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Soviet Laser Chemistry Rescarch

and Applications <-

We believe Soviet basic research in laser chemistry is equal 10 or ahead of
US research in most arcas. Our judgment is formed primarily from
analysis of open-litcrature publications by Sovict scientists [N
Lascr chemistry is a
technological base for the development of nuclear power and weapons,
clectronics, chemical engineering. process control, and genctic cngincering.

In laser chemistry, lascr light is used to promote changes in the physical or
chemical propertics of matter. These changes can produce new chemical
compounds, higher yiclds in processes for making conventional compounds,
or compounds with propertics not casily obtained through conventional
chemistry. Laser chemistry can also be used to separate very similar atoms
or molecules and to detect the presence of these species in extremely small
quantities. The Soviels have performed extensive research in all fields of la-

ser chcmistry.-

Although the Soviets lead the United States in many arecas of basic
research, they have been surpassed by the United States in the industrial-
ization of applications offering the greatest near-term economic potential.
We bclicve that the Soviets have lagged behind the United States in
industrialization primarily because of a lack of cooperation between Soviet
basic research institutes and industry—not because the Soviets are techni-
cally limited in their ability to apply advances from basic research. The So-
viets, however, have now established a well-defined, goal-oriented program,
whose initial success could greatly increasc the rate of incorporation of
basic Soviet laser chemistry research into industry. If this program is
successful, the Sovicts could improve the development of applications by

1995. -

Laser chemistry as applied to isotope separation promises to be a more
efficient and economical way of scparating or enriching many nuclear
isotopes—important in basic research, medical research, nuclear power,
and nuclear weapons. The Soviets lead the West in the basic research of la-
ser isotope separation (LIS). They have built the world’s first two pilot
plants for the separation of light isotopes. and we believe that they are now
capable of operating these plants and industrial-level separation plants for
light atoms and low molecular weight molecules. Their research, however,
may not be as applicable 1o the separation of uranium and plutonium
isotopes as that pursued in the United States. In our judgment, they will
not be able to operate an industrial plant for the enrichment of uranium be-

fore the year 2000. -
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The Sovicts, according to open sources, have proposcd using kaser isotape
separation to preduce high-purity carbon-13. A potential application for
large quantitics of carbon-13 is for usc in carbon-dioxide laser weapons.
The Sovicts, according 1o a scientific publication, are aware of the
advantages of carbon-13 and may be motivated to develop a carbon-13 LIS

process to meet military objcclivcs'-

Laser chemistry as applicd to ultrapurification is used to remove trace
impurities from a bulk material. When applicd to materials where high
purity is required, such as semiconductors or pharmaceuticals. it can
dramatically increase the value of the material. The Soviets lead the West
in this type of basic research. Using laser purification, they have developed
high-quality clectronics-grade semiconductor materials in order 10 reduce a
present shortage of these materials. We believe that by 1990 the Soviets
could operate a pilot plant.

Lascr chemical synthesis offers greater control over the chemical reaction
paths and products than conventional chemistry. It thus has potential to
produce unique compounds, to increase the sclectivity and yields of
industrial reactions, and to perform controlled chemical reactions on
surfaces and in living organisms. The Sovicts lead in the basic research of
laser chemical synthesis, and we believe they will establish a pilot plant for
laser-induced chemical synthesis by 1995.

Laser surface chemistry is important in the production of advanced
microelectronic components and the coating of advanced materials. Soviet
laser surface chemistry research is pursuing concepts equal to or more
advanced than those in the West. This basic research, however, often has
pointed toward applications that are too advanced to offer Soviet industry
practical solutions to existing problems. As the Soviet clectronics industry
develops in the coming decade, however, we believe laser surface chemistry

will play a more significant rolc.-

One area of laser photochemistry in which the Soviets maintain a
significant lead in both basic and applied research is laser photobiology,
potentially useful in genetic engineering and biological warfare research.
This effort is well organized with physicists, chemists. biclogists. and
medical doctors working jointly in the rescarch. The Soviets have achieved
selective laser chemistry results on biological molecules and have mutated

bacteria and viruses selcctivcly.-

iv
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Table 1
Comparison of Soviet and US Achievenients
in Laser Chemistry
Research Basic “Tapphed Thites tdestriat
Area Research Rescarch Plann _ Pams .
Light isotope USSK -US USHR -US USSE.-U> USSH -y
swpalion 0 ___ . — e = I
Uranium/plutonium US=USSR LS USSR USs.-USSR None
] . - —_— = - —_— ——— . et —— = - - .
3 Ulirapurification USSR>US US>USSR  USoUSSK UNUSsk
i Direct USSR .-1'S US>USSK US-Ussk None
,' photochenistry I . . L
{ Lascr-induced US-USSR US=USSR US-USSR None
! chemintry o [
; Laser surface USSR.-U'S US~USSR US>»USSR US ~USSK
| hemisiry B o )
! Laser USSK:-US USSR.-LS USSR =US None
i phatobiology . .
; Laser analytical USSR:-LUS USSR>US US=USSR S-SR
H chemistry

