+479655%" -213180x
+42075x"-2970x%+33)
PE (x?) = 1hga(6277505x"2-16997552x % +17043741x°-7759752%"

+1567995x“-113256x3+ 1287)'

P Ux*) = 23285(2130375x1*-5874154 « "$6006033x°-2791404x°

+576345x*-42570x>+495)

Px?) - 13E2R2(635375x " *-1776060x " +184427 1x°-872256x°*

+183645x°-13860X>+165)

% 440895
P, tx?) =.T§T57§(12072125!‘2-34106930x1°*35862255x°-17213198x”
+3687915x"- -284130x*+3465)
ts a8
Pitx?) - 88178

(50702925x"%-144479192x"°+153481185x°-74594520x"

+16231215x*- '1275120x>+15939)

PEYx?) - 152305 (676039x"2-1939938x " ° +2078505x" ~1021020x")

“+225225x*-18018x?+231) .«
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THE ROLE OF THE CROSS-RELAXATION MECHANISMS IN
THE QUASISTATIONARY GENERATION REGIME OF THE YAG:ET LASER

S.Georgescu, V.Lupei, I.Ursu
Central Institute of Physics, Bucharest, ROMANIA
V.l.Zhekov, V.A.Lobachev, T.M.Murina, A.M.Prokhorov
Institute of General Physics, Academy of Sciences of the USSR, Moscow

1. Introduction

Erbium-doped YAG is an effective medium for generation in the 3 ym region. First laser
— & =

11/2 Iy3/20 X = 2:94 um, 300 K /1/). The

YAG:Er ig also the first laser medium for which the generation can be obtained for 100%

oscillation was reported in 1974 (transition a[

activator concentration with flash lamp pumping /2/.

Even though the terminal level has a longer lifetime (2 ¢+ 6 ms, depending on the Erbium
concentration) than the initial one (80 + 110 us), the quasicontinuous generation regime was
obtained /3/. The cross-relaxation mechanisrna 41312_.- nlS/Z; 413/2 a9/2 (Fig. 1)
followed by a rapid multiphonon relaxation to 111/2' can explain thls effect /3/. The influence
of this cross-relaxation process on the decay of the initial laser level ( 111/2) hags been revealed
in /4/ using a tunable dye laser and in /5/ using a modulated argone laser.

The anti-Stokes luminiscence of the QSJ/Z level (when pumped in red through
4115/2* 4F9/2 transition) using a krypton laser ( ) = 6471 R) has been reported in /6/ and
attributed to a new cross-relaxation mechanisms, 4111/2 — 4115/2; 4111/2—’ 4F7IZ (followed

by rapid relaxations to S (see Fig. 1)). In /6/ is also dis..ussed the role of a third cross-

3/2
4

relaxation mechanlsm (proposed by Van Uitert and Johnson /7/) 4 CH, ;) —=
4 3/2 11/2 9/2
(followed by 19/2 11/2), 15/2 ~ 13/2 (Fig. 1) in producing a population inversion.

The influence of the cross-relaxation from the "I level on the decay curve of Al

11/2 11/2
and the direct proof that the anti-Stokes luminiscence of /2 is due to this process were
obtained using a tunable dye laser, the pumping transition being 1, 5, —== 9/2 /8/.

In this paper an analysis of the role of the cross-relaxation processes on the

quasistationary generation regime of YAG:Er laser is performed by solving the rate equations.

2. Rate equations
: . s 4 4 4 4
The rate equations used to describe the kinetics of 53/2, F9/2, 111/2 and 113/2
levels, including the three cross-relaxation processes /8/ are connected here to the laser terms

as follows:

dN, No 2
g ° - T_~ - WN N, NaN, * Rp a)
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at T, T, ’ gE = tvlo(an, -eN,) -0] w
dN, N; 2 N’ ]
= - - 2u N, + ' + H“NON._O W.N, - °0(°N,'5N1)
aE
|
dN, N, N,

. :
T 2W N, + WN N, + 99 (aN, -6N,)

where R _ is the pumping rate, G - emission cross section, ¢ - photon flux density in the laser

cavity, P - the total lasses in the cavity, v - the propagation speed of the light in the active

meuium, and o , f are the Boltzmann coefficients for the Stark sublevels between which the
4 4c

Laser transition takes place. N1 to Nl& are the populations of the levels 13/2, 11/2, 9/2,

3/2, respectively, Tl’ T,, TB' ., being their lifetimes. W are the rate constants for the cross

. 4 4 4 4
ze!axatlon pzocesaes W‘1 for a13/2 - 15/2, 1 32— 9/2, Vz for 11/2 15/2,
l11/2 — 17/2 and W, for 53/2 ( Hll/2) — I9/2, 115/2 —_— 113/2 process. N_ is the

population of the ground level. In our conditions No N Nt - the total number of ErBf' ions

per cm’.

The 419/2 was not included in the rate equations (1) due to its very short llfetlme (under
our experimental possibilities). From this level on excitationrelaxes very rapidly to 111/2

The computer solutions of the rate equations (1) were obtalned with the following

3+ concentration): 0’p =3x10720 cmz, =02, p=0.04

numerical values (for 50% Er
3+

P =002 cm /5/, T, = 2 ms, ,2 = 100 ps, Ty = 1.2 ps, T, = 15 ps /8/ For 50% Er
concentration W, = 2. 5 x 10716 cm’sL /57, The analysis of the avallable data concerning the
cancentration dependec.ace of Wl (Table I) suggests W1 N Co where Co is the Er"
concentration (in % at.) in YAG. The only available data on W2 are given in ref. /8/: W,
5. 11(15]'7 cm’s -1 for 10% Er concentration. Supposing the same type of concentration

TABLE L.

The cross-relaxation constants Wl, W2 for different Er3+ concentrations

. Er’*% at. 10 15 50

' w, ao?? cm’e 1 1.8 2.5 25
w 1071 em?sY 5.1 ne. - na.
Reference /8/ /5/ I5/



»

dependece, W2 [\ Coz, a value of 73(10-1's cm35'l can be obtained for 50% Er

w
4
llfatlme of 453/2 level for different concentratlons F'or a 50% Er concentration, our estlmatlon

is W,N_ 4 3/2
excitation the main absorption bands are above 53/2 and the excitation goes rapidly to this

}+. The value of

N, was obtained from the expression l/T = l/T + W Ny /8/ where T4m is the fluorescent
N =5x 106 1. The pumping was assumed to be in S because in the usual flash lamp
level.

Thg analysis of the radiative lifetimes of the levels implied in the rate equations (1)
obtained with a modified Indd-Ofelt analysis /9/ shows that for these levels (except for 4113/2)
the nonradiative ways of desactivation prevail: multiphonon or cross-relaxation. In Fig. 1, the
multiphonon transitions are noted with dashed arrows. The 4113/2 —— 4115/2 transition is
radiative and denoted in Fig. 1 by a full arrow.

The role of the cross-relaxation process described by W

4 on inducing the population
3+

inversion was discussed elsewhere 710/ For high Er’* cofcentration this process prevail over the
radiative and multiphonon ways of 53/2 desactivation. Our calculatlons show that immediately
afler swnzchlng Qn the pumplng, the pOpaulatlons of the 11/2 (via 3/2 4 9/2,

9/2 11/2) and 13/2 (via 115/2 13 2) are equal. However, a population lnvelsmn
takes place between the second Stark sublevel of 111/2 and the seventh Stark sublevel of 13/2
(transltloln Xy = Yy /10/)..In all our present calculatlons, WaN is maintained constant (5 x
x 10 s 7).

To evidence the role of the cross-relaxation processes W, and WZ, we discuss below the

solutions of the system of equations (1) in three cases. In all lthree cases we _use the, same
pumping conditions: the pumping is switched on at t = 0 at the value Rp = ‘ﬂ" m™ '1
maintained constant. .

a) Wl = W, = 0. In this case only some spikes are obtained (Fig. 2). To e);pfain this, is
shown in Fig.3, the time dependence of the gain O(acNz - i Nj). After about 110 ps, the gain
decreases under the losses because Ty < Ty (selfsaturation regime).

b) W} # 0, W2 = O (in our example W) = 2.5 x 10-16 cm3s-1). The situation is changed
substantially and the stationary regime is obtained (Fig.4).

c) Wl # 0, W2 £ 0 (we have taken W) = 2.5 x 10-16 emde-l, Wy = 7 x 10°16 em3s-1). In
this case the situatlon does not differ dramatically from case b) (Fig.5).

Thus, the first cross-relaxation mechanism (W) # 0) causes the stationary-regim and the

.secand one (W7 # 0) has a minor effect: the begining of the emission ia delayed (73 us instead of

60 ps) and the efficiency .is a little lowered.
A pulse duration longer then 1 ms for the YAG:Er laser has been reported /11/. Since
after & 300 ps the statjonary regime is established (Figs. 4, 5), it is interesting to analyse the

' stationary casa, i.e., dNi/dt = 0, d.¢ /dt = 0. Thus, the system (1) becomes:

N NN W e R =0 i
T. L3 272 o] Ty ® (2)
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N
2 2 3 a
- T— - ZN’N’ + T— + N.NON“ + W'N1 - p’ =0
2 3
N, Na 2 ’
S e D 2w N s W N N, e o(aN,-8N,) =
L T, v ‘o ’ (2)

This system was numerically solved by the Newton method. The first interesting results
are presented in Fig.6. This shéws the flux density ¢ in the stationary regime as a function of
pumping rate Rp for different W7. No limitation of the ¢ with Rp is observed, the dependence
going to a straight line {(as long as No & Nt, Nt & 5 x 1021 cm=3) - Fig.7 shows the disactivatian
rate of the 4111/2 level thraugh the laser channel in pumping rate units, P ¢ /Rp, function of
Rp. This unit, pP¢ /Rp, can be inteﬁ‘preted as a number of laser quanta generated in the laser
cavity by a pumping quantum. For W2=0, this number tends to 3, as expected in /6/. When W2 # 0
the efficiency is reduced but even for very high values of W3 (e.g. 3x10-15 em3s-1) po /Rp > 1.

Figs. B8 and 9 show the rates of different mechanisms of the desactivation of the level in
units of pumping rate Rp for two cases: for the threshold conditions {Fig.8) and far from

threshold (Fig.9). In the latter case the laser rate becomes important.

3. Conclusions

Our calculations, based on a realistic model including cross-relaxation mechanismas,
explain the many characteristics of the YAG:Er laser. These calculations also shows a quite large
efficknqy of transformation of the pumping energy into laser radiation which practically

compensates the Stokes losses of the pumping radiation.
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Fig.1l
Fig.2
Fig.3
Fig.4

Fig.5
Fig.6

Fig.7
Fig.8

Fig.9

FIGURE CAPTIONS

Energy level schema of Er3+ in YAG and mechanisms of relaxation of excitation

Photon flux density in the laser cavity versus time when W = Wy = 0 (case a)

Gain  ( Np- Nj) versus time when W) = W2 =0

Photon flux density in the laser cavity versus time for W) = 2.5 x 10-16 cm3g-1, Wp=0
(case b) .

Photon flux density in the laser cavity versus time for W) = 2.5 x 10-16 cm3s-1, w; =
7x10-16 cm3s-1 (case c)

Photon flux density versus pumping rate Rp in the statiorary regime

Effleiency of laser quanta generation,for different value Wo,function of pumping rate Rp
The rates (in units of pumping rate Rp) of different transitions taking place in the laser
generation of YAG:Er at threshold in stationary regime; the width of the arrows are
proportional to the rates

The same as in Fig.8, but far from threshold
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He-Ne LASER EQUIPMENT FOR ALIGNMENT, ORIENTATION AND GUIDING

V.Vasiliu, M.Ristici
Laser Department

Institute for Physics and Technology of Radiation Apparata

The paper describes some of the He-Ne laser equipment for alignment, orientation
and quiding purposes having been produced in Romania. Such equipment allows for the
laser beam to define a sense of direction, a reference plane or a part of it and is used in
industrial constructions, in the construction of water power galleries, tunnels, in land
redamation, for the proper alignment of rolled steel in front of the shearing machine, or
of the terra-cotta cahles, etc. The Romanian made alignment-guiding laser equipment
includes the following models: LGA-2, LGA-3, LGA-4, ALGOCS, ELAC-1, ELAC-2,
ELOF-CT, Laser Goniometer, RTP-01, RTP-02; METROLAS, ELICF.

The manufacture of He-Ne laser equipment for alignment, orientation and guiding in
Romania is the result of the research activities carried out in the He-Ne laser field since 1962 by
e group of researchers headed by professor lon Agarbiceanu. Therefore, it is an honour for us to
dedicate the results of the work we performed in this field to the memory of our scientific
leader directing our efforts during the early stages in our research.

We shall always remember with great pleasure of professor Agarbicenau's advice on any
research problems and experiments that finally turned into scientific pagers or equipment for the
benefit of our people, of mankind in general and for the steady jfncrease of the prestige of
science. Professor Agarbiceanu's image lingers on as on ever lasting memory stimulating us in all
of our research activities.

The alignment orientation and guiding He/Ne laser equipment incorporates a low output
power (1-3 mW) He-Hg laser, a non-focussed optical_s'ystem for applying corrections to the
emitted beam divergence (angle), a mechanical assembly ensuring the stable spatial orientation
of the laser beam reference direction and a supply voltage unit.

The features of the equipment differ from one type to another, depending on the
required operating conditions and on the equipment the motion of which should be guided or
aligned.

He-Ne laser equipment for alignment and guiding purposes have been extensively applied
in various departments of the national economy.

As the emitted radiation beam provided to display special properties as related to its
monochromatic feature, its coherence, directionality and light intensity, the use of the He-Ne

lasers larggly extended the application field of the alignment and guiding optical methods and in
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many cases, their use has been simplified.

The alignment methods can be generally described as being of two types, i.e. the
alignment of ‘a group of points along a straight line (the reference line representsd by the laser
beam) and the alignment of fixed point belonging to a machine, the trajectory of which should go
along e straight line (this is also represented by the He-Ne laser emitted bright beam).

The first method is applied for assemblying the components of a tool-macl}lne with a
very high accuracy, for travel crane stiding rail laying, for laying railwpys for high-speed trains,
for errecting supporting pillars of large industrial bays, for the installation of large petrol,
natural gas or water pipes, drainage systems, etc.

The second method is applied for the alignment of tool-mechines designed to perform
rock drilling for hydro-power station approach tunneles, drilling of railroad or underground
tunnels, of drainage ploughs, of floating cranes, of excavation or concreting performing
installations, of other equipment needed to perform drainage ditches, or to provide the required
bed of concrete or asphalt coating roads, of landing or taking off strips, etc.

We may distinguish between 3 types of alignment-guiding laser equipment, depending on
the geometry of the laser emitted beam. In the first case, the light beam representing a
direction path produces a punctiform light spot. In the second case, the light beams describes a
plane by its several times a second rotation in the given plane. The spatial orientation of the
direction or reference plane represented by the laser beam can be selected according to the
user's raquirements. In the third case, the light spot produced by the alignment equipment is
reprasented by a reference line obtained by means of an optical system based on cylindricsl
lenses instead of the rollimator telsscope.

As in the case of highly accurate optical ‘measurements for long distances, the highly
accurate laser alignment following a long path across the atmosphere is limited to a great extent
by the ‘cloudiness and variations in the air reflectign (optical) index. Under special
circumstances, the alignment accuracy reached the valuJ of 10-8 along a distance of sbout
4 Km, using laser slignment /1, 2/.

The use of He-Ne laser alignment system does no.t only depend on the accuracy that can
be attained but also on the measurement reproducibility along larger distances and during longer
periods of time. '

The He-Ne laser alignment equipment is based on the fact that emitted radiation takes
the shape of an extremely narrow light beam described by a very low divergence factor,
irrespective of the dlstance cover=d, and s )iuéh llg}\t intensity, pointing along a single direction
and being similar to a streight and narrow ray.

At present, alignment aquipment is mainly used for linearity end dip control /3/.

We have developed a serles of slignment, orientation and gulding He-Ne laser equipment
that can be operated under different environmentsl conditions. The Romanian made equipment
designed for such .purposes includes the following devices: LGA-2; LGA-3; LGA-4; ALGOCS;
ELOF-CT; ELAC,I;»@fLAC-Z; RTP-01; RTP-02; RTO-03; METROLAS; ELICF; Laser Goniometer.
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Out of this series, we shail only present our latest devices which actually represent the
second generation of such Romanian-made alignment and guiding equipment.

The largest range of applications of such alignment-guiding He-Ne laser equipment is in
the excavation or drilling galleries and tunnels.

For such purpose, the ALGOCS equipment has been designed which is a highly specialized
and complex device emitting a light beam of a good divergence factor ( 5x10-2 rad). /4, 5/

The ALGOCS underground alignment and direction control equipment is properly sealed
off as to be operated under the hostile underground conditions (dempy and dusty). It incorborates
a 2 mW output power He-Ne laser, a collimator telescope, a pointing (sighting) telescope, a-laser
power supply unit and the mechanical assemblies ensuring the spatial orientation of-the laser
emitted beam. :

The primary supply voltage is of 12 V (d.c.). The accesories of this equipment are
represented by rods provided with plexijlass-made diaphragms and gridded panels (boards).

The equipment indicates the excavation direction by means of the emitted beam along a
500 m distance (for visual detection) and up to 1000 m (for photoelectrical detection).

The models cited above ensure the alignment and lead direction control of the
Romanian-made horizontal drilling rigs, on large diameter full cross sections, operated on hydro
power station sites.

The ALGOCS equipment has been widely used in Romania due to its performance
features, small size and a good mechanical stability.

The ALGOCS equipment can be mounted on a metal tripod so that it may be used on any
construction site where a reference direction is required and is consequently provided by the
laser beam. The reference space direction can be wherever wanted, since the equipment can be
torizontally or vertically rotated and also vertically shifted for a few tefs of centimeters.

The schematic dlagram of the equipment is given in FigA and its general view is
illustrated in Flg.2.

We have also developed the ELAC-1 equipment (see picture of Fig.3) for providing
reference directlon by means of the laser beam in coal mine excavations. The equipment
incorporates a 1-3 mW output power He-Ne laser, a collimator telescope (magnification = 15), a
mechanical assembly for laser beam spatial positioning to provide the reference direction and a
power supply unit for the laser (primary supply voltage: 380V; 50 Hz). It is a solid state
construction, relleble and well-ssaled off for the mining special conditions. The equipment
housing is made up of cast silumin. The equipment also allows to perform alignment/quiding up to
500 m (observation made visuelly) and up to 1 km {detection is made photoelectrically). /6-8/

EL.AC-2 belongs to the same category of equipment including an in-fine symmetry He-Ne
laser and is incorporated into a welded housing. It is less heavy and can be operated under the
minihg firedamp conditions.

Its schematic diagram is given in Fig.4.

All of the equipment describead above can ensure alignment and guiding for rock
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excavation or carrecting machinee along curved direction. In this case, ciphers obtained on the
basis of computer programmes are used; the parameters of the curve pathway stands for the
input data and the output data are represented by the parameters to be measured by means of
the alignment and guiding equipment for obtained the required sense of direction. /9/.

In order to Improve the accuracy of guiding measuremente for drilling equipment in
describing curved pathwaye, we have produced the METROLAS alignment equipment which
allows to obtain direction control by means of the two laser beams that should continuously fall
upon two fixed points on the drilling installation. /10/

Another type of such equipmént can describe a circular sector (by means of the beam
light) whose projected image is a stralght line. The LGA-4 equipment was consequently
developed including a 3 mW output power, in-line He-Ne laser, a system of cylindrical lenses, the
power supply unit and the mechanical assemblies for spatial positioning. /11/

The equipment allows to obtain e straight line in relation to which a material or a
mechan{cal component can be aligned. It is mainly used in the ferrous metallurgy industry, where
the reference line, most adequately aligned to the cutting shears, allows for the rolled steel to
be properly lined up in front of the cutting shears in order to perfectly and most economically
cut their edges.

A general view of the equipment is illustrated in Fig.5.

Another equipment model producing two reference linee displaced at 90° angle to each
other is the ELOF-CT equipment designed to be used in the building material industry for guiding
terra-cotta cable cutting machines. It is deaignéd to be operatad under the very dusty conditions
to be found in the building material industry. /12/

We have also developed a class of He-Ne laser equipment which provides a reference

* plane by means of the laser radiation /13, 14/. They are destined to be used in guiding work
carried out in the fields of land reclamation, road construction, large scale foundation footing,
landing and taking-off strips, etc.

" This equipment incorporated a He-Ne laser emitting systes, a collimating optical
system, a tripod, a pentaprism, and the electromechanical assembly allowing it to rotate in a
plane the power supply unit for the laser, the reception system mounted on the levelling
assembly plate (blade) and a device indicating the position of the reference plane which is
Installed inside the operator's room. '.

The class of this equipment includes the RTP-01; RTP-02 and RTP-03 apparata and their
use determined an increase of the efficiency and the quality of the work performed.

The general picture of the RTP-02 equipment is illustrated in Fig.6.

In order to ensure equipment alignment for highly errected building.,.a Laser Goniometer
/15/ providing 'alignment services on vertically errected buildings was produced; it is equipped
with a special optical system helping to detect .any twisting (laying) or drifting (shifting) motion
in a horizontal plane of the sliding panels and to measure and prevent them /2, 16/. A general

view of this equipment is presented in Fig. 7. It is used for bullding-up draft chimneye and
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cooling towers of steam power plants, TV relay towers, granaries, and also for. testing tower

building cranes of the portal type etc.

The equipment incorpnratés a 2 mW output power He-Ne laser, a non-focussed telescope

(mangnifying power: 25), a gomometer-typo mechanical assembly allowing a highly accurate

spatial alignment of the reference direction provnded by He-Ne laser beam.

Fig. 1
Fig. 2
Fig. 3

Fig. 4
Fig. 5
Fig. 6
Fig. 7
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FIGURE CAPTIONS

ALGOCS Equipment Schematic Diagram

General view of the ALGOCS Allgnment-Guidance Equipment
General view of the ELAC-1 Equipment Provldmg alignment
and guiding in mining drilling

ELAC-2 Equipment Schematic Diagram

Generel view of the LGA-4 Equipment

Genersal view of the RTP-02 Equipment

,General view pof the He-Ne Laser Goniometer
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CONTRIBUTIONS TO THE DEVELOPMENT OF
HELICAL 'I"EA-C:IZ)2 LASERS

V.S.Tatu, V.Draganescu, C.Grigoriu, .N.Mihailescu
Central Institute of Physics, Bucharest-Msagurele, MG-6

"We put in operation various configurations of helical TEA-CO7 lasers. The
electrode system consisted of a helical anode and an 180°-opposite helical cathode,
made-up of the same number of resistively-loaded (1 k s2. + 10%;. 2x220 J2 + 10%)-pins,
or capacitively-loaded (500 pF)-pins. In the late case, the electrode system consisted of a
double helical anode, and an 180°-opposite double helical cathode, remoted by 20°,
respectively. The discharge length was 23.8 mm, and 20 mm, respectively. In the first
system, an input energy in the range (28 ¢ 163) J was applied on the laser tube; a
meakimum output energy of 2.2 J was obtained for the optimum COg:NjtHe = 2 : 3 : 10
active mixture. We also obtained very stable and uniform discharges by enriching the
active mixture with xylene vapours. The output laser performances were then

conaiderably improved. The second system is in course of experiment."

1. Introduction

. The helical electrode configuration was first introduced for transversely excited
atmoephe}ic pressure (TEA) CO; lasers, by Beaulieu, /1/. Extensive studies /2 + 12/ of the
behaviour of helical TEA-CO, lasers revealed that the helical electrode structure causes a
circular symmetrization of the active volume with a gain distribution which, at atmospheric
pressure, is tightly confined to the vicinity of the la'ser axis. The radi'al/gain profile naturally
favoures TEM,, mode excitation, that determined a great interest for hﬁllcal‘TEA-COZ lasers as
master ‘oscillators within large double-diacharge amplifier systems; ,Jlso. the helical geometry
has been found appropriate for TEA-CO, laser axlal mode-locking operation.

2. The helical electrode structure and the laser building-up

In our first works /12,14/, we usad 2 + 4 jointed sticrylic glass tubes of 70 mm external
diameter. The electrode system consisted of a helical anode and an 180°-opposite helical
cathode, each made of iron pin electrodes, of 2.5 mm diameter, distributed along the tube with
36 peirs per turn. The alectrode gap and the helix pitch were chosen to be 23.8 mm and 180 mm,
respectively. The cathode row outer resistore are soldered together by means of a copper wire,
wheresas the anode row consists solely of a copper wire which joints the successive electrodes.

Initially, the vatues of cathode resistors where chosan to be (1 + 10%) k 2. Due to the
da_mdging of thess reeistors during the leser discharge working. at high pressures of the active
medium, we proceedsd to a series of resistors, diminishing at the same time their totel value
until*(2 x 220 » 10%) &, which aleo exercised a favowrable influence over the laser output. In

106 -



this manner, we obtained a satisfactorily operation of laser, even at higher voltage supplies, and
repetition rates, till to the active mixture pressures of the order of an atmosphere. The laser
built-up by us was operated without gas flow.

The laser resonator consisted of a chromium-gold-coated glass mirror, of total
reflectivity, given curvature radius R, and a plane-plane uncoated germanium window of about
50% reflectivity. In our experiments, R-values were taken to be 20 m and 10.5 m, respectively.

Electrical input ehprgy of the discharge was in the range (28 + 163) T, resulting in an
overall efficiency of about 1%, under our conditions. High voltage transverse pulses of (24 + 52)
KV, with a rise-time of about 50 ns and a duration of about 1 pus, from a Marx generator of a 100

nF low-inductance capacity, were applied on the laser tube.

* 3. Experimental resulta. Discussions

The investigations are referred to the optimal function conditions of the built-up laser,
as well as to the dependence of the laser output on the composition, the total pressure of the
active gaseous medium and the charging voltage, respectively. The research dealt with the
geometrical parameters of the resonant cavity, too, details of the performed research being
reported in /14/.

The shape of the generated laser beam is a typical one, with a primary pulse width
maximum (FWHM) up to 200 ns, and a "tail" of some ps duration.

The laser energy output was measured by means of a plane calorimeter with a plexiglass
absorber, its outlet being coupled by a digital microvoltmeter Takeda-Riken TR 6515/6018.
Power peaks of about 1.1 MW have been obtained with energies up to 2.2 J per shot.

We notices here, that our research was undertaken in a stationary active gaseous
mixture, for various families of active mixtures of COjp:Np:He, in proportion of 1l:1:n, 1:2:n,
2:1:n, 3:2:n, and 2:3:n, respectively, with the corresponding values of n-ranging from 4 to 18 for
the first family, from 3 to 10 for the last family, and from 3 to 14 for the rest of the families. In
this way, some mixtures nj:np:n3, with the ratio nj:ny greater than 0 aﬁa smaller than or equal
to 1, and n3 = 2(n) +n3), were investigated.

Two experimental situations wsre chosen as typical: (1) - for a constant pressure of the
active mixture, and for various charging voltages, measurements over all the active mixtures of
each family were performed (Fig. 1); (2) - the most energetic mixiure of each family was
investigated for a constant charging voltage, but for various values of the total pressure (Fig. 2).
In Fig. 3 the laser energy output dependence on the relative composition CO2:N2, (nj:nz), is
presented.

By analysing the experimental data, some practical conclusions are derived, as follows:

a. - For a given pressure of the active mixture, the Jaser energy output depends critically
on the total pressure of the investigated mixture (Fig. 2). When the ratio PC02=PN2 is greater
than or equal to 1, the laser operates most favourable at relatively higher pressures of the active

mixture: (380 + 465) Torr. When the ratio PCOZ:PN2 is smaller than 1, the laser operates best at
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smaller pressures of the stationary mixture: (152 + 304) Torr.

b. - A .generul pmprovement of the laser performances, particularly concerning the
reproducibility and the fiability of its operation, was obtained by enriching the active gaseous
mixture with xylene vapours, /13/. Thus, the laser operated very stable even at atmospheric
pressure of the active mixture, without appearing a rapidly damaging of the cathode resistors.
waever, the maximum energies were obtained even in that'case for pressures smaller than the °
atmospheric ones (Fig.2).

The laser beam divergence was measured through the intensity distributions in the focus

ot gome long-focal-distance lenses,’resulting in a value of about 2.40 ¢ 2.90 mrad.

4. Recent studies

At present, a helical TEA laser with & modified structure of the electrode system,
consisting in the preservation of the helix pitch of 160 mm, but changing the inner distance,
cathode-anode, at 20 mm, is devised and built-up being now in course of experimentation.

The detailed electrode system is made of two helical anodes and two 180°-opposite
helical cathodes, the two helices of the same kind being separated by 20° (Fig.4), /15/. The
cathode-electrode-pins, as well as the anode-electrode-pins,-are soldered together capacitively:
instead of previous cathode resistors, we utilized, in this case, capacitars (500 pF), distributed on
regular groups of electrodes..We. intend to perfp;m researches about Ny, and about -CO2:N2:He

mixtures, too.
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FIGURE CAPTIONS

The laser energy output dependence for various charging voltages, and for a constant
pressure (p = 304 Torr). Typical curves for the investigated families of the active
mixtures COZ:NZ:He: a) 0-1:1:4; x-1:1:8; o-1:1:18. b) 0-1:2:3; x-1:2:10; o-1:2:14. c) o-
2:1:3; x-2:1:10;5 0-2:1:14. d) 0-3:2:3; x-3:2:10; 0-3:2:14. e) 0-2:3:6; x-2:3:6; 0-2:3:10.

The laser energy output dependence on total pressure, for (XkV) = ct = 51 kV, and for

various active mixtures COz:N sHe : 0-1:1:8; x-1:2:14} o-2:1:14; ;-2:3:10; -3:2:14;

-1:1:8:xylene. 2
The laser energy output dependence on active mixtures CO2:Ng:He = nj:nz:n3, with
0<ny:n2<1, and n3 = 2(n] + n3), for a constant pressure (304 Torr), am)’for various
charging voltages: o - 39 kV; x - 42 kV; o - 45 kV; + - 48 kV; - 51 kV.

a) Laser image in a longitudinal plane.

b) Laser image in-a transverse plane.



£ [ o 2:3:3
il rra Emy TS A .
800 : ". ’-?B 840 e 2:3:/
444q 408
1 l 1 i 1 1 1 —e_ 1
21 33 45 57 YLkv]
a)
ELar]h
ENG Y-

400

ELmylh
800

400

Elmy]
800

4a0

1 A | 1

| 1
o 21 33 45 57 JUIRVI
d)

Fig. 7

-110-



E[ﬂu.i
120

o /:1:8
x 1:2:714
e 2:7:14
n + 2.3:10
o 3:2:14
| A 7:7.8
&a0 :xyl‘ene
400
” 1 1 1 ) . i

6 228 380 332 Plherr]
152 3oy 455 608

Fig. 2

I3 [m}]4
900

800
a00y
400

200

6 a8 10 n, pcﬂz)
022 a4 a (2L
Frig.3

- 111 -



Ko (-7
\3
\ e Ly
N Jh
I\
_ . — e - — —_
hl ~

/)

Ar (+)

Fig.4a

-112-



OPTICAL BISTABILITY RESEARCHES

I.M.Popescu, P.E.Sterian, E.N.Stefanescu, A.Gh.Podoleanu, Mihaela A.Dumitru
Department of Physics, Bucharest Polytechnical Institute

The results presented in the paper reprssent contrlbutions - both theoretical and
experimental - to the intrinsic or hybrid optical bistability. These results are mainly
related to: the theoretical approach of intrinsic bistability in a general fashion and
elaboration of an adequate semiclassical analysis model, the study of the amplification
capabilities of the bistable devices, the analysis of some hybrid bistable devices, some

experiments performed on new types of magneto-optic and liquid crystal devices etc.

1. Introductiori

After the first studies of bistability predicted by Szlke et al. /1/, some years later
McCall /2/treated absorptive optical bistability in a Fabry-Perot cavity using Maxwell-Bloch
equations. Subsequently, Gibbs et al. /3/ first observed bistability using the D Llines of Na
vapour.

These results stimulated theoretical and experimental works on the Intrinsic absorptive
bistability.

We can see especially theoretical references: Bonifacio and Lugiato /8/, Meystre /7/,
Carmichael and Herman /9/, Agrawal et al. /10/ and also the experiments performed by Sandle
and Gallagher ot al. /11/.

The first proposal for a hybrid bistable device was Bx Kastalskii /4/ and the first hybrid
device was constructed by Smith and Turner /5,6/, and of about the samg time by Garmire et al.
ns/. _

Our studies on bistability are concerned with both intrinsic and hybrid bistability /14-25/.

The main results presented in this paper are: the theoretical approach of intrinsic
bistability in a general fashion, and elaboration of an adequate semiclassical analysis model
/19/21/, the study of the amplificafion capabilities of the opto-electronics devices based o?x the
optical bistability effect /16/, the theoretical analysis of some hybrid bistable devices /15/, the
experiments performed on the magneto-optic and liquid crystal bistable devices /18,23/ etec.

2. Semiclessical model of the optical intrinsic bistability

In our studies, largely ﬁresented in papers /19,21/ we give up the first order differential
field equation generally used in different optical bistability models. .

In fact, Maxwell equations lead to a second order differential equation which gives the
effective distribution of the electric field amplitudes ("rapidly varying amplitudes™. In this

equation we just introduce the polarization obtained from Bloch equations in order to obtain an
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equation containing all the information about the field propagation in the cavity. Now, if in this
equation we consider the approximation of "slowly varying amplitudes" generally used in all well
known theories of optical bistability, a first order differential field equation is obtained again,
but this time, the information about propagation effects is fully spared, because in this case, the
neglected terms are small in all regions of operation.

The obtained second order differential field equation is

] ia -8
M G Bt - ia')l]E -0 i)
di’ 1+1E| .
where E is the rapidly varying amplitude of the internal field divided to the saturation field,
= ¢ =2
X ke z
Y .
.2 A b = Bo 4 L ou d
4, ° Ro BnMP oyl oy, o o (2)
g= wp/2€e , a"being the absorption coefficient, p - the matrix element of the dipolar
electric moment, N - the refractive index, k = wn /c, Aw = w. - O w, - the

o [
transition frequency, w - the radiation frequency, | - the length of the Fabry-Perot cavity and

c, hy ¢  having their usual meaning.
The phenomenon of optical bistability is determined by the multiplicative factor B of the
solution of the equation (1)

-2u7 i2n

1 1
8 = 1-Re e I (})
. i(a+a’
u1=xioiu'i.—.u-';—1+1—(°7£—)- (@)
where
% _ Bo

a s — , B= —s

14+1E1 1+|E| (5)

When the bistability is determined by the real part'i.'lit/is dispersive and when it is
determined by the imaginary part_x'lI it is of absorptive type (R is the cavity mirror reflectivity).
Particularly in the mean-field limit (0‘01 ] «1l, 6002 << 1) the bistability characteristic
depends only on Bonifacio's cooperativity C = o g /4T aor on Ce (T is the cavity mirror
transmissivity). 0

Sub*_equently, the Maxwell-Bloch equations are solved in the "slowly varying amplitudes"
approximation to obtain analytical expressions of the transmission characteristic. The obtained

transmission characteristic of a Fabry-Perot resonator is

: »
g - x.[1+R‘-2R cos{20-29 , _4(1+R)C , 1+3R ac___y ] ©

T 1+(1+R) x* S etreRrixt
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with
001/2

4+ yhere ¢ is cavity detuning.
1+ (1+R) x* )

The expression (6) can be compared with similar expressions obtained with the "truncated
Bloch hierarchy” .

It results that our expression gives switch-on power higher as a result of fully takfng into
account the standing wave effects. This theoretical result presented in fig. 1 has been expected
from the experimental works /11/. Also, from expression (§) reeults the conditions of pure
absorptive and pure dispersive optical bistability. Figure 2 shows the influence of the cavity

detuning on the bistability characteristics.

3. Amplification capabilities of the optical bistable devices
Bonifacio's theoretical model of bistability /8/ provides a basis for the definition and
analytical computation of the most important emplification parameters of these devices: small
signal amplification, pulse amplification and time response.
ror steady state operation the bistability characteristic is
x
1+x’ 8

Small signal amplification is defined by the expression

y = x + 2C

Ao = W 9)

where § x and § y are small variations around steady state x  and y, values. Using the

o
definition (9) and the differential equations for polarization, population difference and field
which describe the system evolution result:
=1
] . L
c xq (1+i K )
a 3 . W . w
(x0*1) [x00(1¢1 QT)(1¢1 qu)] (10

Aglw) = 41 + i -2

K ‘CT = 4 = .
where > and q T R
Similarly, the maximum pulse amplification for a specific operation regime of the device
has the expression:

2C
2C Ve /o —
L — C +
c-Jo'-4ac CeJe’ -aC
(c-1-f7 eyt (c-1efeoag)t

(1 » —2 (c-1-Je-an)™ - (1 - 2t (C-1+Jc”-a) ™
c-Jc' -ac

c+Jc’ -ac
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where C is the cooperativity.
The time response of the device is also calculated in paper /16/ by integration the

differential equation of the device for a unity pulse applied at the entrance at t = 0.

4. Analysis of the electro-optic bistable devices

Several electro-optical bistable devices are developed in bulk or integrated optics. In
paper /15/ we analyzed two representative types of such devices: a bistable Fabry-Perot
resonator containing an electro-optic ‘phase modulator and an integrated two arm
interferometer, the elaborated model being general. The bistability characteristic is obtained
using the transfer functions for both the device and feedback loop. The main results are: the
differential equations of bistable and multistable operation of the devices, the bistability
characteristics, the critical points of the hysteresis cycle, the amplification parameters etc.

For example, the obtained bistability- characteristic of the bistable Fabry-Perot

resonator are:

' 1
Yy = —
x 1+C'cos ¢ 12)
where @ is the phase difference induced by the feedback voltage and parameter
4R
' = ——_—_—

is defined by analogy with cooperstivity C.
The bistability and multistability characteristics of the device are presented in fig. J,
where z is equal with every member of the equation
1+C'cos’ x

X = ST o a4)

which determine the limits of the stability regions of operation.
The electro-optic bistable devices with a delayed one or two feedback voltage are also

discussed theoretical using Lyapounov method for stubility analysis /20/.

5. Experiments un the liquid crystal bistable devices
We experimented two types of liquid crystal bistable devices: in separate configuration
or non-resonant type and with passive resonator type /23,25/. a) Block diagram of the non-
resonant bistable liquid crystal device is presented in fig. 4. In the low state (i) the liquid crystal
is biased such as his transmission T is minimal and the exit power is
pl o= T
o mPe (15)
where Pe is the incident power. When VA rises, T also rises to TM and the exit power in the high
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state(s) is
P? = TP -
o) Me (16)
the thresholf power being P;. Similarly. when Pe 18 reduced, there exists a value P;e s P; which

the device to tip into the low state. The values P; and Pé are determined by expressions:
(17)

where P, and P, are the photodetector incident signals which determine the linear operation
region of the amplifier AC and K is & constant factor. From fig. 5 we get the expression of the
hysteresis cycle areas

- _._(r (TP T (P Ty P, Ty

A K' Tm Q18)

H

b) Block diagram of the liquid crystal bisteble device in the passive resonator is
presented in fig. 6.

The nematic liquid crystal cell situated In the passive cavity 0203 coupled at the active
0102 cavity of the HeNe laser is excited by an electronic feedback loop.

Dependance of the amplifier voltage VA on the PF signal at the photodetectar fer the
values between P;_l and Pg, is essential for the bistable aperation of the device.

The experimentsl cycle is presented in fig. 7.

6. Experiments on the magneto-optic bistable devices

In paper /18/ we present a new type of bistable "magneto-optlc” device, developed from
the active laser cavity by applying an axial magnstic fleld, the field being driven electronically
by means of a feedback loop.

The block diagram of the device is presented in fig. 8. The two levels "high" and "low" of
-the laser signal P; and P7 respectively, which characterize the bistable behaviour of the device
are situated in the quasilinear region of the curve which express the dependance of the laser
intuﬁity versus the B coil current. These levels are determined by the nonlinearities of the
amplification stage. The hysteresis cycle of the device presented in fig. 9 can be controlled so
thet the device can be used as a magneto-optic circuit element, for example, as 8 pulse
osclllator.

7. Other results
Other bistability studies presented in the references refered to: behaviour and operation
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conditions of the nonlinear bistable interfaces /23/ optical bistability in fie stratified
anizotrapic media /22/, theoretical anslysis of the bistability-selffocusing limit /23/ etc.

8. Conclusions

The results presented in this paper represent contributions both theoreticel and
experimental to the optical bistability. Our method of integrating the field equation is maore
precise in comparisgn with the "truncated Bloch hierarchy", where important terms for the
saluration region, which 18 essential for the optical bistability, have been neglectad. At the same
time, our model reflects in an analytical form the effect of standing waves and is in accordance
with experiments.

The expression established for the small signal amplification, pulse amplification and
time response of the Fabry-Perot bistable device show the interdependence of different
parameters of the field-cavity coupled system and can be used for the analysis of the dynamic
behaviour of optical bisteble devices as circuit elements. The conclusions obtained on the
analysis of the electro-optic bistable device are general for the study of all devices with phase
induced nonlinearitigs. At the same time, the systemic treatment of this kind of devices is
importaht for thejr characterization like opto-electronic circuit elements.

Our experinental works concerning hybrid bistable devices reveal a new type of bistable

behaviour, with a view to using them in applications.

FIGURE CAPTIONS

Fig. 1 Bistability characteristics after developed model. The incident y versus the transmitted
field x for T = 0.01: (1) ag2 =01;(2) ag2 =0.2;(3) qgr =0.4

Fig. 2 The influence of the cavity detuning on the bistability characteristics: (1) @ = 0.01 rad;
(2) @ = 0.03 rqd; (3) @ = 0.1 rad; (4) © = 0.3 rad.

Fig. 3 The bistability and multistability characteristics of the device

Fig. ¢ Block diagram of the nonresonant bistable liquid crystal device: LCD-liquid crystal
device; B: beam-splitter; POL: polarizer; PD: photodetector; A.C.: amplifier; 51, Sz:
power supplies; Po, Pe: output respective input powers; V Al Output amplifier voltage; VS
- liquid crystal device bias voltage '

Fig. 5 The hysteresis cycle of the device

Fig. 6 Block diagram of the liquid crystal bistable device in the passive resonator. Ml' MZ: the
laser:mirrors; M): high reflectivity mirror; LCD: liquid crystal device; POL: polarizer ;
P.S.: power supply; A.C.: amplifier; PD: photodetector; L : optical addition stage; rt
resistor; S, R: set and reset inputs; Po: optical output signal; Pe: input optical signal; Pl_:
feedback signal; Pp: signal on the photodetector; V Al output amplifier voltage; Av:liquld
crystal device bias voltage
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Fig. 7
Fig. 8

Fig. 9
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The experimental cycle

Block diagram of the bistable magneto-optic device; r : addition stage; PD,‘_' PDZ;
photodetectors; A.S.: amplifier stage; P.A.: power stage; L: coil around the laser tube;
CO: optical switch; LED: light emitting diode; TG: triangle generator; O: os&illoscope;
S, R: set and reset inputs; Po: optical output signal; Pp: signal on the photodetecior; P
feedback signal; Pe: input optical signal; V: reference voltage

The hysteresis cycle of the magneto-optic bistable device
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DETECTION OF URANIUM TRACES IN WATER BY
LASER EXCITED FLUORESENCE *

1.Ursu, A.Lupei, V.Lupei, F.Domsa, C.lonescu,
A.Ponta, O.Radulescu, L.Voicu |

Central Institute of Physics, Bucharest - Romania

1. Introduction

The detection of very siall quantities of uranium from water is important from several
points of -view: hydrogeochemical exploration of uranium, migration of uranium material through
soils and mineral deposites (especially around nuclear waste repositories), geophysical research
etc. Many of the methods for uranium detection, reported in the literature, involve ‘either
enrichment (or separation) or have rather poor sensitivity or are destructive.

Several of the uranium ions (especially U6+) present strong luminescence in solid
matrices (such as alkali or alkaline earths fluorides). This fluorescence can be used in an
analytical method for concentration determinations. The selectivity and sensitivity of such a
method can be improved by laser excitation.

Thus, if uranium from the aqueous solution could be controllably incorporated in a
suitable valency state in a solid matrix, its luminescence emission under laser excitation can be,
in grinciple, used in order to measure the uranium concentration. Quantitative measurements by
laser induced fluorescence imply some requirements on the samples: incox;poration of uranium
should he as large as possible; all uranium should be incorporated in the same valency and
“structural center; sharp excitation and fluorescent lines, for selectivify;/the chosen center should
be stable in time and under laser excitation, etc. These requirements could be satisfied by U6+ in
CaF‘2 single crystals, where sharp luminiscent lines are observed at'77 K and lower temperatures
/2-4/. However, single crystal is not a fassible form for everyday analytical werk. A more
appropriate form is that of microcrystals created by precipitation from solution and calcination,
Can proved to be a promising matrix in this respect since it can be easily handled and
polycrystalline form presents sharp U6+ luminiscent lines /1,5,6/. By careful choice of the
experimental conditions, amounts as low as 4 x 10-14 Mol (1[]'5 parts per billion) could be
detected by laser excited luminiscence /5,6/.

As was outlined before, in CeF.2 single crystals /2,4/ and polycrystalline form /1,5-7/U6'
can form various centers. Besides, our EPR studies /3,4/ indicated that in the same crystals U5-4
valency form too. Since from the technological point of view it is essential to have all of thi

uranium in the same center (and valency), the ellucidation of the structure of these center

*) Work performed under a contract with IAEA
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is important.

Luminiscence studies, including tﬁose under laser excitation can give information on the
variety of uranium centers, but not direct structural information. EPR on Wik ’ tranaformed from
Ué’ by different methods (irradiation or heatmg) could pravide structural information. For such
purposes only the crystalline form is appropriate.

In this paper new results concerning U®* luminiscent centers in CaF2 single crystals shall
be presented. Appropriate treatments to transform all uranium in a given valency and center are
also studied. The second part of the paper is dedicated to similar studies on the palycrystalline
CaFZ-U form.

2. Experiment

Single crystals of CaF2 doped with USOB (or UOZ) were grown by the Czochralski or the
Bridgman method. Oxygen deficit in the growth process leads to uranium valency states other’
than +6. The crystal with larger oxygen content presents a slight oxidation, has a white cloudy
color but also contains some quantities of U5+. The kinetics of U* and U* transformations
were studied by ¥ -irradiation or heat treatments.

Microcrystallite form of CaF2 containing uranium has been prepared by precipitation
from solution and subsequent calcination. Fluorescence measurements on Ub* have been
performed at 300 K or 77 K by using the third harmonic of a YAG:Nd laser (Quanta-Ray-DCR).
The detection system consists mainly of a monochromator (GDM-1000) and box car integratar

"(PARC-162). Studies concerning U’* centers have been performed at 77 K, using a Varian E-12

EPR spectrometer.

3. Results and discussion

3.A. Spectroscopy of US* and U?* in CaF , single crystals

Our previous studies /3,4/ using classical luminiscence revealeds in white clouly CaFZ-U
samples, green luminescence under u.v. excitation. Low temperature spectra are dominated by a
line at 5212.5 & (Cl-cente'r) and other smaller sharp lines at longer wavelengths Fig. 2b. Since by
an improv.ed phase sensitive technique (chronospectroscopy) no other centers could be separated
and no sample dependence of the lines was obvious, it has been assumed that longér wavelengths
lines are vibronics connected to the 5212.5 & transition /_3/. However, in the same samples, EPR
measurements revealed the present;e of several vt centers. The most intense Ut centers
observed in our samples are: a) a-trigonal center (Tr) withéut any superhyperfine structure, also
observed in green Can samples /8/ and assigned to a vt substitutional ion surrounded by six
o?- and two fluorine vacancies; b) a rhombic (Rh ) center /9/ with a similar structure, except
that only five o?" replace F- and c) a low symmetry center (Rh ) with no superhyperfine

structure and having e slightly different structure from Tr center /3/ All Ut

centers in Caf
6+ z
9}

are uranate structures and it is expected that are also such centers.

In order to select a model for the UG"-Cl center, a study of the Ut -— Ut
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transformations by Y -irradiation was performed /3/. The most obvious effect of irradiation is a
l.l's'l'-C1 center decrease and a U5+-Tr center increase. The irradiation process can provide
electrons, captured by Ub* to transform it into U5+. Therefore, the model for the C -U6+ center
is very likely to be a uos" trigonally distorted octahedron, Fig. 1 /3/. Ut is completely
compensated in this case and local symmetry is trigonal with inversion, as previous Zeeman
studies have shown /2/.

Following the irradiation, another ub* center (CZ) emitting at 5468.5 A (77 K) was
evidenced. Using the chronospectroscopy technique we have been able to separate the lines

belonging to C, and C2 luminiscent centers, but no structure for the later has been proposed.

The elucidationl of the CIZ-U6+ center structure is important from the technological point of
view, since it is the most disturbing center for concentration determinations /5/. For this
purpose, combined laser spectroscopy an ub* and EPR on U* centers were used to follow the
kineties of US* === U?* transformations by ‘o" -irradiation and heating.

If our as-grown single crystal Can-U samples contain practically only the Cl center,
irradiation produces the 5468 A (C center). Time resolved spectroscopy can be used to separate
lines belonglng to different centers Fig. 3 presents lumlmscence spectra at 77 K detected at
different time delays following the laser pulse. Lifetimes of the two lines at 77 K are rather
different: 410 psec for 5212.5 A and 20 psec for 5468 A lines. A two exponential fitting was
necessary, since some of the vibronics associatéd-to 5212.5 R line are overlapping with the 5468
& line. Room temperature lifetimes for the two centers are 170 usec for C1 and o 30 psec for
Cz.

A signifiant increase of the U5+(Tr) center and decrease of the rhombic Rh3-U5+ center
was observed after irradiation. EPR characteristics are very similar for the two centers: 911 =
0.19, g; =1.048 for TrU”* and 9, = 0.2, g, = 1.019, g = 1.054 for Rh3, where Z, X and Y are
slightly rotated from the <111, <110> and <112> axes. No superhyperfine structure is resolved in
either cases. For this reason, it has been assumed that the Rh3 center has a similar structure
with Tr, an UO6

be far away compensated; whereas in the case of the RhB-U5+ center a close compensator, very

complex like in Fig. 1. The - 1 excharge in the case of Tr vt is very likely to

likel; & fluorine vacancy, can be assumed.

The most probable structure for CZ-U6+ is a similar one with Rh3: U6+ substitutional for
Ca2+, six 0% and two fluorine vacancies replacing the nearest F- (like in Fig. 1) and a fluorine
vacancy in the neighbourhod of this complex. Lower lifetimes connected to this center suggest
a lower symmetry for it. Heating effects sustain this assumption. A several minute heating at
600°C has the reverse effect of irradiation: the u - F(h3 center increases and the ubt - C2 is

'

destroyed. By heating at 1000°C in air the th center is also destroyed. A fluorine vacancy
migration, activated by heating can explain such effects. All these centers: CZ(U6+), Tr(U5+)
could be transformed into Cl(U6+) by heating. The most heating-resistant is the U5+ - Rh1
center whose structure involves one F-, therefore 02' is necessary to replace F~ to transform

this center into a U6+ - Cl center.
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3.B. Spectroscopy of uranium in pollycristalline CaF 2

Luminiscence studies on CaFZ-U precipitated from solution and calcinated in air in
different conditions- have resolved four major classes of U6+ luminiscent centers /6/. The
relative intensity of these centers is function of the concentration and calcination process. At
low uranium content (< 10'2%), two centers: C1 and C2 are the most intensive. A variation of
the of the Cz-center concentration from sample to sample was observed, even though the
conditions for preparation had been the same. High temperature calcination (over 600°C)
determines its disappearance. Single crystals studies are in agreement with this observation,

indicating also the reason: the C

2-U6+ center can be transformed by heating a Cl-U6+ or th-
5+
U

center.

Samples with concentrations of 6.10'5 to 6 x 10'11. Molar uranium, calcinated at
1000°C, present strong green luminiscence. Even at average power of the third harmonic of
YAG:Nd laser (Quanta Ray) a very good signal to noise ratio has been obtained for luminiscent
spectra. Detection limits of our experimental s-et-up can be easily increased by laser power or
appropriate optics. Therefore, actual determinations of the uranium content in water ( © 10'10
Molar in usual ground waters) can be performed. Problems connected to precipitation efficiency,
impurities interferences, etc. have to be solved. Low temperature measurements are more
selective as concerning impurities interferences or laser scattering.

Our studies on single CaF 2:U crystals have shown that main ub* centers, Cl and C2, are
essentially connected to the 02' presence in the sample. The proposed structure, based on

luminiscence and EPR data, for the C., center is presented in Fig. 1. Kinetics of the

U?* == U8 transformation during irradiiltion and heating suggest a similar structure for the
C2 center, with an extrafluorine vacancy in the neighbourhood. Heating can easily activate this
vacancy and transform C2 into Cl center.

Other U®* centers observed by M.V.Johnston and J.C.Wright /6,7/ could be connected to
impurities (such as cations). Since such impurities are likely to be found jn ground waters and can
affect uranium concentration determinations, a study concerning other centers structures is in

progress.
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FIGURE CAPTIONS

Fig. 1 Proposed model for ':l--u""' center in Can.

t'ig. 2 Luminiscence spectra of CaF,:Ué‘ at 77 K, x c* 355 pm:
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LASER CRYSTALS AND THEIR APPLICATIUNS
I.Uursu and V.Lupei

Central Institute of Physics, 76900 Bucharest, Romania

1. INTRODUCTION

Solia state lasers are now extensively used due to some unparalleled
qUalities: small size, good efficiency, a wide range of wavelengtns available,
from UV to miadle infrared, a variety of working regims, from cw to very short
pulses with extremely high peak power and so on. Of central importance in a
solid state laser is the active medium, a transparent solid, usually a single
crystal, containing a fairly large concentration of identical active centers.
Such active centers are characterized by discrete energy levels or bands that,
on interaction with aﬁ external excitation, can proauce stimulated emission.

The static and dynamic properties of the electronic energy lievels of
the active centers adetermine the wavelength of the stimulated emission; they
also direct the choice of the means of excitation, ana the regime of
generation. Uther important parts of a laser such as the pump system ana the
optical resonator are suoordinated to the active medium; they must provige the
necessary environment for, in a given active medium, the threshola for
stimulatea emission be reached and exceeded.

This remark holds also in the case of nonlinear devices, where the
performance of the system is mainly determined. by that of the nonlinear

element.
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On such grounds, thé research on laser crystals in HRomanla is
integrated in a K and D programme which bears upon the active meuium, the
laser as a whole and, in some cases, on technological appli:cations of lasers.
work is mainly concentratea in tne Labcratury for Laser Active Megia ang
Interagtion of Radiation with Matter at the National Centre of Pnysics,
duchargst. The programme relies largely on tre expertise acquired by this
group in quantum optics, microwave physics and tecnnology, and in the
investigation of electronic structure of ions of transition elements in
crystals by electron paramagnetic resonance and optical spectroscopy methods.

The present report updates a previous review, presented at the
Intcrnational Conference and School "Laser and Applications" (Lairs '82), [held
in Bucharest, September 1982 [1].

Our programme on laser crystals and applications invoives basic,
applied and technological research, as well as a laboratory-scale production.
The main objectives are [1,z]:

- crystal growth and processing; passive and active testing of laser
active media; electrooptic, nonlinear ana pyroelectric crystals and materials
for Uv and IR optics;

- new laser crystals and laser designs;

- engineering of solid state lasers;

- practical use of solid state lasers, especially for material
processing and thermal treatment.

The main sections of the programme are:

1. Research on physics of laser active centers.

2. Growth and processing of laser active meaia; nonlinear,
electruoptic and pyroelectric crystals and crystals for UV ano IR optics.

3. Research on the properties of laser crystals, and their passive
and active testing.

4. Construction of devices based on the at?ove-mentioﬁﬁ crystals
(lasers, electrooptic and nonlinear devices, detectars).
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5. Research for technological applications of solid state lasers.
Manufacture of laser-based equipment for materials processing.

6. Helated stuaies ang other applications of the systems usea, or
investigateu, as laser crystals.

In the following we shall review some of the main results obtaineg

along these lines.

2. RESEARCH ON PHYSITCS> UF LASER-ACTIVE CENTERS

Work is aimea at obtaining basic data that are necessary in orager to

characterize a laser-active center and its interaction witn the host crystal.

2.1. Methoas used in the Study of laser-active centers

A large variety of physical metnoas is used for tne investigation of
laser-active centers: Uv-, visible-, and IR-, optical spectroscopy;
luminescence  spectroscopy; excitation spectra; lifetime  measurements;
amplitude and phase chronospectroscopy; laser spectroscopy (with adye lasers
continuously tunable from 217 nm to 2 micrometers or on the znu, sra or 4tnh
harmonic of a VYAG:Nd laser); thermoluminescence; electron paramagnetic
resonance (9 and 35 GH microwave bands), ano so on. Measurements unuer the
influence of external factors sucn as temperature (from liquig helium up to
the range of hundreo degrees) can be performed tor most of tnese metnuus.
Influence of X or gamma irradiation of these centers with a cobalt source can
also be investigatea.

Some of these methods are computer- or microprocessor-controllea.
Desk-top or cabinet computers are used for data acquisition and processing and

for computing various parameters of the experiment.
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A considerable effort was devoted tu improving experimental
techniques. A typical example in this respect 1s chronospectroscopy. If in a
luminescence experiment the excitation light is modulatea, this woulu induce a
phase-shifted, modulated, emission; the pnase shift is due to the finite
lifetime of the pump and emittiny level. If the sample under investigation
contaiﬁs several luminescent centers with different lLifetimes, the resolution
of tne spectra can be increased by cancelling out some of the luminescent
spectra, oy a suitable choice of phase in the detecting system [3). In these
experiments the connection between phase shift and lifetime has Dbeen
established in a simble model of an equivalent LC circuit for a two-level
system. We extended these studies to real three-ievel systems by using rate
equations [4] -- a method that gives the lifetimes for the emitting anu pump
levels. Using phase spectra versus wavelength the optimum modulatiun frequency
for the best resolution of the spectra can be estimated. Anaiytical expresions
for line intensities as functions of modulation frequency given by this model

[5] indicate again the lifetimes of the pump ang emitting levels

Zz.2. Research topics, on laser-active centers in crystals

2.2.1. Nature and structure of the active centers im crystals

A. Ions under study: 3rd group, lanthanides, actinides.

. Problems of study: iagentification of the valence states, crysta.
field symmetry, structure of tne centers, charge compensation mechanisms,
distribution of the active ions among various possible centers ang so on.

C. Typical examples

a) the study of a diversity of Na>*

centers 1n YAG. A systematic
investigation of a large number of YAG:Nd crystals, performed in various

laboratories [6,7], incluaing ours, shows a large fan of performances, amony

- 131 -



them the capacity of stimulated emission. As a possible source of these
qQualities, perturbations of tne crystal fielc acting on N>t ion due tu
lattice defects or impurities have been assumed. Tnus Dy using selective laser
spectroscopy we oetected several non-equivalent sites in some of our YAG:Nd
samples 1n the luminescence 1line Rl - Zl of the transition 4!-'3/2 -
4 3+ ions

1 at 1liquid nitrogen temperature. The distribution of the Nd

9/2
among these cites depends essentially on the crystal growth conditions and,
sometimes, on the position in crystal wherefrom the sample unuer stuady has
been cut.

Such centers have different lifetimes ana show a non-exponential
decay. The YAG crystals with 1 to 3 at % Nd with the largest number of centers
snow the shortest life-time in a normal, non-selective, measurement at room
temperature;

b) the distribution of Na°*

among various centers in calcium
tungstate crystals with different charye compensation means has been studied;
c) the elucidation of the nature and structure of luminescent uranium
centers in alkali- or alkaline-earth fluorides grown in presence of oxygen;
for alxkali fluorice tnese centers consist of uranate yroups embedded in the

lattice: U®*

substitutes for tne host alkali cation and the charge
compensation is achieved by substituting five (for the prevaiiing center) or
six F~ npearest neighbours by 0% ions [8,9]). In the last case the negative
extracharge is compensated by cationic impurities localizea near this complex,
so that a larye variety of centers results [10,11]. In case of calcium
fluoride the main luminescent center consists of a substitutional WP on

2=

surrounded oy six substituteu U ions anu two fluorine vacancies on the

same body-diagonal [12,13);

3+ centers witn cubic, tetragonal or orthorombic symmetry

d) new U
have been observed in alkaline-earth fluorides, and a rorrelation of the
occurence of these centers witn crystal growtn conditions proved possivle
[14-17].
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2.2.2. Research on the electronic structure of the active centers

In order to determine the electron energy levels of ions in crystais

and their dynamic properties a large variety of studies nave been performed,

3* in YAG, YAP, CaW0O , NdPP, LaFy, CaF, ana so on, Er>* in

e.g.: Nd 4

YAG, GdAG, GGG, ErAG, LaFy, (Er,La)PP, P>t in LaFy, CaF,, Pt in
3+ . (34 .
Caf,, StF,, Cr * in ruby, YAG, Ti’* in AL 0 etc.
Typical examples are:
a) The energy spectrum of the various centers of Nd3+ in YAG, by

site-selective laser spectroscopy. Luminescence, excitation, ana life-time,
measurements were used in order to determine the electronic structure of
various centers, the interactions between centers and their effect upon the

laser-performance of crystals.

3+

b) Determination of electronic structure of Nd in YAlOJ. The

Stark components of the energy levels have been measured by optical -absorption
and luminescence and the electrostatic, spin-orbit, and configuration,

parameters have been estimated [18].

3+

c) A low-temperature spectroscopic investigatipn of Ti”"~-doped

l-\lzcl3 reveals, besides the well-known broad absorption band, a very sharp

line at 617.7 nm followed by a progression of lines with a spacing of about

200 cm™l. This line was attributed to a_zero-phonon transition between the

lowest level of the yround state and the lowest level of the Jahn-Teller split

2E excited state [19].

d) A study of the kinetics of population and decay of Er3+

. . . 4 4
luminescence in LaF3 (transition 53 2 " IlS /2) by chronospectro-

scopic method and selective pumping in various upper levels shows that the

. . . s 4 4 R
decay lifetime from the immediately adjacent H11/2 level on 53/2 is
about 1 microsecond whereas that corresponding to the decay from the farther

away situated 4811/2 level is about 100 microseconds. This difference is



explained by the cascade behaviour of the decay iin tne latter rcase (20J.
e) uetails of the energy levei diagram for tne inaln iuminescent
6+

centers of U in LiF, NaF and Can nave been cetermined anu correlated

with the physical structure anu symmetry of the cei.ters.
2.2.3. Crystal fiela effects

A. Problems:

- measurements of crystal fielo parameters ‘

- wavefunctions of the Stark levels of the transition ions .. urystals

- intensity of transitions

- crystal field mouels: ruie of covalency and overiap for 3o,
lanthanide ang actinide ions in crystals.

B. Typical examples:

a) Analitical wavefunctions for the representations which encer more
than once in the cubic crystal field decomposition of the electronic energy
levels. These wavefunciions Jepend on the composition parameter x of the
crystal field potential, i.e. on the ratic of tne sixth- po the fourtin oraer
parameters of tnis potential. Usually this depengence ig computed numericaliy
and tables of functions calculated for a given increment of x are availabile.
By makiny a complete use of the transformation properties of the wavetunctions
under tne cubic point group operators (especlally the rotatiuns qut/Z) and
Ry( n/2), analytical expressions of these functions versus x nave been
outained. Tne matrix elements of a given operator oetween sucn wavefunctions
are dependent on x, and this parameter can thus De easiiy estimatea from
experiments which involve tne measurement of these matrix eiem_ents L2lj.

3+

b) Crystal tielo effects and tne Juad-uUtelt theory ftor Er in YAG.

The crystal field levels of tne grouna aIlS/z level of Er3+ in YAuL dre

grouped into two distinct greups of four closely packec levels with gquite a
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large gap between groups. Thus a pasic assumption of ctne Juua-Ofeit tneory
(equal population of the crystal-fieiu componencs of tne yrounu levei) 1s no
longer valid. A calculation which approximates the population of tne crystal
field levels inside each group as equal, put uifferent from tnat corresponuing
to the other groups was performea. For some Cransitions sucn a caidculation
gives results above those yieldea vy the usual Jugd-uTelt tneory, wheredas for

other, figures fall beyond [21].

3+ 3+

c) Crystal field models for Nd ang U cubic crystds fielos.
Since the ground crystal field level of these ions in tne cubic crystal fielu

of CaF2 is one of the two T, representations, its wavefunctions oepena

8
upon the composition parameter x and thus this paramster can be estimatea
simply from EPR experiments. The measurements performea in our laboratory tor
U3+ (23] gave for the composition parameters a value in excellent agreement
with earlier calculations [24] based upon an overlap and covalency model,
while in case of Nd3+ the agrement is poor and other contrioutions (sucn as
point charge) musf be taken into account. This conclusion 1s in ayrement with

the oroital reduction factor for g. for the two ions in question sna with

J
the superhyperfine interaction measurements.

2.2.4. Hyperfine structure investigations

Problems:

- measurements of nyperfine structure parameters;

- use of hyperfine structure cata in order to check the validity of
electron structure and crystal fielo calculations;

- relativistic effects;

- estimation of nuclear moments [25].
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2.2.5. Research on interactions between ions in crystais

Prablems:

- exchange and multipole interactions between ions in crystals;
- pairs and larger assemblies of ions in crystals;

- energy transfer and migration;

- cross-relaxation processes;

up-conversion of radiation.
Typical examples:

a) Energy transfer from actinide to lanthanice ions in crystals.

6+

u complexes transfer very effectively the energy to the trivalent

1 above the groung state,

while tne U”* ones transfer the ereryy to ‘the lower (peiow 4000 cm™)

lanthanive eneryy levels located 16,000 to 1900 cm™

energy levels of the lanthanice ions.

b) Up-conversion, energy transfer and cross-relaxation in crystals
with high-concentrations of rare-earths. Violet anag blue emissions -were
observed from crystals of YAG heavily aoped with E.r3+ when excitea either in
rea (6475 R) or green (second harmonic of tne YAG:Nd laser). From the time-
evolution of emission and dependence nf intensity on concentration of Erpium
it was concluded that various energy transfer and cross-relaxation processes
contribute to this up-conversion [26].

3+ 3+ 3+

c) Up-conversion and energy transfer from Yo to kr°’, HOT,

Tm>* in matrices such as YF

3 OT CaF2 were investigated.

2.2.6. Channeling of charged particles in crystals

Problems:

- electromagnetic radiation of channeld particles;

- channeling in doped crystals;
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- energy transfer from channeled particles to ions in crystals as a

method for pumping the very high energy levels of the transition ions.

2.2.7. Characterization of the transition ions 1in crystals

as laser-active centers

A. Problems:

- characterization of the energy levels of the ions in crystals as
pump, metastable and terminal laser levels;

- new laser schemes;

- new laser-active media;

- active media for tunable solid state lasers.

Examples:

a) YAG:Er as a laser-active crystal. Though the lifetime of the

L 4

terminal level of the 3 micron transition 4111/2 of YAG:Er is

Li3/2
considerably larger than that of the initial laser level (a fact wnhich usually
prevents an effective “laser emission), a quasistationary regime of laser
emission was achieved in this crystal at large concentrations of Erbium. This
was explained by the fact that the energy level diagram of Er-* in YAG alows
that several cross-relaxation processes take place, some of them being very
effective in depopulating the terminal laser level and re-pumping tne initial
level of the laser transition. Such cross-relaxations can easily be put into
evidence by their effect upon the evolution of the level populations under
short-pulse excitation {27]. |

b) Uranium ions as laser-active centers. A systematic investigation
of the properties of various centers in crystals shows that they possess some
very interesting properties as laser-active centers [28]). Thus, various U6",
*, U or " centers have very strong and effective pump bands in UV

and visible. However, due to the strong electron-phonon coupliny or to some

- 137 -



peculiarities of the -energy level diagram, these centers may be used at
room temperature mostly as three-level laser systems: in some cases the
absorption in excited states precludes even this. Uranium ions can, however,
transfer very effectively the energy to other ions, for instance, to the

trivalent lanthanide ions. Thus, hexavalent wuranium could be used as a

4 level of No°* on which the 1.06 and 1.32

3/2
micrometer radiation is generated. un tne other hand, trivalent uranium could

sensitizer for the

be used to sensitize (from the 4111/2 level) levels for middle-infrared

generation; the 4113/2 of Nd3+ (which coulo lase at 5.5 micrometers to
the 4111/2 level) 7F4 level of To>* (which coulo lase at aoout 8
. 7. 7 3+ 5 . 3+ 6
micrometers to FS), F5 of EU, I6 of Pm~", H13/2 of
3+ 6 . 3+
Oy, H“/2 of sm””, and so on.

3. GROWTH AND PROCESSING OF LASER-ACTIVE MEDIA;
NONLINEAR, ELECTROOPTIC AND DETECTOR CRYSTALS; UV AND IR MEUIA

3.1. Main topics

The main lines of work in this field are:

- high sensitivity analysis by chemical methods, atomic absorption
spectroscopy, emission spectroscopy, X-ray microprobing, neutron activation;

- purification of some raw materials;

- research on thermal effects in crystal growth; design and
cor.struction of the thermal set-up (thermal insulation, screens, afterheaters
and so on);

- crystal growth;
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- correlation of the crystal growth parameters with data obtained
from testing; .

~ studies on the effects on the quality of crystais of instapilities
or irregularities;

- preliminary quality testing;

- heat treatment;

- high-precision processing of laser components;

anti-reflex coating.

3.2. Crystal growth methods

Crystal growth is performed with commercially available, or witn
home-made, equipment. This activity is restricted to crystals grown rrom melt.
The methods currently useu are:

- flame fusion;

- pulling from melf;

temperature gradient method;

zone melting;

edge-defined film-fed growth (EFG).

Of these, the most usea is pulling from melt (Czochralski) methou,
under manual or automatic control.

Research on crystal growth in unusual conditions was aiso performned,
e.g. growth of crystals with a given profile in low gravity conditions [29]:
in a closed crucible containing the raw material a capillary die (made of a
wetting material) is 1nserted. In microgravity conditions (on an orbital
station) the capillary forces produce a fast flow of melted material thrcugh
capillary and the shape of the melt drop at the ena of it cannot be controllea
as in an usual EFG method. Because of this on top of the wetting cie a

non-wetting die is placed, which controls the shape of the melt drop anc
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inside of wnich the crystalization occurs on a seed, or simply, by crossing a
reyion with temperature suitable for solidification. The experiment performed
with germanium during the cosmic fly of the first Homanian astronaut in May
1981 showed that the wetting capillary has a very strong pump ingeed (about
all of the material is pumpea out of the cruciole) and tne capillary aiffusion
mechanism contributes essentially to a perfect mixing and a uniform coping for
the germanium-gallium system. Besides other spectacular applications (such as
growth of silicon plates for prooucing solar cells directly on an orbital
station) this method could be used to grow laser crystals of pre-determined

shape and composition or with an uniform impurity distribution.

3.3. Main results obtained in the fiela of laser crystals and components

A large variety of crystals have opeen grown, most of them for the
first time in our country: Calcium fluoride (1972), strontium fluoride (1973),
sodium fluoride (1972), cadmium fluoride (1973), sapphire (1973}, ruoy (1973),
calcium tungstate (1974), calcium molibdate (1975), lanthanide-sodium
hexachlorides (1975), neodymium pentaphosphate (1975), silwer chloride (1975),

lithium tantalate (1976), lanthanum trifluoride (1976) afhd so on.
3.3.1. Laser active media

Some of the main results in this field are:

A. High-quality YAG:Nd crystals for pulsed or Ew laser operation.
Typical features of the YAG:No rods are:

%w&rmManhrthusﬂmfhtmsmumu(ﬁmvumw
curvatures) ends.

Average concentration of neodymium:

- for pulsed lasers: 1.1 to 1.3 at %

- for cw lasers: 0.7 to 1 at %.
- 140 -



Maximum variation of the Nd concentration alony the rod: lus of the
average value.

Size of the rod (aciameter x lenght, mm):

- for pulsed laseres: up to 5 x 70

- for cw lasers: up to 6 x 90.

Number of bubbles or inclusions: none

Attenuation: typical 30 do at 50 mm lengtn.

Number of fringes (Mach-Zender): 0.5 per inch.

Flatness of ends: A/l0.

Perpenoicularify of faces to the rod axis: better than %'.

Parallelism of faces: better than 4".

Orientation of rod axis < 111 > : 3 4°.

Hard antireflection coating.

The threshold for pulsed operation is of a few joules anu tne shape
efficiency is up to 1.6%.

B. Czochralsky ruby, rods up to 10 x 120 mm.

C. Calcium tungstate dopeu with neodymium.

D. Calcium molibcdate doped with neodymium.

E. Yttrium aluminate doped with neoaymium.

F. Highly concentrated YAG:Er.

G. Mixed garnets doped with neodymium or eroium.

H. Alkaline-earth (Ca,Sr,Ba) fluorides aoped with lanthanives or
uranium.

I. Lanthanum trifluoride doped witn lanthanides.,

J. Mixed fluorides.

K. Neogymium pentaphosphate.

L. Halide crystals with color centers for tunable emission.
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3.3.2. Non-linear and electrooptic crystals

A. High-homogeneity lithium niobate crystals for Q-switches,
modulators, frequency doubling, parametric generation.

B. Lithium tantalate for modulators.

C. Barium sodium niobate.

D. Crystals with color centers for passive shutters.

3.3.3. Crystals for infrared detection

A. Pyroelectric crystals: lithium tantalate, strontium parium niobate.

B. Quantum counter systems: Csz, trinalides.

3.3.4. Crystals for UV and IK optics

A. Potassium, sodium and silver cnloriage.

B. Lithium or sodium fluoride.

C. Calcium fluoride.

D. Sapphire.

Attention was also given to some transparent polycristalline

materials produced by hot pressing.

4. RESEARCH ON PRUPERTIES OF ACTIVE MEDIA AND THEIR PASSIVE AND ACTIVE TESTING

An essential segment of our activity is devotea to the study of the
properties of active media and to the development of significant tests which
give an as comprehensive as possible characterization of the laser active

media [30].
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Both the passive parameters (in various stages: crystal, component,
before or after thermal treatment ana so on) and the active ones are measurea.
The passive parameters are measured in normal passive (non-pumped) situation
by usual laboratory physical methods, while the active ones are measured under
pumping conditions. Thus the active parameters are common to the rod and to
the laser set-up used for measurement.

The aim of measuring these parameters is to get a close prediction of
the rod performance in lasers and to get meaningful data in order to control
the crystal growth and the complementary technologies so as to confer to the
rod the desired parameters [31]. At the same time, the active testing gives
essential data that are required in the construction cf lasers witn optimum
performances for a given rod.

Depending on the particular case in question, .some or all of the

parameters given below are measured.

‘. Passive parameters

4.1.1. Spectroscopic parameters

- emission lines;
- pump levels;

- lifetimes;

cross-sections;

- linewiaths;

qunching ratios;

- fluorescence quantum yield.

Methods; optical absorption spectroscopy, luminescence, lifetime
measurements, amplitude and phase chronospectroscopy, excitation spectroscopy,

laser spectroscopy.
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4

.1.2. Optical parameters

refraction index and its variations;

scattering of light on pbubbles, inclusions and other defects;
number of interface fringes;

extinction ratio;

passive divergence.

Methods: interferometry, transmission between crossea polarizers,

scattering of light (total, radial and longitudinal), shadow projection, far

field intensity distribution, near field image.

optical

4.

1.3. Structural parameters

degree of microcristallinity;

orientation;

twinning;

mosaic structure;

dislocations;

facets;

number of structural centers of the active ion;
local symmetry of the center;

structure of the centers;

distribution of the activator ions among the possible centers;
charge compensation mechanisms;

clustering, and so on.

Methods: X-ray structural mecthods, electron paramagnetic resonance,

spectroscopy, laser site-selective spectroscopy, optical microscopy,

scanning electron microscopy, termoluminescence and so on.
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4.1.4. Chemical parameters

- composition;

- concentration of the active ion end its variation along anc across
the crystal;

- valency states of the activator ions;

- concentration of accidental impurities (or of charge compensators)
and its variation along and across the crystal;

- composition of bubbles and inclusions;

- chemical stability;

photochemical processes;

- thermochemical processes;

Methods: atomic absorption spectroscopy, emission spectroscopy, laser
microspectroscopy, X-ray microprooe analysis, activation analysis, laser
induced fluorescence, infrared, visible ana ultraviolet absorption, magnetic

resonances, chemical analysis, and so on.

4.1.5. Mechanical and geometrical parameters

- hardness;

- cleavage;

- elastic moduli;

- flatness of end faces (for flat-enced rods);

- rugosity;

- number of scratches or other surface defects on unit area;

- orientation of the rod axis with respect tu tne crystalloyraphic axes;
- perpendicularity of the end faces on the rod axis;

- parallelism of faces;

- radius of curvature cf faces (for spherical-enuea faces).
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4.1.6. Thermal parameters

- thermal conduction;

- thermal expansion;

- thermochemical and thermomechanical stapility.

4.2. Active parameters

4.,2.1. Emission thereshold;
4.2.2. Slope efficiency;
4.2.%. Gain spectroscopy;
4.2.4. Losses;

4.2.5. Emission wavelength;
4.2.6. Beam uiverygence;
4.2.7. Structure of modes;
4,2.8. Polarization;

4.2.9. .Thermal effects;
4.2.10.Damage;
4.2.11.Colourability.
Similar specialized tests have been developea for other crystals

(nonlinear, electrooptic, detectors and so on).

5. CONSTRUCTION OF DEVICES
A large variety of devices (lasers, Q-switches, moduiators,

detectors) have been manufactured in our laboratory, on the variety of

crystals described above; among them is the first Romanian YAG:Nd laser.
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A comprehensive work 1s carried nut in researcn, desiygn ana
construction of various mechanical, optical anu electronic parts for lasers:
laser heads, mirror mounts, mirrors of various curvatures ana reflectivities,
reflectors for the pump radiation, optical focussing systems, closeu~i00p
cooling systems for lasers (with liquic-liquid or liquig-air heat exchange),
power supplies and so on. A permanent interest is cevotea to the research on
laser generation in various regimes, as for instance, cw generation,
Q-switching, short pulse generation, selection of modes and so on. As a
typical example let us mention the work ou ‘passive Q-switches for pulsed

YAG:Nd lasers, based on LiF crystals with F2 centers. Research on the
properties of such Q-switches, coupled with the properties of the laser-active
rod leads to a simple, inexpensive and reliable, way to obtain Q-switcnea
pulses from YAG:Nd lasers [32,33). dHy combining the passive LiF:FE switcn
with a slow switch (a spinning prism switch) we obtainea giant, monopulse
generation even under pump regimes where each of tnese switches yives
multipole-pulse lasing. Moreover, in this case pulse enery> varies aimost
linearly with the pump pulse, duration of the pulse is renuced and tnus peak
power is dramatically enhancec [34].

Among the main results obtained in device manufacturing et us

mention:

5.1. Lasers

S5.1.1. Pulsed ruby lasers (relaxea or in a Y-switch regime) with
energies up to 10 J.

5.1.2. various types of pulsed YAG:Nu lasers, with an energy in
free-generation reyime up to 400 mJ anu, in a yY-switch regime, up to 120 mJ

(peak [;owers up to 20 MW), anu a repetition frequency up to 10 Hz.
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5.1.3. various types of cw YAG:Nd lasers with tungsten halogen
pumping, with powers up to 60 W [35] (in construction up to 100 W).

5.1.4. Frequency-doubled pulsed or cw YAG:Na lasers.

5.1.5. Pulsed CaWOA:Nd lasers (energies up to 1J per pulse).

5.1.6. Research on construction of 3-micron erbium lasers and of

tunable lasers with 3d-ions is under way .

5.2. Non-liniar and electrooptic devices

5.2.1. Frequency-doubling lithium nicvbate elements for pulsed YAG:Nd
lasers.

5.2.2. Frequency doubling barium sodium niobate cells for cw YAG:Nd
lasers.

5.2.3. Q-switches and modulators with lithium niobate (apertures up
to 6 mm, contrast ratio better than 1000:1, length of the active element- 25
mm) .

5.2.4. Modulators with lithium tahtalate-(apeytures up to 2.5 mm,
two-crystal modulators with 40 mm of length).

5.2.5. Passive Q-switches with LiF:FE crystals.

5.2.6. Combined active-passive Q-switches for YAG:Na lasers.

5.2.7. Research on acusto-optical modulators ana Q-switches is under

way .

5.3. Pyroelectric detectors and radiometers

5.3.1. Pyroeiectric detectors with lithium tantalate (apertures up
to 5 mm and sensitivity up to- 1.8 pA/mW).
5.3.2. Infrared radiometers for non-contact temperature measurements

up to 1600°C.
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6. PRACTICAL APPLICATIGONS OF SOLID STATE LASERS

Systematic research on the action of pulsed or cw solid state iasers
on various materials has been undertaken in order to use these lasers in

various fields such as:

6.1. Technological applications

6.1.1. Thermal treatments

- surface hardening of grey cast iron or of allied alloys (36};

- annealing of semiconductors.

6.1.2. Processing of metals or of other hard materials

- drilling
- welding
- cutting

- material removal

6.1.3. Micropraocessing of electronic components

- trimmang of resistors;

- cutting of silicon plates
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6.1.4.Marking or engraving of metallic parts or electronic components
Special equipment was deisgned and constructed, with nigh precision
mechanical positioning of the part to be processed and with microprocessor or

computer control of the laser processing.

6.2. Medical applications, such as endoscopic surgery and coagulation,

liver or brain surgery and so on.

6.3. Other applications, such as non-linear optics,

pumping with lasers, telemetry and so on.

7. RELATED STUDIES AND OTHER APPLICATIONS

UF THE SYSTEMS INVESTIGATED AS LASER-ACTIVE MEDIA

A large variety of adoped crystals was investigated as laser- active
media or for other laser applications. A consideraple volume of very
interesting agata on propertles of interest for applacations other than in

lasers has been obtained. Some of these are briefly reviewed in the following:

7.1. Use of rare-earth or uranium-doped crystals as thermoluminescent systems

for nuclear or X-ray dosimetry.

very promising properties in this respect are recordes with the

system LiF:U6*: following an X or gamma irradiation U6+

traps an electron
(produced by the irradiation of the crystal) and changes the valency state.to
U5+. By heating the crystals, one electron from U5+ is released, and

uranium returns to its original valency, U6+, but this time in an excited
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state from which it emits a briynt green luminescence. This emission nas yreat
potential for tnermoluminescent dosimetry, provided soine technoliogical

problems such as reproductibility from batch woula be satisfactorily solved.

7.2. Use of hyperfine structure of some uranium-dopea ciystals

for measurements of uranium isotopic abundance

The U6+ ion from NaF:U crystals grown in air can be converteg to
05+ by X or gamma irradiation. This latter ion is paramagnetic and can be
detected by EPR at liquid nitrogen temperature. Tne odu isotopes of uranium
have ncclear spins and show hyperfine structure in the spectra, while the even
isotopes, which do not possess a nuclear spin, do not show such a structure.
Thus by comparing the relative total i_ntensities from thne spectra of each
isotope, whicn appear simultaneously, a very accurate metnod for measuring the
uranium 1isotopic abundances can be obtained. This appears to be very useful
for measuring non-volatile compounds of uranium whicn can be used as dopants

for the NaF crystals.

7.3. Use of laser-induced luminescence for detection of ultratrace levels

of lanthanide and actinices

By precipitation of the lanthanides or actinides from aqueous
solutions with properly chosen hosts or by melting their compounas with
suitable hosts, some systems which show very strong luminescence could bDe
obtained. By using laser selective excitation, luminescence signails of an
intensity proportional to that of the lanthanide or actinide element in the
batch could be obtained; such a methoa may pe used in order to detect

ultratrace levels of these elements.
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Some of the crystals or crystal growth methods investigatea for
laser uses could find application in other fields. Such an example is the

profilled saphire, with a wide range of applications in fine mechanics.

8. PRESENT AND FUTURE TRENDS

At present research work is mainly directed toward the following
objectives: Iimproving quality and increasing sizes of laser crystals and
components; finding new laser schemes; new wavelength ranges; tunable solid
state lasers; concentrated laser crystals; construction of high-power, and
high-brightness, lasers; lasers with large repetition frequency; very- short
pulse generation; non-linear, electrooptic end acustooptic devices; optical
bistable devices, etc. Attention will be given to specific applications of
solid state lasers, manufacturing of customized equipment based on lasers and

active media, designed in view of a maximum efficiency.
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OPTOVOLTAIC EFFECT AND LASER FREQUENCY STABILIZATION

D.C. Dumitras, D.C.A. Dutu, V. Draganescu, N. Comaniciu
Central Institute of Physics
Institute of Physics and Technology for Radiation Devices
Bucharest, P.0.Box MG-6, Romania

1. Introduction

The gas laser frequency stabilizalion has numerous applications in the fields of
spectroscopy, interferometry, metrology, optical. communications, geophysice etc. The new
stabilization methods developed during the past years have produced improvements in the
stability of gas lasers, which have enabled the reallzation of an opticel frequency standard
superior to the krypton 86 standard. ‘

The carbon dioxide molecular lasers offer several advantages over the other known lasers
/1/. The most important features characterizing the CO2 laser output beam which account for
the wide range of their applications are as follows:

a) An efficient conversion of the purﬁping energy into a high output energy. It varies with
the type of laser, i.e. B - 15 per cent for medium power sealed-off lasers and up to 30 per cant

for e-beam pumped CO,, lasers.

b) A small atmgspheric attenuation of. the CO2 laser radiation. Thﬁ'CO2 lasers operate in
the 9-11 pm region, within the atmospheric transmission "window” with reduced attenuation,
which extends from 9.5 to 13 pm. Under favourable atmospheric conditions, the attenuation has
an extremely low value (0.1 dB/km).

c) A wide oscillation bandwidth available for optical frequencies. For low pressure CO2
lasers, the oscillation bandwidth varies in the range of 100-200 MHz and/can reach high values of
over 1 GHz under high operating pressures (for example in the case of waveguide lasers /2/).

This paper is dealing with the frequency stabilization of single mode, medium powar,
sealed-off CO2 lasers. The term "medium" designates the geometrical dimensions of CO2 lasers,
namely tube length lecs than B0 cm and bore diameters 10 mm or less; the output power varias
between 3 and 20 Watts.

The sealed-off CO2 lasers use a static gas mixture, which means that no bulky gas tanks
end vacuum pumps will be needed and there will be substantial savings in the consumption of
working Qaaes, particularly helium, which is quite expanafve. Consequently; the sealed-off (.‘,O2
lasers can be easily handled, mounted and operated.

The method of frequency stabilization is based on the optovoltaic effect in CO2 laser
plasma, which is superior to other methods, because it is simple, doesn't need a supplementary
detection element and the output beam could be entirely used.

After the discussion of the frequency stabilization on the top of the gain curve, the work
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focusses on plasma impedance changes and the dependence of the optovoltaic signal on the
discharge current and on the laser vibrational-rotational lines, which give valuable information
about the mechanisms and kinetics of COZ laser systems, useful in laser frequency stabilization.
The last two chapters present the automatic laser frequency servo-control system used in

frequency stabilized CO,, lasers and the evaluation of CO2 laser frequency stability by measuring

2
the error signal in the feedback loop.

2. Stabilization scheme

A free-running or unstabilized laser is subject to many perturbations of its frequency and
the single axial mode output while necessary, is not sufficient to reduce the frequency oscillation
range. There are basically two reasons for this, both arising from variations in the length of the
cavity. First, the varying cavity length causes the position of the axial mode to move and so the
frequency of the output varies correspondingly. Secondly, this variation in frequency takes place
under the gain curve and so the output will also vary in intensity. If the frequency separation aof
the axial modes is sufficiently large, then even under high gain conditions the output could fall to
zero.

The effect of these factors can (in principle) be eliminated by using a thermally
compensated mechanical structure and by keeping the atmosphere out of the laser cavity. There
is, of course, a limit on the stability that can be achieved in this way, which is named passive
stabilization. In practice, this limit is usually set by vibration. In order to increase the stability
beyond this limit, it is necessary to employ some type of feedback mechanism which will correct
for vibrational effects (and residual deficiencies in the thermal stability).

The principle of the active stabilization schemes is based on a comparison between the
frequency of a single frequency laser (single-mode, single-line) and some stable reference. If the
Iasgr frequency is different from that of the reference, an error-seffsing discriminant is used to
derive a signal proportional to the deviation. This error signal is used to control the laser
frequency and re-tune it to that of the reference. Such a servo-loop locks the laser frequency to
that of the reference.

The basic requirement for a suitable error signal is /1/ that it has a magnitude
proportional to the amount of length correction required and /2/ that it indicates the direction of
the required length correction.

For moderate stability, the CO5 laser line profile can be used as the discriminating curve
/3/. This method is more approbriate for the CO2 laser than for He-Ne laser because the CO;
rotational line profile is narrow and has much steeper slopes than that of the neon line in a
He-Ne laser. The error signal is produced by allowing the laser cavity resonance to "ride" around
the steep part of the line profile slope and its amplitude is dependent on the change in mirror
separation. This scheme requires internal frequency modulation (jittering) of the laser in order to
sense the sign of the derived error signal. Stabilization is then obtained by re-establishung the

required separation with a servo-control system.
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This scheme has the disadvantage, of course, that the output beam from the laser is
frequency modulated, but the amount of modulation needed to derive the errror signal is small
and, in many applications, the presence of the frequency modulation is of no consequence.

The cavity length is controlled by a piezoelectricall.y driven mirror along the cavity axis,
which responds to the sum of a DC control voltage, plus a small jitter signa! at some convenient
frequency (~500 Hz). As it can be seen in Fig.l, where a laser line versus frequency curve is
drawn, the small cavity jitter induces a sinusoidal variation in laser intensity as the cavity mode
scans across the transition line gain profile, which is compared in phase to the jitter signal. The
error signal developed by the phase detector can serve to drive the cavily resonance to the
centre of the laser gain curve. In this way, the electronic feedback loop seeks the centre of the
lasing gain profile, the lock-in point being the zero crossing of the phase detector response. In
case the mean mode frequency is lower than the line centre frequency, the phase of the observed
laser intensity variation in opposite to that when the mode frequency is higher than the line
centre frequency. The amplitude of the intensity variation increases with the frequency offset
from the line centre.

A system for stabilizing to the top of the gain curve at the frequncy Vo is illustrated in
Fig.2. The position of the coupling mirror is sinusoidally modulated (with an amplitude that is a
small fraction of A /2) thereby modulating the optical resonator length and optical resonatar
mode frequency. The laser output power is thereby sinusoidally modulated at the chosen
modulation frequency (for small modulation amplitude). The modulation index is zero when the
mode frequency is Vo since the slope of the laser power output versus v is zero for v- Vor The
phase of modulated component of the laser power relative to the modulation voltage applied to
the piezoelectric transducer is opposite for \)>\)° as compared to the phase when \)<\)o. The
modulated component of the laser power is measured, preamplified and phase sensitively
detected. The phase sensitively detected signal after filtering provides a discriminator signal
that is zero for the resonator length Lo’ where a resonator mode frequency is at vy and is
positive on one side of Vo and negative on the other side. This discriminator signal is DC
amplified and is applied to the piezoelectric transducer through a high voltage amplifier, with
proper phase to constitute stable negative feedback. The result is to stabilize the resonator
length so that oscillation occurs at Vo

In lieu of using an IR detector to sense the laser intensity variation, the cavity length
could be. adjusted using the optovoltaic effect, a method discovered by Skolnick /4/. As the
internal laser radiation field intensity is altered by changing the resonant cavity alignment, the
discharge impedance, which is proportional to the slope of the output power versus frequency
curve of the laser, is also modulated. The impedance variation is measured by exciting the
plasma tube with a high speed current regulated power supply and measuring the resulting
variation in the voltage drop across the plasma tube (the optovoltaic signal). An intensity
variation of 1% is sufficient to significantly (~ 0.1%) change the discharge impedance /5/. This
impedance change can be detected as current fluctuation (optogalvanic), or as voltage variation

(optovoltaic).
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Using a current-regulated power supply, the discharge impedance fluctuation is detected
as an AC component of the voltage drop across the plasma tube. The block diagram is modified
as in Fig.2 (dashed lines). The optovaoltaic signal, being large enough, can be directly introduced
in the tuned amplifier, the rest of the circuits being unchanged. Therefore, the method of
frequency stabilizatjon using the optovoltaic effect in COj lasers is simple and doesn't need a

supplementary detector with its associated power supply.

3. Optovoltaic effect

The CO, laser radiation field intensity is large enough and when is varied it introduces
significant changes in the laser plasma microscopic parameters such as sidelight intensity plasma
impedance and gas temperature. From among these parameters, a distinct interest is given to
plasma impedance, because it is possible to establish a direct correspondance between laser
radiation field intensity changes and some electrical characteristics (current, voltage), which can
be detected and used in electronic feedback systems, so avoiding special transducers such as
optical, acousto-optical or pressure transducers.

The impedance changes depend on the power flow within the cavity and are probably due
to direct or indirect connection between the populatiopn of various energy levels and the
ionization process in the laser gas mixturé. Experimentally, such measurements are easily made
by modulating the laser radiation field, either by a mechanical chapper or by applying a
repetitive voltage to a piezoelectric transducer.

Our experimental investigation presented in this section are directed to the evaluation of
‘the optovoltaic signal and its dependence on discharge current and on laser vibtrational-
rotational lines, aiming at the frequency stabilization of CO lasers /6/.