The selectivity of laser chemistry provides a highly sensitive method for
detecting and measuring trace quantities of atoms or molecules. It hasa
wide range of applications from process and quality control in industry to
the detection of pollutants or chemical weapons in the atmosphere. The
Soviets, who lead in the basic research of laser analytical chemistry, are
placing special emphasis on those applications that improve both the
process control and automation of the semiconductor industry. -

(REVERSE BLANK)
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Swviet Laser Chemistry Research

and .-\pplications-

Intreduction Table 2

This study examines the three aspeets of laser chemis.
ury: isotope scparation and ultrapurification, laser

photochemical synthesis, and laser analytical chemis-
try. Described are the basic concepts of cich, rescarch
applications, industrialization, US developments. and
outlook. A glossary of terms is included in the appen-
dix to facilitate the reader's undcrsmnding..

Background

Ia the carly 1960s, Soviel scicntists pioncered a new
and promising (icld of chemistry based on the selec-
live interaction of lasers with atoms and molccules.
According to open literature, their initial idea was
essentially to usc the laser as a narrow frequency,
high-power source in conventional photochemistry.
In the carly 1970s, with the development of tupable
lasers and high-power infrared lascrs, the Sovicts
began 1o examine the concept of perfurming bond
selective or reaction path sclective laser chemistry.
These ideas solidified in the mid-1970s with an carly
theoretical framework establishing both the poiential
feasibility of sclective laser chemistry and some of its
inherent limilalions.-

The Sovicts have pursued a more extensive basic
research program in laser chemistey than the West.
Top Sovict physicists and chemists arce involved and
have been rewarded for their accomplishments with
the highest awards for scientific achievements and
leading positions at academy institutes. For example,
V. 8. Letokhov received the Lenin prize in 1978 for
developing applications of laser chemistry and tater
was appointed deputy director of the Institute of
Spectroscopy (IOS), the feading institute for laser
chemistry. Soviet support for laser chemistry is fur-
ther evidenced by the large number of facilitics [
involved in theoretical and experimental
rescarch in this ficld, and the high-quality and
advanced technical equipment made available to these




Scientific Rescarch Center for Industrial Lasers

In the early 1980s, the Soviet Academy of Sciences
established the Scientific Research Cemter for Indus-
trial Lasers (INITSTLAN]. According to open litera-
ture, the goal of NITsTLAN is to develop industrial
laser applications, to develop indusirial lascrs,
JSoster the assimilation of laser technology into the
national economy, and to train the necessary indus-
trial faser smvciah‘.m.-

researchers. The 10S is onc of the most well cquipped
of all Sovict research institutes, according to open-
source literature and US visitors 1o the Soviet Union.
This institute has advanced Western equipment, ade-
quate computer support, and some of the finest Soviet
technicians.

Soviet accomplishments in laser chemistry are evi-
denced by the large number of scientific publications
on new theorics and potential applications appearing
in both Soviet and Western journals. A recent baok,
Nonlinear Laser Chemistry. by V. S. Letokhov, a
highly respected laser chemist of the 10S, was pub-
lished in the prestigious Springer Series on Chemical
Physics. This book, containing the works of several
Soviet scientists, reccived excellent reviews in the
Western press, demonstrating the prominence of the

Soviets in this ﬁcld.-

Although the potentizl of kaer chemistry was realized
with the advent of the Liser, only now is the technol-
ogy and understanding sufficien 1o allow the develap-
ment of practical applications (figure 1). The Soviets
have extended applications from single 2toms and
somtll molecules to large biological molecules. They
have demonstrated their ability 10 develop industrial-
level processes by operating the world's first two laser
isatope separation (LIS) pilat plants for the scparation
of sulfur and carbon isotopes. Industrial applications,
however, have been slow because of a lack of coopera-
tion between industry and basic research instituics.
To stimulate the rapid development of all industrial
applications of lasers, the [ 1th Five-Year Plan (1981-
85) was approved by the State Planning Commission
and the Academy of Sciences of the USSR. This plan
called for the Scientific Research Center for Industri-
al Lasers INITSTLAN). which was established under
the direction of Ye. P. Velikhov, vice president of the
Academy of Sciences (sce insel. Sciemific Rescarch
Center for Industrial Lasers). Continued success of
these programs, coupled with the Soviet leadership in
basic rescarch, could allow the Soviets to obtain major
advantages in the applications of laser chemistry by
the mid-l9905..