The experimental arrangement includes a sealed-off CO2 Aaser model LIR-21 SF
(maximum autput power 20W) /3/ and a constant current high voltgge power supply model SIT-
8025 C/D, with sufficiently rapid response feedback circuit /7/. The laser was tuned on different
vibrational-rotational lines in the bands 00°1-(10°0,02°0); and- 0ﬁ°l-(10°0,02°0)]] of a COy
molecule using a selective resonant cavity formed by a flat diffraction grating and a curved
coupling mirror of 10 m in radius. :

We have measured the voltage changes on the discharge tubes for different values of the
discharge current and different intensities of three laser lines: P(10) and P(20) in the band 00°1-
(10°0,02°0); and P(30) in the band 00°1-(10°0,02°0)jj. The discharge current was changed in the
range of 13-27 mA and the power of the laser lines was adjusted for four different values: P] =
Pmaxs P2 = 10W, P3 = 5W and P4 = 3W for P(20) and P(10) lines and P) = Pmay, P2 = 4W, P3 = 3W
and P4 = 1W *for P(30) line.

Parameters were determined for every discharge current lk as follows:

- - the voltage across the dhscharge tube UAj (anode voltage) for the values Pj (i = 0,1 2, 3,
4) of the power of laser lines (i = 0 means P°.= 0, obtained by introducing a screen in the laser
cavity);

- the anode voltage change in respect with P = 0:
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Fig.3 shows these parameters which characterize the optovoltaic effect in CO, lasers,
the discharge current and the vibrational-rotational lines being parameters.

One can draw the following conclusions:

(i) The optovoltaic signal decreases when the discharge current increases, having large
values at smatler currents than the optimum current for maximum power (lopt). This observation
suggests that the optovoltaic signal presents a current dependence closer to the population
inversion or to the small-signal gain than the current dependence of the output power.

(ii)The average percentage plasma impedance change on unit laser power shows a
reduced dependence on discharge current for values smaller then Iopt and is maximum for the
P(20) line. Making a comparison between this parameter measured at the same discharge current
and different vibrational-rotational lines with the computed normalized small-signal gain
function on rotational quantum number, one can remark again that there is a proportional
dependence between the optovoltaic signal and the small-signal gain.

(iii) The large velues of the average optovoltaic signal ( W/AP = 20 V/W ) makes
it possible to use the optovoltaic effect to the detection of output power changes owing to the
modification of cavity length or the frequency of laser radiation. It has to be mentioned that the
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signal obtained in this way is higher than the signal given by most infrared detectors.

(iv) Using a variable frequency mechanical chopper inside the laser cavity, the
optovoltaic signal amplitude and phase dependence on the modulation frequency and phase of the
laser field has been determinated. In the frequency range of 20-200 Hz, the optovoltaic signal is
in phase with the laser field modulation and its amplitude decreases when the modulation
frequency is increased.

These observations and conclusions could explain the physical mechanism which is
responsible for plasma impedance change in CO2 lasers. The explanation is based on the
competition between the de-excitation of the upper laser level by stimulated emission or by V-V
and V-T collisional processes described by .

CO, (00°1) + M = CO, (nm'0) + M+ AE,
where M is a possible collision partner (COz, CO, Oz, Nz, He, Xe, Hgz) and AE is the energy
exchanged between the excited molecules and the translation mode.

For a constant pumping rate, an increased laser radiation determines the grawing of the
stimulated emission process and a decrease of the number of molecules which transfers their
energy to translation mode (and then, a decrease of the gas temperature). A lower temperature
means an increased collision rate between molecules and electrons, so the plasma impedance will
be higher. For a constant excitation current, the voltage on the laser tube is larger, the same
tendency being observed exper.im.etally too in Fig. 3.

The significant magnitude of the optovoltaic signal allows conveniently to use the
optovoltaic effect for discrimination characteristic (phase sensitive detection of optovoltaic

signal) in frequency stabilized CO,, lasers.

2
4. Automatic laser frequency servo-control system
The laser stabilization at the top of a line profile entails the search of an extremum,
which is done using a small amplitude, sinusoidal modulation signal. The correction signal is
generated by a quasilinear discriminant characteristic abtained in the output of a phase sensitive
detector.

- The block diagram of the functionsl modules used in the frequency stabilized CW CO2
lasers is shown in Fig. 4. The fifteen functional modules denoted in the block diagram by a three
letters code can be grouped in three main blocks in accordance with the specific function played
in the operation of the frequency stabilized CO2 laser:

1 - a high speed regulated current power supply, which excites the CW CO2 laser tube;

2 - a servo-control system (lock-in gmplifier), which controls the length of the resonant
cavity;

3 - a logic electronic system which allows an efficient and operative control and
monitoring of the frequency stabilized CO2 laser operation. .

This chapter will only deal with the automatic laser frequency servo-control system.

The piezoelectric transducer built in our institute has e sensitivity of 9.6x10-} um/V in

the displacement section (in its linear range between 500 V and 1700 V) and 1.26)(10'3 pm/V in
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the modulation section.

The modulation signal, with a frequency of 520 Hz is generated by a pilot oscillator and
applied to the piez.oelectric transducer through a modulation amplifier. The modulalion signal
amplitude can be varied between 0 and 150 V peak-to-peak. Both circuits are placed on the same
functional module (OMA). The signal from the pilot oscillator is also applied to the phase
sensitive detector (PSD) electronic module as reference frequency.

For CW CO2 lasers excited by regulated current power supplies, the modulation signal
which appears in the emitted radiation can be measured according to the optovoltaic effect using
a simple band-pass filter like that denoted with OVP (optovaltaic probe) in Fig. 4.

The‘ optovoltaic signal is amplified through a two-stage tuned AC amplifier (ACA). The
gain of the tuned amplifier can be adjusted from 40 dB to more than 100 dB and the input
impedance is larger than 100 k2 . The bandwidth of the amplifier is very narrow (3.6 Hz at 3
dB), since the quality factor for every stage is about 40. The high gain and the very narrow
bandwidth of the tuned amplifier ensure a signal-to-noise ratio better than 1000.

The amplified optovoltaic signal is introduced in the phase sensitive detector (PSD)
module, based on a four-pole analogue commutator. The fine phase adjustment is achieved with a
phase locked loop (PLL) circuit. The phase in the reference channel can be either continuously
adjusted from -45° to +135° using a RC phase shifter and the capture band of the PLL circuit

8 E 565 or reversed by 180° with a phase switch.

The error signal is obtained in the output of the special electronic module DCA (DC
amplifier) by processing the output signal of the phase sensitive detector. The DCA module has
two modes of operation, namely:

- gain of ten amplifier with integrating time constant of 1 second;

- high gain integrator with output slewing rate of about 6 V/s per volt of input.

The first mode allows the observation of the smoothed output of the demodulator
(stabilization discriminant), while the second mode is used in closed-loop stabilization to observe
the error signal.

The high voltage amplifier (HVA) module works on the principle of a switching high
voltage power supply. The output voltage is controlled between zero and - 1700 V through a DC
supply voltage proportional to the error signal given by an integrator and/or to a bias voltage
selected by an operator. The feedback loops of the ﬁigh voltage amplifier ensure a linear output
characteristic for. this circuit and its over-current protection.

To prevent the interruption of lock-in stabilization if the amplitude and the sense of the
error signal requires a correction voltage over the preset limits of the HVA circuit (imposed by
the piezoelectric transducer characteristics), a mode-jump circuit, (MJC) module has been
incorporated in the automatic frequency servo-control system. The input-output conditions are
fultilled through an optimized design using only a quad Norton amplifier type 3M 3900. The
mode-jump circuit has the function to introduce a preset voltage step equivalent to a mirror

translation given by an integer number of A /2 (by the piezoelectric transducer) whenever the
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correction voltage exceeds the preset limits near 0 and - 1.7 kV. Such a jump to an equivalent
point within the normal range of operation of the piezoelectric transducer causes a mirror
translation of + n A /2, 50 as a new longitudinal mode to fall on the top of the laser gain curve.

The mode jump circuit has two modes of operation: "calibrate” and "auto", which can be
selected with a mode-jump selector switch. The "calibrate" mode of operation is used only for
the adjustment of the step size of the jump, while the "auto" mode is normally used in frequency
stabilized operation for automatic initistion of the mode jump at any of the preset limits. By its
operation between adjustable preset limits, the MJC module also provides an efficient protection
of the piezoelectric transducer from excessive bias voltage.

The modular design of the electronic circuits belonging to the automatic servo-control
system allows a compact and versatile construction for a large range of applications, not only in
the frequency stabilization of gas lasers, but also for piezoelectric transducer characterization,
signal pracessing and so on.

5. Evaluation of laser frequency stability

To measure the laser frequency stability, several methods can be used. The most direct
method is optical heterodyne measurement, in which the beams from two similar lasers are
mixed and the frequency difference is monitored.

Wse have developed a new method to evaluate the CO2 laser frequency stability /8/. The
error signal in the feedback loop was found to be proportional to laser frequency deviation
against the top of the gain curve. To measure the laser frequency stability, the amplitude of
error signal is calibrated in frequency units.

Based on mode pulling effects, a transcedental equation relating the laser frequency v
to the cavity length L is derived. The various factors are convenien{ly normalized to give the
following expression

oL = -[ov + % arctg(zQ°°)]’
where
oL = (L-LJ)/Lg»
oy = (g-oo)/oo.
G = koao
and Q= v, /289,

Here, \\o and XQ are the frequency and wavelength respectively at line centre, which
correspond to a cavity length LO'; a, is the small signal gain at line centre; and avy is the
Lorentz llne halfwidth.

These particular parameters were chosen because their magnitudes describe the
macroscopic process of index tuning. G, the effective gain per wavelength, is a measure of the

unsaturated gain. The quality factor Q, which is used frequently in amplifier characterization,
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indicates the width of the gain a ( Vv ). It i-s easily seen that the product G.Q is just the peak
value of the mode pulling term ca(v)/24Y9

In our experimental measurements, the LIR-155F frequency stabilized CO2 laser was
used, which was tuned on P(20) 00°1-(10°0, 02°0); line ( v_= 2.8306x10%% Hz, A, = 10.591 pm).
The experimental set-up includes the laser tube (inner diameter 5 mm, discharge length 25 cm),
the automatic servo-control system, a powermeter and a X-Y recorder. A discharge current of
11.5 mA was maintained through the tube.

Using the calculated value of A\!L(BZ.39 MHz) and the measured value of small-signal
gain 04(0.0108 cm-l), the quality factor Q and the effective gain per wavelength G are
determined:

@ =1.7178 x 10%
G=1.0438x10"

In a separate measurement, the displacement characteristic of the piezoelectric
transducer was determined. From the linear portion of the curve displacement function on
applied voltage, a sensitivity of K = AL/AV = 9.6 x 10-3 pm/V is deduced for the piezoelectric
transducer.

As it can be remarked in Fig.5, the following measurement were also made:

- the voltage range applied to the piezoelectric transducer to scan the oscillation
bandwidth of P(20) line, selected from laser signature:

VPZT =700 - 550 = 150 V;

- the error signal deviation U corresponding to the oscillation bandwidth of the P(20)
line (the phaae sensitive detector output signal);

. - the laser power variation for the P(20) line, selected from laser signature;

- the error signal fluctuation AU: when the CO3 laser is active frequency stabilized on
the top of gain curve of the P(20) line.

Now we are able to estimate the frequency stability of the C 2 laser. The P(20) line is
frequency scanned for a voltage of 150 V applied to the piezoelectric _Zensducer, which means a
144 ym displacement. This value corresponds to &L= 2.4 x 106 and from the equation which
relates the laser frequency to cavity length it results ¢v = 1.525 x 10-6.

The frequency excursion of the P(20) line is

AV = oVeV, = 43.167 MHz
value whlch corresponds to 139 divisions of a peak to peak excuralon of the error signal. So,

av
T = 0.31 MHz/div.

€
i PP
When the laser is active frequency stabilized, the error algnal variation is 2 divisions,

that is & frequancy instability of

by = el g = 0.62 MHz

PP
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results for our laser.

Finally, the laser frequency stability of

A -
&2 - 2.2x10
o]

is determined. . ]

Using the experimental set-up previously described, the error signal variation Aucwas
measured with active frequency stabilization or passive frequency stabilization (open feedback
loop) cn a period of 150 s (Fig.6). Curves a and e are traced with active frequency stabilization,
while curves b, ¢ and d correspond to the error signal variation without active frequency
stabilization, when the operating frequency is on the le¥t side, on the centre or on the right side
of gain curve, respectively. The frequency stability is ten times worse when the laser is only
passive frequency stabilized .

The error signal variation measurement also allows a rapid evaluation of response time
of the electronic servo-control system, which automatically adjust the laser cavity length. As it
can be remarked in Fig.7, the error signal transient response time is of approximately 1,2 s, when
an axially step function deformation is applied to the lasar cavity. This value is in good
agreement with the response time of feedback loop (1.]_. 8) computed by using the Evans method.

6. Conclusions

This paper reviews some theoretical and experimental results regarding the frequency
stebilization of sealed-off COy lasers. These lasers, owing to their -efficient conversion of
pumping energy, small atmospheric attenuation, large oscillation bandwidth and constructive
simplicity have found numerous applications in physics, chemistry and gechnology.

The laser plasma tubes designed by us have to fulfil the Aollowing requirements: the
shortest overall length possible for a given discharge length; opepation in the lowest transversal
mode TEMoo; a significant reservoir volume to discharge volume ratio to ensure long life
operation; and a large single pass gain to obtain the tunability of the CO; laser in an increased
spectral range. Applying these criteria, we have designed, constructed and tested sealed-off CQO,
iasers with output power between 4 W (LIR-15 SF) and 20 W (LIR-21 SF).

The method of frequency stabilization applied by us, namely the frequency stabilization
on the top of the gain curve is discussed especially as related to the optovoltaic effect, which is
used to derive the error signal. Studying the influence of the dis;:harge parameters on the
optovoltaic effect, large values of the averge optovoltaic signal (20 V/W) were revealed, which
makes it possible to use the optovoltaic effect for the detection of output power changes owing
to the modification of cavity length or the frequency of laser radiation.

The automatic laser ffequency servo-control systems developed in our department have 8
modular design of the elpctronic circuits, al\lowlng a8 compact and versatile construction. Using

integrated circuits on a large scele, our high-performance frequency servo-control systems are
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reliable and can be used not only for laser frequency stabilization, but also for piezoelectric

transducer characterization, signal processing and so on.

The hew method for the evaluation of CO; laser frequency stability is based on the

calibration of the amplitude of the error signal in frequency units. So, we have obtained a

frequency stability of 2.2 x 10-8 and a response time of the electronic servo-control system of

1.2 s.
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FIGURE CAPTIONS

Generation of the error-frequency signal

Blaock diagram for frequency stabilization on the top of gain curve

using either an IR detector or the optovoltaic effect

The characteristic parameters of optovoltaeic effect in sealed-off CO2 laser plasma
Block diagram of the functional modules used in the frequency-stabilized

CO2 laser model LIR-255F

"The power variation and the error signal for the frequency

stabilized CO9 laser LIR-155F

The error signal variation AU: with ective frequency stabilization
(curves a and e) or with passive frequency stabilization (curves b, c end d)
The transient response of error signal AU when an

axially step function deformation is applied to the laser cavity
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INTERACTION PROCESS STUDIES FOR GPTICAL HARMONICS GENERATION

I.M.Popescu, N.N.Puscas, P.E.Sterian, D.Irimescu

Department of Physics, Bucharest Polytechnical Institute, Romania

The main results presented in the paper concerning the interaction process studies
for optical harmonics generation are: a theoretical method for calculus of the different
high order nonlinear susceptibilities, numerical evaluation of some of these
susceptibilities in alkali metal vapours, the study of the seventh harmonic generation by

nonresonant interaction processes and by two-photon resonant absorption.

1. Introduction

Different high order harmonics generation (five /1/. seven /2/, nine /3/), in alkali metal
vapours and rare gases is one of the most promissing methods for coherent light production in the
V.U.V. and soft X ray region. The theoretical models for the analysis of the high order optical
harmonics generation with the help of the coupled equations imply the knowledge of nonlinear
susceptibilities /4,5,6/ of different orders for the numerical integration of these equations with a
view to the theoretical evaluation of the possible conversion efficiencies of the interactions in
different media.

This paper presents our contributions concerning the interaction processes for optical
harmonic generation. The main results are: a theoretical method development for calculus of the
different high order nonlinear susceptibilities (fifth /7,8/, seventh /9/ and ninth order /10/) and
numerical evaluation of some of these susceptibilities in alkali metal vapours, the study of the
seventh arder harmonic generation by nonresonant interaction processes /11,12/ and by two-

photon resonant absorption /13/.

2. Different high order nonlinear susceptibility calculus

In order to calculate the fifth order nonlinear susceptibility by taking into account the
spin-orbit coupling and some damping effects T mn? the following equations for the density
matrix elements p , which describe the induced transitions between eigenstates of the nonlinear

system, are considered:

g ? (n-1)
ifi(zg ¢ feg, * (-8 0T depy = [HY(8),0 ]mn W

where H' = -pE represents the perturbation. The different order matrix elements of the density

operator p may be written as:

-i “9Y -1 (ke (2)
®mn ° C’s‘::)e ikot | Crgr': 2)g-i(k-2)0t ess CaC,
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These matrix elements occur in the calculation of the fifth-order polarization which has the
form:

8) -Sjet
C e
nm- nm

<P(50t)>= NI P + ¢c.c.
mn

)

The fifth order susceptibility is the ratio between the average value of the polarization and the
incident field. The effective calculus gives for the real part of the susceptibility an expression

formed by terms having the general form:

(8) (ea°)°

1
X (-5030,0,0,0,0) = ——— +« =5 ngapabpbcpcdpdepeg
(he)® 2

1 - '
[(0-0ag) 1"} [ (20-0pg) 1] [(0ug )™ 7] [ (4urogg) "+ 17] [ (50-0gg)* 1%

{(U'?ag) (zo—mbg) (3,,,-.,,cg) (4u-udg) (Su-uag) -r’[(u-uag) -(20-ubg) * (8)

. (40-udg) (3u-ucg) ‘(3»-(uag*ubg))(7u-(nag*udg)) + (u'uag)(zu-ubg)
(30-(uagowbg)) + (3&-ucg)-(4u-mdg)'(7u-(uag*udg))]} + ...

In the expression (4) Pii represents the elctric dipole moment between states i and j,

ag is the Bohr radius, ! is the angular frequency, g refers to the fundamental state and a, b,

... refer to all excited states. We neglected the terms which contain powers of T greater than 2
as being insignificant.

The eigenstates of the alkali metal atoms involving spin-arbit coupling are specified by

the ket vectors: | n l,8=4,), m>. The dipole matrix elements have the form:

: ’ ' s ' - - . 1) . .

<n,1,8,3,mP_tn’,1',s',j",m'> = <l,s,j,mT"11',s',5",m'> 5)
« ¢<n,lirlin’, 1>,

where i1y
. cm, d
<Ls,3mT 118", 50 ,m'> - (-1 3™ )<1,s,3T 1 ,e, 4>
-m Q0 m (3]
<Ls, TN, et, 50> = (-9 120 Y2509 N2y e
iy . @
. { }-<1l|T >
181 .
H 8 Y 111
<UITT N> = (- el (2171 ( ) ®
000

The calculus of the fifth order suscéptibility and the drawing of dispersien curves involve
computer aid



Taking into account the values of the dipole matrix elements for the transitions ns — n'p,
mp —e m'd and kd —e k' calculated in papers /5,8/, such dispersion curve for iodine laser
radiation situated around = 1,3 pm is gresented for Na atoms in figure 1. The abtained value

'? (-50;0,0,0,0,0,0) =1,34 x 10-44 ESU for a damping coefficient T = 0.5 cm-lis
in accordance with other published results /14/.
Néglecting the fine structure of the energetic levels implied in transitiqns, for the

seventh order nonlinear susceptibility (per atom) the following experssion is obtained /10/:

x 7' (70) = o b ) [<aso %Izlb,po %)(b1p0 %Izlbzso%>

1097
<b,so %lzlbspo %><b3po —21-|z|b“so %Xb“so %Izlbspo %-> .
(9)
<bgpo %Izlbsso -21-><bsso %|z|b7po %K b, po %izla so %-> .

1
) Iuabl+7o) (uab2+6u) ..o (oab7+o7

other therms describing the in-

teraction between othar states and continuum.

The frequency dependence of the seventh order nonlinear susceptibility for Na and Li
atoms for A = 1.06 pum is presented in figure 2 (a) for the frequency variation around the
fundamental and (b) for the frequency variation around the seventh harmonic.

Since the fine structure of the levels and the damping effects are neglected, at

resonance, the seventh order nonlinear susceptibility becomes infinite.

3. Nonresonant interaction process model for the seventh harmonic generation

The coupled amplitude equations that describe the interaction of four waves /15/ are
used for the analysis of the seventh harmonic generation in an isotropic and nonlinear medium
that presents third, fifth and seventh order nonlinearities.

Following the model presented in paper /16/, it can be considered that the seventh
harmonic generation results from both the direct processes that involve seventh order

nonlinearities
QO+ 0+ttt te— T
(10)

and the four possible step processes that involve third and fifth order nonlinearities:

IU+U+U——’3M (11)

1u + Jo +3u— 7w
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{u+m+w—-‘3w

ot otot ot Jo—7 12)

Wt otod+o+o— S
(13)

w4+ wt S0— 7w

wt o+ o — 3u

(14)
Juw + w + w — Su

w+ wt+ 50— 7w
For the processes (10) and (11) for instance the general conditions for the wave vector

mismatch take the form:

kl + kl + kl + kl+ kl + kl + kl = k7 + A17 (15)
16
ky + kg + Ky = Ky + 8, e
k, + ky + ky =k # 84, an
and
by, =813 % 845, Q8)

In the wave plane approximation for the same direct (10) and step (11) processes one
obtains the following coupled normalized amplitude equations

2 6 .
a_,sin(w-zo) - o” a a_sin ¢ as9)

c!.':il -
—3 = ~g,.a.a i - g!
= 1091°3351Nn ¢ = 0},a, 107127

d33 3
— = a,sin § - u”alaaa7sin(w-2¢) (20)
dz
da 4
- g,,.a in(y-2¢) - o! i
— 702,2;35in(¥-2¢ 0703,51in ¥ (21)
dz
a.‘:
de A 4
—d-T = -A“ + (; - 3°1°alaa)cos 9 - 301'°afa7cos v +
z 3 (22)
2
a,a

7
——) cos(¥-2¢)
1

' 0
'+ (%308,9;-3Y)
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2
a a a.a
d_t_ = ’317 - 79403,35c08 ¢ + (950 ; 2 - 7% ; ’)
dz 7 ! (23)
H .
« cos(v-20) + (95, Ol 70{,a,a)cos

where ¢ 100 o'1grr @re nonlinear coefficients that depend on several order nonlinear
susceptibilities. N

In a Na:Xe (_X€ = 3.55 N = 10
mismatch (izu =4 i“7 = 0), for a laser radiation of - * = 1.06 pm and power density

17 ﬂtoms/cmj)'mixture, without wave vector

1011W/cm » the dependence of the fundamental a (with a factor scale x1), third harmonic

8y (x4.8x10 1) and seventh harmonic ay (x6.7x1072) on & nopmalized distance z is presented in
flgure 3. The maximum of the seventh normallzed amplitude is obtained for z = 9.3.

For Gaussian beam paraemeters that define tl"le experimental configuration of the

interaction processes mentioned above, presented in figure 4, we obtained the seventh harmonic

amplitude which is dependent on the integral I defined by:

ia,,Ln id 4500
2(1-9) - T2 2(1-d) - T 7
I= [ —————dn-iW [ —————dn -
-2d (l-iqn) -2d (1-iqn) (24)
i4,,L
n T T2z

—_— dt = Id - :i.WLIs and W = 0307/20-"
-2d (1-iqTv)

1°. For weak focusing q < 1, where the focusing parameter q is defined by q = % , the

maximum of the seventh harmonic power is obtained for phase matching conditions A13 =
0.

& = .
17 :
For d = 4, where d = %QQefinea the maximum spot position, the integral I reaches its

maximum and we thus obtain:

2(14a%) (1-3 qz)] :

1=2[1-2q2+11-q"-~'.wL g o
+q

(25)

29, With strong foeusing q > 1, and if only direct processes are taken into accoent, it

results:
2n s -5 LAy,
I‘Id'ﬁ(— 5 ) 8 2 (for d + = ) (26)
which has @ maximum value for = 10

81755
The contribution of the step processes can be evaluated from the maximum of the

expression
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ia Ln iAIJLx

137
| U
1 e ;] 2
RJIg =5 ] —————— dn —————— dt (27
e 1(1-iq n) -1 (1-iqr)
This is fulfilled for A 17 %

The conditions for wave vector mismatch considered above may be accomplished
experimentally by variation of the mixture density of the inert gases and the alkali vapour
metals.

4. Two-photon resonant absml'ption maodel for the seventh harmonic generation

It may also be considered that the generation of the seventh harmonic is produced by the
resonant absorption of the two photons that correspond to the dipole transitions between levels
| 1> and |2 >using the intermediate state | g, which can be bound or free (fig.5) under a four
wave process of the type : w + 3w + 3w = 7w .

Considering that the total electric field consists of the incident field El and the fields

E3 and E7 of the generated harmonics, which are considered much smaller than EI:
i(wt-k,2) i(3wt-k,;2) i(wt-k,2)
€E(z.t) = E;(z,t)e + Ej(2z,t)e * E (z.t)e (28)

using the density matrix formalism for the two-photon resonant absorption and the model

presented In paper /17/ one obtains the following coupled amplitude equations:

) oN .
9 " -—2(:50[(011((»))‘711 + <a,(0)>9, )A, + <2*1a/f‘>°,.1:A1°°52291 .
(29)
+ <k, /m>0, A c0s(6,-0,)]
Ay JuN 0 > 9 )A.sin ak,z -
= ° " Ter (<a,(30)>9,,4<a, (30)> ©,,) A, 3
(30)
- <‘21/h>°lelsin(el-e -ak z)]
s Ce e
3 30 = - 30}' <a (30)>%,, + <a (30)>9. )A _cos Ak,z*
Ay gz~ TaAy Zce, Ay [( a,(3e) 2 22’73 3
' koo a o1
<‘21/h>‘13A1cos(01-0,-Ak3z)]
dA
ek g ;%%;[(<a1(70)>511 + <a,(70)>9,,)A,sin ok 7 ¢ o

- <;21/'h>°: zAasin(ea-e_,-Ak_,z)]
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ao TwN o
7 %2 A, = - ge—[(<a,(76)>% 4+ <a,(T0)> ,2) A;COS Bk, 2z ¢
[a]

) ] (33)
+ <621/h>°12A3005(93-07-Ak72
whére @ N
m _ 0
bk = me=k, = W:?;{[u; (@)-a, (o) ]e  + faj (o) ayle)]e,, ¢
. s (34)
2 -i(m-1)0
+ _ﬁRe[lee tlZ]}
represents the wave vector mismatch.
The model takes into account:
- Stark shifts of the levels
(35)

-1 , , 2 .
Juzl = h {[al(o)nxz(u)]lgll + u;-(3u)|}:3|2}

- ionization processes corresponding to the levels |1 »and | 2> due to the incident radiation and

the third harmonic respectively

-1
3w ' 2 36
Y, =Y, ~h ay(3v) |E,| (36)
-1
- 3w . 2 , 2
Y, mvy t v = oy E L + a;(3e) [E, I ] 7
o lz e Iz (38)
-l . 23 24
a.\Mw a . (hw - a. -
j(me) = aj(mu) - ia,(me) =H %(ule_m e
- absorption or emission of two-photon
BtV
1L L2
vy, =] ——= (39)
12 g W *t
- stimulated Raman scattering
U, H Uy "M
22 01 29 £,
£,, < U ? (40
21 g wpq— 3w wyo*3w )
. 5 - 2,4
end Doppler width 6 = w . (ZRT/Mc®)
2
® -(6/6 41
<A> = 1 fAe D) dé @)
eD/7¥-
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5. Conclusions

The models for the fifth end seventh order nonlinear susceptibility calculus made by

either neglecting the fine structure of the levels or by taking it into account, can be used for the

numerical evaluation of these susceptibilties.

The obtained coupled amplitude equations and the dependence of the normalized distance

of the normalized different harmonics can be used for the improvement of the conversion

efficiency and for the optimal condition study of the seventh harmonic generation by two-photon

resonant absorption.
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CONTROLLING THE REFRACTIVE INDE X DISTRIBUTION
IN CYLINDRICAL BODIES THROUGH TRANSVERSALL Y
TRANSMITTED LIGHT MEASUREMENTS

Nicholas lonescu-Pallas, Valentin Vlad,
Institute for Rhysics and Technology of Radiative Devices, Bucharest, Magurele
Adriana Vlad, Valeriu Cépatina
Polytechnic Institute of Bucharest
Stefan Solomon
Institute for Nuclear Physics and Engineering
Mihai Jurb3
Faculty of Physics, Bucharest

A new method of evaluating the mathematical transform connecting the refractive
index distribution in cylindrical bodies to the transversally transmitted light distribution,
is presented. A computation program, based on this method, is devised,cummulating the
following advantages: the characteristic singularity in the coordinzzte origin is avoided; a
single numerical integration is used, instead of a double one, ensuring a rapid data
processing; the algorithm tekes into account an eventual index jump at the body edge;
the refractive index profile is calculated with an error < 1x10-3. The method was
checked by analytical simulations of some simple profiles and by using experimental data
yielded by a cylindrical rod with a known index profile introduced in an optical set up
directly connected to a computer. The processed data finally proved the mentioned

advantages.

Statement of the problem

A transparent cylindrical body, having a circular transverse section, is horizontally lying
in a transparent liquid whose refractive index is equal to the refractive index on the cylindrical
surface of the body. A laser beam, passing in a horizontal plane, intercepts perpendicularly the
cylinder, determining in a circular transverse section, a certain path inside the body, which is
almost secant of the circle, parallel to the horizontal diameter. Let t be the distance from the
interception point (incidence point) of the beam to the horizontal diameter of the transverse
section and y the diameter coming from the spot of the emergence point on a vertical recording
plane parallel to the cylinder, and perpendicularly ending on the same horizontal diameter. The
recording plane is placed at a distance L from the center of the circular transverse section of
the body, greater or equal to the radius R of the respective section. It is important that, at all
events, L should be a little greater than R, in order to have a constant refractive index and a

vanishing spatial . gradient of the index in the radial transverse direction for any
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distance greater than L. The incident laser beam is displaced in parallels to itself so that the
path inside the transverse section explores the circular surface beginning with the southern
and ending with the northern pole (Figure 1). Accordingly, on the recording plane will appear a
succession of bright points, being established a one-to-one correspondence between the laser
beam incident on the cylindrical body at t and the measured light intensity at y.

If the cylindrica! body under investigation would be altogether homogeneous and with a
refractive index equal to the refractive index of the immersion bath, then the two perpendicular
distances will be rigorously equal and the incident light intensity (at t) equal to the measured
light intensity (at+w) (this, however, implying that no absorption and no scattering of light takes
place within the body). The energy of light is then conserved during the travelling through body
and,moreover, its distribution against the height t is kept unchanged. If, instead of this ideal
situation exhibiting no practical interest, the cylindrical body has a refractive index distribution
depending on the distance r from the center of the tr:ansverse section to an arbitrary point of
this asction, then the light energy travelling through the body is still conserved, but the light
intensity distribution in the recording plane is different from the distribution in a plane parallel

to the recording one and tangent to the bady surface in front of the laser beam.

Mathematical formulation
Lat us adopt the location of the recording plane at L = R + ¢ = R in order to avoid
eventual edge effects (due to the non-fulfilment of the conditions n = n ) dn/dr=0atr =R)

and introduces the notations

.§=T.£=nl§=‘ (1)

Thereafter, we divide the distance R in N equidistant intervals and consider the discrete values
of (T, 7 , ¢ ) corresponding to the equidistant division points. The conservation of light

energy during the travelling through the cylindrical body delivers us the equation

t y(t)
[ (eat = [ I(y')dy’ @
o o

(which accounts for the energy balance of all the light beams passing in the band delimited by
the horizontal diameter of the transverse circular section and a line parallel to this diameter and
placed at a distance t of it). If we assume that lo is & constant quantity (steady irradiation) and,
in addition, we take into account the obvious condition

yR) =R 6)]
then, the incident intensity may be expressed as

1 R @
Io-ﬂ—-ﬂl(y)dy
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Further on, it is opportune to introduce normalized intensities

K
1= I(y)/1, = Ily) x g—=—o

[1(y*)dy’ )
o
in terms of a dimensionless argument
J(n)
H) = = (®)
Vo fant)dne
0
where Ky) = J( 2 ). It follows now that
1
fl {(n)dn = 1 ™)
and the relations (4) and (2) become
1
. I, - {)J(n')dn‘ @)
end Ja(n')dn' n(1)
T = 3—— = [ I(n)dn’ _
f3(n")dn" o respectively. @)
o

As we already mentioned that between the quantities t and y a certaln one-to-one relationship is

established (as a result of energy conservation), we may, in principle, revert the function %
% (T )toobtain ¥ = # (% ). Then, by taking the derivative against 7 in (2') we come to a
first noticeable equation

Iin) = —g5— (8)

Alternatively, resorting again to relation (2'), we may write
1n) = =r{=7 (8"
The theory of the problem comes tu a certdin connection between the refractive index

distribution in the transverse section of the cylindrical rod and the intensity distribution in the

recording plane. We denote, first

n(r)-n(R) 9
Flr) = —xmy — ° 7
Thereafter, we introduce dimensionless variables
F(g) = f(g) , nlr) = ulg)
N (10)

ulg)-u(1)
fle) = m = =11
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The connection between the various dimensionless quantities is given by the transform (of the

Abel's type) / /

1
' tdt - _nl1)
flg) = Jgl1) ——— . gl1) = [1 T‘]

: \/T—J (an

T L

Taking in view that ¢ is connected to (normalized) intensity through relation (2, % g( Z )

may be written as

n(t)
tg(t) =£ [I(n*)-1]dn’ 12)

and, consequently, the functional (11) takes the form

1 n(t) .
Flg) = [ —— } [1(n*)-1]dn’ 13
4 12-72 © '

\
After a partial integration, the double integral is reduced to a simple one

\ \/ 2 2 t=1 1 . , \ .22
Flg) = (r-m)in == | - [[1(m)-1]n"(7) % 1n #‘———‘— dv =
™ 4
14)
1 ’Z 2
- 1 T+ Mt -t
{[1 - T In 4 d*

Formula (14) is an accurate one and for its derivation the relations % (1) =1 and % (¢ )=
1/3( %7 ) were used. It is still possible to go over from the variable 2 to the variable » (in the

recording plane). In this case, one abtains

; ()« Neim-e? as)

flg) = - [ [1(n)-1]1n .
n(c)
This formula is still an accurate one. To go further, it is8 necessary to make some useful
approximations. If the quantity f(0) = ﬂl— is much smaller than 1, the following

1
approximation does hold giving a good agreeme#t w?th exrfberimental data

T(R) ¥ n => n(3) ® ¢ 16)

Physically, this is equlvaITt to the discarding of the effect of refraction inside the body (this
not in any ver?ion of the functional f < J, but only in formula (15), in which this effect is
minimized). Thus, from (15) and (16), we obtain

1 [ 2 (17
flg) = - [[I(n)-1]1n("‘—“")dn
4

3
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The consequences of the approximation (16) were investigated in some practical cases when
J(? ) is bounded so that I.‘J( 7)-1 [ << 1. In such cases, the smallness of relative intensity
entails the smallness of the refractive index contrast and the approximation is a fairly good one.
For Cf = 0, the integrant in (17) is logarithmically divergent (although the integral itself is
convergent). It is therefore recommended to prevent the direct calculation of f( = ) in the close
vicinity of € = 0 using formula (17). In such points f( ¢ ) may, for instance, be well evaluated
by using finite difference method and proceeding from the points placed in their proximity, for
which the respective formula still holds.

Numerical approximations

Let us divide the distance R in N equidistant intervals R = N & and let the radial
distance r (0 £ r ¢ R) be an integer number of § ,i.e.r=s4d .It follows that ¢ - E = %

Further on, let us perform in (17) the variable change 0 - ; . We thus abtain

N C - : 2 Pl
sy . _ 1 5, _ ¢ Ve -s _ (18)
R = g @ e

Now, let us divide the interval (N - s) in equidistant interval of unit length. Thus, one reaches the

formula

P Ve2ost ) dé
A S (19)

N-1 j<1 : ;
Sy 1 é 6
f = - 1 [ [HE-1]nC

s)
which is particularly suitable to be approximated with the aid of Gregory-type mechanical
N-4
N
computation program was elaborated and tested for known intensity distributions (derived by

integration method. The quantities f(0) and f( ) require a special treatment. An efficient

solving the inverse transform for simple refractive index distributions). In a second stage of
numericpd simulations, a white multiplicative noise, corresponding to a gertain admitted band of

error, was taken into account, and the stability of the integration method was checked.

Inverse functional Lrat;sforrn
Formula (11) may be considered as a direct Abel transform between g{ Z ) and f( ¢ ),
Accordingly, it may be reverted to give

1

2 1 4, 1dr
< Vi2-¢?

Thereafter, we change adequately the denomination of variables, introduce the expression of g in

terms of J and, finally, by performing a certain derivative, we establish the inverse connection

between J(? ) and f( & ) under the form

] .
1) . 2/ £1(1) d df dg (21)
= 1 + " —— —_— —— .
{m }Mm ﬂ [ §] }

V‘l-'rz
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To notice that this formula still holds for € = 0®R -~ R), when f1) may be different
from zero. We denote the right part of the equality (21) by Y (T ) and remember that the left
side of the same equality is equal to d? (¢ )/d & . Thus, we obtain the integral equation

(22)

which is the starting point for simulating various cases of practical interest. Let us consider the

T
n(e) = [v(")dr’
]

function
F) = La(16977 , dal <<
(23)
which is close to the real refractive index distribution, to be encountered in studying optical
fibers (or cyljndrical rods named "preforms”, out of which the fibers are obtained through an
axial pulling under certain thermal conditions). f({ ) satisfies the condition fi(1) = 0. From (23)
and (21) we obtain ¥ (¥ )=1+& (3 22-1) Inserting this result in (22) we obtain the third
degree algebraic equation
n() = v + a(e?-1) (24)

Reverting this equation, it results

1(n) = n - u(na-n) + a2(3n°-yn¥sn) - 0(ad)

(25)
The intensity may be now easily estimated as
I(n) = d—‘éx—) =1 - a(3n%-1) + o2(150*-1.n%+1) - 0(a?) (26)

1f, instead of inverting the exact transform (15) we would invert the approximate transform (17),
we will obtain J(? )=1- = (37 z._ 1). In this way, we get an indication about the systematic
error introdyced together with the approximation going over from exact formula (15) to the
approximate one (17). It is of the magitude order of the maximal refractive index contrast inside
the body.

Another analytital case studied by us is the parabolic one

flg) = % e(1-¢’) » 1Bl << 1,

(27)
leading to the intensity distribution
2 -1 (28)
I(m = (1 *3ﬁ._:1_) » 1(n) = n + 0(®)
1-1"
Geometrical calculations

When the refractive index of the rod in the proxifmity of the cylindrical surface does not
exactly coincide with the refractive index of the adaptation liquid (matching liquid whose role is

to prevent the behaving of the rod as a cylindrical lens), then an additional signal is given, which
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combines with the signal coming from the refractive index distribution inside the body to give a
total intensity distribution, measured in the recording plane. The pure non-adaptation effect may
be calculated, for a rod with constant refract.ive index throughout its volume, by resorting to the
refraction formula of a light ray (see the figures 2). In th'is way, we obtain the formulas

2
n(t) = [t-2f1(t]] - {E - J1 - [t-Zfl(t)]z} . Zl)[i:;:

1-26%
(29)
F00) = o(n) Y1k T, e() t[ VRIS KF]
n, v
where K = n_ is the ratio of refractive index in exterior medium to the refractive index in

body. Formulas (29) do hold irrespective of the fact that K > 1 or K < 1 (although the ray path in
the two cases is auite different). For L = R + € and |K - 1| << 1 the following relation

between ? and T is derived

n(t) % 1[1 - (10 & 2_] (30)
V1-12

leading for f( { ) to the exbected result

1 1
frg) = [ =ML gt v (1-K)2 5/ 1dT = (1-K)‘§
4 12_c2 [ (1_,‘3) (12_‘2) 31)
0<g <1

More sofisticated calculations, undertaken by us, intended to make “analytical" the refractive
index jump at the cylindrical surface. In this case, a composition law of intensities - coming from
the two possible causes (intrinsic refrective Index distribution in rod and non-aglaptation jump of

refractive index)-was derived and used in practical applications.

Some enalytical simulations °
A smoothed out profile of refractive index distribution is given by the function

flg) =u(1-c’)7/’(1 +%c’ +Ec"+3%c°) (32)

n.-ad. 8
It ensures the fulfilment of the following analyticity conditions f(1) = 0, (1) = 0, J(1) = I,
¥(1)=0. In addition, the respective function exhibits a high order contact at € = 0 and has a
single inflexion point at ¢ = \/7/12 = 0.763765. In conclusion, f( & ) in (32) may be a
reasonable choice for an "analytized” refractive index jump. It brings a contribution to light

intensity distribution which may be assigned to non-perfect refractive index adaptation
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(r-" a(1-12)? (xfgg + ohp

(33)

+ 63 &+ 231 Ts _ 3003 a)
T12 758 1028 Y/

- The small parameter % may be either greater or smaller than zero, according to the fact that
the refractive index on the inner cylindrical surface of the body is either greater or smaller than
the refractive index of the adaptation liquid (in which the body is immersed). Concerning the
intrinsic refractive index distribution of the investigated body, a reasona‘ble function, obeying

necessary boundary conditions would be

n(t) = 1{1 -8 .\/1—-1_2(1"!"’)2}

(34)
It brings a contribution to f( £ ) and ¥ ? ) according to formulas
- w5, 5 18" . 3 -5 ?
fingr. (8] = (170 ) (1-¢7) {37 T 3?7(;j;? }
(35)

a
(- D gee, = HEEL G o i e
1-1
The small parameter 8 is a measure of the dopping process intensity, determining the axially
symmetric refractive indgx distribution inside the body. For a good agreement it i3 necessary to
have f > |a| . The two causes of the total light intensity signal and the total refractive

index distribution combine to give the total functions

(g) = F (g) + (%)

ftotal n-ad. intr.

(36)
{12 T 1} i { ; T 1} d ’ { ? T 1}
b n total rin n-ad. rtn intr.

In the final expression of J(n) 0 which is expressed in terms of ¥ , we may introduce the

tota 3

approximation ¢ = 7 . Some numerical calculations for n(0) - (R - & )= 5.03x10"
nR-¢& )-nR+ & )=+ 3.18x107 led to total intensity distributions of recorded light having

and
the expected experimental trend (Figure 3).

Exerimental setup and results

The experimental setup for controlling the refractive index distribution in cylindrical

bodies through transversally transmitted light measurements is shown in Figure 1. The collimated

light beam passes through the body, which is immersed in the matching liquid. The focusing
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objective images the observation plane onto the vidicon window inside the TV camera. An image
analyzer digitizes and displays on the TV monitor the corresponding image together with the
graph of the light intensity along a movable vertical line. The image analyzer is interfaced to a
minicomputer, so that the algorithm from eq.(19) can be programmed in a high level language
(FORTRAN) and the results displayed on the TTY terminal.

A typical light intensity distribution yielded by a gradient index cylindrical rod with a
perfect parabolic index profile in our setup is shown in Figure 4a. Using this intensit); distribution
s input data for eq. (19), we have obtained the refractive index distribution from figure 4b,
which fairly corresponds to the profile obtained by other (interferometric) methods. The dip from
the origin is an artefact due to the sigularity in the integral relating refractive index to the

intensity.
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NEW APPLICATIONS OF THE He-Ne LASER INTERFEROMETERS

C.Blanaru, G.Popescu, D.Apostol, A.lonescu, V.Vasiliu, V.Damian
Laser Dept., Central Institute of Physics, P.O.Box MG-6, ’

Bucharest, Romania

After a short review of the He-Ne laser measuring systems previously developed,
the paper presents some new applications of the laser interferometry in the
measurements technique. The applications include a Michelson-type He-Ne laser
interferometer used to determine the thermal expansion coefficient of a body with
variations in temperatuf;; a Jength measuring interferometer used in a computer based
system tw metrologically characterize the length etalons; interferometric length
measurement in order to determine the gravitational acceleration g; future projects
connected to the development of a modular system to measure different geometrical
quantities for industrial purposes and the interferometric measurements of very small
amplitude vibrations in the sub-angstrom range. The operating principle of each of these

applications is described and main technical characteristics are specified.

The laser interferometry has been successfully applied in laboratory and industrial
measurements, to measure not only the length and the velocity of the displacement, but also
many other geometrical quantities like angle, pitch, yaw, flatness, perpendicularity of the
displacement, etc. High repeatability and resolution, high accuracy, long-range optical path,
productivity and possibility of the automation of the measuring procesg are the main advantages
of the laser interferometric system.

The use of the laser as a light source in the interferometers was a major step in man's
ability to measure geometrical quantities easily and precisely. By coupling optical techniques
with digital electronics, the laser interferometer became a highly accurate and versatile
measuring system that can cope with industrial environments.

During last years, we developed several He-Ne laser interferometers for measuring
different quantities both in laboratory and industrial conditions /1/.

IFLAS-1 /2/ is a He-Ne laser Fizeau interferometer, intended to be used as a checking
device for the plane surface of the high quality optical components.

IFLAS-1 (Fig.1) interferometrically compares the wavefront reflected by the referenc-
surface with the wavefront reflected by the surface under test.

The He-Ne laser beam, reflected by the plane mirrors M MZ’ is transformed in a plane

ll
wave by the collimator realized with a microscope objective (MO) 40X, a 30 pm microdiaphragm
(MD), placed in the focus of the microscope objective as a spatial filter, and a collimating lens

(CL), which has the microdiaphragm in its focus.
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The réference piece (RP) has the first surface polished at a certain angle to teke out the
reflection. The second surface is the reference surface, polished better than A /10 for the
0.6328 pm wavelength.

The piece under test (TP) is placed on a table which can be manually adjusted to get the
alignment. .- ’

The interference pattern is observed on a ground glass (G), placed behind a diaphragm (D)
and a beam-splitter (BS).

The whole mechanlical structure is supported by a vibration attenuator, with three
independent isolators. .

The IFLAS-1 Laser Fizeau Interferometer tests pieces with a maximum diameter up to
60 mm, with an accuracy better than A /10. The maximum distance between the piece under
test and the reference is 100 mm.

LINLAS-8 /3/ is a greting interferometer for measuring the straightness of large
industrial machine parts. The sensor is a diffraction grating, which touches the surface under
test. Any deviations from @& streighi line of the grating motion, éxcept those parallel to the
grating lines, come up as a movement of the fringe pattern in the interferometer.

LINLAS-8 (FI4.2) uses a He-Ne laser as a light source. The beam divergence is corrected
by a collimator (C) of magnitude 10 X. The beam passes the beam-splitter (BS) and falls on the
Ronchi type diffraction grating (G). The beams in the (+1) and (-1) diffraction orders are
reflected back an tl'.\a.grating by the normally placed plane mirrors Ml‘ and Mz. They are
diffracted again and two interfering waves are obtained along the incident beam. The interfering
waves are separated from the incident beam by the beam-splitter and directed to two,
photodetectors (Dl' Dz), spatially placed as to obtain electric signals with a phase difference of

n/2. The displacement of the grating in its plane and normally to its groves generates
interference fringes with a period of p/4, where "p" is the piich of the gratin’é.

In this manner, by moving the grating along a line on the surface to be tested, the
straightness can be measured by counting the interference fringes.

The electronic processing system (EPS) detects the fringes and electronically divides the
beriod by 4, so & counting pulse has a weight of p/16, which becomes the resolution of the
straightness measurement. The results of the measurement can be displayed or recorded.

Using a 48 pm pitch grating and plane mjrrors of 120 mm in length, a resolution of 3 pm
has been obtained for straightness measuranients up to 8 m in length. The maximum straightness
measuring range was + 1 mm.

LASINTERF M-20 /4/ is a Michelson-type interferometer for measuring the length and
velocity of the displacement. In order to perform measurements on long distances with high
accuracy, it uses a Lamb-dip frequency stabllized He-Ne laser /5/. .

LASINTERF M-20 (Fig. 5) measures the length of the displacement by counting the
Interference fringes obtained at the optical output of the interferometer when the moving
retroreflector maves. The beam-splitter coatings are so that the signals detected by the two
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photodetectors have a relative phase shift of one quarter of a period, with the sign depending on
the moving sense.

A

- +0.3164 pm,

where » is the He-Ne laser wavelength in air. This period has been electronically divided by 4,

A period of the detected signal corresponds to a displacement of

so the incremental resolution in the length measurement is ,’l = 0.0791 pm, which is converted
to a metric resolution of 0.1 pm. 2

The influence of the atmospheric parameters on the laser wavelength is
semiautomatically compensated in the range (8.5 - 35)°C for temperature variations and in the
limits (674 - 788) torr for pressure variations.

Once the length information is available, It is easy to get the velocity of the
displacement of the moving retroreflector by fixing a ltime base and counting the length pulses
recorded in that time unit /6/. In the LASINTERF M-20 system, three time bases are available:
600; 60; 6 ms, generated by a quartz oscillator.

The experimental results obtained in laboratory and industrial measurements cancluded
that the following specifications are valid:

* length mode:

- - linear displacement up to 16 m
- resolution: 0.1 pm
- accuracy: + J..l[]'6 of the display + 2 counts in the last digit
- velocity of the displacement: max. 12 m/min
* velocity mode:
- measuring cange: (1 - 10,000) mm/min
- resolution: 1 mm/min
- accuracy:'i 1.10-4 of the display + 1 count in the last digit

LASINTERF T-20 /7/ is a measuring system for the length of the displacement, designed
for permanent installation on a machine toll er measuring machine. With a single frequency
stabilized He-Ne laser, twc axes of motion may be simultaneously monitored. For this purpose) &
two-ways remote interferometer, one for every axis, is used. The interferometers are completed
with a 50% beam-splitter and additional optics to direct the beams. The electronic system
displays the length measured on every axis.

The schematic structure of the system is presented in Fig. 4.

LASINTERF T-20 system measures the ‘length of thé displacement by counting the
interference fringes obtained at the optical output of the interferometer when the moving
retroreflector is displaced. An interference fringe is obtained for a displacement of 4 /2 in the
measuring arm of the interferaineter. The .:.. = 0.3164 pm units are converted in metric units
of 1 um, and the influence of the atmospheric parameters on the laser wavelength is
semiautomatically compensated in the range (8.5 - 35)°C for the temperature and (674 - 788)
torr for the pressure.

The experimental results obtained in laboratory and industrial measurements concluded
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that the following specifications are valid:

- linear displacement up to 12 m on every axis

- resolution : 1 pm

- accuracy : + 1.1076 of the display + 2 counts in last digit

- velocity of the displacement : max. 10 m/min

Based on the experience we have got during the development of these laser
interferomete'rs, some new applications became the subject of our interest.

LASINTERF D is a Michelson type He-Ne laser interferometer used to determine the
thermal expansion coefficient: of a body with variations in temperature. The expansion

coefficient is given by the expression:

- . AL
“#L

For a sample of a certain length L, to find out a means to measure the change in length
L (expansion or contraction) with a variation AT in temperature.- ‘

Generally, the dilatometers are based on the same princiﬁle: the length change is
mechanically sensed and converted to an electrical signal which {s then amplified. The various
dilatometers differ only in their technical data such as amplifier characteristics, stability,
mechanical mounting, etc. They all are subject to an error, the expansion of the transducer
system, which is difficult to calculate and becomes important in very accurate measurements.
The laser dilatometers do not suffer from this limitation and represents e fundamental advance
in dilatometry:

- the laser dilatometer readily determines the absolute expansion ¢coefficient;

- the absolute accuracy is given by the laser wavelength stability, which is in the range
of l[l'6 for a frequency unstabilized laser;

- the length measurement accuracy could be 0.1 pm or even smaller.

LASINTERF-D is primarly intended to be used to determing the thermeal expansion
coefficient of different sorts of coal. According to the schematic diégram presented in Fig. 5,
the test piece P is placed in a quartz tube, closed at one end. A plunger T, made from the
same material as the tube, transmits the length changes of the test piece to the transducer,
which is the moving cube corner prism PM from the measuring arm of the interferometer. By
the action of a spring, the moving prism assembly pushes, through the plunger, the test piece
with a certain force. The'dlsplacement of the moving prism is effectively frictionless guided and
represents the expansion or contraction of the test piece with the temperature variations.

The moving prism, plunger and test piece are placed in a controlled atmosphere ,
realized by the vacuum pump PVP and a suitable inert gas, supplied by the reservoire RG.

The -light source in the interferometer is a He-Ne laser model LG-5, with an output
power of 3 mW. The beam divergence is corrected by the collimator L. The beam-splitter DFS
is specially coated as to gensrate phase quadrature interferometer outputs, detected by two

detector units CD. The electronic processing system BENA counts the interference fringes,
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converts the _ 2. pulses to metric units of 0.1 pm and displays the resuit.
[}
The measuring range of the LASINTERF-D system is + 10 mm at a resolution of 0.1 pm,
The test piece length is about 10 mm, the thermal expansion coefficient is in the range (10°

L 10'3) grd'l, the maximum temperature in the oven is 800°C, and the accuracy of the length

6 of the display + 1 count in the last digit.

measurement is + 2.10°

In order to easily plot the length-temperature diagram, BENA includes a time base,
which synchronously commands the length and temperature readouts in decadic steps of 0.1; 1;
10 s resolution.

A particular application of the length measuring He-Ne laser interferometer is to
metrologically characterize the length etalons.

The laser interferometer is a part of an elaborate system, which includes a microscope
to read the markers on the length etalon and an electronic processing unit, which receives the
length information from the laser interferometer when the microscope 'reads" a marker and
computes the data to completely characterize the etalon from a metrological point of view.

In order to reduce the errors to a minimum, the fixed part of the interferometer (see
Fig. 6) is placed away from the heat source represented by the laser tube itself. The fixed cube
corner prism from the reference arm of the interferometer is approximately placed at he
halfway of the displacement interval of the moving prism. The moving prism is placed on the
same carriage as the microscope objective which reads the markers on the length etalon.

The optical components are placed in a temperature controlled room, while all the
electronics and controls are taken out, so there is no need for a human presence in the measuring
room.

The optical scheme and the electronic system of the interferometer is basically the same
as for LASINTERF M-20. The length information is transfered at the dutput to be processed by
the main electronic unit when the microscope orders it.

- The stringent demands of this particular application put ;6 the laser interferometer are
those of the nolse immunity and high reliability in the operation.

Another application of the He-Ne laser interferometer is to measure the length of the
displacement in order to determine the gravitational acceleration g. According to the operation
principle, the moving cube corner prism PCCM (Fig. 7) in the measuring erm of the
interferometer is thrown up by a mechanical arm. After reaching the maximum height point of
the trajectory, where the speed equals zero, the prism begins to-descend. During the descending
trajectary, the fringes cbtained at the optical output of the interferometer are detected and
counted. The electronic processing unit determines the time moments when the moving prism
reaches each of a great number of points placed at equal distances along the trajectory. These
"equal dlstances" are determinkd by counting the same mhbér of interference fringes detected
at the optical output of the interferometer.

The electronic unit measures the time intervals with a resolution of 1 ns and statistically
processes the data In order to determine the value of g in a certain point and the gradient of g

-192 -




along the trajectory.

The light source in the interferometer is a Lamb-dip frequency stabilized He-Ne laser
LSF. The fixed cube corner prism PCCR in the reference arm of the interferometer is supported
by a long period attenuator, while the whole interferometer structure is mechanicglly stabilized
by a piezo-electric system.

The particular requirement of the interferometer in this application are connected to the
maximum working frequency of the detecting,amplifying and signal conditioning circuits. Far an
useful measuring range of 1.5 m, a maximum working frequency of about 18 MHz is generated by
the interference fringes of A period.

So far we presentezd some of the laser interferometry applications in the field of
laboratory and industrial measurements. Of course, there are many other possible -demands for
measurements by the laser interferometry. Our future projects are connected to the
development of a modular system to measure different geometrical r:|uantities for industrial
purposes. Using two typ.!es of He-Ne lasers (one frequency stabilizad and the other one free
running) and a certain number of opto-mechanical and electronic modules, the system will be
able to perform such measurements as length and velocity of long range displacements,
differential displacements, straightness, flatness, squareness, angular and non-contacting
measurements.

The interferometric measurements of small mechanical displacements induced by some
means will be further improved /8/. The limit of sub-angstrom measurements is no longer a limit
in our experimental set-ups.

Our final alm is to develop a new interferometer using a He-Me laser suited for the
physics of the gravitational radiation. Two different ways we suppose to take on the way of

reaching our goal (10'14 m as sensitivity of measurement): by using very stable resonators /9/
and then modulating their selective characteristics, and by using very long arm interferometers

of some sorts /10/ (folded-path interferometers).
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FIGURE CAPTIONS

IFLAS-1: Schematic diagram. Ml’

microdiaphragm; BS - beam splitter; CL - collimating lens; RP - reference piece; TP -

M2 - plane mirrors; MO - microscope objective; MD -

piece under test; D - diaphragm; G - ground glass
LINLAS-8 : Schematic diagram. LG-5 - He-Ne laser; C - collimator; BS - beam splitter;

G - diffraction grating; Ml' M2 - plane mirrors; D D2 - photodetectors; L ,- expanding

’
lens; EPS - slectronic processing system .
LASINTERF M-20 : Schematic diagram. M-20 L - laser and interferometer head; M-20 R
-moving retroreflector; M-20 E - electronic unit; 1 - photodetector; 2 - piezoelectric
transducer; 3 - laser mirror; 4 - laser tube; 5 - collimator; 6 - photodetector; 7 - beam
splitter; 8 - fixed cube corner; 9 - moving cube corner

LASINTERF T-20 : Schematic diagram. A - laser head; B - collimator; C - X axis
interferometer h.ead; D-X axis moving retroreflector; E - Y axis interferometer head; F -
Y axis moving retroreflector; G - beam splitter; H - electronic unit; 1 - beam splitter; 2
-fixed cube corner; 3 - moving cube corner; 4 - detecting circuit .
LASINTERF D : Schematic diagram. BID - interferometer/detection block; LG-5 - He-Ne
ltaser; L - collimator; DFS - beam splitter; CD - deteckor; PF - fixed prism; 8TD -
displacement transducer block; F - window; R - spring; G - bearing; PM - moving prism;
P - sample; T - plunger; C - furnace; RG - gas supply; PVP - forevacuum pump; BENA -
electronic block; SIT - laser power supply

Schematic diagram of the interferometric measuring set-up. LSF - He-Ne frequency
stabilized laser; C - collimator; Df - beam splitter; OP - plane mirror; PCCM - moving
cube corner prism; PCCR - reference cube corner prism; Dl' 02 - photodetectors
Schematic diagram of the optical arrangement. LSF - He-Ne frequency stabilized laser;
C - collimator; DF - beam splitter; PCCM - movingj cube corner prism; PCCR -reference

cube corner prism; Dl' D2 - photodetectors

-194 -



LG -S

> 4
-

He-Ne LASER

Fig. 1

111

-195 -



5 pun
Ul NSDIW w
-1 Ayaoaa w86

1

Jajunoa
31qINAAII

— e e -
T -

'S
(dlju=u] g ge Jm. lopapp 106Ul Xdins -y —.
2119

yasio wiy }naJ) IsuIs -9661) pup Janod 0z 1qoy 8
psuaduod| " | UOISIIAUOD ] buivow pe—papoiyidwn hbau .Sﬂﬁ_ >o§.h,“

I
€600
s

Pz

- 196 -



y b4




SIT BENA
BID ‘&r PVP ] IRG
___cop| |8 R G
LG-5 A1 L P
L = M BTD

-198 -

Fig.5




g by

|||||||||||||||||||||| 4 —_———— — — -
37€lvL 3J0DSOHIIN JIHLITTI OLOHd oy
; /]
58& e
N\

NOV13

—“._....x_:..z...!.....-.:.:...!.:.:..::.:E 4 Infung

/ -
el S
N

-199 -

—_—— e — e . e e ———_—————



L "614

ﬁ
/ lL/ u
| 7 — AL ]

dn

| |
|
| |
“ _
_
m zuumaﬂ_qw _ NMOQ
| |
_ _
_ |
! |

YIBWVHD  WNNDVA
g S

- 200 -



CONJUGATE WAVEFRONT GENERATION IN SOME SEMICONDUCTOR
MATERIALS AT THE WAVELENGTH 1.06 um

V.l.Vlad, R.V.Dabu,
Central Institute of Physics, Bucharest, ROMANIA
G.V.Ostrovskaya, Y.V.Kovalchuk, E.L.Partnoy, O.V.5Smalsky, [.A.Sokolov
Physics-Technical Institute, Leningrad, URSS

Conjugate wavefront generation (CWG) in GaP monocrystals using picosecond light
pulses at the wavelength 1.06 pm, situated in the transparent range of the materisl, is
dem\onstrated. The read-out besm was obtained from the black cleaved surface of the
monocrystal as well as from an external mirror in DF WM configuration. We found the
threshold of CWG at ~ 1 J/cm2. The increase of signal energy with the laser energy is
limited by the damage of the surface of the semiconductor material, at 2-3 J/em2. The
recording rmechanism is supposed to be thermal modulation of the refractive index.
Furthermore CWG in a-Si on GaP monocrystals, at the same wavelength, is studied. The
thresholc of CWG was obtained at 0.1 J/emZ, set by the detection noise. The range of
CWG was up limited by the recording of stationary holograms, at 0.4 - 0.5 J/cmZ, due to
the local polycrystallization of the amorphous material in solid phass. Thus, CWG can be
used for the characterization of the early etages of crystallization of the amorphous

layers.

Introduction

Since the first experiments of abtaining conjugate wavefront generation (CWG, dynamic
hologram) in semiconductor materials carried out in silicon by Woerdman & Bolger (11(2), a lot
of work was done in this field. We mention the studies of Jarasiunas & Vaitkus(3) and Jain et
al(@(5) on silicon, Wiggings et al(6), Kennedy et al(7), Shank & Auston(8), Vaitkus et al(9), Linde
et al(10), Hopf et al(ll), Smirl et al{12), Moss et aK13) on germanium, and Hoffman et al(14),
Jarasiunas et al{153) on GaAs and InP. Recent review papers by A.Miller et al{16) and Jain and
Kiein17) give mare information about this field.

Dynamic holography is powerful toal for the study of various short relaxation and
diffusion processes by observing either the self-diffraction of the creating beams or the
diffraction of a third, delayed (probing) beam. The use of short laser pulses for recording and
fead-out of dynamic holograms allows often the limitation of material heating and the
reacording in principal by the spatial modulation of the refraction index. The application of such
studies are found in real-time storage and processing of opticel data, diagnostics of fast
phenomena (in particular in semiconauctor materials), constraction of distributed feedback
lasers, ang integrated non-iinear optics.

In this paper, is reported “WG in gallium phosphide (GaP) monocrystals using
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monocrystals using picosecond light pulses selected from a made-locked Nd:YAG laser (A =1.06
um)(1B). we have investigated GaP monocrystals due to their large bandgap (Eq = 2.24 eV)
associated with interesting electro-optical properties and optical properties different from well-
studied GaAs and InP. At A= 1.06 pm, the refractive index in GaP is 3, so that the reflection
coefficient at the cleaved surfaces is 10.25. The read-out beam was abtained from the batk
cleaved surface of the monocrystal (at ~ 3.5 mm from the front surface) as well as from an
external mirror in the degenerate four-wave mixing (DF WM) configuration. We found the
threshold of recording dynamic holograms in GaP is E__ ¢t ~ 1 J/cmZ for both orientations <111
and <100>, and for controlled quantities of impurities (n and p types). The increase of signal
energy with the laser energy was limited to E|_ max = 2-3 J/cmZ by the thermal damage of the
surface of the semiconductor material. ‘

Furthermore, we have studied CWG in amorphous layers of Si deposited on GaP
monocrystals(19). The dynamic hulograms were produced with light pulses from a Q-switched Ng:
glass laser (oscillator and amplifier, r ~ 20 nsec). For read-out, a pulse reflected by the last
(free) cleaved surface of GaP substrate (-~ 17% from the pump puise energy) was used. The
threshold of CWG in a-Si is E|_ th ~ 0.1 3/emZ (limited by the photodetection noise). The energy
density of S* beam increases with the increase of the energy density of the laser beam and is up
limited by the recording of a statinnary hologram due to the local polycrystallization of a-5i
layer (in solid phase) at E_5 ~ 0,5 J/em2, Thus, CWG can be used for the characterization

(diagnostics) of the stages of crystallization of amorphous semiconductors.
9 9 b4 P

Picosecond CWG in GaP at 1.06 pm. Experimental setup and results

The experimental setup used for the study of picosecond CWG in GaP monocrystals is
shown in Fig.l. The paésively mode-locked Nd:YAG laser oscillator was operated in a single
transverse Gaussian mode. A single pulse (~60 psec) was switched off from the train of pulses
produced by the laser and amplified in two stages. The energy of the laser pulse is measured
through the beam-splitter (BS1), frequency doubler (LiNbO3, FX2), green filter (GF), and large
aperture photodiode (PD1) connected to an energy-motor (EM).

The laser beam was divided by the beam-splitter BS2 to form the pump (P) and signal (5)
beams. These beams, after path equalization) (by the combination of prisms PR1 and PR2), ers
superimposed on the GaP sample. The conjugated signal (5*) beam obtained by the read-out of
the dynamic hologram is measured, after the reflection on the  beam-splitter 853, by the fast
photodiode PD2 which is connected to a storage oscilloscope (OSC). For read-out, we have used
the reflected P beam on the back cleaved surface of the monocrystal, which was perpendiculer
on the P beam and . 3.5 mm thick (near optimum for the pulse duration end materlal
absorption). Due to the small width of the GaP sarnple (~ 0.3 mm), a cylindrical lens, L (focsl
length 1 m), is introduced in the laser beam. Alternatively, for the read-out, we have used 8
probing beam obtained from an external mirror M2 and aligned so that to be counterpropagating
with P beam. In this alternative, the GaP sample was slightly misaligned from the former

position.
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The angle between 5 and P b'eamﬁ is @ = 30°, yielding @ dynamic hologram with the
spatial carrier frequency ug~sin a/A = 1/2 =n/2 Ay ~ 1500 mm-l, i.e. the fringe period
A ~0.67 pym. Thus, the fringe period exceeds the thermal and carrier diffusion lengths
corresponding to laser pulse length and energy.

In the experiments with read-out beam yielded by the reflection of P beam on the back
cleaved surface of GaP monocrystal, we obtained a conjugate signal beam (at PD2) only for the
orientation <111> and normal polarization of the laser beam. The result from Fig.2 show a
threshold for recording dynamic holograms in GeP situated at £ yp, ~ 1 J/cmZ. The intensity of
S* beam grows up non-linearly with the increase of the energy of the laser beam. Thermal
damages of the surface of semiconductor material appeared at E|_ max = 2-3 J/crnZ limiting
seriously the dynamic range of this l:ecording material to (2-3) Ei_gn. For proving the generation
of the dynamic holograms inside th sample and elimination of any other parasitic effects, we
frosted the back cleaved surface. No 5* bam was recorded in this situation.

For investigation of the time evolution of the dynamic holograms, we have used a
probing beam so aligned 8s to be identical with P*. In this alternative, the reflection from the
back surface of the monocrystal was eliminated by a slight tilting of the sample. The mirror M2
was moved to delay the probing (read-out) pulse and to obtain a separation of the ultra-fast
(electro-optical) and fast (thermal, electronic) effecté. The experiments were carried out for the
two orientations of the monocrystal <111> and <100> and for controlled quantities of n and p-
types of irnpurities (--1017 cm-3) as one can see from Fig.3.These results show that: (a) the
threshold energy, E| n, was the same for all situations; (b) €, was not changed for the delays
of the read-out beam in the range of T = 0-160 psec; (c) the thermal d'amage of the material
appeared at about the same level of the laser energy and limited the dynamic range of the
recording material. .

These experimental data lead us to assert that our dynamic holograms were produced by
thermal effects with lifetimes longer than 160 psec in GaP mdnocrystals. The thermal effects
mask any other non-linear effects which can contribute to the /recording of the dynamic
holograms.

Actually, one can estimate that ultra-fast non-resonant processes like those yielded by
unharmonic mation of bounded electrons and nonlinear motion of free-carriers(17) are eliminated
by the experimental results from Fig.3a, b. The fast (nanosecond) resonant processes produced by
real transitions were not allowed by the large band gap of GaP, the excitation wavelength, and
the other experimental condition (ambient temperature, different types of impurities lead to
approximately same results). Thus, an attempt to explain CWG in GaP by thermal modulation of
the refractive index{17)(20),(21) seems to be justified by all experimental facts (a,b,c). Above a
certain threshold laser energy, free carriers created by ionization of localized surface impurities
can acquire enough energy to create additional carriers by impact ionization. The results is
avalanche multiplication of free carriers, abrupt growth of the absorption coefficient, and

occurence of phenomenon of optical breakdown(22) which leads to the damage of the
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semiconductor surface and CWG range limitation.

CWG in aSi on GaP at 1.06 pm.

Experimental setup and results

The experimental setup for CWG in a-Si on GaP is shown in Fig. 4. The dynami
holograms were produced with light pulses (E - 1 J/ecm2,7 ~ 20 ns) from Q-switched (QS)Ng
glass (Laser OSC and AMPL) operated in single transverse gaussian mode. The laser beam passes
through the variable attenuator (VA) and then is splitted by BS2 to the energy monitor with the
calibrated photodiode PD1 connected to a storage oscilloscope (OSC) and to the standard DFwM
configuration for CWG (BS3, M9, M10, BS4) including the recording material (a-Si on GaP). The
angle between the signal (S) and pump (P) beams was 5°-6°, yielding the spatial carrier frequency

of the dynamic hologram
-1
ug - sin a/A ~ i/10A ~ n/10Ax, = 370 mm ,

i.e. the fringe period was d} -~ 2.65 pm. This period exceeds the thermal and carrier diffusion
lengths, so that the dynamic holograms can build up in this configuration (Jgp ~ 1.2 pm; Iy -
0.2 pm).’

The recording (non-linear) material was a thin amorphous layer of St (thickness 0.7 -
0.8 um) deposited on GaP monocrystal (0.3 mm thick, orientation <100>). The surface of the
recording materials is perpendicular on the P Beam, so that its counterpropagating reflection
from a certain interface parallel with the first surface (°* beam) can be used for the read-out of
the dynamic hologram. The absorption coefficients in crystalline (c) and amorphous (a) silicon are
quite different at the probing wavelength (A = 1.06 pm, E A S 1.16 ev), as can be seen from the
next table. ’

Recording Absorption Attenuation Refraction

material coefficient length index, n
- -1
alcm 1] a (um)
c-5i 4 2.5.10° 2.56
a-Si 0.4.10" 2.5 -4

Teking into account the reflection coefficients at the interfaces a-5i/GaP, 0,2 ~ 0.0Z, ad
GaP/Air, ¢ 23 ~ 0.25, and the reasonable absorption in aSi and GaP, one realizes that the reac-
out beam, P*, can be obtained by the reflection of P beam on the last interface.

In our setup, the conjugated signal (5*) beam obtained by the read-out of the dynamic
hologram is measured, after the reflection on the beam-splitter BS4, by the calibrate
photodiode bDZ which is connected to the dual channel storage oscilloscope (OSC).

. The entire experimental setup was aligned with & He-Ne laser using additional mirrors
(M5-8, BS1) and diaphragms (D2, D3).
Using the Q-switched Nd:glass laser, we selected from the beam a circular area with
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smm diameter showing almost constant intensity. The threshold of CWG has appeared at
ELth ~ 0.1 J/emZ and the energy density of S* beam increases with the increase of the energy
density of the laser beam as in Fig. 5. In the same diagram from Fig. 5 there are the values of
the noise level measured in the absencz of S* beam at the corresponding values of the laser
energy density. The noise could set the threshold CWG in our experiments. The increase of
conjugated signals, $*, was limited by the recording of a stationary (permanent) grating at E|_g =
0.4-0.5 J/cmZ, We have to remark that the threshold of CWG varied for different samples of
recording material by a factor of 4-5, the range of CWG remaining almost constant. At this
wavelength, the high absorption in the whole layer of a-Si yields the increase of temperature and
the decrease of the band gap energy which increase again the degree of coupling of the laser
beam to the amorphous layer. Moreover, the temperature dependent band narrowing provides
barriers to spreading out the original electronic excitation(23),(24), so that CWG is the result of
a transient thermal grating. The stationary grating appeared at the polycrystallization energy
level observed in other experiments(25),(26). This crystallization stage occurred in solid state and
probably did not reach the entire amorphous layer due to the low eneray density involved in the
recording of the stationary hologram.

These experiments have shown the usefulness of CWG methods in the characterization of
some early stages of crystallization of amorphous layers. Moreover, we are working to extend

the use of CWG in the characterization of crystallite and the phase transition to single crystal.

Conclusions

Picoszcond CWG was obtained in GaP monocrystals with <111> and <100> orientations
and controlled p- and n-type of impurities, at the wavelength 1.06 um. The energy threshoid for
dynamic hologram recording was £ ~ 1 J/crnZ and the recording range was limited to (2-3)
EL th by the surfece damage of the semiconductor due to a phenomenon of optical breakdown.
Infrared CWG in GaP are obtained by thermal effects (modulation the refractive index) which
mask all other non-linear effects.

Furthermore, CWG in a-Si nn GaP monccrystals was studied. The dynamic holograms
were obtained at ~ 0.1 J/cmZ by thermal induced changes in the refractive index. The range of
CWG was limited by the recording of stationary hclograms by the local polycrystallization of the
amorphous material. This transition occurs in sulid phase st the energy aensity of E{ g ~ 0.5
JlemZ, consistent with the results of crystallization of a-5i with Q-switched lasers, at this
wavelenglh, obtsined with other melhods. Therefore, CWG can he used for the characterization

of the early stages of crystallization of amorphcus materials.
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Fig. 1 -

Fig. 2 -

Fig. 3 -

Fig. 4 -

Fig. 5 -

2.

3.

10.
11.
12.

13.

The experimental setup for picosecond CWG in GaP monocrystals at 1.06 pm

Conjugated signal (S*) intensity vs. the laser energy density for GaP <111> and normal
polarization of laser beam. The read-out beam is obtained by reflection of P beam on the

back cleaved surface of GaP monocrystal

Conjugated signal intensity vs. the laser' energy density for doped GaP: (a) <111>
orientation, n-doped (-~1017 cm=3), read-out beam obtained by reflection on the mirror
M2 with different delays (0-160 psec); (b) <100> orientation, n- and p-doped samples
(~-1017 em-3)

The experimental setup for CWG in a-5i on GaP, at 1.06 um

The energy density of conjugated signal, S*, vs. the laser energy density in a-Si on GaP
<100>
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ITERATIVE COHERENT OPTICAL PROCESSOR
IN A COMPACT MULTIPASS OFF-AXIS STRUCTURE

V.l.Vlad
Central Insitute of Physics, Bucharesi, ROMANIA

This paper presents a new architecture for coherent optical processors which
allows the iteration af Fourier transformation in a compact multipass structure. This
architecture contains as-principal elements two large coaxial spherical mirrors aligned
under some special geometrical conditions, so that the off-axis laser beams reflected by
the mirrors cover the surface of a rotational hyperboloid. We have theoretically and
experimentally demonstrated the capability of its iterative coherent optical processor to
perform as many as & 30 iterative convolutions with & space-bandwidth product of 320.
The synthesis equation of complex integral nuclei physically realizable in this processor
is show'.vn. Moreover, our iterative coherent optical processor can perform fast complex
operations in irmages using only one type of optical filter: high order derivatives, high
order moments, Hermite series coefficients, and generalized transverse filtering. The
results of such optical preprocessing of images can be further used for pattern

enhancement, analysis and recognition.

Introduction

The potential parameters of coherent optical processors have stimulated a broad
scientific interest /1/ - /3/. However, a number of technical problems and a strong competition
with the microelectronic processars are introducing obstacles in the way of a larger proliferation
of the optical processors. The general prablems which decrease the practical velue of coherent
optical processors enter in three classes:

(A) difficulties in the handling of input data, programs (filters), and output data with a
speed comparable with the optical processing (light) speed;

(B) analog type of optical processing leading to lower precision than the precision of
digital processing;

(C) inflexibility and limitation in changing the processing operations on the image data.

Fach of these general problems has a different importance in the various operations
performed by the coherent optical processors. Moreover, the recent research hes shown that
some limitations can be largely eliminated and one can find a number of areas in the fleld of
inforrﬁation processing in which coherent optical technology is without competitors. Thus, The
results which tend to remove the above mentioned limitations can be concentrated as follows:

(A") strong development of the epatial electro-optical modulators (with liquid crystals
and acoustic waves), the electro-optical and opto-electronic arrays has demonstrated that, even

at slowar overall speed, the coherent optical processors have a useful processing capability (i.e.,
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1024x).024 pixels x 20 ms, at TV frame rate);

(B') defining a lot of information processing problems in which the high computational
precision is not a serious limitation, for example the cases when the result is asked as an image
to be examined by a human operator and when the input image must be preprocessed for a
reduction/selection of the data supplied to the electronic processors;

(C') the development of the traditional and new architectures for the coherent optical
processors have extended their classes of operations to nonlinear, inverss, logic operations
-involving difficulties in the interaction man-electronic machine.

In this paper, we introduce a new architecture for coherent optical processors which
allows a large number of iterations of Fourier transform and convolution in a compact system,
This architecture gives the possibility of practical tmplementation of the multiple plane,
coherent optical processors proposed by Carlson and Francois /4/,/5/. We mention that multipass
off-axis structures (resonators) were previously used for temporal processing and amplification
of laser signals /6/, /7/. The Iterative Coherent Optical Processor with Multipass Off-axis Beams
(ICOPMOB) designed and used i our wark has the following capabilities /8/:

- executes N ( ~ 30) convolutions in cascade in a compact structure (with the length
d™ 1.5 m);

- yields all Fourier transforms with only two optical elements (mirrors) which are used
for folding che processor;

- offers a convenient lateral access to the input, filtering, and output planes;

- allows the physical realizability of high complexity operations (integral nuclei) which
means high flexibility;

- executes complex operations by iteration of some simple operations in real time.

These capabilities: of ICOPMOB theoretically and experimentally demonstrated in this
paper, tend to remove some limitations of the coherent optical processors, as are shown in (B
and (C') and to support the viability of coherent optical technology in the information (image)

processing.

2. Design considerations for the iterative coherent optical processor
with multipass off-axis beams i

The theoretical description of a quite general, multiplane (iterative) coherent optical
processor was recently given by Carlson and Francois /4/, /5/. The in-line (continuous optical
axis) architecture imposes a very long spatial extent for such processors (each iteration is
executed over a length equivalent to four focal lengths of the Fourier lenses). Moreover, the in-
line architecture demands a large number of Fourier lenses, a condition which strongly
diminishes its,practical feasibility.

We have proposed the implementation of the iterative coherent optical processor in a
multipass off-axis étructure, which eliminates the above mentioned drawbacks /8/. The

architecture of ICOPMOB has as principal components two coaxial spherical mirrors, 01 and 02,
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with large diameters, equal curvature radii, R = 2f, and a separation on Oz axis with the distance
d (Fig.1). The collimated laser beam is introduced through an off-axis window (port) left
transparent in the mirror 01. The geometric design allows the extraction of the output image
through the same window (at a different angle). Using the same structure for temporal
processing and amplification of uncollimated laser beams, Herriott et al /4/ have determined the

coordinates of the successive reflection points on the mirrors

X, = X, COS n@ + Jd7(4f—d)(xo¢2fxé)sin no;

Yo = Y €08 no ¢ Jﬂ?!l?-ai(y‘j*nyé)sin no; - Q)
- _ d

z, = izo ; cos @ = 1-(d/2f) T € (0,4).

These coordinates define in our processor the folding points of the processing axis. In eq.
(1), (xg,x')... are the coordinates and slopes of the uncollimated input beam (on the mirror 01).
Writing the equations of two laser rays, which are successively reflected onto the

mirrors 01 and 02, as (0.) xmxo . YTY, . z*z0
A ¥ne1 Xn Yne1 Yx 220
) X=X 4 = Y Ypheq - z;?o ' (2)
v Xn+e2 Xn+1 Yne2 Yne1 "%

and imposing that (xN,yN,zN) = (xo,yo,zo), we demonstrated that they are identical with the

equations of the families of generatrices (D)) and (Dl-l) of a rotational hyperboloid with one

heet, i.e. X ,z . X+ Z . (1-
sheet, i.e X,z (1 ﬁ) =+ 2 (1 %)
(0,) 1 (0,) 1 (
z . - X - Z .11 )
g-E-—“ %) a c u(1 E) ’

In this case, the equation of the hyperboloid generated by the multipass off-axis beams (more

correct, their axes, Fig.2) takes the implicit form

a 2 2 G
LI A S )
3
a b c
or the parametric form
x _ Au+1 % . u-A z | A”'1_ 39
a u+x TEFN c u*A

In these equations, the parametéers a and b are the half-axes of the directrix ellipse and c? =
ff -a? = az(ei - 1), with f} - the focal length and el' - the eccentricity of the generatrix
hyperbole in xOy plane. Denoting by A and B the half-axes of ellipses yielding by the intersection

of the hyperboloid with the mirrors 01 and 02 (on which lie all reflection points, at z = +z5) we
find the expression
P ¢’ = zoa/JA' -a’, ] )

which allows the calculation of the parameter c with easy measurable elements. In the

-213 -



following calculations, we shall consider for simplicity a circular directrix (8 = b), the
generalization of the results to elliptic directrix being straightforward.

Now, for the design of ICOPMOB, we must solve the following problems:

2.1. Given the input parameters of the laser beam into the structure 01-02, determine
the hyperboloid parameters.

2.2. Calculation of the geodetic length between two successive reflection points on the
mirrors 01 and 02.

2.3. Given a mirror configuration, determine the configuration and maximum number of
reflections of the laser beam between the mirrors 01 and 02.

2.4. Calculation of the maximum numbers of convolvers which can be implemented in a
given structure 01-02 together with the positions of input, filtering, and output planes.

2.5. Calculation of the space-bandwidth product.

2.1. The hyperboloid parameters
Considering that the infut parameters of the laser beam (axis) are xq,yq,xb{(and y}= 0),

the condition to obtain a circular directrix implies the following relations

n 1

n o

3 a4 _ ﬂ _
Yo © xo(a— 1 Yo T Z VAT .
(5)

x| ' y’ = A' x A Ja

+ = = ? »
o o ‘o 2 ®
X! = 2x0 - A
and o : Jid m
In this case, the coordinates of the successive reflection points become

X, = A sin(ne+a) ; y = A cos(ne+a) ; 2z = %z : coe 0 = 1 d (o

odd reflections appearing on the mirror 01 and even reflections un 02. On every mirror, the
neighbouring reflection points subtended the angle at the center 2 8. A careful geometrical

analysis leads us to the following results

2x R ) 2 y
a = —d—° d(4+‘x0~d."0)/(d *4x ) ©)
zo ’ N Y
c = 7> d(4+‘x01d¢0)/(+'d-z°). (10
and A = ZXOVW. Q1)

One can remark that, given xo and f, the radii of the end (mirror) circles of the

hyperboloid very as d’*. In the relations (9) and (10), we can subatitute

-214 -



2 w2
B N N R - i

N
n
Nla

(12)
so that the paraboloid parameters are obtained as functions of xo, f and d only. Alternatively,

taking into account the relations

2x xa*y2
d = =42 , f = S53°
XO ’ —2_)(—;- (1})

we can express the hyperboloid parameters as functions of the input beam parameters (which are
not independent, as one can see in egs. (5)-(7)).

For the concrete data of our structure : xg = 0.05 m, f = 0.5 m, and d = 1.5 m, we obtain:
a ~ X, " 0.05 m,

c ~ % Ja?7(2-d) = 0,65 m,

A~0.07 d°% ~ 0.057 m,

and 2z~ d/2 = 0.75 m,

2.2. The geodetic length

We have shown that any laser generatrix ray is transi“ormed after the reflection on a
mirror, inside the atructure 01-02, into a generatrix ray from the other family of the hyperboloid
(eq. (2Y). The reflection points at the mirrors 01 and 02 lie on end ellipses (circles or straight
lines), which are contained in the plane z = +z4. Calculating the length intercepted by these
planes on a generatrix ray, one can obtain the-geodetic length, S, between two successive

reflection points on the hyperboloid surface. The result of this operation has the form:

2 2
s* - a(af-a’ez)) 1)
or sz 4d(4fx0*dzo) ) az .d_z
= 2 2 2 1
d®+dx x5, 13

Therefore, in a given structure 01-02, the geodstic length has the same value for any generatrix
ray. In practical cases, the geodetic length ie approximately equal with the distance between the
mirrors (eq. (13"). and, using the actual data, we get

S~d-=1.5m.

2.3. The configuration and maximum number of reflections
Suppose that one asks to obtain N reflections on the mirrors and the superimposition of
the (N+1)-th reflsction onto the input spot, after q rotations of the successive reflections on the
end circles (N = gk + p, where q, k and p are integers and p/q is a rational, irreducible, subunitary
fraction). Then, the eq. (1") yields the following expression for the mirror separation
IN,q " 2f(1-cos ﬁﬂ) .
(14)
or, by using eq. (8),
' 20N = 2xq, (1a")
which leads to a supplementary connection between the parameters of the structure 01-02.
Let us see some simple combinations of these parameters(restricted by the stability
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condition 0 < (d/f) < 4)
q=1: Nl 2 3 4 6 12
d/f 2.000 1.000 0.586 0.268 0.067

q=3: N 8 10 12 14 16 18 20 22 24
d/f |1.234 0.824 0.586 0.442 0.336 J.268 0.218 0.182 0.152

q=5: N 15 18 20 24 36
d/f |1.382 1.000 0.824 0.586 0.268

We observe that, imposing N and varying the q integer (by mirror titling), one can obtain

sometimes the same velues for the ratio d/f (or g ). Consequently, f given by construction, one
can obtain a prescribed N with certain values for mirror separation (d) and titling (q). From eq.
(14), we see that our conditions are fulfiled only when

arc cos(1 - g—;) = Cx, (14"
with C a rational number. In this situation, the number of reflections could be very large (N =
q/C), a first upper limit appearing only due to the strong decrease of the ratio d/f to unpractical
values.

For our structure, giving f = 0.5 m and adjusting d = l.S'm, eq. (14") yields C = 2 and, by
eq. (14), one obtains I‘;_‘I = 2 . This means that, for different mirror tilt adjustments, it is
possible to obtain the following (N,q) couples: (3,2, (6,4), (9,6), (12,8), (15,10), (18,12) etc.

Designing the coherent optical processor, we must take into consideration a second
limitation of the maximum number of reflections due to the minimum aperture of the processed

image, Lmjn» by the nonoverlapping condition for successive reflections

Nmax'l‘min = 2mA, Q1s)
i : 2nx
or f '
N oL . = 2nx J— = 18
max —min o'd JZ(i-cos nq/NmaD- (15"

For our structure, imposing Lmjn = 10 mm (and xg = 50 mm), one can find Nmgy = 18 and q = 12.

The third limitation comes from the mirror losses and from this restriétion, Nmayx could
reach ~ 100 reflections.

2.4. Maximum number of convolvers irrplaitlml.ad in 1ICOPMOB

The maximum number of convolvers, K, which can be cascaded into the structure of
ICOPMOB is given by dividing the total internal pathlength of the laser beams (2ZNS) by the

length of a conventional convolver (4f):

=2

S

_ 2NS _
k= %r

. Ns
R

-+

2 (16)

Now, a practical question related to the convolver identification can be formulated: is
there a structure 01-02 in which the total internal pathlength of the laser beams (geodetics) is
integer multiple of the focal length of the mirrors, i.e.

S =mf m natural number ? an

In our configuration, we have found S =d, so that the discussion will be concentrated on the
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cases for which
d ~ mf
(18)
The cases: m=1 (focal configuration) with N = 2
and m=2 (confocal configuration) with N = 3
lead to a small number of reflections (and convolvers).
Due to the stability condition (see egs. (1)), 0 < m < 4, the case m = 3 remains the only
interesting solution. We deduce that a ~3f implies
rq _2n =3
N~ =3 0orN=3q (19)
This is exactly the case of our configuration 01-02.
In this interesting case, the maximum number of convolvers which can be cascaded inside

ICOPMOB is
(20)

With the above considered numerical dats, Ningy = 18 and Kmagyx = 27 convolvers. The
identification of the positions of the input, filtering, and output planes for each convolver can be
done very convenient in this interesting configuration, by direct partitio® of the mirror distance
in three equal (with f) segments and by ordered labeling of the resulted positions™®).

2.5. The space-bandwidth product

Once establishing the minimum aperture of the processed image, we can calculate the
resolution in the Fourier planes or the maximum spatial bandwidth of the processed image

( 2=0,633 um) . Lmin

B = 32 mm

T OAf (21)
Imposing these parameters for all processing planes, we can write the space-bandwidth of
ICOPMOB )

SBP = Lmin'B = 320. 22)
We can also estimate the total number of pixels, which are simultaneously processed (in parallel),
at ~ 105 pixels. These figures of merit are not high in coherent optics, but are very high for

conventional image processors.

3. Optical realizability of the complex integral nuclei in ICOPMOB
Let us consider the integral equatﬂion
Sout(xo.yo) = {fsin(x,y)K(xo,yo;x,y)dxdy
- (23)
relating the output, Sgut(xgyo)s @nd input, Sin(x,y), to the transmittance (nucleus) of an arbitrary
sysiem. Now, we have to find the general form of the nucleus X which is optical realizable in

*) Actually, in this configuration, we have introduced some additional (secondary) lenses to
preserve the conventional structure of the convolvers, which are not shown in the principial
scheme from Fig.l.
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the iterative coherent optical processor.

For a processor with p cascaded planes, which are separated by 2f end contain the
transmittances  hj(xj,yj)» Francois and Carlson have demoratrated the following synthesis
equation for the integral nucleus /5/

Ky(xyiqeYpeqixey) - hl("l'yl)'hp*1(xp’1'yp'1)
f}---fe-lzn(Xlxz.ylyZ) ] hi(*i-yi)e-lzl(xixi’1’yiyi'1)CXZGdexzidyzﬁ?M
- i=1

Particularly, from eq. (24), one can find

K, = exp[-iZu(xlx2 'ylyz)]

K, - Fz("f"z'yz'yg) = F[hz] (Fourier analyzer)

K 3 Fz [hz' h3] (2-d order correlator)
. r .

K, = F, [, “Fyen,) (F2,4=F ourier transf.on variables 2,4)

Ks = Fsz[hz'hS.hh'hS]dx“dy" (4th order correlator)

Ke = FZ;G[hz-ha-hk-hs-hG]

K, = Flflh,eh eh <hoehe-h Jdx dy,.
We remark that the synthesis rule Is an iterative algorithm "correlation-filtering".
Using our iterative optical processor, ICOPMOB, we can give a simpler form to these

results

Sout - hpF...Fhth“FhithF[h‘Sin]

* h F...FhgFh Fh (geh, S, ) (25)

“ hpF...FhthuF[hacl] = hpF...F[hb'Cz] ... (p = 2K).

The' eq. (25) shows that the processed images, Cj, which are obtained in successive planes
separated by 4f = 2R along the geodetics have the form
C, = h,* hl":‘in
and iteratively, - . (26)
Ci = by * h2i-1 Ci—1’ (i =1,...,K).
Frorln these equations, we have derived a simple synthesis equation for the integra}

nuélei, when the parameters of ICOPMOB and the transmittances h; are known:

= h . - .. "
K= ho h2k-1{h2k-2 hok-3 oo [he hl(hl.hl)]} -

This expression is much more compact and significant than the eq. (24) and directly illustrates

the iterative algorithm "correlation-filtering".
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4. Complex processing of image data using the iteration

of some simple operations in ICOPMOB

4.1. High order derivative calculation

The high order derivatives of an image were previously calculated by using complicate
optical filters In the conventional optical convolver /9/-/11/. Our iterative optical processor
yields the derivatives up to order K(= tens) rapidly and with a single elementary optical filter.
The block diagram of these operations in I[COPMOB is shown in Fig.3. The image to be
differentiated, f(x, ., ), is introduced in the input plane and the optical filters with the same
transfer function H(u) = iu are introduced in the Fourier planes of the successive convolvers. In
the output plane, some beam-splitters extract the successive derivatives (on x variable) of the
input image. To obtain derivatives with respect to y, all filters are rotated with 90° and to
obtain mixed derivatives, only the filters for derivatives on y are rotated with 90°.

The derivative filters aré produced by electronic computation and plotting using the
method of phase detour /9/ and optical methods using composite gratings (finite differences /10/)
and Talbot effect /11/.

The derivatives can be sequentially obtained in e single output channel, at intervals of
several nanoseconds (given by the propagation of a laser pulse through the successive convolvers)
or continously in K parallel channels.

4.2. High order moment calculation

The calculation of high order moments for the automatic identification of the elements,
dimensions and orientations in an image was proposed in the last years /12/-/15/. The low order
moments of an image can be used for centroid location, size and orientation characterization.
The high order moments of an image can be used in 2D and 3D pattern recognition. The interest
for the processing methods which use moment calculation originates at least from two reasons:

- the moments possess very convenient transformation properties when the image is
translated, rotated, reflected (in the plane), and scaled;

- any image has an unique approximand given by a finite set of its moments.

The moments of an image f(x,y) are defined as
+o
j k
M., & [[xIdy"f(x,y)dxd
sk & [y E(x.y) dxdy 28
and can be also obtained from the Fourier transform of the image,

o @

- o .y J*k .
Flu,v) = [[f(x, -i(uxe dxdy =, 3 L udyk
(u,v) {.{ (x,y) axp[ i(ux vy)] Yy > jzo kzo -(-_,1);y—- NJku v, (29)

by a simple identification which yields

) 1 €733 \KF

M * = G R v o
(-1) . (30)

Thus, two alternatives for moment calculation appear immediately: either the iterative

differentiation of the image spectrum in the origin of Fourier plane (eq. 30), or the iterative
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integration (eq. 28). The first alternative can be implemented as in 4.1., so that here we shall
take into consideration the second alternative only. We mention that other optical computing
methods for the moments were proposed by Casasent and Psaltis /13/ and Teague /14/.

The moment computation by the iterative integration method can be done in ICOPMOB
with the structure shown in Fig.6. In the input plane, we introduce the image spectrum, f(x,.), -
and in the filtering planes, optical filters with the transfer function, Hj(u) = u-a, (i = 1,...,K). In
the output plane of each convolver i, there is a beam splitter which extracts the result and
Introduces it into a low-pass spatial filter, LPF. In the origin of LPF output plane, one can
measure the moment of i-th order. Again, the moments can be obtained either sequentially in a
single output channel (with very short laser pulses), or continuously in K parallel channels.

The filters Hj(u) are achieved very convenient by the phase detour method using an
electronic computer. From the usual moments, M;j, one can also calculate other types of useful
moments for image processing, i.e. Legendre (orthogonal) and Zernicke mornents.

An important use of the moment computation appears in the case of a random image (2D
signal), when the moment set characte:1zes completely the corresponding statistical distribution.
Supposing the image described by a deterministic function g(x,y) with random variables x = f(€ )

and y = f( n ), its moments have the form
o
M., = [ gI(uma,*) Fluldu.
3T e (1)
These moments can be obtained in ICOPMOB with the same structure which was presented in
Fig. 6, but introducing different filters with the transfer function Hj(u) = g(u-a), (again yielded by
digital computer). This use of moment computation is very interesting for laser ifmaging, which is
always affected by speckle (noise).
4.3. The calculation of the Hermite series coefficients of an image
The calculation structure of ICOPMOB was designed using the definition formula of the

Hermite (orthogonal) polynomials

4 (e
dx" (32)

and the “gaussian intensity distribution across the laser beam (TEMggp). Thus, the Hermite

n

Hn(x] = e

polynomials can be iteratively generated by the differentiation of the collimated laser beam,
()‘lf1 ), and multiplication by ex2. The last factor disappears in the calculation of the Hermite

series coefficients of the function f(x,.),

+ a
1 =X
= f(x,*)H (x)dx,
®n T hiva {:f G )H O 33)
I i F(x.-)Hi(x)dx.
2%nivy =
with @
'F(X,-) = Z aan(X), (34)

neo
can be calculated either sequentially, in a single channel by filtering-integration-detection-

multiplication (with very short laser pulses), or continuously in K parallel channels. The second
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alternative is shown in Fig. 7. The expansion on the variable y is independent and can be obtained

by the rotation of the derivative filters with 90°, so that finally we can get

f(x,y) = I 1 a b H UM (y).
n=o0 mMm=0

4.4. Generalized transverse filtering

The transverse filtering is extensively used in the digital signal processing and

(35)

recognition (by matched filtering). The structure of ICOPMOB have suggested the possibility of
implementation of a generalized transverse filtering of images in the block diagram shown in
Fig.8 with the result K
Sout = .1 ASiat(Mithy ooohy)

i=1 (36)
If we use very short laser pulses and the time delays between the successive convolvers as a

sampling base, ICOPMOB can become a very fast 3D spatio-temporal processor.

5. Conclhusions

In this paper, we have designed a new architecture for coherent optical processing,
namely the iterative coherent optical processor with multipass off-axis bearns (ICOPMOB). The
structure of ICOPMOB was defined by the calculation of the principal parameters of the off-axis
laser beams in function of the input parameters, mirror focal length and mirror separation. We
have deduced the optimum conditions for convolver partition inside of ICOPMOB and the
maximum number of convolvers defined by these conditions and the aperture of the processed
images. Thus, in a small volume (approx. 2 x 0.5 x 1 m3), ICOPMOB executes approximately 30
convolutions, performs all Fourier transformations with two optical elements {mirrors) only, and
offers a convenient lateral access to the input, filtering and output planes. In our design, the
dimensions of the processed images are 10x10 mmZ2 and the resolution is 32 mm-1 (SPB = 320).

Concerning the physical realizability of mathematical operations in ICOPMOB, we have
deduced the synthesis equation for quite complex (general) integral nuclei, which takes the form
of a "correlation-filtering" algorithm. Our iterative architecture allows complex calculations in
images, with high speed, by the use of only one type of elementary filter: high order derivatives,
high order moments, Hermite series coefficients, generalized transverse filtering etc. These
results can be further,used for the analysis, description, and recognition of certain elements in
an image.

By these features, ICOPMOB yields: pre-processing of the input images for a strong
compression of the optical data which are introduced in the optoelectronic systems for image
snalysis; high flexibility in perfarming complex operations of optical information processing; and

direct interaction between man and machine.
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FIGURE CAPTIONS

The iterativ~ coherent optical processor with multipass off-axis beams (ICOPMOB)

The rotational hyperbeloid defined by the off-axis reflécted laser beams inside the

mirror configuration 01-02

Iterative calculation of the high order derivatives of an image by [COPMOB
Iterative calculstion of the high order moments of an image by ICOPMOB
Iterative calculaticn of Hermite series coefficients of an image by ICOPMOB

Generalized transverse filtering of images using ICOPMOB.
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SPECTROSCOPIC CHARACTERISTICS OF TViB":I-\IZO3
AS LASER MATERIAL

A.Lupei, V.Lupei, C.lonescu
Central Institute of Physics, Bucharest, Romania
H.G.Tang, M.L.Chen

Anhui Institute of Optics and Fine Mechanics, China

Research in the field of solid state lasers in the recent years is especially connected to
tunable generation of transition metal ions, phonon terminated lasers. Though the majority of the
work hae been connected with Cr"" ions in different crystals, in the last years a particular

}*in sapphire, due to its more allowed vibronic transitions. Room

interest has received Ti
temperature tunable generation with maximum around 775 nm, using lamp or laser pumping has
been obtained by several groups /1-4/. However, many technological as well as spectroscopic or
laser characteristics are still under investigation.

This study is devoted to spectroscopic characteristics of oc -AIZO:,:Tij‘+ system, by

using absorption, luminescence and lifetime measurements at different temperatures.

Results and discussions .

Single crystals of o -A1203 doped with titanium have been grown by Czochralski
method. Titanium has been introduced as TiOZ (3% weight). Atomic absorption measurements
reveal a titanium concentration in the samples of © 0.2% by weight. It is difficult to say that
all titanium has entered as +3 valency form, since it has the tendency to form +4 valency and one
of the technological problems connected to this system is the stabilization of +3 valency.

As for other 3d ions in AlZO}, Ti%* substitute AI>* and the local symmetry is a slightly
trigonally distorted octahedron.

Absorption spectta at room temperature consist of a broad band in visible, centered at
N 490 nm and assigned to a transition (Zng—-zEg) within 3d! ground configuration of Ti3+
and a very intense band in u.v. ( Vv 220 nm) due probably to a charge transfer transition (Fig. 1).
The shoulder observed around 520 nm has been explained by the splitting of 2Eg level by trigonal
crystal field, spin-orbit or Yahn-Teller effect /5/. Far infrared absorption has shown that ground
term is split in three components with 37.8 and 107 cm'1 distance between them /6-7/. In order
to explain these data as well as the EPR ones a dynamical Yahn-Teller distortion has been
assumed /6,7/.

By working at low temperature with high resolution (and amplification) we have been
able to observed a structure of the visible spectra (Fig. 2). The sharp line at 616.7 nm can be
29 and 2Eg levels. Other broader

lines situated at 609.4, 601.7 nm couid be connected to the resolved vibronic transitions. These

assigned to a zero-phonon transition between the lowest split 2T
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lines are situated at ~ 200 cm-1 one from the other; i.e. they form a vibratipnal series. It is a
2Eg
electronic level. It has a larger energy than that estimated from luminiscence data (v 160 cm’

direct experimental data concerning the energy of the interacting phonon with the excited

l) /8/. A Cary 17 Spectrometer and Oxford Instruments cryogenic system have been used for
these measurements.

Luminiscence spectra have been excited in two ways: (i) by using the second harmonic
( )‘exc = 532 nm) and (ii) by using the fourth harmonic ( X exc = 266 nm) of a YAG:Nd'laser
(Quentel III). Therefore, excitation in both absorption bands have been done. Besides the pumping
laser, the experimental set-up consists of a GODM-1000 monochromator, S-20 photomultiplier and
Boxcar integrator PARC-162.

When excited with 532 nm a red broad band luminscence is obtained (Fig. 3). Position of
linewidth of this band are slightly temperature dependent. Two sharp zero-phonon lines are
observed at 77 K (see Fig.3) at 16214 and 16170 cm! assigned to zero-phonon transitions
2Eg —vazg (lower split levels) /B8/. One of these lines is resonant with that observed by us in
absorption spectra.

Luminacence spectra as well as absorption bands are polarized. The intensity of
luminiscence for E || C (C - optical axis) is twice as large as for £ L C. Lifetime connected to
this luminiscence line is also temperature dependent, ~ 3.1 psec st 300 K and 3.6 pusec at 77 K.
A deviation from exponential decay has been noticed.

When pumping is performed with the fourth harmonic X exc = 266 nm, two luminiscent

bands are excited: the red band discussed before and another stront; blu.é-band emission, with a
maximum at room temperature around 430 nm (Fig.4). This blue emission is also polarized. A
lifetime of v 32 psec has been determined at room temperature. Again a deviation from the
exponential decay is observed. This luminiscence band is very likely to be associated to Ti?*
charge transfer traneition, but further investigation has to be done.

Work connected to the stability of +3 valency of Ti under green and u.v. pumping as well

as an investigation of laser emission in these crystals is in progress.

REFERENCES
1/ P.F.Moulton, Optics News, 6, 9 (1982)
12/ B.K.Sevastianoy et al., Kristallographia (sov.) 29, 5, 963 (1984)
13/ G.S5.Kruglik et al., J.Appl.Spetr. (sov.) XLII, 126 (1985)
14/ G.F .Albrecht, Y.M.Eggleston, J.J.Ewing, Opt.Comm. 52, 6, 401 (1985)
Is/ 0.5.McClure, J.Chem.Phys., 36, 2757 (1982)
16/ E.D.Nelson, J.Y.Wong, A.L.Schawlow, Phys.Rev., 156, 298 (1967}
11/ R.R.Joyce, P.L.Richards, Phys.Rev., 179, 375 (1969)
/8/ B.F.GHchter, J.A.Koningstein, J.Chem.Phys., 60, 2003 (1974)

- 227 -



0::'Alzo:‘] T'
300K

- 228 -

Fig. 1



@ -ALO,:Ti ¥
1-5.2K
2-77 K
3-300 K

x10

1 , 1 L
o o py
a S g S
~r wn b7t o
A(nm) —
Fig.2

- 229 -



@ - Al, 03 ‘Ti

77K
X exc = 532 nm
wn
X
16000 14000 12000

———— v(cm-‘I)

Fig. 3

-230 -



@ - Al,0,:Ti

300K
Nexc =266 Nm
1 1 1 1 1 1 L .
o o o o o
o o o o (a0}
o o < o o
pre) ~ o (-]
~ o~ N N -

~a— ) (cm™)

Fig &

--231-



ON THE FACETTING IN YAG:Nd CRYSTALS

V.Lupei, E.Ristici, 5.Georgescu, [.Voicu, O.Radulescu

Central Institute of Physics, Bucharest - Romania

1. Introduction

The YAG:No crystals are the most widely used active media in solid state lasers due to
their good mechanical, thermal, optical and generation properties. However, growing YAG:Nd
crystals of high optical quality is still a problem.

The Czochralski technique is the most usual method to obtain YAG:Nd single crystals.
The YAG:Nd crystals pulled from the melt with a convex interface (to avoid high dislocation
concentrations) exhibit a strained central core (of a few multimeters in digdmeter) due to the
development of [211] and [110] type facets. This deffect occurs in these garnet crystals when the
growing convex interface becomes tangent to these planes. Although present in the undoped
crystals, these defects are enhanced when Nd substitutes occur in the crystals using the <111>
growth direction that assure the minimum facet area. Basterfield et al. /1/ using X-ray
topography revealed the nature of the optical inhomogeneities in the core of both undoped and
Nd-doped YAG crystals. Only the [211] and [110] type facets have been observed.

The facet information is associated with strains, Cockayne /2/ reviewed the principal
sources of the facet strain as, impurity segregation, changes in stoichiometry and oxygen
vacancies.

Recently, Janusz et al /3/ have used the thermoluminiscence topography method to
reveal the strained regions in YAG:Nd crystals.

Cockayne /4/ has shown the importance of the shape ahd stability of the growing
interface in the presence of the dopant due to a small segregatijon coefficient (K < 1). A major
defect, is the change of the growing interface from a smooth to a cellular morphology due to the
constitutional supercooling /5/.

Besides the centra! core, the facets can appear in the annular region of the crystal, at
well-defined values of the growing interface angles. These facets which have a deleterious effect
similar to that encountered in the central core further reduce the volume of the crystal from
which rods of high optical quality can be produced.

Growth striations are other defects present in all the crystals pulled from the melt. The
stmations represent the shape of the growing interface at any moment.

In the present work, the facets, striations and strains present in YAG:Nd crystals are
evidence by the conventional optical methods. A correlation between the appearance and
extension of the facets and the growing interface angle is made in order to find the bast growing

conditions to minimize the core area and to obtain high optical quality crystals.
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2. Experimental

The YAG:Nd crystals with diameters up to 25 mm had been grown in our laboratory in
iridium crucibles in a nitrogen atmosphere by the Czochralski method.

Various growing conditions to produce different interface angle were selected, and <111>
oriented seeds were used (see Table I). Samples under study were cut parallel or perpendicular to
the growth direction and optically polished.

The optical inhomogeneities were observed By shadow and photoelastic techniques using
a spatially filtered He-Ne laser. To reduce the surface effects, the samples were immersed in an

index-matching liquid.

3. Results and discussions

Samples selected from five crystals (A to E) presenting different interface angles in the
range of 60° - 108° have been studied. The interface anglés were measured from shadow patterns
of the samgples cut parallel to the <111> direction. Table 1 presents the interface angles and the
observed facets for the studied crystals. -

Table 1.
The interface angle and the observed facets
for the YAG:Nd crystals

Crystal A B C D €
interface 60° 740 86° 1000 108°
nbserved

facets [211], [211] (211), (211] [211] {211], [11/0] {211], (110}

Fig. 1 presents the interface geometry. The shape was shown by the frec growing
interface obtained by decantation , and by the growth striations (Fig. 2). In the studied range of
interface angles, the interface is generally conical, except for the centrsl region where the
"coring" takes place. We can assume that such interface corresponds to a freezing isotherm
whose shape.is conical with a small spherical bottom; the facets develop in this spherical region
and their appearance is favoured by supercooling. The magnitude of supercooling determines
which facets form preferentially in this spherical region. In our case all the crystals have [211]
facets in the central region. In some cases weak [110] facets were also observed. Outside the
core, the crystallizaticn is determined by the angle of the conus; this is clearly seen in figure 2
where the angle of the striations changes sharply from the core to the bulk of the crystal.

In figure 1 we denote by oc the growth interface angle and by P the angle between
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the <111> direction and the normal to the generatrix of the conus. These two angles are
connected by the obvious relation Y =11/2 - ac/2. If these normals are along low index
crystallographic directions <ijk>, the corresponding planes (ijk) become tangent to the conus and
facet formation in the conical part of the isotherm is favoured. The criticel interface angle
which favours the appearance of these facets tangent to the conus are o 211 = 141.06°, o

.= 109.46° and 1= 56.26°.
The extention of these facets depands on the thermodynamics of crystallization; usually

110

they are of tenths of a centimeter wide and are surrounded by a region of high strain. With the
growing of the crystal, these narrow facets form inside the crystal "ghost" vertical collumns
which can be clearly seen when the crystal immersed into an index-matching liquid is viewed
through crossed polarizers.

Flgures 3a to Je present the shadow patterns of the sample A to E cut perpendicular to
the <111 direction. As discussed above, the core [ 211 ) facets are present in all the crystals but
the average diameter of this core varies from crystal to crystal and for our series of samples has
a maximum value In the crystal E ( oc = 108°).

In sample A, where oc is close to o 211’ six 211 facets are observed outside the
core._At the same time, a strong development of the [211] facets on the outer surface of the
crystal takes place and the transverse section of the crystal has the shape of a reqular hexagon
{Fig. 3a). When the interface angle is far from the critical values (samples B and C) only [211]
facets occur (Figs. 3b and c), while in samplea D and E, where <« is close to OCZlO’ three [110]
facets develop (Figs. 3d and c) and the tendency to form external [110] facets becomes apparent.
An enalrged view »f the core of samples B and E is presented in Figs. 4 and 5 respectively. The
facets were identified by comparing the shadow patterns with the stereographic projection (Fig.
6)-

Photoelastic patterns revealing the strains in perpendicular tut samples are prasented in
Figs. 7a and 7e. The facets determine the strains in all the sampfes except for sample C which
also presents an outer strained region. A minimum strained area is observed for sample B.

We aleo note that under some unfavourable growth conditions the conical interface can
become concave toward the melt at the outer part of the crystal. This can lead to the
appearance of [211] or [110] facets in the outer region of the crystal, thus reducing the part of
high optical homogeneity of the crystal.

The data presented in this paper obtained by simple optical methods confirm the relation
interface angles and the extent of the facets and evidence the useful parts of the YAG:Nd
crystals. In the range of interface angles studied in this work, two regions around o
56.26° end o |,
dramatically reducing the useful part of the crystal. In these regions of angles the external

a1 ¢
= 109.46° lead to the development of facets along the conical generatrices

facetting of the crystal in observed. A similar situation is expected for large interface angles, in

the region around o« 211 = 141.06°.
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The change of the interface to concave in the outer region of the crystal leads to the

development of additional low-index facets.

FIGURE CAPTIONS
Fig. 1 Interface geometry oc -growth interface angle:

¥ -angle between the <111> direction and the normal to the generatrix of the conus.
Fig. 2 Shadow pattern of a parallel sample from crystals E.
Fig.Ja-e Shadow patterns of perpendicular sample cut from crystals A to E, respectively.
Fig. 4 Enlarged shadow pattern for the perpendiculart sample cut from crystal E( oc =108°).
Fig. 5 Enlarged shadow pattern for the perpendicular sample cut from crystal B( oc =74°).
Fig. 6 Stereographic projection of the facet planes in a cubic crystal as viewed along <111>.

fig.7s-e Photoelastic patterns of the sample shown in 3a to 3e, respectively.
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1. Introduction

The carbon dioxide lfaser has been used to perform a wide variety of surgical procedures
for many years. The first published surgical use of the CO
K.J.Strully /1/ in 1966.

The applications of the CO2 laser in human experimental surgery began by S.Steller

2 laser was by W.Z.Yahr and

/2/with the palliative vaporization of malignant brain tumours in 1969.
Since that period the developing of the CO2 laser surgical units has been progressed from
year to year and laser scalpel has been used in virtually every surgical subspeciality.

*  With the development of suitable surgical instrumentation that fulfils the requirements
of .the clinical surgeon and designed to fit in witl:\ the physical conditions prevailing in the
operating theatre, the present laser surgery shows signs of even more rapid progress and general
acceptance as its applications and advantages in more and more fields of surgery are
demonstrated.

The basic advantages can be summarized as follows:
- nongontact highly sterile surgery

- dry 'field, almost bloodless surgery

- easy access in confined areas

- a minime! marginal damage to tissues
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- no electromagnetic interference on monitoring instrumentation

- minimal postopérative swelling and scarring.

As it is well known, a laser surgical system consists basically of the laser - a coherent
source of intense monochromatic visible or infrared radiation that can be focused to
submillimeter spot sizes, and a delivery system that conveys this radiation to cither a hand-piece
or a microscope attachment.

Out of the various systems currently used in medical practice, the Cl.J2 laser has proved
itself as the most efficient laser scalpel because its infrared wavelength of 10.6 pm is iughly
absorbed in the living tissue (which includes between 75 o 95% water) and can produce the rnost
effective tissue removal through evaporation.

Small tissue volumes are removed with single or multiple exposure pulses, while larger
incisions are performed through progressive scans of the beam in the continucus mode of the

operation.

2. The main specifiq features of a modern CU2 laser scalpel
The tmain specific fealures of the madern CO2 laser scalpels are as follows:
- the laser energy delivered in the operating area
- the power density in the focal spot
- the angular divergence and the transversal mode of the laser heam
- the efficiency of the interface between laser and patient
- the degree of safety ensured for surgeon and patient.
According to the definition in physics, the energy of a laser scalpel in the operating area
is: £
£ = [ Pdt ()
0
where P Is the power in watts, t is the time in seconds and E is the energy in joules.
If the laser power is constant over the interaction time interval, the formula (1) will be
more simple, namely
E = Pt. (2)
Because the laser tissue incision and tissue removal is the result of tissue vaporization
under the heat effect of the laser energy absorbed, the larger the output power or the langer the
interaction time, the deeper will be the penetration into the irradiated tissue.
An illustration of the above observation can be obtained if we consider a 10 W CO2 laser

2

beam focused to 1 mm® impinging on the tissue. Since most tissues are about B0% water, we can

assume in a first approximation that the irradiated system has the properties of water. Because

3 of water initially at 37°C into steam at 100°C is about

the needed energy to transform 0.1 mm
0.25 joule, in the tissue exposed 'o vaporization a crater can be produced with 1 mm2 cross-
section and a depth of about 0.5 mm in approximately one tenth of a second.

The depth of panetration is proportional with the interaction time and the power density.
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The power densily is the power per unit area. For a uniform intensity distribution, it is
calzulated as P/A, where P is the power in Watt and A is the cross-section of the laser beam in
cmz. For the same output power, the power density is different for different beam sizes.

The smaller the focus spot, the thigher the power density ard the “sharper" the laser
beam.

The size of the laser besm in the focal plane is directly dependent on the angular
divergence and on the rnode of the laser beam.

With respect to the optical laws, the size of the 'f.ocal spot can be determined using the
equation

D=Fe ()
where D is the diameter of the spot, F is the focal length of the scalpel focusing lens and 0 is
the angular divergence (in radians) of the laser beam at the entrancy of the focusing lens.

As results from equation (3), there are two ways to increase the "sharpness” of the laser
beam:

- to reduce the angular divergence of the laser beam

- and to use focusing lenses with shorter focal lengths in the "scalpel” (the endpiece of

the radiation conveying system).

The mode of the iaser beam is a parameter which describes the irradiance distribution in
the laser beam cross-section.

The best beam mode is the fundamental mode, which has an irradiance distribution that
decreases smoothly from the center to the edge of the beam, according to a Geussian function.

This pattern which produces a single spot of light is also known under the name of TEMoo
mode (Transverse Flectric Magnetic).

The beam diameter in the laser aperating in the TEMoo mode is defined as the diameter
where the intensity decreases at 1/e of its maximum.

Because the TEMoo beam's angular divergence is the smallest possible, the output of the
lasers used in surgical units is recommended to be in the fundamental mode TEMoo.

The use of the focused single mode laser beam as a surgical scalpel fulfils the general
requirements of the noncontact surgery namely:

- a quick cut

- a fine cut line with sharp and clear edge.

For the application of laser beam in surgery, a special' interface had to be developed
between the laser and the patient, which was able to ensure the degrees of freedom required by
the movement of the laser beam in the operating area. )

This interface or the radiation conveying system have to be highly efficient in light
transmission and at the same time with sufficient flexibility to various kinds of surgical
operations.

Light conveying systems with efficiency higher thaen 70% are presently abtained using

opto-mechanical articulated arms and optic fibers.
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The main quality requirements for a light conveying system are:

- preservation of the laser bearn's unique characteristics such as low angular divergence
and fine coherence

- low transmission loss

- capability to transmit laser beams with high power density without demage to the
system itself

- flexibility, adaptability and mobility

- handy appearance and size

- high quality focusing lens and availability of different focal lengths.

Angther important feature of modern CO,, laser scalpels refers to the degree of safety

assured by the laser surgical unit for surgeon and pzatient.

A high degree of safety could be obtained if the laser surgical unit fulfils the safety
requirements specified for electro-medical devices and laser apparata, and if the place where
the laser beam will be applied in the operating area and the interaction time of the laser beam-
living tissue is precisely controlled.

For many modern laser scalpels the positioning of the beam on the surgical area is
accomplished by visible in-line laser beam (red or green) focused with the operating beam, with
an accuracy better than + 0.1 mm, while the interaction time is controlled by specialized

electronic circuits with an accuracy better than 10%.

3. A technical review of the CO2 laser scalpel BILAS 10

The CO2 laser scalpel BILAS-10 was designed and built as an unitary (integrates)
ensemble which consists of five main functionally modules, namely:

1 - the central laser unit

2 - the light conveying system

3 - the focusing head

4 - the electronic system for supplying, control and monitoring

5 - the mechanical structure which sustains the above mentioned four functionsl

modules.

A block diagram of the CO2 laser scalpel BILAS-10 is shown in Fig.1.

3.1. The central laser unit

The central laser unit includes a visualising low-power He-Ne laser and its high voltage
power supply, a sealed-off medium power operating CO2 laser, an electro-mechanical shutter
which enables the emission control of the operating laser beam in the operating area, an opto-
mechanical system for overlapping both laser beams on the same axis and a powermeter head for
monitoring of the emitted operating beam.

The sealed-off CO2 laser used in BILAS-10 .has a maximum output power in the

transverse mode TEMoo larger than 10 W and a lifetime which exceeds 2500 hours.
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This CO2 laser has an optimum design for single mode and long lifetime operation being
the last type of medium power sealed-off CO2 laser series LIR developed in the last fifteen
years in the Laser Oepartment of the Institute for Physics and Technology of Radiation Devices,
Bucharest.

The CO2 laser tube configuration is presented in Fig. 2 together with some dimensions
in mm,

The bore diameter of the pyrex glass discharge tube is 7 mm and the total discharge
length is 430 mm.

A water jacket for flowing tap water and a gas reservoir are both surrounding the plasma
tube envelope.

To minimize gas clean-up by electrode sputtering and to shorten the discharge path, the
electrodes were placed coaxially with the tube axis and were designed in the form of a hollow
cylinder (anode) and hollow cone (cathadse) with guard rings on the side of the discharge tube.

The conical shape of the cathode and the position-along the tube axis prevent the mirror
against the ionic bombardment.

The electrodes are made of nickel under a special technology of oxidation which has a
direct contribution to the lifetime extension of the sealed-off CO2 laser.

The laser tube is sealed by two internal mirrors that are attached to the tube terminals
with epoxy. The tube is filled with an optimum mixture of CO,, Ny, He, Xe and H, 13/, 14/ at a
total pressure of about 32 torr.

The mirrors had a 19 mm diameter, one being spherical (1.5 m radius of curvature),
totally reflecting (Cr + Au coating) made up of fused silica, and the other being dielectrically-
coated flat germanium.

The transmission of the germanium mirror is about 20% and is near the optimum
calculated value.

The optical configuration was chosen to ensure fundamental TEMoo mode operation,
which is of primary importance for laser applications in surgery.

The mode selection criteria use the fact that by selecting appropriate values for the
Fresnél number (that is for the tube bore diameter and for the cavity length) the diffraction loss
for the TEM10 mode can be made great enough with réspect to the available laser gain so as not
to oscillate /5/.

In our case, the mirror spacing is 540 mm and the Fresnel number is 2. This involves a
TEMIU loss to TEMQ0 loss ratio greater than 8.

The best optical configuration proved to be a half-symmetric cavity with g factors
comprised in: the (0.5 - 0.6) range which also ensures a minimum diffraction loss for the
fundamental mode.

The divergence of the emitted laser beam is about 2.8 mrad and the spot waist on the
output mirror is 4 mm.

The sealed-off CO2 laser described above is used in the central laser unit to ensure the
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desired highly directionaly and intensive infrared operating beam, namely:

- output power in the transverse mode TEMoo 210 W+ 15%
- beam diameter at 1/e from the maximum power <4 mm
- divergence of the emitted beam 2.8 mrad

The second laser of the central laser unit is a small size ] mW He-Ne laser whose red
beam enable by coaxial and confocal processing with the infrared operating bearn the accurate
positioning on the surgical area.

The main technical parameters of the visualising He-Ne laser are:

- total length 310 mm

- external diameter 45 mm

- power >1 mw

- beam diameter at the output mirror of the laser approx. 2 mm

- beam divergence -~ 2 mrad.

The coaxial overiapping of both laser beams is made with a two mirrors system which
provide a double deflection with 90° of the He-Ne beam and the mixing of the beams.

Both mirrors are plane, one totally reflecting for 2 = 632.8 nm made up of fused silica
and the other one of germanium dielectrically antireflection coated for 1 = 10.6 pm on both
faces.

The adjustment of both mirrors is done by special three-axis adjustable aluminium
holders.

Between the CO,, laser and the mixing germanium mirror there is an electro-mechanical

shutter which can controf through a total reflecting movable copper mirror either the deflection
of .the infrared CO2 laser beam on the radiometer head or to the exit o'f the central laser unit
aperture.

When the shutter is off, the COz

power is monitored and when the shutter is on, the power is no more monitored and all the laser

laser beam is incident to the powermeter head and the

power becomes available to the entrancy aperture of the conveying system.

The operation of the electro-mechanical shutter is controlled in real time by an opto-
electronic switch placed in the vecinity of the movable copper mirror.

To reduce the high voltage connections between the central laser unit and the electronic
system for supplying, control and monitoring, the small size high voltage power supply of the
He-Ne laser was also placed near the He-Ne laser in the central laser unit.

The central laser unit is placed horizontally on top of a foot-controlled hydraulic stack
and can be translated 190 + 5 mm in the vertical plane and rotated at an angle of 45° + 3° in
horizontal plane.

To control the operation of the laser devices from the central laser unit, its housing was

equipped with two obaervation windows.
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3.2. The light conveying system

Since in medical clinics it is not possible to move the patient in the laser beam like in
many industrial laser applications it was necessary to develop a special interface between laser
and patient - a light conveying system able to transmit the laser radiations with high efficiency
and at the same time to have sufficient flexibility and facility to various kinds of surgical
operations.

To {fulfil these require'nen‘ts, we have developed a very siinple and efficient opto-
mechanical articulated arm, which consists of special interchangeable mechanical mirror holders
positioned at 45° on the beam directinn and performing full rotations in a plane orthogonal to the
beam direction.

The main features of the opto-mechanical articulated arm used in the construction of
the C(_)2 laser scalpel - BILAS 10, are:

- the efficiency at 10.6 pm > 75%

- six degrees of freedom

- very high adaptability, flexibility and mobility (through its modular structure)

- interchangeable endpiece attached to the articulated arm.

All the mirrors used in the opto-mechanical articulated arm are flat totally reflecting

mirrors (Cr + Au coating) rnade up of fused silica.

3.3. The focusing head

The focusing head is a modular element placed at the end of the articulated arm which
includes the laser beam facusing lens.

The scalpel is actually the endpiece attached to the articulated arm which includes
either the focusing head 'and a hand-piece or the focusing head and a microscope attachement.
The hand-piece is usually 10 - 20 mm shorter than the focal length of the lens.

The hand-piece is made up of stainless steel with a view to be suitable in the
slerilization process.

Using focusing lenses of different focal lengths it is possible to control the size of the
beam in the focal plane and the power density at the focal point.

Table 1 presents the dependence of the spot diameter and power density at the focal

point of the (O, laser scalpel BILAS-10 (maximum output power 10 W, beam divergence

2.8 mrad) on the f?)cal distance for three different focal lenses.
Table 1
F(mm) 150 200 250
' o
D = FO (mm) 0.42 0.56 0.7
P/AKW/em?) 7.2 4 2.6
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Since the focusing lenses are made from single crystais of KCl or NaCl, a special care is
necessary to grotect them against the water vapours (special enclosure, special instructions for

replacement a.s.o.).

3.4. The electronic system for supplying, control and monitoring

The electronic system for supplying, control and monitoring consists of all the electronic
and electrical modules used to supply both laser devices and to control and monitor the main
parameters of the laser scalpel, namely:

- the on/off control of the laser scalpel

- the output power of the operating laser beam

- the operation mode (CW-or pulsed with pulses of pre-established length)

- the presence of any failure (the absence of the electric energy, the absence of the tap
water or a water flow rate lower than 1.5 I/min, the shutter blocked off or on, a wrong
operalion of the main timing circuit a.s.o0) which stops the operation of the laser scalpel

- the emergency stop of the laser scalpel.

All the controls and monitoring elements are accessible from the front panel of the laser
scalpel. A photograph of the BILAS-10 front panel is shown in Fig. 3.

The main part of the electronic system is the CO2 laser high voltage, requlated current
power supply which was specially designed to enable an efficient control of the emitted laser
power, have a small volume and a very high efficiency.

To fulfil the above specified conditions we have developed a single transistor converter,
which uses energy storage in the electric and magnetic field of an LC oscillating circuit.

The main ideas of this circuit and the detailed design considerations were described in a
separate published paper /6/.

The current regulator stabilizes the laser emission against changes of gas mixture,
pressure, coolant temperature, line voltage and power supply ripple.

The output power of the C02 laser can be controlled in a range which exceeds 60% of
the maximum value by controlling the discharge current in the laser tube between 5 - 15 mA.

The installation has also special safety electronic circuits for control and opto-acoustic
warning for the failure of the electronic system, against radiation hazard and faulty operating

conditions.

3.5. The mechanical structure

The mechanical structure of the CO2 laser scalpel BILAS-10 was designed with a view to
fulfil the main ergonomic and functional conditions necessary for a portable and very versatile
laser microsurgical system.

The direct access to every functional module and the modular structure ensure a very
fast and easy service for the laser scalpel.

A photograph of the CO2 laser scalpel BILAS-10 is shown in Fig. 4.
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The laser scalpel cen be transported by means of three all-directjon wheels in the limits

of the cooling and current supply system connections.

4. Experiments on the use of the CO2 laser scalpel BIL AS-10
in neurosurgery

At the 7-th Clinic for Neurosurgery of the Hospital "Gheorghe Marinescu" in Buchsrest
we have tested the CO2 laser scalpel - BILAS 10 - developed in the Central Institute of Physics.

The laser scalpel was extensively used in a large number of cases and has clearly
demonstrated its superiority as a cutting tool of the neural tissue.

During three months (from November 1st 1984 to January 3lst 1985) we operated 21
patients. Six of tnem had hemispheric supratentorial tumours (2 temporal astrocytomas, 3
glinblastoinas and 1 sarcom). After the extirpation of the tumours by classical methods, the

focussed beam of the CO,, laser at a power level of 4-10 W was used for the vaporization of the

tumour fragments in thezneighbourhood of the main arteries. To remove the tumour fragments
from the reinaining cavity walls and tumour portions situated near the critical areas (ventricles,
basal ganghia) but far enough from the important arteries, the maximum laser power was used.
The coagulation of the bleeding vessels was done by a defocused laser beam at a power level of
4-6 W.

At 2 patients with parasagittal meningiomas, the dissection of the tumour implantation
basis on the upper longitudinal sinus was achieved in a mixed manner, both classically and with a
focused or defocused laser beam at a power level which was varied between 4 and 10 W, function
on the situation.

To achieve a coraplete obliteration of the lumen, the laser is used unfocused with the
spot 2-& times larger than the diameter of the vessel.

The small diameler arteries and the veins were coaqulated by a defocused beam of 4-
6 W, applied for 5-10 seconds by three, four times.

The removal of the tumour fragments which were infiltrating the bone was carried out at
maximum focused output power.

In two cases of fusiform aneurysms of the median cerebral artery a pulsed defocused
laser beam was used, with an irradiation of 3-6 seconds, to achieve a segmental constriction
allowing a reduction in volume of the aneurysm and a good shrinking of the vessels. To minimize
the tension of the aneurysm wall, distended by endoluminal pressure, intraoperative arterial
hypotension was associated.

At a patient with cranial osteomyelitis and bone sechestrum and at another with

encephalitis, the CO, laser was used at maximum power, with continuous irradiation, to obtain

the sterilizatioln of trzxe operative field.

Another patient with chronic subdural hematome was irradiated at maximum laser power
(10 W) for the section of dura mater and parietal capsule. The advantage of this procedure
consists in the fact that both the section and the coagulation of the vessels at that level, were

achieved at the same time.
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At a patient with intraorbital tumour, the CO2 laser was used at a power leve! of 3-5 W
for the tumour vaporization near the optic nerve, and at a power level of 10 W for the
sterilization of the frontal sinus openad during the operation.

In cerebellar tumours (1 meningioma of the cerebello-pontine angle, 2 acoustic
neurinomas, 1 astrocytoms, 1 cerebellar matastasis, 1 vermis madulloblastoma) the laser was
successfully used to remove the tumour fragments adherent to cranial nerves, to remaining
cavity walls and near brain stem.

The laser was very usaful in braln stem tumours (1 bulbopontine cystic astrocytoma) and
In those which adhered to brain stem (1 ependimoma) or to the important vascular structures.
The volume of these tumours was significantly reduced by a focused or defocused laser beam,
with pulsed or continuous irradiation at a lasar power level which varied between 4 and 10 W.
After operation, none of these patients have passed away and the neurologic deficit was
minimum.

Laser is definitely helpful in the operations where the tumours were situated deep and
near critical areas requiring manipulation of the normal brain surrounding the tumour.

At these patients, the laser allows s maore radical surgery than the traditional techniques
and aleo a safer aggression on criticel areas.

The use of CO2 lasers is limited to such zones where the vascularization is quite poor. To
obtain a complete effect (section, vaporization, coagulation end demolition of the tissue) it
would be neceesary to combine three different laser sources, that is a CO2 laser, an ion argon
laser and a Nd:YAG laser.

The main characteristics of the laser technique in neurosurgery are as follows:

1) the laser beam source I8 far enough from the operative field;

2) because there are no surgical instruments, the surgeon has a complete visual control
on the operative fleld;

3) the energy is highly concentrated on the target, allowing a selective effect for the
section, vaporization and coagulation of the tissue;

4) the thermal diffusion is very limited as compared with the monopolar or bipolar
electrocoagulation, and consequently the side effects are considerably reduced;

5) experimentally, It was demonstrated that the laser produces a necrose 5 times more
reduced than the electrocoagulation;

6) the mechanical manipulation of the surrounding healthy tissue is much reduced;

7) the hemostatic effect is often completely.

5. Conclusions

BILAS-10 is a portable CO2 laser scalpel which has clearly demonstrated its superiority
as a cutting tool of the biological tissues without physical contact and coincident mechanical
trauma.

Through its carefully engineering, the CO2 laser BILAS-10 fulfils all the safety
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conditions recommended for electro-medical devices and laser apparata.
The patient and the surgeon are protected against radiation hazard, including the case
when the main timing circuit or/and the electro-mechanical shutter are out of operation.

Through its modular structure the CO,, laser scalpel BILAS-10 can be quickly and easily

madified and repaired. :

The use of the CO2 laser scalpel BILAS-10 in neurosurgery has demonstrated the
following main advantages: -

- there is no surgical instrument in the operative field to reduce the visual control in the
operating area;

- the power control of the cperating beam in the range 3 - 10 W and both modes of
operation (cw and pulsed with pulses of pre-established length in the range 0.1 - 5 s) enable a
selective effect for the section, vaporization and the coagulation of the neural tissue;

- the thermal diffusion is very limited com.pared with the monopolar or bipolar
electrocoagulation and consequently the side cffects are considerably reduced;

- as it was experimentally demonstrated the CO, laser produces a necrose 5 times more

2
reduced than the electrocoagulation;

- the hemostatic effect is often completely.
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FIGURE CAPTIONS
Fig. 1 The block diagram of the CO2 laser scalpel BILAS-10
Fig.2 The CO2 laser tube configuration
Fig. 3 A photograph of the BILAS-10 front panel

Fig. 4 Photograph of the CO2 laser scalpel BILAS-10
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RESEARCH WORK IN HOLOGRAPHY AT THE PHYSICS
DEPARTMENT OF THE POLYTECHNIC INSTITUTE OF BUCHAREST

[.Cucurezeanu, R.Chisleag, D.Popa, P.Suciu

Physics Department The Polytechnic Institute, Bucharest

The authors review some of their research in optical holography, started under the
supervision of late professor lon Agarbiceanu. The main contributions have been in the
following areas: new hologram recording media, development of interterential hologram
microscopes, new models for fringe interpretation in hologram interferometry, new
applications of hologram interferometry, plasina diagnosis, holographic spectroscopy,

manufacturing of holographic gratings and holographic optical processing.

The Physics Department at the Polytechnic Institute of Bucharest has an active research
program in holography. The research activity has been directed to the foilowing areas:

1) investigation of some crystalline substances to be used as recording materials in
holography;

2) studies on the mechanical and thermal strains in some parts and devices;

3) studies of transparent objects by hologram interferometry;

4) vibration measurement;

5) investigations on the behaviour of photovoltaic solar cells;

6) manufacturing of holographic gratings;

7) development of techniques for the analysis of experimental data obtained by hologram
interferometry.

Part of our activity was carried out in cooperation with the Laser and Holography
Department of the Central Institute of Physics. The main areas of this work concern:

8) plasma diagnaosis;

9) holographic spectroscopy;

10) optical data processing;

11) extension of sensitivity and spectral range in holographic interferometry and

nondestructive testing.

1) Regarding the investigation of cryslals used as recording materials in holography, we
were interested in the silver chlorine doped with cooper ions /1-3/. It has been shown that this
crystal can be used for recording holograms. A hologram is recarded in about 4 rminutes using a

0.1 mW laser radiation. Thermal erasing of the hologram takes place after about 40 hours.
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2) Measurements of mechanical and thermal strains in some machine parts by means of
double-expos e hologram interferometry have been presented in papers /4,5/. Rotation angles of
seconds and de:flections of tenths of micrometer have been measured.

The temperature distribution in some electronic devices and semiconductors has been
studied by various holographic methods. Paper /6/ presents the application of the double
exposure hologram interferometry to the study of a transistor, type EFT 214 (fig.l), an
integrated circuit, type pA ‘719 (fig.2) and a four-diode rectifying bridge, type RA 120 (fig.3).
The suggested data analysis technique considers the fringes as isothermal curves. Under normal
feeding conditions, the fringe spacing corresponds to a temperature difference of a few Kelvin
(e.g. 3.6 K for the integrated circuit whose interferogram is given in fig.2). Mareover, the
method permits the non-destructive identification of "hot-spots" developed in semiconductor
devices during operation.

A new investigation technique called "the microscope hologram interferometry" has been
introduced by the authors for the analysis of temperature distribution in some semiconductor
structures having the size of the order of a millimetre or smaller. It allows an increase in the
obtained quantity of information on a unit surface, and hence an increase in the accuracy of the
obtained thermal maps of the investigated objects.

Indeed, according to /7/, the quantity of information I which can be obtained from an
interferogram is given by:

1= 2m? log,m o)
where f is the number of fringes considered on the visible object surface and m is the number of
distinguishable zones on a fringe.

Using the microscope hologram interferometry technique, illustrated by the hologram
recording (fig.4) and image reconstruction (fig.5) schemes, the quantity of information, IM, will
be /8/:

Iy = F’M'log M= 68'I ¥ a1

(2)
in which

F = 8f Ta'f 3
where B is the axial magnification and a is the transverse magnification of the object.

Relevant experimental results /9-12/ are shown in fig. 6, 7 and B.

Figure 6 shows the microscope hologram interferogram of a 2 N 3055 power transistor
structure, generated by rest and normal feeding regimes. By examining this picture one can
notice a normal operation of the structure (fringes appear on the feeding contacts and in their
neighbourhood). The presence of the fringes and their distribution on the interferograrh in fig.7
show an energy concentration in their particular place, hence a fault in the continuity of
junction. The same interferogram shows no fringe parallel to this junction, meaning that the

junction temperature is not significantly different from that of the neighbouring layers. Figure 8
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shows the microscope hologram interferogram of a region belonging to the junction of a defect-
free transistar of Lhe sane type, obtained at a much larger nagnification. One can nntice that
the nonhomogeneities of the junction become visible. Instead of observiny fringes parallel to the
junction - as we should expect from the monotonous theoretical models - we notice many hot snd
cold spots on the junction.

The temperature gradient between two neigbouring isotherms (fringes) may be
determined too. Let 6,( At) be the temperature difference between two successive isotherms
and §1( aT) be the corresponding temperature difference on the magnified image of the object.

Then the following equation holds:

61 (AT) By 6, (at) /e - °,(a) /"z
(@)
Denoting by A z the object surface displacement corresponding to the n-th fringe and by
§; (A 2z) - the displacerﬁent difference corresponding to two adjacent fringes, the hologram
interferometry yields:
°y(az) = dev-z+° (at)
5

and the microscope hologram interferometry yields

©,(82) = bedezeg .8 (AT)
(6}
where d is a constant (d < 1) dependent on the heat transfer in the sample, £ is the coefficient
.of linear thermal expansion of the material, and z is the sample thickness.

In this case, for a silicon sample with thickness z = 0.2 mm and a linear expansion
coefficient, g = 7.6 x 10'6K-1, studied through hologram interferometry using a He-Ne laser
with )\ = 632.8 nm, placed normal,‘to the illumination and abservation wave vectors for d = 1/2,
we obtain §,( At) = 400 K. By means of microscope hologram intetferometry, using a 20 x
objective (a= 20 and ga400) we obtain §{a T)= 1 K.

This method may provide an experimental support for the statistical models of
interpretation of thermal phenomena in the junctions of semiéonductor devices besides its
usefdlness in nondestructive testing of semiconductor devices behaviour.

3) Studies of transparent objects by hologram interferometry have dealt with the
determination of the variation A P(x,y) in a property of the object, e.g.: a) local change of the
index of refraction, & n(x,y), for liquid crystal cell excited by currents with various frequencies
(/13/ and fig.9a) or for a non-homogeneous optical glasé (fig.9b); b) change of the molar
concentration, A C(x,y) of a solved substance /15/; c) the molar concentration C(x,y), of the
new product formed in a mass transfer reactor /16/; d) local temperature difference, aT(x,y),
during the thermal mixing in the storage tanks of solar power plants at different moments /17/or

during the operation of air solar collectors as function of the profile of the absorbant surface
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(/18/ and fig.10).

4) Time-average hologram interferometry techniques have been used in the study of
vibration of various devices such as: a) telephone menbranes /19/; b) membranes of pneumatic
cells used in automatic control /20/; ¢) lnudspeaker membranes /21/; d) delay relays; e)
transforimers; f) microdrivers etc. To give an example, we present the results of the study of a 9
cm diametre loudspeaker having a 3.5 ohm impedance. In order to determine the frequencies of
interest, it was tirst studied by speckle interferometry. Then a steady excitation (of 35 mA
(fig,11)) being applied it was studied by double expusure hologram interferometry in the second
exposure.

The value of the set-up constant was C = 1.90 in the employed set-up, A =0.633 pm, so

that the bright fringe of p order apperared when the local deformation was Lg equal to:

- A
Lp P TE p 0.333 um, (5)

and the dark one where

Lo = (2p-1) 3¢ _
(6

The asymmetry of the membrane strain, as noticed from the photograph, even in the
static regime shows a bad centering of the device. One can also notice undesired membrane local
strains produced by the contacts of the coil connecting wires.

The membrane maximum deformation is ~3.8 pm and the nonuniformity produced by the
wire is 3 um. Then the loudspeaker was studied by the time-average hologram interferometry,
using the same value of the current and a frequency of 8.5 kiHz (fig.12), getting deflections up to
0.5 pm. In the contrast to the circular fringes, which might be obtained under ideal conditions of
membranes response, the study revealed a series of vibration modgs characterized by patterns of
axial symmetry and non-circular fringes. The role of wire insertions which has already been
suggested by double exposure hologram interferometry, is obvious herein.

5) Simple or double exposure hologram interferometry has been succesfully used to study
photovoltaic cells and modules /22-24/. Silicon photovoltaic cells, of 5 cm diameter, of Vl(p/n)
and Bl(n/p) types were investigated, they were incapsulated or free and fed at Umax =0.4 V and
lma‘ = 0.25 A. These values are equivalents of those arising from normal illumination. Fig.13
shows a local deformation of the device surface (about 1/3 pm on a fringe spacing, normal on the
surface) mainly due to the modification of the cell sandwich structure by defoliation (up to 3um
here) and less to the thermal expansion of the device.

Testing of different solar panels aimed at the identification of posible defect sources
which might appear during operation. Panel quality and reliability depend on the cdrrelation
between thermal and mechanical properties of the materials used for window and support. Glass-

aluminium panels proved to be more affected by the variation of environment parameters. The
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"hot spots" of the investigated modules (in fig.14, the smail annular fringe on the right-down
cell), the probe le cause of major defects in operation have also been pointed out.

6) We mention tt : manufacture of holographic gratings /25/, under the provisions of a
research contact between the Physics Department of the Polytechnical Institute of Bucharest
and the Enterprise for Reserach Equipment and Devices in Bucharest. Grating of 40 x 40 mm2
size and of 600, 1200 or 1800 lines/mm were manufactured.

To work by reflection, the grating surface was covered by an aluminium thin coating.

7) Important results have been achieved concerning some methods of fringe
interpretation in hologram interferometry /17,26,27/. Among the authors' more important contri-
butions we mention:

a) The unitery approach of the fringe interpretation problem, starting from a new

squation for the phase difference:

¢))

(see /17/, 6.6 where p is the shrinkage factor. This is a more general relationship than those
known in the literature, which can be deduced from rel.7.

b) A new vector, the characteristic displacement vector L(r) is introduced by the

equation:

a(r) = K(mT(r
- ()]
where @ (r) is the fringe position function and K(r) is the sensitivity vector (see /17/, 5.1.2.),
permitting the unitary interpretation of different kinds of movements (uniform, harmonically
periodic, bistable).

c) The fringe function M (r, t), is better defined and e new notion is introduced (by
relation (6.25) in /17/), the resolving power of hologram interferometry method. This makes
possible to compare different holographic methods with one another and with other analyzing
methods.

d) An original general model of fringe interpretation in hologram photoelasticity is
presented in /17/, 6.9.

8) Concerning plasma diagnosis, a part of our work was related to the possibility of
reconstruction of a three-dimensional refractive index field from multidirectional interfe-
rometric data /28/. That is why we have been interested to find some mew methods of inversion
of the phase integral recorded by halographic interferometric methods /29/. The starting idea
was to perform the analytic extension of the Radon transformation by help of an adequate

constructed function

™

F(a,B) = | i—:(")n;:—: (8) (a-8)"

9
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where ¥ ( B) represents an arbitrary tunction satisfying the following condition

% - (n) o _
v(8) 20 [ u(glde =1  (8) €b(a,,a,) n<N, ¢ (B)=0,a €(a;,az)
. a, 8 =a;,a;
being the measuring interval, followed by a double Fourier transformaticn. Then we g¢btain for

the refractive index field

+® a,
f(x.y) = [[exp[21i(xg+yn)]] F(a,8)C_(8)dadedn w0
- : a, 10

where

6,(8) = [ ¢(r.8)e  ™ar o(r,a) = [ f(x,y)dl
) Pr.a an
¢(r, a ) being the measured phase integral along the Pr,a direction. The whole calculation has
to be perforimed separately for each z plane. The whole calculation can be performed in an
optical set-up by an original method. So, it is possible to obtain the comiplete refractive index
field from an interferometric recording of limited observing angle interval (a;,a32) < w using
only optical data processing.

In order to enhance the sensitivity for separate evaluations of electron and gas.
contributions we were also concerned with the spectral rage extension in the U.V. /30/ and L.R.
/31/, as well as with reference wave modulation methads /32/.

An important effort for the theoretical systematization and experimental development
of specific methods started by employing the spatial frequency multiplexing /33/ . One of the
results obtained in this direction was phase object investigation by interferometric, schlieren and
shadow methods using the same holographic plate /37/. The corrgpburation of the simultaneous
measurements achieved by these three methods, with an adedquate sensitivity which can be
largely optimized by the reconstructing set-up, can be very useful in plasma and generally in
phase object diagnosis.

9) Another research direction still related to plasma diagnosis is given by holographic
spectroscopy. Our principal results refer to the investigation of the specific character of
resolution power in holographic spectroscopy and the utillization of the redundant axis of the
spectrogram /34/. Thus it might be possible to enhance the resolving power of the spectrogram
by an order of magnitude or to record not only the holographic spectrogram of one same point
but of a whole axis on one holographic plate.

10. Hologram interferometry in the Fourier plane has been one of our principal research
direction in the last years. First of all, we had in view the development of the theoretical basis
/35/, tne diversification of the experimental methods and the further elaboration of the theory in
order to apply it to phase objects of interest /36/, to the vibration analysis /37/ to enlarge the
sensitivity and to take under control *he measurement eriors /38/, as well as to take advantage

from previous results as with reference wave moduiation /3¢/. One difficult problem was raised
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by the inversion of the phase integral necessary for phase object investigation, solved under soime
restricting conditions /39/ by the extension of our previous results /28, 29, 36/.

One possibility for the experimental set-up is presented in fig.15. The local object
deformation vector T with components A x, Ay, Az is recorded by means of a reference
wave R on the holngraphic plate H. Using the reconstructing wave C, each object point is
selected and investigated in the Fourier plane, FP, where the fringe systemn is desgribed by
equation:

KAZ( Poeyi) ¢ R(x axey By) = 20w, no€EN
et nf Ynfl T Rt ety ’

(12)
—_——
which represents a set of concentric circles, centered in Yof = fg, where a :VA xz +A yz is the

in-plane deformation and ¢ = A z is the oul-of-plane deformation. Iveasuring Yo and the
diameter of one circle we ohtain Ax, Ay, Az for eaci_p object point.

For vibiration analysis n has to be replaced by 2—: » Py, satisfying ec. JO(Pn) = 0 where Jo
is the Oth order Bessei function, -,

For phase object of refractive index distribution f(x,y,z), the object plane will be like a
diffusing surface, the local deformation vectar, ro( Eyv "i)’ describing the position of the irnage
point (virtual object point for the second recording), (fig.16) being related to f(x,y,z) by eq.:

n L LI
n, - g[f(n)-1]dn §; = [ [/ 719Fisin 8dn}dn
° n
(13)
Now o beiny function of the observation direction, eq.12 does not represent any more a set of
concentric circles and a phase difference 4¢= 2K n has to be added. Then niand Eican be
ohtained from eq.:

niby v Eibg = m,

- ER i
bn-2'7s1n“tg°,b=—2—51n(3- 1)

cos“a
{i4)
by goniomelric reasurements of n for at least 2 different a  values.

1) Nondestructive testing by holographic interferometry 140/ took our attention in order
to eliminate parasite objert displacement, to optimize the recording methods, to enable us to
fulfil recordings under surrounding light and facilitate final data evalustion. Some of these
methods took advantage of electronic data processing on TV recording systems /41/. All these
results were partially stimulated and largely applied to solve several problems raised by our

industry.
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SINGLE MODE OPERATION OF A COz-HYBRID LASER
H.Albrecht *, R.Alexandrescu, |.Chis, D.Dragulinescu, C.Grigoriu,
Z.Morjan, W.Radloff+
Central Institute of Physics, Bucharest, ROMANIA
*Central Institute of Optics and Spectroscopy, Berlin, G.D.R.

The single mode perforinances of CO,-hybrid laser are reported. Single longitudinal

2
and single transverse mode have been achieved. Results on the output shape and delay

time are presented.

1. Introduction

The spectral purity of a TEA—CO2 laser is important feature in some applications like
the multiphoton dissociation of molecules, where very good frequency selection must be achieved
in order to obtain efficient processes /1/. Moreover, a well defined power in the laser pulse and

the availability of smooth high power CO,, laser pulses provide an easier interpretation of many

2
nonlinear optical phenomena in gases.
As is already known the TEA-CO2

the possibility of operation on a number of rotation lines, there are many transverse and

laser pulse is usually far from monochromatic. Besides

longitudinal modes in a given line which can oacillate as a result of the large gain width due to
pressure broadening. The gain width in high-pressure discharge is very large (about 3GHz
atmospharic pressure) in comparison to the mode spacing (the longitudinal modes are usually 50-
150 MHz) apart, while the transverse modes are tipically separated by about 15 MHz). Therefore,
the output pulse exhibits a strong modulation, resuiting from beats between different cavity
modes.

A technique often used to supress high-order transverse modes consists in introducing an
aperture into the laser cavity, which allows for the operation in the lowest order transverse
made, the gaussian TEMg,, mode.

The longitudinal mode selection is @ more difficult problem /3,4/. The laser can not be
made sufficiently short so that the longitudinal mode spacing \é:c— becomes much greater, then
the gain-width. One approach is to introduce a frequency dependent loss into the cavity such as a
grating; this method can be used to select the laser rotational lines does not provide sufficient
dispersion to select the longitudinal mode.

Another approach is to insert a continc;le wave low-pressure CO; laser into the TEA-
CO3 laser cavity, known as the hybryd CO; laser technique. By inserting a low-preasure Doppler
broadened gain tube (gain width about 60 MHz) a significant Increase in gain for the one
longitudinal mode inside the narrow gain profile of the low pressure section will result. The
single longitudinal mode radiation already present in ;.he cavity, generated by the low-pressure
tube builds up when the electrical discharge in the high-pressure sections begins, so that the
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pulse will lack the characteristic gain-switched peak.
In the following section, the detailed description of our experimental arrangement far
the hybrid laser will be given, together with the measurements concerning laser pulse

characteristic parameters.

2. Experimental arrangement

The experimental configuration employed for measurements of the characteristic
parameters of the hybrid laser is shown in fig.1. ]

The active medium consisted of high-pressure stage and a low-pressure one. The high
pressure stage was a TEA COj laser (Lamberton-Pearspn) comprising matched uniform field
profile electrodes defining an active volume of 8 x 10 x 200 mm3.A 8.4 nF capacitor charged at
20430 kV was used for excitation. The TEA stage was separated from the low pressure stage by a
NaCl Brewster angle window. The low-pressure discharge (40 cm length between electrodes)
filled a glass tube with an internal diameter of 18 mm, operating with a CO2-Ny-He mixture
1-1-4 at a total pressure of 18 torr and 15 mA current.

The resonator consisted of a 90% reflecting plane germanium output coupler a 4 m-
radius of curvature gold mirror. The cavity length was fixed at 135 cm with a longitudinal mode
separation of about 111 MHz. Single transverse mode operation (TEMgg) has been achieved by
inserting an ajusteble iris near the -output coupler.

The output of TEA laser was measured simultaneously with a germanium photon-drag
detector (rise time under 1 ns) giving the pulse shape and a pyroelectric joulemeter giving the
laser energy. In order to measure the delay time between the TEA excitation current laser pulse
a special coaxial current shunt with a .ise time of 2 ns was used. The line emission of the laser
was recorded by an IR grating monochromator D 330/D 331 - KM 11 together with a pyroelegtric
detector and a low-noise amplifier. The power of the CW laser was measured with a GR 201

powermeter.

3. Experimental resuits
. The first part of the output pulse from multimode free-running TEA laser is illustrated in
fig.2. One can see a modulated emission as a result of beating between longitudinal and
transverse modes (TEMmg). The spacing between the modulation peaks, about 9 ns, agreed with
the 2 L/c cavity transit time. The .aser pulse displayed on 500 MHz oacilloscope shows that the
modulation is produced by beating 4 longitudinal modes. The supplemental modulation of the
envelope is produced by transverse modes beating.

Figure 3 shows the typical pulse shape of the TEA laser aperating on TEMyg (unwanted
transverse modles were supressed by decreasing the diameter of the aperture).

With the low-pressure CO7 section delivering about 2.5 W (without any aperture in the
resonator) a single longitudinal mode (SLM) operation, but still TEMpy,, was achieved, fig.4. One

can observe a lower frequency modulation as a result of the transverse mode beating.
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Finally, with a smaller aperture we achieved single transverse mode (SLSTM) operation
of the hybrid laser, tig.5. It is to be noted that the operation of the hybrid laser was always on
P20 of the 10.6 pm band. The peak power in SLSTM regime is 33% smaller then in the normal
TEA laser operation. The output pulse energy was of a maximum 75 mJ in the multimode regime
(mixture 1-1-4, voltage 30kV). in SLSTM regime the output energy descrease 26 mJ (aperture
diameter 7 mm, placed at 10 cm from the output coupler).

The results concerning the delay time between the beginning of the current pulse and the
beginning of the TEA {aser output pulse, fig.6, are presented in table I.

TABLE I

Delay time (ns)

Mixture 1-1-8 1-1-4

Operating regime Multimode SLM SLSTM Multimode SLM SLSTM

Charging 21 1460 560 700 - - -

voltage 24 1440 530 690 1080 510 610

(kV) 27 1340 480 670 990 440 550
30 - - - 940 410 430

On can see that the delay was decreased by the CW laser operation. In SLSTM regim the
delay 1s bigger than in SLM regime. In our experimental set-up we achieved SLSTM operation

within a range of 10 mW - 2.3 W laser power.
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Fig. 1

Fig. 2
Fig. 3
Fig. 4
Fig. 5

Fig. 6

FIGURE CAPTION

The experimental set-up of configuration; the TEA-CO; laser: C = 8.4 nF, P = 1 atm,;
the CW laser: 15 mA, CO2-N2-He/ 1-1-4, P = 18 torr; Photon - drag detector: Rofin
7415; Energymeter ED-200 Gen-Tek; Oscilloscope Tek 466; Mounuchromator D-330/331-
KM 11; Powermeter CR 201; Pyroelectric detector 200 V/W; Low noise amplifier
Brookdeal 450; Current shunt 2 mOhm

The multimode output free running TEA-CO3 lascr pulse; 4C ns/div., 10 mV/div.

The output TEA-CO3 laser pulse in single transverse mode; 40 ns/div., 10 mV/div.

The output hybrid laser pulse in single longitudinal made; 40 ns/div., 10 mV/div.

The laser pulse in single longitudinal and single transverse (TEMgg) mode; 40 ns/div.,
10 mV/div.

The discharge current pulse and output laser pulse sinumtaneously recorded for the delay

time measurements; 200 A/div., 10 mV/div., 200 ns/div.
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ULTRAVIOLET TUNABLE LASER

M.L.Pascu®, A.Vasile®, M.Dumitras®, Peng Bai**, A.Pascu®,
G.Dumbraveanu®
* Institute of Physics and Technology of Radiation Devices

** Faculty of Physics, Univeraity of Bucharest

1. Introduction

The expansion of the laser radiation tunability towards wavelengths shorter than 350 nm,
starting from visible tunable dye lasers, may be solved using nonlinear optical crystals.

In this case, the ultraviolet radiation is generated either by summing the frequencies of
two distinct incident photons or by second harmonic generation (SHG).

The tunability range covered by SHG is extended to 230 nm, whereas by sum frequency
mixing, the shortest generated wavelength is in the range of 185 nm.

In this paper is reported an experimental arrangement to obtain tunable ultraviolet laser
radigtion using SHG techniques, starting from the fundamental laser radiation emitted by a
nitrogen laser pumped tunable dye laser which works in the visible spectral range.

The spectral range covered by the tunable ultraviolet laser radiation and the spectral

characteristics of this light source are shown.

2. Experimental set-up

The tunable ultraviolet radiation was obtained by SHG effect, adjusting the temperature
of an ADP nonlinear crystal in connection with the fundamental radiation wavelength emitted by
6 pulsed tunable laser.

The experimental arrangement for temperature tuning of the ADP crystal is shown in
Fig.1.

The fundamental radiation is emitted by a dye laser which contains as pumping unit a
nitrogen pulsed laser (NPL). The time width of the dye laser radiation pulse is 10 nsec /1/ (FWHM
5 nsec), the emission spectral range 400 nm- 700 nm /2/ and the peak power per pulse around 10
kW regardless the outputted wavelength /2/.

The dye laser radiation is focussed on the nonlinear crystal using a long foca!l length lens
Ll; the crystal is introduced in a thermostated system which may be cooled using a
REFRIGERATING UNIT down to -22°C and may be heated using 8 HEATING SUPPLY UNIT, up
to 110°C.

The laser radiation which comes out of the nonlinear crystal contains the visible
fundamental component incident on the crystal and the ultraviolet SHG radiation. They may be
separated and spectrally analysed using a momch'rornat::r M and a photomultiplier PH mounted
&t the output of it, supplied by HVS. The photomultiplier's signal is processed (SIGNAL
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PROCESSING) so that the resulting information may be recorded in real time.

The dye laser radiation wavelength was changed by a stepper motor SM properly
supplied. '

The nonlinear crystal was an ADP crystal of 30 mm length and 1 cm2 section, cutted so
that the propagation direction of the fundamental radiation along the crystal make 459 with the
(100) direction and 90° with the (001) direction which is the optical axis of the crystal. The
crystal was fixed in closed thermal contact with its mounting system for a good heat transfer
and control of the temperature variations. Its temperature was measured using a thermaocouple
system which transmitted the temperature information to an electronic comparing circuit.

This circuit compared the instantaneous crystal temperature with the programmed
temperature, allowing a temperature speed variation of not more than 3°C/min. Inside the
thermostating syste/mn was introduced water vapour free nitrogen at atmospheric pressure.

The dyes used were: coumarine (5 x 107> M solution in ethyl alcohol/distilled water) and

3 M basic solution).

Na-fluoresceine (5 x 10~
3. Remuits
A first type of recording was done measuring the spectral distribution of the
fundamental radiation, in the visible, which is shown in Fig.2, for coumarine and sodium
fluoresceine. These two .dyes are cbvering the spectral range within which the ADP crystal is
doubling the fundamental frequency when its temperature is adjusted between -22°C and +95°C.

The experimental data are shown in Table 1.

TABLE 1
Crystal Fundamental SHG radiation
temperature wavelength wavelength Dye used
(°C) (nm) (nm)

-22 513.3 256.65 coumarine
- 18 514.3 257.15 coumarine
-14 515.5 257.75 coumarine
-12 516 258 coumarine
-10 516.4 258.2 coumarine
-8 517 258.5 coumarine
-6 517.5 258.75 coumarine
-4 518 259 coumarine
-2 518.5 259.25 coumarine'

0 518.7 259.35 coumarine
20 525 262.5 coumarine
25 527 263.5 coumarine
30 528 264 coumarine
35 529 264.5 coumarine
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40 530.5 265.25 coumarine

50 535 267.5 coumarine

70 539.5 269.75 sodium fluoresceine
85 544.5 272.25 sodium fluoresceine
95 548 274 sodium fluoresteine

The spectral distribution of the ultraviolet laser radiatfon' is shown in Fig.3, for the
spectral range outlined in Table 1. .

The conversion efficiency of the fundamental visible laser radiation into ultraviolet SHG
laser radiation was greater than 10%.

The experimental data concerning the dependence of the wavelength of the fundamental
laser radiation converted in ultraviolet radiation, function of the crystal temperature was
compared with theoretircal predictions.

The refractive indexes of the ADP crystal for the ordinary and extraordinary rays were

computed starting from the Sellmeier equation /3/:

B, Cyr’

n"(A) = A (3.1)

a 3
A -8, C,-A

where A is the laser radiation wavelength, and A, Bl’ BZ' Cl’ C2 are constant. In the case of
the ADP crystal, the values of the constants for the ordinary ray are: A° = 2.302842, Bi‘ =
0.011125165, 8‘2’ = 0.013253659, CI = 15.102464, C; = 400. The same constants for the
extraordinary ray are: A% = 2.16351, Bf = 0.009616676, B‘; = 0.01298912, cj = 5.191896, c‘z3 z
400.

The computed values of the refractive indexes and the corresponding wavelengths are

shown in Table 2.

TABLE 2

A (nm) n‘g nezm

500 1.529833 1.5351933
510 1.5290796 1.5324
515 1.5287164 1.5306521
520 1.5283618 1.5292494
525 1.5280154 1.5278975
530 1.5276765 1.5265
535 1.5273452 1.525336
540 1.527 1.5241218
550 1.5263927 1.5218

The refractive indexes dependence on temperature was computed using Phillips equation /4/:
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n(T)=n(298°K) + (n®+an+b) c (298-T) G.2)
where n is the refractive index, T the temperature in Kelvin degrees, and a, b, c are constants,
For the ordinary ray, in ADP crystal cases a,=- 3.0297, b, = 2.3004, €g = 0.713 x 10'2. For the
extraordinery ray at the same crystal: a,=0,b,=0,c, = 0.675 x 10'6. 20

In the case of the uncritical phase matching, the condition nz (T) = ne (T), leeds to g

crystal temperature (Tm) dependence of the fundamental laser radiation, glven in Table 3.

TABLE 3

x (nm) T (°K) L. (°C)

500 164.49 -108.51
510 214.96 - 58.02
515 249.52 - 23.48
520 275.73 1.27

525 300.96 27.96
530 327.61 54.61
535 348.63 75.63
540 370.64 97.64
550 414.20 141.20

The curves showing the good enough agreement of the computed values in Table 3 and
the experimental values are shown in Fig.4, where the experimental data are represented by

crosses.

4. Conclusions

One of the ways of obtaining the ultraviolet tunable laser radiation is SHG either by
temperature tuning or by angular tuning of a nonlinear crystai uf the ADP type. The spectral
range covered using temperature tuning and ADP crystals is hundreds of Angstrbms large at
efficiencies greater than 10%. These facts make the ultraviolet laser radiation useful for laser

spectroscopy experiments below 300 nm.
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FIGURE CAPTIONS

Experimental set-up

Spectral distribution of the dye laser radiation in the visible
Spectral distribution of the laser radiation in ultraviolet

(- 22 + + 70)°C coumarine

(+ 85 ¢ +125)°C sodium fluoresceine

Temperature dependence of the fundamental radiation wavelength
@ theoretical data

x experimental data
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HOLOGRAPHIC INTERFEROMETRY APPLIED TO
IONIZING RADIATION DOSIMETRY

Silvia Nicolau

Laser Dept., Institute for Physics and Technology of Radiation Apparata, Bucharest

In this paper the applications of holographlc interferometry to ionizing radiation
dosimetry are presented. This paper shows that the integral absorbed dose and the spatial
dose distribution in @ volume can be holographicelly determined. Some advantages of the
holographic method are outlined comparatively with conventional methods and the idea
of developing a holographic ionizing radiation dosemeter, is suggested.

Studies of interaction of ionizing radiation with matter have become more and more
frequent because of the spread of their applications in industry and science. The determination
of the accurate value of dose delivered by an ionizing radiation source ‘is a complex and very
important problem which imposes different solutions depending on the experimental parameters.
For this reason many experimental methods have been simultaneously developed, which permit
proven solutions in radiation dosimetry. This paper presents a holographic method to determine
the absorbed dose integrally as well as the three-dimensional distribution of the dose in a glven
volume /1,2,3/.

It is well known that radiation build up and attenuation on the path induce a variation of
the energy deposition in the irradiation cell. Therefore, it is necessary to measure or to calculate
the absorbed dose as determined by the energy deposition three-dimensionally. A good
calculation of it implies a good knowledge of the field radiation spectrum in each point of the
irradiated sample and of the chemical composition of the irradiated material. These
requirements are not always easy to meet /4,5/.

The holographic interferometry permits the determination of the spatial dose
distribution in transparent liquids at the laser wavelength used. The local variation of
temperature without the use of sensors, which can distort the radiation field has been
determined. Holographic interferometry with double exposure or in real time established the
spatisl distribution of the absorbed dose by the refractive index decrease of a transparent liquid
with the temperature increase, dose distribution can be calculated from the interference pattern
with the follawing assumptions:

1) the dose distribution must be symmetrical around the directicn of radiation beam
propagation

2) the dose is large enough and decreases monotonically with dose levels sufficiently

small as a function of distance from the beam axis so as to provide a satisfactory number of
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fringes In the irradiated volume.

3) the refractive index and the specific heat of the irradiated medium are known as a
function of temperature.

&) the irradiation medium must be homogeneous.

These requirements can be easily reached experimentally /6,7/.

Holographic interferometry provides an interference pattern using the coherent light
beam which passee through the medium before and after irradiation. In our case, the first
expasure corresponds to the non-irradiated liquid and the second one to the irradiated liquid.

The principle is schematically shown in Fig. 1 (Holographic set-up).

The three-dimensional dose distribution can be evaluated from the interference pattern.

Determination of the integral absorbed dose

by the calorimetric method

For this purpose, a special case is used i.e. a cubic quartz with double walls evacuated
for the reason of thermal scattering during the long photographic exposure. For the
determination of the integral absorbed dose this special case is recommended for it avoids
thermal losses and, in this manner, the errors in appreciating the absorbed dose. The dose is:
m i c
an )]
dar

D =

X

where: m is the number of fringes

A is the wavelength

c is the specific heat

x is the geometrical path

dn/dT is the temperature coefficient of the refractive index.

One can calculate the dose as depending on fringe number-.

For example, in the case of water we have:
dn/dT = 8.1077°C
“1 Mrad/oC

-1

c=4183gtoct-418.10

A =6328 A.

The dose is measured in megarads and the pass length x in centimeters.

Since the light beam traverses the irrediated volume twice, this showed that, in order to
obtain six fringes, a dose level of about 1 Mrad in 1 em cell is required. We obtained different
procedures to increase the holographic method sensitivity and to decrease the minimum dose

level. The maximum level of the dose is practically unlimited.
Determination of the integral sbsorbed doss by chemical procedure

A chemical solution is used in which the reactant concentration is varied under

irradiation. Analogously, we can write:
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wherer c is the reactant concentration

& is a pruportionality factor, experimentally determined

m ie the fringe number

A is the wavelength

x is the path lengtﬁ

dn/dc is the concentration coefficient of the refractive index, experimentally

determined. Relations {1) and (2) can be used to develop a holographic dosemeter for the

ionizing radiation.

We worked to study a malecular process by holographic interferometry in irradiated
organic liquids. We elucidated several fundamental mechanisms of interaction of radiation with
matter and presented some "active media" for the ionizing radiation holographic dosemeter
(especially for gammea and X radiation).

We applied the holographic dosimetry to clinical dosimetry and we used "tissue
equivalent" materials and elso biological products (blood plasma).

We can present (Fig.2) a gamma ray dose distribution in a polimer solution and a gamma
ray dase distribution in a blood plasma (Fig.3).

The tretament planning in radiotherapy needs the knowledge of absorbed doses in the
depth of irradiated tissue. We presented a simple and rapid method for the computation of
absorbed doses as well as experimental determination by holographic interferometry as compared
to conventional experimental methods. The results of the computation compared to experimental
data obtained by a conventlonal method exhibit a good agreement, the maximum deviatinon being
within 10%. The holographic-method is more accurate, the maximum deviations being of about
4%, but the computation method is limited due to the dose rangt and to the geometry of the
irradiated tissue. As experirental method, holographic interfersmetry (with double exposure or
in real time) is the most indicated for the accurgte determination of absorbed dose distribution
used in Co80 Teletherapy /8,9,10,11,12,13,14/.

Conclusions

- Double exposure holographic interferometry can provide a permanent record of object
variations between irradiated states.

- The information on "deformation" being recorded aon a photographic plate, it is not
necessary to have an exact position of the hologram after developing it.

- As a permanent record, holographic interferograms may be used many times without
the risk of damage.

- Ap advantage of holographic interferometry is that holographic reconstruction uses the

same optical components and the same geometry as those from the hologram recording and in
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this way, the interference fringes of local defects in the optical components and windows of
irradiation cell are compensated in the registration-reconstruction process.

- The laser used can be of small power { 3 mW).

- The method of holographic interferometry can determine the spatial distribution and
the integral absorbed dose in transparent liquids.

- This method does not need temperature sensors which can disturb the radiation field.

- Any transparent medium can be used even in several layers with different atomic
numbers, in which case we obtain information about dose distribution at interfaces.

- lonizing radiation holographic dosemeters can be designed with much versatility and it
is not necessary to have specific metrological devices.

- Being a permanent recording, the holographic interferogram can be used for fast

checkings in standardization and calibration without any specific radiation metrological devices.
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LASER GAUGING BY INTERFEROMETRY AND DIFFRACTION,
UNDER MICROCOMPUTER CONTROL

N.Miron, D.Sporea
Laser Dept., Institute for Physics and Technology of Radiation Devices, Bucharest

The paper presents some industrial applications of interferometry and diffraction
using visible He-Ne laser raediation. Interferometric methods were employed for dial
indicators verification and outlines meaesurement in fine mechanics. Opaque thin fiber
diameters are continuously rmeasured during their manufacturing process by diffraction.
A new approach in laser interferometry is pointec out using electro-optical phase-shift
control. In all described applications, control and data processing are performed by

computing systems built around microprocessors.

The modern technology used in some industrial fields like fine mechanics, machine
building and electrical equipment building require high accuracy, non-contact and rapid
measurements. Starting from these goals, some laser gauging equipments, based - on
interfarometry and diffraction have been developed during the last four years, in the Institute
for Physics and Technology of Radiation Devices. In spite of the different nature of the phyasical
phenomena involved, a unique system for control and data processing built around an eight-bit
microprocessor have been developed. Only the input peripherals are different from one kind of
equipment to the other. The central unit and the output peripherals are the same for both
equipments. The software was structured in 8 moduler manner to achieve e great flexibility.

An innovative application of laser interferometry is an equipment for dial indicetors
verification. Dial indicators are high accuracy mechanical gauging devices used to measure the
deviations from a given outline in precision machining. Their measuring accuracy is from 0.001
mm up to 0.010 mm in the range from 0.060 mm up to 30 mm, for most used devices. The rapid,
complete and very accurate verification of dial indicators is the main requirement for each
manufacturer of such devices. One of the major suppliers in this field needed an equipment like
this, and it was the starting point for us to build it in close cooperation with the customer.

A method for the complex verification of the dial indicators was first devised. This
method was basic for the laser equipment we have built. This equipment is able to verify
practically all the types of the dial indicators, having a normal scale and also a zero-center
scale. Both the method and the equipment represent innovations in the field, and are covered by
some patents /1,2/.

The method for dial indicator verification which we have used, finds out the differences

between the measured linear displacements of the dial rod and the nominal value of these
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displacements at certain verification points in the measuring range of the dial indicator to be
verified. These differences are the measuring errors in the verification points and represent a set
of data for the whole measuring range. Having these data for the direct and reverse
displacement of the dial indicator rod, other important parameters are computed: the accuracy
error for the whole range, the hysteresis error and the fidelity error.

The block-diagram of the equipment for dial indicators verification is shown in figure 1.

It consists of two main building blocks: the measuring block M, and the control and
processing block CP.

The measuring block M has a He-Ne laser (1) as a coherent light source for the Michelson
interferometer (2), a moving mechanism (3) to move forward/backward the dial indicator rod, a
fixture (4) for the dial indicator to be verified () and a special non-constant angular transducer
(Sj. For verification, the dial indicator is put in its fixture (4), having the angular transducer (5)
over its face.

The rod (3.1) of the moving mechanism (3) moves forward and backward the dial
indicator over its whole measuring range. One end of the moving mechanism rod (3.1) is always
kept in contact with the dial indicator rod. The other end of this rod holds the mobile
retroreflector of the Michelson interferometer (2). In this manner, the mobile retroreflector has
exactly the same linear displacement as the dial indicator rod and produces to phase-shifted
fringe patterns moving across two photodetector apertures. The electrical fringe signals arising
at the two photodetectors load resistors are periodic, their periods corresponding to a 3 /2
displacement of the dial indicator rod, and have a phase shift depending on the forward or
backward movement of the dial indicator rod. Here, A = 0.6328 um is He-Ne laser wavelength,
considered as a length standard.

The fringe signals from the two photodetectors are further »mplified and fed to an up-
down fringe counter, where they are accumulated. Hence, the contgnt of this counter is red at
the moments given by signals generated by the angular transducer. These signals correspond to
the verification points in the measuring range of the dial indicacor. The differeﬁce betweén the
fringe counter content and the appropriate value stored in a ROM (Read Only Memory)
represents the measuring error of the dial indicator at every verification point according to
verification standards.

The amplification of the fringe signals, of the signals coming from the angular
transducer, the fringe signals accumulation and the con"nput.ation of the measuring errors are
performed by the central unit (7) subassembly of the control and processing block CP. The
central unit (7) also performs some other tasks. From the whole set of measuring errors depicted
as described above, it computes the accuracy error for the whole range, the hysteresis error and
the fidelity error of the dial indicator, and takes a go/no go decision. The central unit (7) also
works as a controller for the whole equipment, managing the operation of the displacement
mechanism (3), of the TV alphanumeric display (8), of the printer/plotter (9), of the magnetic
cassette unit (10) and of the keyboard (11). It interpr'etes the flags set by laser power fail and/or
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abnormal behaviour of the dial indicator mechanism: out of operation during forward/backward
movement. In all these situations, the verification is stopped and appropriate labels are displayed
on the TV screen.

The work of the operator with this equipment is inter-active. The operatar sends
commands via the keyboard (11), and the equipment tells to the operator, via the TV display, the
next step of operation and/or comments. At the completion of the verification procedure, the
results are listed in an alphanumerical format and/or as an error diagram, at the operator's
command. In certain cases, a data library containing verification results is useful for the
customer. The equipment is able to get this, due to the magnetic cassette unit (10). The operator
can also command data recording or reading via the keyboard (11).

The verification accuracy of this equipment is less than one third of the graduation for
any type of dial indicator under verification, which is adequate. For a dial indicator 0.01 mm per
graduation and a measuring range up to 10 mm, the verification time is of about 2 minutes
(taking into account five verification cycles), so the equipment can be considered productive.

Another laser gauging equipment for on-line measurement during wire manufacturing
process, based on diffraction, was also developed in the Lasers Department of the Institute for
Physics and Technology of Radiation Devices.

Usually, the cylindrical enamelled copper wires are manufactured in the 0.01 mm up to 5
mm range, according to standards. Among the wires caracteristics, their nominal diameter is of
majcu" interest for the consumers in the electrical and electronic industries.

The laboratory instruments and methods used in enamelled wire meter measurements
are specified by standards. For this purpose, samples of wires to be evaluated are colected from
the final products and laboratory tested. The sampling procedure is distructive, and the lengths
of the samples is up to five meters. This sampling process is thus material-consumming and is
performed after fabrication.

For large volume production when samples are up to five million per year, the overall
copper lost is significant (about six tones per year at a production rate of 10,000 tones).

In the range from 0.71 to 5 mm the diameter is measured by micrometers with 2 uym
accuracy, having a measuring force in the range 0.75 N to 1.25 N.

For thin and very thin wires, 0.01 mm to 0.071 mm diameter, the micrometer can't be
used due to the low mechanical resistance of the wire. In this case, indirect computing methods
are employed, the wire diameter is derived from its measured resistance for a given conductor
length. ' -

Such measurements can be carried out for conductors up to one millimeter. New methods
based on electrigcal micrometers have been introduced for laboratory use only, since 1980, and 1
um accuracy can be achieved /3,4/. Like all sbove mentioned investigations, this one is also post-
processing.

In the last years, active control of wire diameter during the manufacturing process has

been facilitated by the use of laser transducers. In such a case, in situ, non-destructive and
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contactless measurement is carried out /5,6,7,8/. Two methods were mainly employed: the
scanning of the wire to be measured by the laser beam, or the laser radiation diffraction.

An equipment for on-line wire diameter measurement during fabrication was developed
at the Institute for Physics and Technology of Radiation Devices, in Bucherest (Fig.2).

A collimated He-Ne laser beam falls on the wire to be measured and the obtained
diffraction pattern, detected by a closed circuit TV system, is evaluated by a microprocessor
based unit. The laser, the optical and detection systems are mounted on a specially designed
moving table so that up to 50 wires can be checked up one by one. The nominal wire diameters
are in the range of 0.05 mm to 0.12 mm, having a measuring accuracy better than 2 pm. By using
a keyboard, the operator can select the wire to be checked up, the upper and the lower limits
allowed for the diameter and the operation modes of the equipment.

The diffraction patterns appear on a TV monitor and lases the optical alignment.

The whole equipment is controlled by a microprocessor system performing the following
tasks: maving table displacement and its accurate positioning via an opto-electronic feedback,
the keyboard control, diffraction pattern analysis, control of the display unit, generation of the
acoustical and optical warnings, and display of the equipment status. For an easy debugging and
in-field testing, an autodiagnosis facility was incorporated in the system software. Every time a
measurement is carried out, all main modules are checked up: TV camera and monitor, laser
output.

Three operating modes are available: a step by step wire measurement, the measurement

- of anly one wire diameter selected by operator, and self-contral.

In the first mode, up ta 50 wires, enamelled simultaneously can be measured one by one
using also statistics. The second mode is when the operator sets the process parameters for the
first time. So that, only the selected wire is measured. From time to time, equipment control
and calibration must be carried out, this is the control mode. In this case, the rneasurement of
the standard wire is made.

In figure 3, the equipment for wire diameter measurement is presented, working in the
enamelling line of the Enamelled Wire in Zalau.

- Besides the above described equipment, investigations are conducted to develop new
measuring methods by laser interferometry. One of-them, described below, is intended for
accurate non-contact object size measurement /8/.

The intersection of two gaussian laser beamas near their waists, produces a space domain
with interference maxima discribed as parallel, equally spaced planes. If the beams cross into a
vecinity of + 45 Wo near the waist (Wo is waist radius), the derivation of the maxima planes from
equidistance is less than 10'3. Then, fringe distribution is this domain (measuring volume) can be
used as a space lattice for one-dimensional measurements.

An appropriate projection of the measuring volume on a photodetector array will give an
information about the size of en object located inside it (e.g. on a wire diameter). If a

photodetector is located on each interference maximum image, and the maxima are parallel with

- 292 -



the object edges, then the object dimension is given by the number of completely shaded
photodetectors multiplied by the fringe spacing.

The accuracy can be improved by at least two orders of magnitude, if the fringe planes
of the measuring volume meke an angle with the boundaries of the object to be measured
(Fig.3).

Fringes of the measuring volume are imaging on the DMI""' DM.q photodetector array.
The shaded area with boundaries UIUZ and Lle represents the image of the object to be
measured. Each boundary produces a partial illumination of a photodetector, hence being possible
fringe interpolation. Refering to Fig.1, the object dimension D0 is given by:

h + h
D = (N + 1 - -S4 cl) A
hi 2 sin 0

where N‘J is the number of totally shaded detectors, @ is the half angle between beams, and X is
laser wavelength. By measuring the currents of partially illuminated photodetectors, the ratio

_Cu_cl can be computed with eight-bit resolution, resulting an accuracy of the method of

i
0.4% fringe spacing.
The spatial fringe position stabilization, essential for this measuring method is

performed by a special electro-optical device, originally developed in our institute.
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FIGURE CAPTIONS
Fig. 1 Block diagram of the dial indicators verification equipment
Fig.2a Photograph of the equipment for on-line wire diameter measurement
Fig.2b Detail on the control unit

Fig. 3 Imege of the measuring volume fringes focused on the DM, ... ,DM photodetector array.
The object to be measured had Ul’ UZ' Ll' L2 boundaries.
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PLASMA REFRACTIVITY MEASUREMENT BY LASER TECHNIGQUES

D.Apostol, lleana Apostol, Doina Craciun, Maria Dinescu, A.Harsany,
A.Henning, I.N.Mihailescu, M.Sandu, Viorica Stancalie, Mihaela Stoica

Central Institute of Physics, Bucharest

This paper is a review of our contributions to plasma refractivity measurements
using laser techniques. After a very short introduction to plasma refractivity and optical
methods for measuring it - interferometry, shadow and schlieren, the helium-neon laser
interferometer, the Mach-Zehuder Q-switch ruby laser interferometer, two infrared
interferometers, a schlieren set-up using a free generation ruby laser and a shadow set-
up - are described. The main results obtained with these experimental arrangements are

also very shortly reviewed.

Introduction

Among the plasma defining parameters one of the mast importent is the particle density.
As the particle density - electrons, ions, atoms - is directly connected with the plasma
refractivity, the measurement methods have witnessed a particular development and any plasma
facility has in its diagnostic equipment a method for plasma measurement.

In the last ten years we have developed many diagnostic equipments, their diversity
being connected with their level of difficulty, because here, as in any other activity, the quantity
and quality of information closely depend on the effort.

The laser-produced plasma studies were developed in the Laser Department at almost
the same time as the development of the flrst high power laser (COZ) and the diagnostic methods
employed ..t the beginning, the existing techniques and apparata, as spectroscopic techniques.
The first researches on laser diagnostic methods of plasma refractivity were developed only in
1974.

Laser radiation proved to have best qualities for refractivity measurements due to their
monochromaticity, small divergence, high intensity, i.e. due to their coherence.

Most refractivity measurement methods are classical methods, as interferometry,
schlieren, shadow, their new development being indebted to this ideal light source, which the
laser is. For laser produced plasmas, as for all high speed developing plasmas, laser light has
solved the problem of temporal and spatial resolution. Other more recent methods, such as
holography, lateral shearing interferometry, infrared interferometry, Thomson scattering,
optical heterodyning methods, cannot be imagined without the laser light source.

We shall describe the facilities for plasma refractivity investigation developed in the

Laser Department of the Central Institute of Physics, and some of the results we have obtained.
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Plasma refractivity
Plasma refractivity is known to be determined by the refractivities of its components
i.e. electrons, atoms and all types of ions:
n-1 = 2 C N
P 49)]
where Ck is the refractivity of the particle of k type and Nk the number of particles for every
type.
The electron refractivity i= given by the well known relation /1/:
“14 42
na-1 = -4,49-10 * A 'Ne 2)
For atoms and ions, whose resonances are not in the neighbourhoog of the investigated

laser wavelength, the refractivity is given by:

n-1 - {A . T—Z}Na 3)
where A and B are practical constants for all gases.

So, for argon /2/:

A= 1.039 x 10723 em™?

B = 5.82 x 107% cm’

It can be seen that the term B/ AZ can be neglected for the visible and infrared regions.

Optical methods for refractivity measurement

Optical interferometry is a well established technique for measuring the refractivity of
transparent materisls, by directly comparing the phase of a wavefront of interest with that of a
reference wavefront. The method is extensively used and there are lots of well known reviews on
this subject /3,4/.

Schlieren photography is used to obtain data on the shape and location of the plasma
regions that exhibit a high gradient in the refraction index, that is to say, regions with high
density gradients. The principle of schlieren photography is based on the deflection of a light
beam as it passes through an optical inhomogeneous medium. The angle of deflection of a beam

in a medium that exhibits a gradient in the refractive index is given by:

3

3

1
n dz (Q)

-]

a
O S
x1

where n is the refractive index and | ie the path of the beam in the plasma; the original direction
of the beam goincides with z axis, the x axis is the direction of the density gradient, and the ©
angles lies in the x-z plane /5,6/.

If the plasma under investigation is located in the path of the beam of parallel rays
which illuminates a screen, a shadow image of the plasma is obtained on the scree. Since the

optical length of the plasma is rather large for nonresonant radlation, the shadow image of the
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plasma will not be due to absorption effects, but rather to the change in the trajectory of the
beam due to the inhomogeity in the refractive index. If the gradient is not constant, i.e. if the
derivative 3 g_ is nonvanishing, the illumination of the screen becomes nonuniform. In this case,

the weakenlnE of the illumination is groportional to the uerivative of the density gradient

1.2 ]
dI = -KJf( 2 .3_’2‘)2 (5)
0 Ix Ay

Michelson interferometer with He-He laser

One of the first interferometers we have developed, for electronic density estimation of
laser produced plasma, is schematically represented in Fig. 1.

The basic geometry /7/ is that of a conventional Michelson interferometer where the
light source is an 18 mW/6328 A He-Ne gas laser (Model 124 A from Spectra Physics). A
telescope reduced the laser beam divergence so that an emergent beam from the interferometer,
which was almost uniform across its cross section, could be obtained only by adjusting the
lengths of the two arms of the interferometer. A complete cycle of modulation of this unique
fringe corresponds to a change in the optical length of one arm by X /2. The diaphragm D (which
is placed at the focus of the lens L2) and the filter F eliminates the parasite reflections and the
incoherent radiation from the plasma. Plasma production in one of the interferometer arms by a
Lamberton-Pearson TEA-CO2 laser, with xylene vapours addition to the COZ/Nlee active
mixture, focussed by an AR-coated germanium lens (Ll) in air at atmospheric pressure, induces a
fast optical path change which is observed as an intensity variation of the emergent beam from
the interferometer.

1 The intensity variation was detected with a BPY 13 photodiode (12 ns rise-time),
displayed on a 7504 TEKTRONIX oscilloscope and photographed with a SHACKMAN
INSTRUMENTS Inc. polaroid camera /8/.

The number N of fringes between two points of the interfefometer output gives the
corresponding change of the spatially averaged index p in the interferometer arm containing the

plasma: _

21-Ap
A

N = (&)

where 1 is the laser wavelength | the plasma thickness. If non-electronic contributions to the
index of refraction are negligible, p can be related to the spatially averaged electron density ne
- a3 N -3
ng = 1,12410 .Fr(cm ) @

where | snd A are in cm. | was estimated photographically. Assuming a monotonical electron
density decrease during the expansion, n, was estimated by counting the corresponding fringe
number. A value of:
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n, = (0.5 x 10" cm™ ®8)

was obtained for a laser incident energy of 5 J. We used the same interferometer to study the
blast wave expansion around the plasma produced in air /8/. A typical- interferogram is given in
Fig.2.

A "saddle point" was put sistematically into evidence after (20 + 30) ps depending on the
pressure in the irradiation room and the incident energy in the CO,, laser pulse on the target. We
suppose it is due to a change of the sign of the optical path var;ations appearing by the shock

wave barder breking and a subsequent turbulence density increase /9/.

Mach-Zehnder interferometer with ruby-laser

To obtain the spatial distribution of the plasma refractive index, we must "see" the
plasma as a whole. For this purpose we used as an investigation beam the light emitted by a Q-
switched ruby laser, with a pulse length of 30 ns. It is the light source for a Mach-Zehnder
interferameter (Fig.3). Plasma was produced by focusing the 'I'E-CO2 lager beam on the surface
of a solid target situated in air. In the focus of a germanium lens (f = 5 em) a power density of
109 W/cm2

The plasma initiation moment and its evolution was followed by viewing the plasma

was achieved.

emitted light with a high speed photodiode.

The Mach-ZehndP:r interferometer /10/ consists of two beam splitters BSZ’ E!S3 and to
total reflecting prisms P1 and Pz.

The ruby laser beam is expanded by the collimator C, such as to assure an
interferometric field of 30 nim diameter. The plasma which is formed in the BS2 - Pz arm of the
interferometer is expanding normally to the ruby beam propagation. To choose the proper
inveatigation moment in the plasma evolution, the ruby laser was synchronized and reliably
delayed as compared to the plasma initiation moment. This is achieved by high voltage switching
of the ruby laser Pockels cell by rﬁeans of a laser controlled spark-gap. The commutation of the
pressurized spark-gap is done by focussing a part of the TE-CO2 laser beam on one of its
electrcdes /11/.

The interference pattern was recorded on photographic film in the image plane of the
lens L. To avoid the plasma emitted light we have introduced a diafragm in the focus of the lens
Lb' At the same time, plasma evolution was monitored with a high speed SFR camera and plasma
velocity was determined.

A great number of interferometric recbrdings of the gas plasma in the neighbourhood of
solid targets, was performed for different laser energies (Fig.4) and different delays in respect to
the plasma initigtion moment.

For a 0.2 ps delay between the ruby laser pulse as against the plasma initiation moment,
the radiation driven detonation wavefront could be observed to have a preferential propagation
back along the laser beam axis. It was a radial propagation too, which is taking off the plasma

from the action cone of the laser radiation.
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On the front of the detonation wave a maximum shifting of the fringe is presont. In the
central part of the plasma the fringe shift sense is changed with a maximum on the axis.

For quantitative analysis we have considered the plasma as having a cylindrical
symmetry.

For the conversion of the fringe shift data observed in the interferogram as a function of
the radial distance to the refractive index, the Abel inversion method was used. The relationship
between the fringe shift and an unknown function (the refractive index} is given by an integral
equation of Abel type. Because of the cylindrical symmetry of the plasma, the refractive index is
a function only of r. This function was approximated using a linear interpolation of finite
domains: n = a + b.r, where the constants a, b are obtained from the following conditions:

n=a+ b r,

N1 =340T, ®
i =1, N where N is the n_'naximum number of domains Into which the plasma radius was divided
/12/. The discrete set of data representing the fringe shift was smoothed and regularized with a
third degree polynomiai.

The values obtained for the plasma refractivity are given in Fig.5 as a function of the
plasma radial coordinate for different distances from the target surface (axial distances). On the
front, @ maximum positive variation of the refractive index can be seen. This is approximately
constant for different axial distances, in the limit of experimental errors.

For air produced plasma the refractive index variatlions are dependent on both neutral
species and electrons, as followss

n-1 = 4,48-107"".N_aZ - (no-‘l);% (10)
where n_ - 1 = 2.95 x 10 for air at STP, 5, is the neutrsl ges density and o is the
unperturbed gas density. The ratio p2/p ¢ is defined as gas compressibility. We can calculate the
gas compressibility on the front from the measured velocity of plasime expansion. Using the
standard equations for intense explosior in a gas /13/ for an Investigation time of 0.2 us as
against the plasma initiation moment, we get & value of 5 for the compressibility. Taking into
account this value for_tke cumpressibuity and calculated values for the refractivity we havg
calculated the electron contribution to the refractive index. We obtained an electron density on
the detonation front of the ordes ~f 1018 em™2.

The use of the interferometric n.ethod for the investigation of the gas produced plasma
in the neighbourhood of solid targets investigation has revealed both the plasma structure and its

expansion dynamics.

Infrared interferometry

Denoting by S the minimum mesasuraeble fringe shift, the minimum electron density

min
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that can be revealed is
Smin

(n ) i = o] e
e’min A (11)

where | is the plasma length, C = 4.49 x 10714

cm and ) is the wavelength of the investigation
beam.

In spite of detection difficulties it is increasingly interesting to use IR light in plasma
interferometry, as the revealable electron density is inversely proportional to the observing
wavelength. For instance, using the 10.6 pm radiation the minimum electron density revealable is
more than one order of magnitude lower than for visible wavelengths.

Unfortunately, classical interferometers such as Mach-Zeﬁnder or Twyman-Green are
rather difficult to operate in infrared, especially due to alignment complication and prices of
infrared components.

So, we advanced up to now two very simple and unexpensive interferometers to be used

in the infrared.

Infrared lateral shearing interferometer /14/

Bates first introduced in 1947 a laterel shearing interferometer for concave mirror
testing with no use of any reference system. In such interferometer too superimposed, displaced
images of the wavefront under testing are made to interfere with each other. Thus, they provide
a comparison of a wavefront with a sheared image of itself. The necessity of a reference wave is
then eliminated and testing of any form of wavefronts is made possible.

A simplest type of such interferometer was presented by Murty in 1964. In this case the
interferometer was a simple glass plate. The small tilt between the two sheared beams in a
direction perpendicular to the direction of the lateral shear was acjieved by making the plate
slightly wedge-shaped. The interference can be observed in either rgflection or transmission,

The two wavetronts are laterally displaced even in reflection or in transinssion by:

s =1 sin 2i

Jn?-sin?i u
As the rezulting path difference is important, such an interferometer can be illuminated
only with a laser sdurce which has a coherence length larger than 2 ne and a lateral coherence of
the order of the necessary S.
We obtained parallel and equidistant lateral shearing fringes in the infrared at 10.6 pm in
both reflection and transmission (Fig.é). -
To this end we used a germanium plate with a few-second wedge angle illuminated with a
TE-CO2 Jaser, and simply thermal printer paper as detector. This is a very simple and

unexpensive interferometer without any alignement or stability difficulty.
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A new infrared interferometer

Several attempts have been made during the last decade to overcome the main difficulty
of infrared interferometry, i.e. to find appropriate recording techniques and materials.

In recent papers /15,16/, we have reported a complete set-up of IR interferometry and
methods to record infrared interferograms. The optical system of the interferometer was
designed with the aim of taking into account the following factors:

- the large coherence length of the CO2 laser;

- the requirement to work at rather large angles between the interefering beams, as
imposed by the large (10.6 pm) wavelength;

- the need for varying the incident energy density on the recording medium.

As a consequence, we chose the optical system outlined in Fig.7, including two spherical
mirrors of 600 mm focal length, a ZnSe beam splitter and to flat Cr-Au mirrors on glass
substrates. The set-up allows for chenging the path difference between the two arms of the
interferometer and to mt.:)dify the angles between the two interfering beams.

This interferometric arrangement provides an image of the abject precisely on the
surface of the recording material. ’

The first interferograms were recorded on plane samples of electrolytic graphite with
dimensions of (100 x 100 x 10) mmj. The pattern was clearly visible at small spatial frequencies
(1-2 fringes/mm). The method appeared to be particularly useful when adjusting the
interferometer. However, the graphite sample did not supply a resolution high enough to get good
pictures for further processing and analysis.

That is why we further tested triacetate cellulose (TAC) as a recording material.

A third method we have developed allowed us to use common photographic film. The
principle of the method consists in rising the sensitivity of ordinary film for about 1 ms by local
heating using the incident 10.6 pm laser pulse. Thus, when subjected to the action of the
interference pattern at 10.6 pm, the film becomes more sensitive to the subsequent visible light
(delayed by about 1| ms as compared with the TEA CO2 laser p;.llse) inf the interference maxima
than to that in the minima. A greater blackening is thus induced in the more sensitized zones,
and one gets a recording of the interference pattern. For both methods we established the
optimum recording conditions.

As for the light source of the interferometer we developed a TEA CO2 laser source with
appropriate temporal and spatial scheme, allowing us to obtain high quality interferograms.
Specifically, the laser had a coherence length of about 50 cm and was able to generate pulses of
about 1 J / 200 ns or about 8 J / 2 pm.

Figure B shows an interferogram of an arc discharge plasma impurified by Na, as
recorded on triacetatecellulose.

An interferogram of a laser produced plasma in front of a graphite target is shown in

Fig.9. The laser pulse was 200 ns long.
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Schlieren set-up

A schlieren set-up with a ruby laser as a light source was devised for studying the laser
beam-plasma-target interaction in ambient gas in front of a solid target /17/.

The schlieren method was developed in order to directly observe the laser plasma and
shock wave expansion symmetry. Schlieren photographs of the laser plasma and associated shock
waves, display the refractive index variations assuring the visualization of the plasma and shock
wave boundary. From such records one may easily infer the symmetry and velocities of plasma
and shock wave expansion.

A diagram of the experimental set up is shown in Fig.10.

An appropriate spatial and temporal resolution was achieved by using as a light source a
home-made ruby laser, operated in relaxed regime, which emitted a train of pulses of abcut 400
us duration and 1.5 J total energy. A better contrast of the individual pulses was obtained by
introducing a thin layer of saturation absorber into the cavity. A singular pulse lasted for about
1 ps and the time lapse between pulses was of the order of 3 ps. Pulse shape and duration were
detected by deflecting a small part of the laser beam to a first BPY 77 photodiode (PD 1) by a
beam splitter (BS 1) and displaying it on @ TEKTRONIX 519 oscitloscope. The ruby laser beam
was enlarged by a 5 X beam-expander telescope.

The plasma was generated within a control pressure camera by focusing the TEA-CO2
laser beam with a 2 inches focal length AR coated germanium lens (GL) onto a solid target.

The ruby laser beam also passed through the focal region of the germanium lens, in a
direction perpendicular to the CO, laser beamm. The Schlieren lens L (TESSAR 9/300) builds up
the plasma image in the plane P of the camera (PENTACON SIX TL), the entire optical system
having a three time magnification. The knife edge is cutting the focus of the schlieren lens. An
interference filter was used to eliminate the light from the plasma. The alignment was carried
out with a 50 mW He-Ne laser. Plasma initiation and its evolutioniwgre evidenced by visualizing
the plasma emitted light with a rapid photodiode (PDZ). The plassha light total duration was of
-(10-15) ps, depending on the incident laser energy.

To assure plasma triggering during the ruby laser pulse train a special device for
synchronization and adjustable delay was designed and canstructed (Fig.11). The photodiade FDI1
(rise time ~ 0.5 ns) receives the light signal generated by the ruby laser and the resulting
electric signal is amplified via an "optical signal amplifying stage".

‘ -The first amplified electric pulse related to the first laser spike drives on a (L + H)
transition, the delay stage “"pulse sweep" is activated. The delay stage allows to move the CO2
driving moment to any chosen time.

The CO2 laser driving pulse stage is triggered by the H + L transition of the output
signal and generates the proper pulse to finally drive the CO2 laser. The output of this stage

consists in @ positive signal of 5 ps. An automastic shut-oﬂ's!age was also introduced to assure



that the CO2 driving pulse occurs only in a certain time window. The output pulse has the proper
amplitude and width to secure and firmly command the CO2 laser driver.

The ruby laser spikes subsequent to the plasma Initiation moment as well as the plasma
light signal were simultaneously visualized and recorded on the TEKTRONIX oscilloscope which
was triggered by the PD2 photodiode signal (collecting plasma emitted light). An image of the
plasma, shock wave boundary at a chosen moment of their evalution, is produced by every spike
in the ruby pulse train subsequent to plasma production and recorded on a photographic film
placed in the image plane of the schlieren lens.

By correlating the schlieren records with the ruby laser pulse shape, the plasma / shock
wave expansion symmetry can be inferred and the corresponding boundary velocities can be
computed. In Fig.12 typical schlieren images corresponding to different T(-:A-CO2 laser incident
intensities are given.

So, we have found thet the shock wave front has at the beginning of its separation on the
plasma boundsary the same symmetry as the plasma (cylindrical or spherical symmetry depending
on the value of the incident energy) while at later times in its expansion it has a spherical
symmetry.

The shock wave velocity which was measured by schlieren methods was of the order of
105 cm/s st the beginning of its evolution, corresponding to the expansion velocity of the plasma

source, followed by a lowering in the expansion time (Fig.13).

Shadowgraphy

To obtain a direct picture of the great density gradient zone, shadowgram pictures of the
plasma were taken. The shadowgrams were obtained using the same interferometric set-up as
earlier described with the reference arm of the interferometer obturated. A shadowgram of a
laser produced plasma is presented i Fig.14. It can be seen that the region of higher density
gradients is on the plasma front, and at later times in the plasma evolution, a turbulency appears

in the region near the plasma front.
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FIGURE CAPTIONS

Michelson interferometer with He-Ne laser

Typical interferograms on the showave induced in air by laser produced plasma
Mach-Zehnder interferometer with ruby laser

Interferometeric recordings of the gas plasma in the neighbourhood of solid targets, for
different laser energies and different delays in respect to plasma initiation moment

The values abtained for the plasma refractivity as a function of plasma radial coordinate
for different distances from the target surface (axial distances)

Lateral shearing fringes in infrared at 10.6 pm

A new jnfrared interferometer

An int'erferogram of an arc-discharge plasma impurified by Na, registered on

triacetatcelulose
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Fig. An interferogram of a laser produced-plasma in front of a graphite target.

Fig. 10 A schematic diagram of the experimental schlieren set-up

Fig. 11 A special device for synchronization and adjustable delay to assure plasma triggering
during the ruby laser pulse train

Fig. 12 A typical schlieren images corresponding to different TEA-CO2 laser incident intensities

Fig. 13 The shock wave velocity measured by schlieren methods

Fig. 14 A shadowgram of a laser produced plasma
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LASER ACTIVE MEDIUM STUDIES USING THE RESONANT
FARADAY EFFECT
Gabriela F. Cone, 1.M. Popescu, Gh.A.Stanciu
Physics Department, Polytechnic Institute of Bucharest, ROMANIA

A method used to mesasure the Faraday rotation at the resonance is presented. The
incident laser beam modulation is carried out with a rotating polarizer.-

The method is applled to the population inversion between neon 3 s and 2 pg level
calculus. The dependence on gas mixture presauré and discharge current intensity of the
population Inversion is analog with the same dependance of the laser gain and power
output /9, 10/. The method is applicable to any laser active medium to investigate the

optimal condition for population inversion occurrence.
Introduction

In spite of the fact that 25 years have past since the first laser in the world was deviced,
the problem of microscopic phenomena that contribute to or diminish population inversion in a
laser active medium remains an important subject of investigation.

The optimal conditions for the population inversion to develop are still under study. In
most cases, these conditions are known only empiricaly.

A physical phenomenaon which makes it possible to study the optimal contidion for
obtaining population inversion between the atomic level of a medium is the resonant Faraday
effect. This phenomenan represents the rotation of the plane of polarization of the incident wave
in a longitudinal d.c. magnetic field.

In the stimulated case of this effect the Faraday angle of the rotation is much blgger
than in the nonresonant case. The theory demonstrated that the Faraday angle depends on the
population inversion /1/ and the experiment confirms it /2/.

Studying the experimental dependence of the Faraday angle on various parameters such
as the pressure of the gas, the discharge current intensity, the composition of the gas used as
optic active medium, it is possible to find the dependence of the population inversion on these
parameters.

In gaseous laser media the Faraday effect may be studied in two ways: a) by introducing
the active medium in an optic resonator and measuring the angle of rotation of the polarization
plane in the presence of the laser oscillation and b) in the absence of the optic resonator, that is
in the absence of the laser oscillation.

The first case was studyed in Ar* laser /3/, He-Ne laser /4,5/, Xe laser /6/ and He-Cd
lager /7/. The second case was the object of our studies. We used as optic medium gases such es
Ne and the He-Ne mixture, in conditions in which the medium is an absorber or an amplifier.

Our results related to the optimal conditions for the hppearance of the atomic population

-318 -



inversion are in good concordance with those established empirically for the He-Ne laser /8-10/.
We consider that this method may be used to calculate some physical parameters of the atomic
levels such as the atom's lifetime /11/.

Theory

In the resonant case, whed the frequency w of the incident radiation has a value closed
to the transition frequency between a pair of atomic energy levels £, and E, that is

w - Erﬂreﬂ + Bw
i)

with Aw << @ , the electric susceptibility for an isotropic medium containing weakly

interacting atoms on the E, and E, atomic levels is /1/:

1 " ™m - 2

Xe ™ " F ml‘EnIEDklEmﬂ

(2)
where np and nm are the population on the Em and En atomic levels at equilibrium, . are
called the transverse relaxations rates of the off diagonal matrix elements of density matrix
(related with the atom's lifetime), py are the electric - dipole moments.

We noted that at equilibrium, ny > ng, for Eq > Ep, and an electromagnetic wave is
attenuated in the direction in which is propagates. But, in any circumstances if ny > n, for
Em > Ep, (population inversion) the waves are amplified while propagation through this medium.

The index of refraction depends on the real part of the electric susceptibility.

If an isotropic medium is placed under the influence of the d.c. longitudinal magnetic
field with magnetical induction B, it becomes anisotropic and the angle of Faraday rotation at

the resonance, is:
[
8 = Zelng ng-)L.

. 3)
wherenq,and nq_ are the indices of refraction for the waves o *and 0~ polarized circularly, left-
hand aend right-hand respectively, emitted in the atomic transitions in which Au=+1 and
Au=-1 respectively, with p the magnetic quantum numbet, L is the length of the medium.

The difference between the indices of refraction NgeNg- has the expression:
1 "0 Mm 2

n - - T e

ot Ny nh (Au)2+l'2 |<En.Jn.u'1|Epk|Em.Jm.u>l
nm
- 2
ST A LI
. n.Jn,u L k m.er.u

(@)
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where A0=%§ is the Zeeman splitting,n=%(nq+'n a‘) the index of refeaction whenB = 0.

In an absorbing medium n, € n, and B < 0, and an active (amplifying) medium np > ng,
and 8> 0.

So, the apperance of the population inversion is indicated by the change of the F araday
angle sign measured in a laser active medium.

The imaginary part of the electric susceptibility appears in the gain caoefficient wich has

the expression /1/:

ano ("™ Mm) T - a

apn * R e I<E 1B IE> 1
(80) "ot k

nm (5)

We observe from egs. (3)(5) that the Faraday angle 8 and the gain coefficient a have

the same dependance on the inversion of the population.

Experimental set-up

The F araday ‘rotation of the polarization plane of the incidenct laser beam was measured
By modulation the incident laser beam with a rotating polarizer /12/. In this case, if the angle
between transmission axis of the analyzer and polarizer is % , the intensity of the second
armonics emerging from the analyzer vanishes. At a rotation d@ around the value @ = I the

2

intensity of the second armohics emarging from the analyzer varies with:

(dxz\,)el= Lt Isin 2nvt.de,
2
()
where ¥ is the rotation frequency of the rotating polarizer and Ip is the laser intensity emerging
from the polarizer (in our case the incident laser beam was linearly polarized). We can consider
that 71 ﬁde is the intensity of the second armonics for a Faraday rotation dB around the value
8= % . «

This method has the following advantages: a) it is a method of null; b) the modulation is
not dependent on the wavelength of the incident radiation; c) the polarizer conditions for the
good quality are not severe because the continous component is very large; d) the signal / noise
ratia dependsy on the intensity of the incident radiation.

In figure 1 the experimental set-up is shown. The optic active medium used was an
atomic gas (helium-neon mixture and pure neon) to which we applied: a) an electric discharge
which populatfd the excited levels; b) a laser beam linearly polarized in resonance with the
atomic trensition E, = Ep; ©) a static magnetic field parallel to the propagation direction of
the laser beam and to the discharge electric field. '

The laser beam emerging from the glass tube with the gas mixture propagates through

the rotating polarizer (R.P.) which is mounted in the center of the rotating diskus. An analyzer

-320 -



ssures the extinction of the laser beam. The signal from the photocell Ph) and the signal used

for synchronization with the rotating polarizer enter a lock-in amplifier Ithaco Model 353. The
magnetic fields is achieved in a coil wich assures 140 Gs/A with a precislon of 3% at the ends‘in
comparison with the middle. The rotating polarizer is of Leybold type and the frequency of its
rotation is 98 Hz. The analyzer is a Nicol prism mounted on a goniometer devided into
hundredths of a degree. The precision of the measurements depends on the mV - meter of the
lock-in amplifier. The Ph) detector is a silicon photocel! with 46% response at X = 632.8 nm.

Experimental results

We used as parameters in the measurements the total pressure of the mixture of the
gases and the discharge current intensity.

Figs.2-5 show the experimental dependances on these parameters of the Faraday rotation
at the resonance. Comparing the curves in figs.2 and 3, we observe that the medium is amplifier
if the ratio of the partial pressures of helium and neon has a value between 3(Ptotal <1 torr) and
14.5(Pigtal € 5 torr). The role of helium in the appearance of the population inversion is evident.
So, in the case of neon (fig.3) the Faraday rotatian increases with the pressure to 5 torr and then
becomes constant. Is is confirmed that the absorption probalibily increases with the collisions
processes become important. In the case of the He-Ne mixture, at low pressure ( ~ 1 torr), the
emission is dominant with respect to absorption, suggesting a selective population of the 3 sg
neon level. The Fearaday rotation has a maximum at the same radio of partial pressures and total
pressure at that indicated in literature for the optimal conditions of laser oscillation /9,10/. So,
at PHe:PNe = 5, B has a maximum for P = 0.4 torr, that is p.d.= 3.6 torr. mm (the tube diameter
d=9 mm), and for pHe:pNe=10, the maximum of @ appears at p = 0.65 torr, that is p.d.=5.85
torr.mm.

These conclusions on the absorbing or amplifying character of the medium agree with the
resuits obtained by the method of. perturbation spectrascopy /8/, and the dependence of the
Faraday rotation 8 on the total pressure is analog to the depeﬁdence/of the He-Ne laser output
on the gas mixture pressure /13/.

We have verified that if the helium neon mixture contains impurities such as O2 or
vapour, the Faraday rotation decreases below a value that we could measure with precision. This
observation agrees with the hypothesis that the presence of impurities decreases the electronic
temperature in the discharge reducing the number of high energy electrons that can excite the
3 32 neon level /14/. In fact, one of the difficulties in He-Ne lasers construction is the necessity
to maintain the high purity of gas mixture.

As is seen in fig.4 and 5, the presence of He in the gas mixture modifies the electric
discharge condition. This conclusion is confirmed in the literature /15/. In the case of a gas
mixture the experimental dependence of the Faraday rotation at the resonance on the discharge
current intensity is analog with the laser gain dependence on the same discharge current
intensity /9,10/.
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Population Inversion calculation

We calculate the population inversion between the neon 3 s7 and 2 py levels using the
eq.(4).

Fig.6 shows the dependence of the population inversion between these levels on the total
pressure of a helium-neon mixture for the ratio of partial pressures pHg:pNe=>, and in fig.7 the
dependence of the same population inversion on the discharge current intensity is plotted.

The dependence of the population inversion 4n on the angle 8 and the magnetic

induction-B' was calculated to be

An = 1.1334x10"708B + 1.92x10%7cB tg’20 -
a -] -3
+ 8.3842x10" "¢ tg 20 + 3.1668x10 g(m )

0]
where 0 ls expresed in radian and B in tesla. The difference between the electric dipole matrix
elements coresponding to the o : and ¢ components has the value 16.905 x 10-58 (s.1.).

Dependences on the gas pressure and discharge current intensity are contained in the
angle 0. In eq.(7) the first term is bigger than others at last hundredfold, so that, in first

approximation, the dependence of the population inversion on the Faraday rotation is linear.

Conclusions

The method, advanced for the determination of the population inversion between two
laser levels by measuring the Faraday rotation at the resonance, offers the posibility of studying
the dependence of the population inversion on different parameters characteristic for electric
discharge or for the gas mixture and the influence of diffusion on the tube walls on the
population inversion.

The obtained results lead to useful conclusions regarding tie optimal conditions for the
appearence of population inversion and permit to study the collidion processes between atoms,
lons and electrons that are responsible for atomic excitatian and dezexcitation on different

energetic levels.
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FIGURE CAPTIONS

Experimental set-up: LASER: He-Ne laser; PROBE: neon or helium-neon mixture: R.P.
rotating polarizer; A-anslyzer; Ph) and Ph2-photocells; H.V.-high voltage supply;
L.A.-look-in amplifier

Experimental dependence of the Faraday rotation 8 on the total pressure of the He-Nea
mixture for different ratios of partial pressures

Experimental dependence of the Faraday rotation 8 on the pressure for pure Ne
Experimental dependence of the Faraday rotation @ on the electric discharge current
intensity for pure neon

Experimental dependence of the Faraday rotation @ on the electric discharge current
intensity for the He-Ne mixture

The dependence of the population inversion between the 3s3 and 2p4 neon levels on the
total pressure of the gas mixture

The dependence of the population inversion between the 3s3 and 2p4 neon levels on the

electric discharge current intensity for the gas mixture
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LASER OPTICS

R.Medianu, C.Timus, C.Georgescu
Institute for Physics and Technology of Radlation Device, Bucharest

The paper deals with problems concerning resonators and optical components used
in lasers and laser applications.
Different optical components - mirrors, filters, beam-splitters, polarizers a.s.o. -

using the technolaogy of high vacuum thermal depaosition are presented.

There are two essential fequirements for a laser: a cavity and an active medium within
it; the purpose of the laser cavity 1s to direct the radiation back and forth many times through
the medium, so that the gain by/stimulated emission exceeds the losses. So, in the optical cavity
the amplifcation by the inverted population gives rise to a sustained oscillation as in a laser.

In the cavitles constructed with plan parallel and spherical mirrors standing waves are
established; corner-cube reflectors give rise to travelling wave systems in the cavity.

In standing waves there is a permanent phase and amplitude relationship between the
waves travelling in opposite directions.

A mode is a patlern of field distribution that reproduces itself in spatial distribution and
phase but not in amplitude, as the wave travels between the reflectors. The amplitude is not
reproduced because of diffraction and reflection losses.

These unavoidsble losses determine the lifetime of a mode: the time for ite amplitude to
decay to the fraction e’! of its initial value.

While at microwave frequencies (A = 1 cm) it is possiple to construct cavities of the
order of one wavelength at optical frequencies the cavities are hecessarily multimode.

The system oscillates at frequencies which the resonator and active medium have in
common.

Generally, the laser gain should be well above the threshold necessary for oscilletion to
obtain simultaneous oscillation of several modes.

Any highly reflecting enclosure will support resonances in the optical region. The mode

density (i.e. the number of modes per unit volume of enclosure) is given by

P(v)dv = 8x vy
A3 v

dv is the frequency bandwidth of interest.
It depends on the laser application what kind of cavity will be chosen, but the different

applications of lasers determined a large variety of optical resonators.
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A resonator consiste of two mirrors one totally reflecting (mare than 99%), and the other
one only partiaely reflecting (depending on the laser).

Because of the veriety of active media, that determine the spectral range of the
emission, the resonators are correspondingly different for each type of laser.

Practically the laser mirrore are made by deposition of compact structures of reflsctant
layers on transmissible substrates in the laser spectral range. The laser mirrors must have a high
reflectance at the laser wavelength and the same time small losses by absorption and diffusions.

The mirrors are the maln components of a resonator, but there are also s lot of other

/optical components that achleve the optical processing of the laser beam In a laser application:
windows, lens, fllters, attenuators, beam eplitters stc.

The first step in the technology of aptical components is an edequate cholce of
meterials, because the performance of the components depends on the quality of the materiale.
The optical finlshing of the substrates le also of great importance as far as the lasers are
concerned.

Generally, to achieve a performance of reflectance and transmittance in a spectral
range the technology of thin dielectric flims In single or multilayer structure ls used.

There are different methods of thin film deposition; the most widely used are the method
of thermal evaporation and electron besm evaporation. The degres of optical finishing dspends
on the laser wavelength so the less the wavelength Is the flner the poliehing. Far visible lasers
the optical finishing has to be withln /20 - A /40, while 8 smoothness of A /10 - A /20 is

quite good in the Infrared.

Substrates and dielectrics

Materials used as substrates must have & good transmission in the spectral renge of
interest and a low absorption.

For the visible range of 400 - 700 nm, the above conditions are successfully met by
optical glass and quartz, as for the UV below 480 nm quartz optics {8 recommended, 8s well as
crystals such as CeF ., LiF etc.

The type of operation - either CW or pulsed - es well es the level of power or energy
density determine the choice of the mast suitable material.

In the infrared, lI-VI compounds e.g. ZnSe, GaAs, Ge, ZnS, CdTe, are commonly used as
substrates for mirrors and different other components, and crystal like NaCl, KCi, KBr, CaBrz,
CaF 2 etc are used for windows.

The dielectrics used for optical cornponunue in thin solid films have to mest several
special requirementss purity more than 99.9, high transparency, constant index of refraction, low’
absorption, homogeneity, mechanicel and chemical stability, good reaistance to environmental
conditions (humidity, temperature, radiations etc.).

Yet, the range of dielectrics is limited, so ditferent experiments are made to extend the
possible indexes. This is done by evaporation of mixtures of dlelectrics with appropriate indexes.
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Results

Metallic laser mirrors

The mast common reflective coating is the first surface aluminium coated mirror. This
mirror gives good reflectance from the UV through the infrared. A mirror with such a coating
can withstand gentle handling and cleaning.

To protect the aluminium coating monolayers of silicon monoxide, silicon dioxide and
magnesium fluoride are put on.

For higher reflectance the aluminium can be overcoated with two or more dielectric
layers. This is the mirror commonly used for the UV. For even higher reflectance, silver is
frequently used due to its reflectance greater than 96% and broad bandwidth of 0.4-10 pm.

The drawbacks of silver coatings are their quite bad adhe}ence to substrate surface and
tarnish at atmospheric exposure. The cost is higher than that of aluminium coatings.

Gold and copper are widely used as totally reflective mirrors in the infrared. The
reflectance of these metals drops off rapidly in the visible spectrum.

Both coeatings are soft and must be protected if the components are to be used in other
environments than the laboratory.

It is possible to obtain reflective coatings using only dielectric materials. These
reflectore approach 100% aend are much more resistant than the metallic ones. High reflectance
is available over a very limited wavelength interval that is just the case of laser mirrors.

All dielectric reflectors are more expensive than the metallic ones because the
technology is more saphisticated and the fabrication time is longer.

Laser mirrors are generally made by deposition of compact structures of reflective
multilayers on transparent substrates within a given spectral range. -

To get reflector stacks elternating films of high and low refractive index are used

H2Ngi M <ng

Ny dielectric with high index

n dielectric with low index

N substrate index

Laser mirrors consisting of A/4 stacks exhibit extremely low losses.

A compensation condition concerning the mechanical stresses has also to be met: one of
the materials has to exhibit tensile stresses while the other compressive ones in order to avoid
the cracking of the film.

For laser mirrors in the visible end nesr infrared spectre! regions the following

combinations of dielectrics are used:

ZnS - Md-'z CeO2 - Mgf-‘2
ZnS - ThF 4 ZnSe - ThF a4
ZnS - Na)AIF6 ZnSe - Na,All-'6

TiO2 - SiOz
For He-Ne lgsers we commonly “use ZnS - MgF 2 for both mirrors, only the number of
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stacks is different.

ThFa Is very important as low index material tor dielectric lsser mirrors. The films ara
stable and very compatible with ZnS in multilayer coatings, but Its " o " radioactivity is an
abvious disadvantage.

In infrered the ransparant substratee are germanlum r = 4; GaAs n = 3.27; ZnSe n = 2.4;
Cd7ena 2.67; ZnS n = 2.2.

For the 10.6 pm waveiength we frequently use germanium as substrate and the following
combinations ac reflector stacks

Ge - Ban Ce - ZnSe
Ge - ThFa Ge - ZnS

We found the combination Ge / ThFlo /ZnS Lo be the beat mirror of high reliability.
capabls to withstand high density levels (Fig.1).

BaF n= 1.4 ls often used os low index material compatible with germanium. Ser n=
1.35 is also recomrnanded for IR, ZnSe is one of the best substrate materials for IR dus to its
high transparancy {maoro than 70% in 2.5 - 25 pm) and low absorption (less than 10° 3 om 1).

Due to ils transparency even in the visible range, ZnSe is useful in the expetimantal set-
ups as it facilitates alignmentThe reflection coatings for the ZnSe substrate consist of A/4
alternating stacks of BaF,l and ZnSe. GaAs is used at higher lavels of operations (more than 500
W in cw operation at 10.6 jun) because the thermal runways and absorption ere lsss then for

germanium while the transparency if higher (about 55% and 10.6 pm).

Antireflection costings

in order to evoid reflection losses on the first or on both faces most optical components
are antireflection coated.

The greater index is the greater the reflection losses. A gless of index n = 1.5 gives rise
to a reflection of 4.3 % in the visible, while germanium n = 4 reflects in the IR (A = 2 pm) about
40 %.

The laser mirrors have a reflective coated face and a second antireflectinn coated one.

Even the rods of active media are antireflection coated.

The index cf antireflection cosating is the square root of the index of the substrate (so, to
get a zero reflectance for a crown substrate of ng = 1.51, it is necessry to use a dielectric of
index n = 1.23).

Since optical materials with Indexes in a continuum of values are unavailable as
dielectrics a compound is used whose index is nearest to the recommended value.

Practically, it is not possible to achieve zero reflectance using an entireflection coating
but ar important decrease of the reflectance Is obtained.

To decreasse the reflectance as much as possible multilayer antiraflection coatings are
sometimea needed.
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For the visible range of the spectrum we generally use a monolayer of Mng n = 1.4,
while for the IR for germanium ZnS n = 2.37 /1/.

The antireflection coatings of the ZnSe substrate consists of Ban and ZnS. To get zero
reflectance at 10.6 um the thickness of the layers can be computed. Practically we have worked

out for ZnSe the following combinations: a ) /8 BaF, as first layer and ZnS A /16 as the second

2
layer.

Filters

Filters are optical components which are useful in the optical processing of the laser
beam; selection of a given spectral range with specific charateristics, the attenuation, the
splitting of the beam a.s.o.

The method of classical alternating films in A /4 structure doesn't provide any special
spectral characteristics. Since this technology is not more valid only computers solve the
problem by facilitating the computation of complex thin film systems.

In our laboratory some problems concerning filters have been solved: an antilaser filter,
a filter at 2.8 pm, a gradual filter for the visible regior.

For the antilaser filter a hybrid solution was adopted; the filter consists of two optical
components - a large band wavelength neutral filter and the second optical components deposited
with dielectric multilayers. Both components cemented achieve the necessary characteristics.

As had been resulted from the computation to get the filter for 2.6 - 2.8 pm a very
laboriously technology wae achieved. As substrate we used quartz, the cut and transmittance
characteristics are achieved by depositing germanium and SiO in a complex structure of A/8,
A /4 layers /2/.

When it is necessary to equalize the intensity of two beam attenuators must be used.

A variable attenuator for He-Ne wavelength was devised yiing metalic costings. During
the deposition, the obturator is gradually moved so the transmisions of the component decreases

continuously, not in steps, allowing a very fine adjustment.

Beam-splitters

It is often necessary to have in an experimental set-up a reference beam to controle the
different phenomena. This is achieved by a special optical component that eplits the laser beam
into two perpendicular beams a transmitted one and a reflected one.

These are applications that need more sophisticate beam spliters impasing some phase
relation between the split beams. A type of such a beam splitter that accomplish a quadratic
phase relation was obtained in our work group. The phase relation results from the differences in
the optical ways imposed by the beam splitter /3/.

The technology of such component is not at all simple, the performance is achieved using

metallic and also dielectric layers in a special geometrical configuration.
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Polarizers

Brewster angle transmision polarizers were developed using optical glass BK 7 as
substrate and depositing different thin dielectric films with indexes greater than the substrate
index ZnS, ZrOz, ZnSe, ZnTe, CeOz.

These Brewster transmision polarizer are used instead of piles of glass plates, because of
the greater degree of polarization.

Since the dielectric films are thin, in the computation of the degree of polarization we
considered only the reflectance on a face, but if the film is thicker both reflsctances must be
taken ioto account. '

These polarizers are used in infrared where prisms are not available. Only several plates
achieved reasonable degree of polarization. The higher refractive index of the plates, the fewer
is required. They are simple to produce and unexpensive.

The table below gives the parameters of the polarizers developed by us and verified in
Infrared at 1.06 um /4/.

] 7 Pzl |20 a1 |22 (o ok |25 26 (2728
'S | » low]ors|o22]0.25{028 037033036 0,38 J0.4 [043
S 0y Bl 63 30|64 30'|65°0 166 3016 20| 660} 59° {64l 201
iiz’ Film F’W §‘;’3§ ZnS ZnSe ZnTe
% § [Pexp Joos 222 | om | | o3 | 043

Tests upon optical components

The first test, that must be carried out upon an optical component is the spectral
characteristic that attest the special application of the component.

The spectrul uvharacteristic is very useful for improving the devised technology,
according to. the computing program, to fit the theoretical curve with the experimental one.

The -climatic tests ere recommended to establish the environmental conditions for an
optical component. These tests are made just once for any type of optical components. '

For these we use a Brabander Realtest - special climatic room.

The adhesion and damage tests are distructive, so they are not customary. The adherence
is verified by the scoth test.

To establish the damage thresholds induced by a Q switch laser in a laboratory set-up a
Nd:YAG laser operating in TEMoo mode was used and the power density of the laser beam was
adjusted by moving the samples along the laser beam near the beam waist of & focusing lens /5/.

Different monolayers were tested.
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The table presents the laser-induced demage threshold velues under Q-switched

conditions at 1.06 pm.

A4 film at 1.06 pm Power density at threshold MV//em?
ZnS 200 - 300
Ce0, 300
s10 400
MgF, 500
ZnS/ThFa/ZnS 250
BK 7 5 x 10°

*¥e soon hope to praesent our results referring to electron beam technology.
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THE FREQUENCY STABILIZATION OF He-Ne LASERS

Gh.Popescu, C.Blanaru
Laser Dept., Institute for Physics and Technology of Radiation Devices

1. Introduction

A particular interest in the subject of He-Ne laser frequency stabilization has developed
due to the possibility of applying such lasers in the fields of interferometry, metrolagy,
geophysics. New staebilization methods have improved the stability of some lasers and promoted
the Idea of using an optical frequency standard superior to the existing krypton-86 standard.

From & historicel point of view, the hellum-neon laser was the earliest subject of study
for frequency stabilization, so it is not surprising that the helium-neon laser - irrespective
whether of visible or Infrared wavelength - still maintains its place as the primary object of
stabilization research /1/. '

To sult either an optical standard or the above applications, a laser should possess some
practical qualitles. We are equally looking into the physics of the laser tube, the electrical
parameters or the machanicel design. In a DC excited He-Ne lager the discharge is smooth, easy
to maintaln and does not require very high voltages or currents, this leading to a stable output
power, low frequency shifts due to varying electric parameters or mixture pressure. The laser
tube is easy to construct and does not require substantial cooling, which facilitates the
construction of mechanically and thermally stable cavitles. Depending on the actusl applications,
the output power could vary over two orders of magnitude which assures enough power from
resonable long cavities. '

The helium-neon laser ls the most sultable laser to fulfi) the conditions outlined earlier
and particular interest will be paid to the red 633 nm line, whicH is dealt with in this paper.

The principle of all stabllization systems to be discuséed is extremely simple. First of all,’
a aingle frequency laser is by some means constructed. Secondly, a stable frequency reference is
to he found. As the lsser frequency devlates from that of the reference, a third step has to be
takem into account by developing an error-sensing mechanism or discriminant used to derive a
signal praportional to the deviation. The laser frequency is controlled to that of the reference by
a simple servo-loop. In doing that, the laser frequency is eaid to be locked to the frequency of
the reference.

2. Factor to affect laser stability

A carefull choice of mirror radii and tube bare diameter could eliminate off-axis inodes.

The cavity resonances of TEMggq mode are given by
vq"9 TRE Q)
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where q is the order of the mode (an Integer) equal to the Integral number of half-wavelength of
the resonant radiation to fit exactly into the aptical length of the cavity, ¢ Is the velocity of
light, n - the refracting index of the medium between the laser mirrors, and L the cavity length.
The changes in cavity length will affect the frequency of an oscillating mode and maintenance of
a constant length ig the prime objective in frequency stabllization schemes.

There are varlous possible perturabation on the cavity length arising either from external
phenomena or from effects internal to the plasma tube. Among the external effects one should
mention thermal variations occurring in the temperature of the spacers material between the
endplates of the cavity which carry lasers mirrors. A fractional change AL/L as low as possible
ls first desired. A low coefficient of expansion of the spacer material may be found for Invar ( &
= 1.26 x 10°%9C™Y), fused quartz (o = 0.5 x 10°6), zero-dur ( a= 5 x 1078). Even with low-
expansion materlals thermal tunings of the cavity of 500 MHz/°C are tippically 3o that for good
frequency stabllity (say 5 MHz) the cavity temperature must be constant to 0.01°C, a difficult-
to-fit flgure. Besides thermal varlations, other external effects are atmospheric variations
(altering the refracting index of the air neir)' mechnaical vibrations (mechnaical mouvements
transmitted through working surfaces or asirborne disturbances), variations in the position of
optical components (external mirror lasers), magnetic fields (changes due to the
magnetostrictive properties of the spacer matarial). .

Internsl effects are coming from consldering discharge noise, given by fluctuation in the
discharge current or plasma oscillations.

All the above perturbations have to be considered for improving the qualities of a free
running laser in order to minimize frequency fluctuation in the laser to be stabilized. When the
laser frequency has already been stabilized, the perturbations of importance are those which

shift the frequency of the reference /2/.

3. Single frequency lasers and passive stabilization

Before any attempt is made to stebilize the frequency of 9/laser, a single frequency
output must be ensured. A laser may normally operate simultaneously-at several different
frequencies which are the cavity resonant modes for which the laser gain exceeds any /losses

present within the laser cavity. The separation AV af longitudinal cavity modes is given from (1)

Av = c/2nL (2)

Two techniques of selection of a single frequency have been used by authors as follows:

- if the length L of the laser is reduced, the mode separation 8V is increased until only
one mode is left within the gain bandwidth of the laser; a PZT tramducer may then tune laser
frequency throughout bandwidth by varying the cavity length /3/;

- if the optical length nL of a long laser includes an intracavity Fabry-Perrot type
bandpaess filter then only the wavelength radiation satisfying the resonance relationship

Zn,tcos $=n.y laser will get enough gain from the active laser medium to overcome losses
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and oscillate; changing either ng, t or ¢ , one inay tune the oscillation frequency of the laser
within the gain bandwidth of the laser.

(In the above relation ng - the refractive index of etalon, t - its thickness, ¢ - the angle
between the incident light direction and the normal to the etalon suriace, A |ager - the
wavelength of the laser light.)

One step further in the development of the frequency stable laser is to stabilize the
single frequency laser output to some stable passive reference cavity. This cavity does not
contaln any discharge tube and no thermal effects proper to laser cavity are present.

We used this method of passive stabilization to limit the frequency shift of a free
running single mode long He-Ne laser /6/. The intracavity etalon is a cylindrical bar of fused
quartz the ends of which are polished flat and parallel at a high degree of precision ( A /10 flat
over the active reqgion and less then 2" parallel). The lenghth of the etalon (5 cm) is chosen so
that its free spectral range (3000 MHz) exceeds the laser gain bandwidth (around 1200 MHz)
thereby selecting only one laser mode. The finesse of the etalon is rather small (around 2.2 for
Jncoated ends). The width of the passband is correlated to the finesse of the etalon, but uncoated
ends ensure a low insertion loss for such a low gain medium as that of the helium-neon laser.
Using a careful, rigid mounting in an etalon oven and then temperature controlin the etalon
length we manage to lock the laser frequency to a tunable frequency of the etalon’_vwhich results

in a passive stabilization of the laser frequency /8/.

4. Active stabilization

Following on from passive stabilization schemes, the next step is to search for reference
frequencies lwhich possess good long-term stability. The center frequency of the atomic lasing
transitions was the first to be considered in avtive stabilization schemes. Tr;e power output curve
is to be used as frequency discriminant. Using isotopes and an excitation above threshold, a dip
could appear in the centre of this curve, known as the Lamb-dip /97.

The width of the Lamb-dip in the visible helium-neon laser is some 200 MHz wide
(between points considered at half its width) and is about 5-8% deep. The use of the helium-3
isotope may increase the laser power output by 20% as the coincidence of the metastable excited
state with the upper laser level in neon-20 is closer than with helium-4 /10/. The maximum
output power depends critically upon the quality of the optics used, and by using high quality
optical components power closed to the 1 mW, enough power for a large field of applications
becomes available from such a short laser /11/.

The gain bandwidth is about 1200 MHz wide at the half power points as to be compared
to the width of the Lamb-dip. So the dip is narrower than the gain curve and the dip center
represents a more clearly defined frequency than the peak of the gain curve.

To stabilize the frequency of a single frequency He-Ne laser we used a Lamb-dip method
whose principle is easy to explain (see figure 1). The laser frequency is modulated over the

narrow optical frequency range this modulation ffesults in an intensity modulation of the laser
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power output whose phase depends on the actual laser oscillation frequency. So, the magnitude of
the detected signal cerries the information about the detuning from the dip center vp, while
the phase relative to the applied modulation indicates on which side of the center the laser
frequency lies. A phase sensitive detector output if smoothed properly by an integrator will give
input signal for DC voltage amplifier which completes the serva-system. A PZT trangducer
having a modulation input and a high-voltage input translates electrical signals into laser
frequency shifts.

The servo-system controls the laser cavity length so ds to maintain PSD output voltage
to zero and the laser frequency to be continually refgrred to the canter frequency of the Lamb-
dip. ’

Because such a simple electronic servomechaniam forme the nodel point of any
stabilization system it was for us a matter of choice to design and develop 8 modular electronic
system capable to achieve frequency stabilization on different lasers /12/ (sse figure 2).

The short-term and long-term frequency stability of our early developed single frequency
He-Ne laser was measured by inter-comparison with a secondery standerd in Brno,
Czechoslovakia /3/. The frequency beats show a short-term frequency stability of 5 x 10-8 and
long-term frequency stability of 10-8, with a reproducibility laser wavelength of 6 x 10-9.

In a similar manner, we worked out another experiment on the frequency - lockad He-Ne
laser by using the opto-galvanic effect /13/. The physics of the experiment is based on the self
irradiation induced by the laser light upon the active laser discharge in laser tubes. The laser
discharge conductivity variations show a profile similar to the power output curve, only the
latter has a more marked Lamb-dip profile. Strong dependence of the amplitude of the salf-
irradiation opto-galvénic effect on the laser current was also noted.

Other possible stabilization schemes could be considered:

- using magnetic fields applied to the gain tube of an internal mirror single frequrenc:
laser. The single laser frequency is split into two closely spaced frequency of opposite senses o
circular polarization and the intensities are equal only when the tube frequencies are equally
spaced from the central laser frequency.

- using staturated absorption involves placing an absorption cell (neon, iodine, methane)
inside the !aser cavity.

The homogeneous linewidth of the absorber is about two orders of magnitude narrower
than He-Ne laser gain Doppler broadened curve. The strong standing-wave electric field inside
the laser cavity gives rise to a saturation of the absorption and a Lorentzian shaped dip forms at
the center of the absorption line.

Both mathods give more stable frequency references than that derived from features of
the laser gain curve, allowing for a higher degree of frequency stability. .

The above mentioned electronic system /13/ is provided with excelent parameters for

the last two stabilization methods, and new results are expected to be reported in the near

‘lture.
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FIGURE CAPTIONS

Block diagram for frequency stabilization using Lamb-dip method.
FD - photodetector; HQ-TA - high-Q tuned amplifier; PSD - phase sensitive detector; O -
oscillator; PS - phase shifter; I - integrator; HVA - hogh voltage amplifier; MJ - mode-

jump; PZT - piezoelectric transducer.

Block diagram of the modular system for frequency stabilization of a single frequency
laser with iodine cell within laser cavity. The same capital letters significance as in
Fig.l and rnore:

PA - preamplifier; NF - notch-filter; SD - switch driver; S - summator; RG - ramp
generator; AQ-NF - adjustable Q notch filter; F - filter; VR - voltage regulator; QG -
quartz generator; APS - analog phase-shifter; LPF - low pass filter; AG-BPF - adjustable

gain band pass filter.
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STUDY OF THE SEMICONDUCTOR DEVICES USING A
LASER SCANNING DIGITAL SYSTEM

G.A.Stanciu, [.M.Popescu, Gabriela fF.Cone
Department of Physics, Polytechnical In~titute of Buchares.

In this paper the laser scanning digital system is presented. Some results obtained

using this system are also shown.

Introduction

Contactless measurement methods aere classified into two kinds from the point of
principle es follows:

(1) scanning techniques with an electron beam;

(2) scanning techniques with laser beam.

With regard to (1), the scanning electron microscope (SEM) has been the most versatile
instrument for the study of surfaces of the semiconductor materials or devices because of its
high resolution. However, this method is more ore less destructive due to collison of the charged
electrons with a surface, and its application requires a lot of time.

On the other hand, with regard to (2), laser scanning techniques sre completely
nondestructive and permit to study of devices in the working conditions.

The photoresponse properties of semiconductor devices have been investigated for
possible use in detecting and locating various semiconductor devices. With a light beam detailed
information can be obtained about the structure and operating behaviour of the devices.

In this paper we report some results obtained by investigations on power and

commutation transistor, photodiodes and integrated circuits.

2. Description of the scenning laser digital system

The scanning system used in our experiments has been described in detail in /1-3/. A
schematic digital scanner is shown in fig.l. A helium-neon laser, oscillating at 632.8 nm is
utilized. The laser beam is scanned with orthogonal mirrors O and Oj. The raster is projected
onto the tube ocular of a standard metalurgical microscope and, in this way is focused on the
surface of the sample. High resolution is achieved by focusing the light onto a spot of Z um
diameter with typical objective lenses (40 X). The beam power was varied by means of two
polarizers placed in front of the laser and saturation of the examined devices ln certain reglons
was avoided. The two scanners were galvanometer movements which were driven in present
applications,.by a digital current obtained from digiu;l voltages by using correction circuits.

Typically, maximum y rates (Ol) were 10 Hz, whereas x scanners could be driven to 500 Hz.
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The laser heam - generated photaocurrent modulates lead to an ac voltage on a series
registance. This ac signal is amplified with a video amplifier and applied to a memory
oscilloscope OG 2-31 RFT.

The spot position on the sample surface is displayed by means of a digital display system
In cartesian coordinates. Depending on the way which the current was fed into oscillosocope, a
display "map" or a graphical representation were possible. In the latter case, the signal
gontrolling the vertical deflections consists of some photoresponse devices and the signal
proportional ta the signal driving the vertical deflector.

3. Resuits and typical applications

3.1. Light sensitity of p-n junctions

A brief quelitative description of p-n junction behaviour in the presence of light will be
given. Laser beam striking the surfaces of a semiconductor device in thé vecinity of a p-n
junction causes a voltage to be generated. The magnitude of this photogenerated voltage ie
dependent on the intensity, wavelength, and area of incident light, as well as on several
cheracteristics of the semiconductor material itself and the external load.

The energy of the photon creates electron-hole pairs which separate in presence of the
electric field in the junction Jepletion region, cross the junction, and produce a current flow in
an external circuit (Fig:2).

From energy level consideration, a certain minimum energy of the incident photon is
necessary to excite the electrons from the valence banu into conduction band producing a
nonequilibrium photocurrent. This minimum energy corresponds to wavelength of about 1.1. pm
for silicon. It should be ngted, however, that the acceptor and doner impurities whose energies
lie in forbidden gap are completely ionized at normal temperature and therefore do not generate
photocurrent at low energy photon excitation.

The wavelength of the light also determines the penetartion of the light through the
sample. For the case of the helium-neon laser oscillating at 632.8 nm, most of the
photogenerated electrun-hole pairs are produced within about 1 micron of the surface of the
sample.

Referring to fig.2, the magnitude of the photoresponse as a function of the laser spot
distance from the junction is shown. This diagram represents an ideal description of a photoscan
across a p*n diode.

 As the light spot traverses the sample from left to right, there is a length out to |
where no photocurrent is generated. As the spot reaches LI which is about a diffusion length
from the depletion region a small photocurrent is produced as some of the generated electrons
are able to reach the depletion region before recombining. Once these electrons reach the
depletion, they are swept across by the field and become majority carriers on the "n" side of the
junction and flow through the external circuit. When the spot gets closer to wp, which is the edge

of the depletion region of the "p" side of the junction, the fraction of the photogenerated
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electrons which reach the junction increases, causing an increase in photocurrent. A: the spot
passaes Wp and crosses Into the depletion region of the "p" type material nearly all of the
photogenerated electron-hole pairs are immediately separated by the fleld and flow through the
external circuit. Th~ photovoltage decreases after the light spot crosses W, which {e the edge of
the depletion region. As the light spot moves out to Wn, the number of generated holes reaching

the space charge field decreases causing a decrease in a photocurrent.

3.2. Photoscan of HF pnp transistor

We have investigated the pnp silicon switching transistors whoie superficlial geometry is
shown in fig.3.

The base region of the transistor was scanned with Oy axis along emitter stripes. Fligure
4 shows a system of graphs obtained on the unbiased transistor. The central graphs represent the
photocurrent if the laser "linie" crossing the base and emitter contacts. The minima in the
photoresponse represent the emitter and base contacts. The two lateral maxima are due to the
depletion reglon of the collector-base junction.

The base-collector junction of the transistors is at 1.9 pm from the surface and this
location makes carrier generation possible in the emitter, base and collector regions. The
transistor has two emitters which have the same metal contact.

a) Locatlon of diffusion pipes

One of the most important mechanisms of the laser in the bipolar trnasistors is the
formation of diffusion channels or localized emitter-to-collector leakage paths. The methods
used in the localization of the diffusion channels are based on the electrochemical decoration
technique correlated with microscopic observation. But, this method praved to be destructlve
because of the number of defects which appeared on the wafer surface. ,

Using a laser scanning digital system we developed nondestructive and extremely rapid
technique for the location of diffusion ¢~ nnels /4/.

Figure 5 & shows the "map" of she transistors as obtained by laser scanning. The light
zone represents the base region an portion of the unplated emitter regions. The central dark band
stands for the base contact, while the two dark side-bands represent the metal coatings of the
emitters. One can notice the position of the two channels on a 11.5 V reverse biased transistor.
The variation of the photocurrent with the reverse voltage for the channel from the left emitter
regior is shown in Fig.5b. The base-collector junction was 10.5, 10.25 and 10.3 V reversely
biased.

" b) Identification of regions with microplasma

A typical photoresponse patterm of a trangistor with microplasma is shown in fig.6. At
11 V, a localized increase in photocurrent occurs. This appears just near the base stripe. This can
be caused by microplasma at the collegtor-base junction which produces a significant decrease of

breakdown voltage /5/.
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3.3. Photoscan of p*n Si photodiodes

Photacurrents generated by laser beam on a photodiode p*n with inversion channel are
illustrated in fig.7 for simplicity six graphs are given. In the right region of the guard-ring
photodiode an intense photocurrent is observed that represents the channeled collector area. The

photocurrent increase with increasing voltage V ~ until reaching the vecinity of the breakdown

8C
voltage, where the increase is unessential as in the fig.7.
Evolution of the photocurrent in a region with inversiun layer was presented in detail in

16,71.

3.4. Photoscan of a power transistor

Figure 8a is "the map" of the region of the silicon npn transistor type 2W 3055. The light
zones represent the base and emitter contacts. Figure Bb shows the photocurrent at the junction
emitter - base of the transistor at OV bias using six graphs. Uniformity oflthe multiplication is

observea.

3.5. Photoscan of the integrated circuits

Testing integrated circuits is often more of a problem than making-them. Pressure of
mechanical probes on chip pads can if too heavy, cause a damage n, if too light; results in poor
electrical contact and unwarranted rejections. Electrical tests are complex.

Using the laser scanning system testing IC are non-destructive.

Photoscan with laser system gives an instantaneous display of an IC's surface, revealing
flows and anonedies.

Figure 9 is a laser-scan picture of the IC-s TAA5 50. Semiconductor material is white
and metal black. The most intense responses indicate where the junction comes vertically to the

surface and outline the different components.

Conclusion

Using a laser scanning digital system it is possible to see such potential reliability
problems as masking defects, metallization disturbance, large conductivity variations, diffusion
pipes, microplasma region and many other light ;sensitive anomalies. This non-destructive
technique is applicable to both discrete circuits and integrated circuit. The combination of the

laser scanning with a computer is possible. Thus, interpretation of the results could be simplified.
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FIGURE CAPTIOUNS
Fig. 1 Block dlagram of the scanning laser digital system
Fig. 2 Photocurrent generation at a p-n junction
Fig. 3 Micrograph of the pnp transistor surface
Fig. 4 Photocurrent profiles on a pnp transistor with base-collector junctinn unbiased
Fig. 5 Transistor with two diffusion pipes
8) the scanned / "mlcrograph';
b) the photoresponse VS reverss bias the plpe from the laeft emitter
Flig. 6 a) The "micrograph" of the transistor with microplasma
b) Photocurrent profiles on the seme transistor (Vg = 11 V)
Fig. 7 Photocurrent prafiles on e p'n silicon photodiode exhibiting inversion layers:
a)VR=0;b)VR=7V;c)VR=14V;d)VR=30V
Fig. 8 a) The "Map" of a region of the power npn transistor
b) photocurrent of the transistor at OV bias using six graphs
Fig. 9 The laser-scen plcture of the surface of the IC-s TAA-550
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PULSED TEA-CO2 LASERS

A.l.Ciura, C.Grigoriu, M.V.Udrea
Laser Dept., Central Institute of Physics, Bucharest, ROMANIA

A review of the research in the field of TEA-CO2 lasers at the National Centre of
Physics is presented. The most significant results in the two main research directions -

the development of the typical TEA-CO, lasers and the active medium study - are

2
shortly discussed.

The research on the field of atmospheric pressure, pulsed CO2 laser excited by
transverse discharge started at the National Centre of Physics soon after the first publications
about this new type of laser had af ~eared /1.2/. During these years, pin-pin discharge lasers,
double discharge lasers, electron beam controlled discharge lasers have been developed and
studies on the physics of such lasers have been conducted. The main results will be briefly
presented in this paper, following the below organisation:

1. Development of TEA-COz lasers

1.1. Pin-pin discharge lasers
1.2. Double discharge lasers
1.2.1. Preionization by Corona effect
1.2.3. Preionization by U.V. radiation
1.3. Electron beam controlled discharge lasers
2. Studies on the active medium of the seeded TEA-COz lasers
2.1. lonization and recombination coefficients
2.2. Electron energy distribution function in typical mixtures of the TEA-CO2
lasers
3. The modelling of TEA-CO2 lasers
3.1. The discharge circuit modelling

3.2. The role of seeding gases

1. Development of TEA-CO2 lasers

1.1. Pin-pin discharge lasers /4,5/

Among pin-pin discharges, the helical electrode configuration has been studied due to
some advantage relying mainly on its possibility for obtaining oscillation in the lowest order
transverse mode.

One of the lasers that were built /5/, consisted of four identical sections with 909
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electrodes pairs, and the spacing between pins was of 24 mm. The cavity length was of 515 em,
the active volume of about 100 cm and the total gas volume of 13 1. Yhe optical cavity consisted
of a plane Ge mirror, 50% reflectivity and a gnld coated mirror with a 20 m curvature radius.

The excitation electric pulse was obtained from a Marx Generator with a capacity of
1Q0 nF, having values between 24 and 57 kV, a rise time of 50 ns and 1 pus full width at half
maximum (FWFM). The stebility of the discherge was assured by balast resistors.

For all the studied mlxtﬁres, the pulse shape obtained was that typical for TEA-CO2
lasers with a COZ:NZ:He active gas: a peak with FWHM smaller than 100 ns end tail lasting for
saveral us. The pulse energy shows a strong dependence on the composition and total pressure.

Figure 1 presents the output energy as a function of the applied voltage for a 1:1:8
COZ:NZ:He mixture at several total pressures. For each voltage, there is an optimum pressure,
as shown in figure 2.

It was aléo observed, that for a given pressure of the active mixture, the output energy
depends rather critically on the ratio of the CO2 and N2 partial pressures. When the ratio
pCOZ/pNZ is greater than unity, the optimum pressure is in the range of 400 - 450 Torr, and for
F’CQZ/PN2 smaller than unity, the optimum pressure is between 150 and 300 Torr.

The maximuim output energy was of 1.6 J, obtained from a 2:3:10, COZ:NZ:He mixture,
at 300 Torr total pressure and for 57 kV excitation pulse voltage. So, the efficiency is of about

1%, and output density energy 15 J/e, which are quite good figures for such lasers.

1.2. Double discharge lasers
The Lambertor-Pearson model /6/, and the laser with preionization by U.V. radiation
produced by sparks between pins /7/, have been the most studied double-discharge lasers in our

dppariment.

1.2.1. Preionization by Corona effect /2,8-16/

Using preionization by an auxiliary discharge between wires and the nain electrode,
some lasers with high energy per pulse, with medium repetition rate or sealed-off were built.

The maximum energy per pulse (23 J), was abtained from an oscillator with a discharge
cross-section of 4.5 x 3.5 crn2 and the active length of 80 cm. The optical cavity is closed by a
plane Ge mirrar (50% reflectivity) and a gold coated mirror with a 6 m radius of curvature.

Maximum energy was obtained with a 20:20:60 COZ:NZ:He mixture. The efficiency did
not saturate up to the maximum available input energy (250 1/1).

The werk /10/ describes an oscillator with two identica! sections. The essential problem
of this oscillator, the minimum jitter in the triggering of the two spark-gaps, were solved by
carefully chosing their working regime. So, working with a voltage 20% lower than breakdown
poutential pf the spark-gaps and at a pressure of 3-4 atmospheres, the delay between the firing of
the two spark-gaps was less than 25 ns. Figure 3 shows the output energy as a function of the
CO2 partial pressure four several supply voltages. The efficiency of the laser, shown in fig.4,
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presents an aptimum, after which it decreases rapidly with the input energy.

The two con tructions employed small quantities of xylene vapours added to the basic
mixture, to improve the stability and efficiency of the laser /17/.

A tunable C02
2x2x75 cm} excited by the discharge of a 100 nF capacitor charged at 22 kV was able to give

-TEA laser was built using a diffraction grating /13/. The active volume of

1.5 J in a cavity formed by an uncoated Ge mirror and 8 12 m radius of curvature gold coated
mirror. Replacing the gold coated mirror by 135 lires/mm grating (type ML 304-04, PTR Optics),
more than 70 emission lines in the P and R branches of the 9.4 and 10.4 pm bands were observed.
The maximum energy, obtained on the P (18) or P(20) lines, was of about 0.5 J.

The same oscillator allowed us to sutdy the possibility of shortening the emission pulses
by working in mixtures without N2 and by absorption in the breakdown plasme /12/. When the

laser works with a free N, mixture, the pulse tail completely disappeared, F WHM being of 60 ns.

The energy was of 0.5 Jzand the pulses showed a good reproductibility. When the pulses were
absorbed by the breakdown plasma it has produced in air, the F WHM was of 20-30 ns, the pulses
energy of 0.1 - 0.2 J, but the reproductibility was evidently not so good as in the first case.

Some researches were aimed at the development of a small-size, sealed-off TEA-CO2
laser /15/. A Lamberton-Pearson structure was chosen because the dissociation is lower in this
case as compared with the U.V. preionized laser by sparks.

The active volume was of 22 x 1 x 1 cm’. The cavity consists of a gold coated mirror (3
m radius of curvature) and a plane, coated Ge mirror, with B5% reflectivity.

The main capecitor was of 6.5 nF, where as the auxiliary ones of 150 pf. With a 1:1:5
COZ:NZ:He mixture, without any additives, the discharge begins to degenerate after about 100
pulses. By the addition of small quantities of CO (4-5 %) and N2 (2-3%) the lifetime of the laser
greatly increased.

The maximum energy was of 350 mJ, but in order to obtain a longer lifetime, the
working voltage was reduced so that the pulse energy was of 150 mJ. Figure 5 shows the output
energy as a function of the pulse number. One can see that after 1.2 million pulses the pulse
energy is still about 100 mJ. The arcing number was less than 0.6%. Many materials were tested
as electrodes and the best results from the lifetime point of view were obtained with brass

electrodes.

1.2.2. Lasers with preionization by U.V. ionizatian /18/

For some photochemistry researches, a laser able to work at 5 pps with an energy up to
several joules was developed. A construction with preionization by U.V. radiation produced by
pin-pin auxiliary discharges was adopted for this purpose.

The main discharge is produced between Chang profiled electrodes /19/, 70 cm lengtt
and spaced at 22 mm. The main capacitor (100 nF) can be charged up to 40 kV. The LV,
radiation is produeed by two rows of pin-pin sparks each of which is supplied by a 1 nF capacitor.

Eight fans were egwployed to circulate the active mixture. The output energy was extracted by a
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plane Ge mirror, with about 65% reflactivity.
The main results are shown in Figs. 6 and 7. One can see & rather strong decrease of the
output energy with the repetition rate, due to the reduced flowing capacity of the fans. The

maximum output energy density was about 33 J/l, with en efficiency of 8%.

1.3. Electran beam controlled discharge lasers /20-23,25/ i

The electron beam controlled discharge laser (EBCOL) /24/, proved to be the mast
appropriate means to obtain high pulse energies in the medium infrared.

Our electron beam-controlled discharge laser had » 900 mm active length /20/. Figure 8
shows a schematic cross-section through the device.

There are two main parts: the laser (1) and the gas chamber (2). The laser eavity consists
of a concave gold mirror with 8 5 m curvature radius and & plane KRS-5 mirror with 25%
reflectivity. The 90x900 mm? main discharge anode is plane with rounded edges and is connected
to the main capacitor battery.

The electron gain had a 900 mm length and 50 mm width copper- cold cathode. The
surface of the copper cathode foil was pinched out to enhance the emissivity. The cathode is
placed et 65 mm from a 50 um titanium foil which separates the gas chamber from the laser
chamber. The foil is sustained by a set of 1.5 mm diameter steel wires.placed traneversally from
20 to 20 mm. The high voltage pulse from a Marx generator is applied by a ceramic insulator.

Figure 9 shows the output energy as a function of the input energy of several mixtures.
The maximum energy was obtained for a 3:7:10 mixture. At a totel pressure of 1 atm. and an
initial electric field of 4.5 kV/cm, the output energy density was of 15 J/1 with 17% efficiency.

For this laser, the small signal gain coefficient at low pumping levels was measured /21/.
The probe signal is supplied by a CW laser placed in a screened room. The continuous beam is led
by means of a mirror system through the discharge cavity of the EBCDL and is reflected back by
a mirror in a similar way towards a liquid nitrogen cooled Ge:Au detector. The gain coefficient
as a function of the input energy is shown In Fig.10 for three working mixtures.

The electron beam intensity and uniformily were also measured /23/. This was performed
by a Faraday cup, moved over the titanium foil surface.

The peak value of the signal detected by the Farady cup at different points on the width
of the titanium foil is shown in Fig.11. One can see a good symmetry around the centre.

The penetration depth was also measured. The beam intensity decrease practically
linearily with the distance from the titanium foil.

For a 3:7:10 COZ:NZ:He mixture attenuation wae 70% at 9 cm.

From the measured electron beam intensity one can calculate the secondary electron
density produced by the fast electrons which enter the laser cavity. If no main discharge is
produced, the number of secondary electrons decrease by recombination and attachement.
Assuming that the recombination process prevails over the attachment one, the eguation

governing the electron density, Ne, can be written:
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e . 5(t) - aon? ey
dt €

where S(t) is the source term and a the recombination coefficient. We have used for S(t) e
shape similar to the total Marx generator current shape with a peak value of §4 x 1019 cm'}a'l,
and for o value of 1.7 x 10'6. The result of the numerical celculation for Ne is shown in fig.12.
The microsecond tail of the electron density is suitable to sustain an uniform discharge in the
gas.

A microscopic study on the cathode damage ‘after several hundreds of pulses was also
cerried out /25/. The amount of evaporated cathode material was estimated and it was
emphasized that the plasma which wae crested during the pulse by chmic heating was the
electron source. The propagation time of this plasma from the cathode to the foil is in

agreement with the electron beam pulse duration.

2. Studies about the active medium of the sseded TEA CO, lasers /27-30/

Besides the development of some types of lasers, many researches have been conducted
on the active medium characteristics, especially for seeded lasers, /27-30/. Among these works,
we shall review the measurements of the ionization and recombination coefficients, the
determinstion of the elctron energy distrlbution function and the theoretical modelling of the
additives' role.

The experimental basis for some studies were the voltage and current measurements on a
Lamberton-Pearson type laser. The active mixture can be doped with TPA or xylene in a
controlled manner. Special precautions were teken to assure the measurements accuracy. The
voltage was measured with the special designed resistive high vcltage divider (10 ns riﬁo time)
and as current probe we used 8 fast current shunt with 2 ne rise time and 2 mOhm resistance. To
remove the RF noise generated by the pulsed discharge we employed double shielded cables and a
Faraday cage equipped with special filters.

2.1. The apparent ionization and recombination cosfficients /27,28,30/

These coefficients can be calculated from current measurements performed at ssveral
voltages, following the procedure of Ernst and Boer /31/. So, the temporal evolution of the
electric density, Ne, can be deduced from the relations:

dN
1 = - - ¢))
N, @t~ Va a7 - YN,
I(t)
Ne(t) a m 3

Here, V4 is the electron drift velocity, a is the first Townsend coefficient, n ti.
slctron attachment coefficient, y the recombination coefficient; I(t) is the current intenaity
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and A the discharge area on the electrodes.

The left-side of the equation (2) is evaluated by numerical derivation of th.: Ne obtained
from equation (3). From this purpase, the experimental curves were smoothed by properly chosen
Chebyshev polinomials.

As electron drift velocity V4, the values computed by Judd /32/ for a 1-1-8 mixture we
used. The approximation is rather good, because V4 depends weakly on the active mixture.
The values ;—e g[:J depend linearily on Ne and, therefore, they define a family of straight lines
depending parametrically on E/p and on the dopant partial pressure. The interssction of each line
with the ordinate and its slope give both Vd(a-n) and vy respectively, for a given E/p and
dopant level.The calculations were done on the basis of the current measurements at 20, 24, 28
and 32 kV supplying voltage in a 1-1-10 mixture at several dopant partial pressures.

Figures ¥3 and ¥4 show the calculated recombination coefficient and the apparent
ionization coefficient as functions of E/p. The recombination coefficient has a shape similar to
that reported by Ernst and Boer /31/ and does not depend on the dopant pressure. One can see an
unexpected increase for a reduced electric field greater than 8 V/cm torr.

The apparent ionization coefficient increases with reducing the electric field. The TPA
has a more important effect on the ionization coefficient and this can be explained by the lower

ionization potential of the TPA (7.2 eV) as compared to that of xylene (8.5 eV).

2.2 Elsctron energy distribution function in mixtures typical for Tl'-'J\-COz lasers /28,29/

The influence of the additives on the electron energy distribution function allows us to
obtain quealitative and quantitative information about the processes inside the laser.

The direct measurement of the EED in a TEA-CO2 laser discharge id difficult due to the
fast discharge at high current and voltage. That is why we performed EED measurements in a
similar plasma, i.e. in a8 DC glow discharge with typical characteristics (reduced electric field,
ratio of partial presseures, flow velocity, ratio of electron density versus neutrals), like in a TEA
laser. '

In order to determine the EEDF we used the asymmetrical double probe method /33/. It
is well known thet the EEDF, f( v ), can be obtained from the second derivative of a simple probe

characteristic
fv) = 2 (2mev, a’x @
WAp e dvz

where V is the retarding potential, A_ the probe area, me and e the mass and electron charge

respectively. P
The main problem is to have an asymmetrical double probe system which approximate
well the simple probe as a condition for applying the relation (4).
In our case, the probe is a cylindrical tungsten wire (0.05 mm in diameter, 1.5 mm in

length) placed et 10 mm from the reference electrode and 5 mm aside the axis of the discharge
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tube (20 mm in diameter, 500 mm in length). The reference electrode is a nickel cylinder (16 mm
in diameter and 7 mm long), placed axially at 200 mm from the tube anode. So, the areas ratio of
the reference electrode to probe is 1470. Some authors /34,35/ show that in order to abtain
correct results, this ratio must be greater than 104. But Kawashima and Yamori /36/ showed that
when the area ratio is unsufficient, the experimental probe characteristic gives results which are
greater by a factor G than the "true" values and this factor is constant over a rather large range
of plasma parameters. To obtain the G factor we performed a measurement in pure helium and
compared the EEDF with already known resuits.

The EEDF was obtained from the recorded probe characteristics by numerical
derivations, employing suitable methode for such problems.

Figures 15 an 16 show the EEDF function for COZ-N
20 V/cm torr.

In pure COZ-NZ-He mixtures, in the flowing regime tne EEDF typically presents two

Z-He mixtures, 1-1-1 and 1-1-10, at

peaks. If the discharge tube is sealed-off, the second peak decreases and a concentration of the
slow electrons increases. This effect, also observed by Bourquard et al. /37/ can be qualitatively
explained by the disociation of the CO2 molecules.

In the pure 1-1-1 mixture, the second peek is by far more important than in the 1-1-10
mixture and is shifted towards emaller energy values.

The effect of the seeding gases (TPA or X) on the EEDF consists in reduction of the high
energy electron density, due to the low ionization potential of the two gases. As a consequence,
the electron density increases, as was already observed in our measurements of the current and
voltage /27/. The shift towards smaller energies has a favourable effect on the laser efficiency
because the maximum cross sectiong by electronic collisions for CO2 and N, are in the range 0.3
-3 eV. So, the change of the EEDF, when small quantities of TPA or X are edded, can explain the
obgerved increase by 10-20% in the laser efficiency at the optimum dopant pressure.

3. Modelling the 'I'EA-CO2 lasars /26-28/

The modelling of the TEA-CO2 lagers involves a wide area of problems: plasma
pheomena, pulse dynamics, discharge circuit, influence of the additives etc.

A simple, three-level model, to study the dynamics of the TEA-CO2
/26/. The model is described by a set of non-linear ditferential equations which take into account

lasers was proposed

the partial pressures, pumping power, electric pulse length.
In the following, we shall discuss two espects of the TEA-CO2 lasers modelling: the

discharge circuit and the additives influence on the laser.

3.1. Discharge circuit - modelling /27-28/
The basis for the circuit modelling consisted in the current and voltege measurements.
These curves clearly show the important role of the preionization circuit, which must be taken

into arount for correct modelling. It is also importaent to consider the nonlinear discharge
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resistivity in the first discharge stages. This resistance becomes nearly constant 200 ns after
triggering.

Based on the experimental results, the circuits shcwn in fig.17 was advanced.Cm is the
main capacitor, Ca the preionization capacitor and R the nonlineer discharge resistance. The
preionization circuit resistance is considered proprotional to R. From the fitting of the
experimental data with the theoretical ones, the proportionality factor was deduced to be 0.5.

To calculate the current and voltage waveshape, we uséd the equations:

Q da®Q dQ
= + L—s + R(t) [ -1, ] =0
Cn at dae = 2 )
DU R dQ
o g I,dt + 3 (£ +at)I, + R(t) [1, - ] =0 (6)
with the initial conditions
Q= CmUo ’ (dQ/dt)t=o =0, I2(0) =0
Q = CmUo is the electric charge of the main capacitor,Il=%, I=I1-I2 is the main

current and 12 is the preionization current and At is the delay time between preionization and
the main discharge.

Figure 18 shows the calculated and experimental waveshapes of the discharge current,
voltage end resistance. A good fit is to be noted between the theoretical and experimental

curves.

3.2. Modelling the_aﬁltiveo role in the TEA—CO2 lasers /28/

Some experimental results clearly show the existence of the optimum dopant level for
the laser working regime. S0, by performing some measurements on the laser as used for these
studies in chapter 2, we have obtained the dependence of the output energy Ve xylene
pressure, shown in fig.19. We worked under atmospheric pressures to have a homogeneous
discharge'even without any additive. The optimum dopant pressure increases with the active
medium total pressure.

We consider the effect of the additives on the electron energy distribution function as
the favourable factor in increasing tne laser energy. The process which leads to the energy
decrease is the radiation absorption by the dopant molecules. The absorption coefficient at
10.6 pm is in the range of 10-4/cm torr for the most widely used dopants, but has a rather strong
influence on the laser kinetics.

The proposed model, based on Lyon's equations /38/, takes into account the rotational
relaxation and the absorption by the dopant molecules. Without a detailed discussion about the
model, we present in fig.20 the pulse-shape for three values of the absarption coeffici;r:t. One

-1 1

can see the strong influence of the lasers, even in the range 1074 em™ torr7L.
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In conclusion, we consider that the charge of the EEDF under the influence of the

additives and the absorption of the laser radiation by the dopant molecules zan explain the
behaviour of the doped TEA-CO2 lasers.
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FIGURE CAPTIONS

Output energy as a function of excitation voltage for a 1:1:8 mixture /5/

Output energy as a function of total pressure for U =51 kV, and for several active
mixtures /5/

Output energy as a function of CO, partial pressure at several working voltages 1o/
Laser efficiency as a function of the input energy /10/

Output energy as a function of the pulse number for a sealed-off laser /15/

Pulse energy as a function of the capacitor charging voltage at a repetition rate of 1 pps
18/

Pulse energy as a function of the repetition rate /18/

Cross-section of the EBCDL /20/

Output energy as a function of the input energy for several active mixtures /20/

Fig. 10 Gain coefficient as a function of the input energy for the EBCOL /21/
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Fig. 11

Fig. 12
Fig. 13

Fig. 14

Fig. 15
Fig. 16
Fig. 17
Fig. 18

Fig. 19
Fig. 20

Electron beam intensity distribution on the width of the foil; a continuous line shows the
foil shape /23/

Secondary electron density as a function of time /23/

Recombination coefficient as a function of a reduced electric field for a COZ-NZ-He
1:1:10 niixture /27/

Apparent lonizaetion coefficient vV reduced electric field for a TPA and xylene doped
mixtare /27/

Elsctron energy dlstribution function for a 1:1:10 mixture /29/

EEDF for a 1:1:1: mixture /29/

Discharge circuit for the TEA-CO2 laser /27/

Comparison between calculated and experimental discharge current, voltage and
resistance /27/

Output energy vs. xylene dopant pressure /28/

Pulse shape as a function of the absorption coefficient /28/
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LASER "LIGHTMOTIVES”

1. A. DOROBANTU
Institute of Physics and Nuclear Engineering, Bucharest, ROMANIA

Immediately after the birth of the laser, twentyfive years ago, it became clear to
everybody that the new device was to bring about a revolution In all fields of optics with a
previsible extension to all domains of contemporary experimental physice end technology.

Fewer were however those who would have thought of it as a fundamental tool in
theoretical research. The situation did not change considerably for the following years, until the
early seventies when Hermann Haken published en impressive monograph entirely devoted to the
theory of the laser /1/ and a triplet of papers appeared describing lasing as a second order phase
transition /2/. At about the same time, H.Haken introduced a new model, which he called
Synergetics, and which has grown since into a true scientific field of interdisciplinary research.
The underlying philosophy of this new branch of science was the laser, and thus the famous first
book on synergetics /3/ was also the first writing in which "laser" was more than a word, or -
concept, or a device: it waea a "leitmotive".

So, today, some seven hundred years since Robert Grosseteste tried to deduce the
whole Universe from one simple element - light - this same element ranges among the
leitmotives of theoretical physics, by means of a "something” made up of, possibly, a glass tube,
a pair of mirrors and a flash and which we now call by the name of " LASER "..

As a hommage to the laser, I shall try in the following to review some of it
theoretical impacts or as stated in the title, some of the laser "lightmotives".

What should one include in the list ? There are first the coherent states /4/ of the
electromagnetic field and all the related theoreticel achievements : expressing other states and
operators of the e.m. field in terms of them, the so celled P-representation etec. Then,
superradiance /5/, a possibility of coherently emmitting radiation first described by R.H.Dicke
and then developed by many others - H.Eberly and R.Bonifacio belng among the first and most
important; a related and even more interesting ‘concept, also due to R.Bonifscio, is
superfluorescence. Bistability - a hot topic of today, of much theoretical interest, but also of
very wide experimental application. Also with fascinating practical applications there are the
theoretical developments the laser has made possible in the fields of nonlinear optice and
holography. One can also add the laser turbulance ( or laser chaos ), a rather new issue which now
focuses the interest of more and more people. Thers is not the right place here ( and not space
enough ) to review all of them and I am not qualified to do it. I shall only elaborate a bit on the
laser - phase transition analogy, which is one of the most meaningful concepts of physics and, is
also related to practically all the topics in this list.

Let us thus start with the coherent states, the Dicke Hamiltonian and the Laser Phase

Transition .
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Coherent states , Ja>, have been introduced in physics, in the form they are used today,

by Roy J.Glauber /4/ in 1963 as eigenstates of the photon annihilation operator

ta> = aje> )

Their definition is of course not related to the laser, but it is there that they find their

full use ( among other things, the squared modulus of the coherent state eigenvalue,c , is related

to the average density of coherent photons in the cavity ). A very important, however simple,

example is the obtaining of the expression of a (generalized) free energy which allows the

investigation of the laser phase transition. (It is worthwhile stressing at this point that, as it will

become more clear from the following, the importance of the laser as a theoretical model comes

mainly from the fact that it is THE soluble model of nonequilibrium systems, enjoying in a way
the same importance as does the Ising model for equilibrium systems)

Now, since the laser system consists of an electromagnetic fisld coupled to a system

of ( two-level ) atoms, we need a Hamiltonian to describe this. For this purpose we can use the

Dicke Hamiltonian /5,6,7/ which can be written in a simplified form as

Ho=a% 4 /25 + x/20F (a*s"+as® (2)

where h = ¢ = 1 and the rotating wave approximation and the so-called spin representation of
atomic operators* have been used. This Hamiltonian describes the interaction between an one-
mode radiation field and the system of two-level atoms described by the operators a, a* and S,
5%, respectively. It formed the object of investigation of a beautiful paper by Hepp and Lieb /6/,
a treatment which was simplified in the work of Wang and Hioe /7/.

The critical temperature - the threshold inversion - can be obtained by calculating in
turn the partition function Z(N,T) = Tr exp ( - 8 HN(T)) , where B8 is thé invere® of the
temperature and the free energy f(T) = - lim ( BN)'l . log ZN(T) which we can then expand into a
series of even powers of the modulus of the coherent state eigenvalue, a . The result will be
obtained after straight forward, thouéh rather intricate calculations /8/, so that, putting here

temperature as equivalent to the unsaturated inversion (So)' we get

f(S = - - 2 g “ 3
(S5) = f, ;%7(505(;)"" +?§_,a, ... ()

where g is proportional to the coupling constant A and x,Y , T are specific laser constants.

* In this representation, the spin operators S, st stand as a shorthand for:

- + - . .4+ + +
ST = Ei(aza)i » S = (S7) , S = Ii(aaaz-a@ )

171
with i denoting the position of etems and 1 and 2 referring to the two relevant

atomic levels.
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At the laser threshold (i.e. at the critica) temperature), the electroinagnelic radiation
is no longer incohererent. A symmetry is broken in this way ( order is gained ), which fully
justifies treating the lasing as a second order phase transition.

The laser phase transition is now an extensively discussed subject. Among cther
things, lasing has been investigated in the frame of Catastrophe Theory (a rather recent
mathematical theory en which a few words will be said at the end of this paper) /9,10/. This has
supplernented the physical frame of the discussion with welcome mathematical rigor. Mareover,
it has helped turn the laser into a most reliable concept/instrument to be used In apbroaching
questions from other domains where the iaser finds its place as an instrument or would have a
meaning as a concept.

Since the very first papers on the laser phase transition, attempts have been made to
put it in relation to two other apparently different phenomena - superconductivity and
superfluidity. Playing on words, | termed them all, years ago, as "superbehaviours" /11/. And
then, why not. ! Similarly to the vanishing of electrical resistance or of a fluid's viscosity, the
light generated or amplified in a laser “loses" its natural incbherence, and dequire$ instead the
propeity of coherence which makes it so special.

The laser thus joins the family of “super" systems, enjoying however one extra quelity
- its being a nonequilibrium or to be more precise, a far from equilibrium system. This feature ie
due to the fact that the true laser system is not only the electromagnetic fieid-plus-atoms
system described by the Dicke Hamiltonian. One has to include as well the coupling to reservoirs
accounting for the different losses in the laser cavity. At Lhis point, let me clarify a possible
migunderstanding: the Dicke Hamiltonian describes in fact a superradiant system. Here the
coherence of the emitted radiation is due to the high degree of cooperativity among the atoms
(see the papers of R.Bonifacio et al. /12/ for a very intuitive presentation). To use the same
Hamiltonian for describing s real laser, one has to resort to an artificial intoduction of the loss
terms for the field and atoms. This has been done and explained in /9/, and is one of the main
reasons why I have stressed the importance of the catastrophe theory approach to the {aser for
clarifying to some extent the mathematics of the madel.

The laser thus belongs to those systems exhibiting striking analogies in their behaviour,
even though they are in most cases of an extremely different nature: liquids, metals, magnets,
nuclei, biological and ecological systems. What makes the laser so special however is that it
could be made to provide a good pattern for thinking in relation to these systems, due in part to
its very simple mathematical structure, and also to the fact that, while a nonequilibrium syatem,
it is amenable to a remarkably clear physical presentation.

It is possible that in a not so distant future the laser will help us make considerable
headway in understanding not only the analogies 1 refer to, but the very reason four their
existence. Why should in fact a fluid go into a superfluid, a paramagnet into a ferromagnet a.s.o.,
in practically the same way ? Or why is the mcde selection in the iaser so similar to the species

selection in ecology ? We might gain a lot in clarifying this by pushing the investigation
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of the laser a bit further.

A first step in this direction is, undoubtedly, the setting of synergetics és an
increasingly self consistent domain of science.

So, let us stop at Synergetics as the most important lightmotive in our list. In many
ways, this is something of an Urmotif, since though some ten years younger than laser itself, it is
now becoming an all-embracing pbhilosophy based on the laser concept.

[ will not attempt a definition of Synergetics. Its name was meant by Hermann Haken,
the founder of the domain, to denote a "science of cooperation". (The first paper to coin the
name was called "Synergetik-die Lehre vom Zusammenwirken" and it appeared in Umschau, 6
(1971), 191.) It would be perhaps even better to place it in the frame of a general natural
philosophy, since it transcends the borders of pure physics and sheds a new light on some
fundamental problems raised by chemistry, as well as by biology and sociology.

To get a picture of what Synergetics intends to do - and can do - we shall elaborate a
bit on two parallel schemes meant to be used in the investigation of natural systems made up of
large numbers of subsystems (components). The presentation of these two schemes is largely
taken from one of H. Haken's papers and it refers to two possible alternatives which could be
roughly classified as rmathematical and physical, respectively: the first derives from Rene Thom's
theory of structural stability, while the second can be taken as expressing the point of view of
Synergetics itself.

But first a few words about Thom's theory, better known as Catastrophe Theory, a
model which can also be considered to feature laser as a lightmaotive. A catastrophe, as its name
suggests, is a sudden change in the state of a system, brought about by a smooth modification of
some external parameters, called control parameters or variables. Phase transitions are one such
example, with temperature as one of the control parameters.

Thom's "tour de force" was to prove, based on some very fine mathematical
developments due to a pleiade of mathematicians, from Poincare and Lyapounov to Andrbnov,
Smale and Arnold, that in the case of gradient systems, there exists a finite number of
catastrophes which can be exhibited in the system if the number of control parameters does not
exceed four. We have seven catastrophes in this case, which Thom called elementary; we also
have a finite number of elementary catastrophes for five and six control parameters (11 and 14,
respectively), but beyond that - their number becomes infinite. Some kind of a catalogue is thus
made available, which we can use whenever we have to investigate phenomena taking place in
such systems. Besides the already mentioned phase transitions, other well studied catastrophes
relate to caustics, to the buckling of a rod, morphogenesis, the shape of rotating stars, certain
malfunctions of the central nervous system etc. I shall insist no more on this, since details can
be found in the many books and scientific papers written on the subject ( see for instance

/9/which also includes a very interesting bibliography ).

Let us proceed now to the Haken schemes. They start, as | already said. with two
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different ( and one could sey opposite ) points of view : one of them is that of the matematician
who tries to make the best of the available mathematical apparatus and, in a way, to adapt
reality to it. The other one is perhaps more realigtic and is specific of physics : it takes reality as
it is and tries to find the proper mathematical reasoning that would solve the problem. The

schemes run as follows :

MATHEMATICS REALTTY
(Topology) (The state of the system,
the variable)
Catastrophes
Variables: damped, sustained
slaved; order parameters
¥
Oprder paramsters Order parameters
| |
Slaved variables Catastrophes, general
bifurcation methods
REALITY 1

(The state of the system)

Two points are of particular importance here : there is first the sequence slaved
variables - arder parameters and, second, the apparent impression that one can get at a
superficial impression, that the two schemes are merely the reverse of each other. Now, splitting
the variables into the slaved ones and those slaving them, is the consequence of one of the most
fundamental principles of Synergetics : the slaving principle. According to it, one can establish
that in every system the symmetry , in fact the whole behavioyr, is governed by the variation of
a few (most often one) of the variables. These are therefore the only ones worth retaining for
further study. The other variables are simply slaved by them and should thus be disregarded. The
name "order parameters” is used in enalogy to the theory of phase transitions, where it appears
for example in the famous Landau series expansion of the free energy in even powers of the
order parameter.

As to the second observation, this is of a more general ( and even met.hodplogical )
relevance : let us stress from the very beginning that by no means would one be able to get one
of the schemes by simply reading the other one from bottom to top. This is especially true for
the physical scheme which includes as an essential step the elimination of the slaved variables in

favour of the order parameters, which is something far from being easy to perform !
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The mathematical scheme has the advantage of being simple and straightforward, except for the
fact that it is not very clear beforehand how to get the right (and all of them! )slaved variables
when knowing the order paramter(s), these being, in turn, quite readil: detectable when using the
right catastrophe, which is also not very difficult to do ...if one is familiar enough with some
domains of mathematics, topology in particular, which ...

And, there remains of course the big problem : is the final stage reached in the
mathematical scheme the same as the first (starting) stage in the physical one ? Since, as a great
Romanian philosopher, Lucian Blaga, once said, in interrogating Nature we might quite obtain
the answer we would like to obtain and not the true one !

All this let aside, these two schemes are to much profit for the scientist, especially
when one is skillful enough to combine them and balance mathematical rigor with the delicate

and intricate requirements of physics.

I should of course have better said physics or chemistry, or biology, or any other
domain under the focus of Synergetics. For, reaching soon its 15th anniversary (another round
figure! ), Synergetics is only at the beginning of its way through science. Built up around the
laser as not merely its central device, but also as its central concept, Synergetics is still
awaiting its full utilization in getting a deeper understanding of natural systems. One can
however notice that, in spite of its young age ( or, maybe, just because of it ! ) one common
feature of every progress of this truly interdisciplinary field of science, is bold reasoning -among

" extreme

the boldest in contemporary science, where such reasonings, let me call them
reasonings " , are not rare at all. Just a few examples I have tried to gather in this short
presentation. Others are obvious from all the papers in the volume. Much more of these, based as
the other ones on this unique invention of physical thinking -the laser, are still to come. | feel
thus tempted, after reading this volume which is equally a8 hommage to those who have invented
the laser and to the laser itself, to propose one more alternative for this now famous acronym,

which also expresses our hope far the fulfillment of a wish ¢

L ong A ttempted S olutions to E xtreme R easonings

*

Almest exactly twenty years ago I stepped for the first time into the office of
Professor Agarbiceanu, who was heading the lasers department of the then Institute of Atomic
Physics, in Bucharest. I did not know very much at the time of all he had done for physics in our
country, but anybody would have been impressed by the light in his eyes, by his natural kindness,
by his profound understanding of Physics. He was loved and admired by his coworkers and his

personality helped in no small degree to shaping the personality cf the lasers aepartment itself.
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He would have been proud to see this volume and the big family of physicists,
chemists, engineers and so on, who in today's Romania devote their life and work to developping
the laser and turning it into a more useful and used device, to the full benefit of science, of

national economy, of social life.

And there are still many of us for whom, at the beginning of our life with physics, the

name of Professor Agarbiceanu would almost spell as " Laser ".

Or was it the reverse ?
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