Isotope Separation and Ultrapurification

Initially. Soviet laser chemistry rescarch, | | | NEEG_G

was tasked with developing a more
ceconomical approach to isolope separation and, in
particular, to the enrichment of nuclear fuels to meet
a growing demand in the nuclear power industry. This
application, generally accepted as affording the great-
st potential cconomic advantage of laser chemistry,
has been investigated by scientists in Western coun-
tries with active laser chemical rescarch programs.
Soviet research in laser chemical separations has not
been confined, however, 1o nuclear fuel material but
has led 10 many other potential applications for the
ultrapurification of chensicals with cconomic, health,
and military significance]
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’ Figure 1
| Basic Processes of Laser Chemistry und Potential Arcas fur Applications
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The Soviets are equal 10 or mote advanced than the Lnited States
in the basic rescarch of 2l these areas.
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Basic Concept

The basis for laser scparation of atoms or molccules
rests on the ability of a laser to selectively transforin
species with very similar physical properties, such as
isotopes, into species with dissimilar physical proper-
tics that can be readily separated, such as neutral and
charged species. The laser transformation and separa-
tion then become essentially unrelated technelogical
problems. The following paragraphs discuss both iso-
tope separation and ultrapurification. I

Isotope Separation

Basic Research. Sovict scientists began research into
LIS of atomic and molecular species in the carly
1970s. According to information in open literature,
scientists at the Lebedev Physics Institute (FIAN)

' experimented with atomic vapor LIS of a variety of

il
'
<
«

rarc carth clements during the mid-1970s, gaining
expericnee in basic laser spectroscopy and separation
techniques. The major emphasis of Soviet research,
however, has been on the selective laser separation of
molecular spccics.-

Soviet scientists at the 10S pioncered the separation
of malecules through the selective excitation of molec-
ular vibrations. V. S. Letokhov and R. V. Ambartsu-
mian discavered that a molecule could absorb many
photons of the same infrared frequency leading to a
highly excited state or even direct dissociation. Their
discovery demonstrated the possibility of isotope se-
lective photodissociation with a single-frequency laser

{see ligure 2).-
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Figure 2
Moleculur Laser Isotope Scparation fur Uranium

Encegy from ultras rofet law:
removes fhowiee atom

Supenonic expansion prepares
UF, for separation

Depicted is the Soviel concept of a molecular laser isolope
ion process for based on the infrared-ultraviolet
{IR-UV) photodissociation of UF¢. Only gascous molecules
ining Li(23$) di furming a readily scparated solid.

New moleule 2 UL,
precipitates au 3 salid

infrarcd laser energizes
3 UE, molecule
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Molecular laser isotope separation (MLIS) involves
the selective dissociation of those molecules contain-
ing an atom of onc isotapic species. Sclectivity in the
laser excitation results from variations in the vibra-
tional frequencies—caused by differences in the mass
of the atoms—tor molecules containing differing

isotopes. -

Isotopic shifts in the molecular vibration frequencies
are generally much larger than the corresponding
shifts in atomic transitions. Molecular transitions,
however, tend to be broad and overlapping because of
the addition of rotational energy, Thesc cffects com-
bine to make MLIS more suitable for some isotopes
while atomic vapor laser isotope scparation (AVLIS)

is more suitable for others. US scientists have con-
cluded that AVLIS is significantly more suited for
uranium enrichment than MLIS, and the United
States is committed 1o the development of AVLIS as
its sole method of uranium enrichmem.-

AVLIS involves the selective laser ionization of one
isotopic specics followed by electrostatic separation of
the ionized particles. Selectivity in the laser excitation
results from small variations in the electronic transi-
tion encrgics of the isotopes, which are caused by
differences in the nuclear mass and volume because of
a varying number of neutrons in the nucleus. -




In AVLIS, a lascr tuned to a well-separated electronic
transition promotes one isotopic species to an cxcited
¢lectronic state. An additional laser jo7 several lascrs)
further excites the specics 10 higher electronic states
and beyond the ionization potential. In general, high
selectivity /low yield occurs at low laser powers while
high yield/low selcctivity occurs at high lascr powers.
Complex procedures invelving several lasers tuncd to
differcnt atomic transitions are neeessary o maxintize
both yicld and sclcclivily.-

Potential Applications and Industrialization. The
LIS application with greatest economic potential is
for the enrichment of nuclear fuels and weapons
matcerials, such as uranium and plutonium, Soviet and
Western calculations and experiments indicatc that
LIS could be more cfficient and morc cconomical
than existing enrichment techniques. Prototype plants
are presently under development in the United States,
As yet, however, there are no industrial-level plants 1o
demonstrate the feasibility of this pmcmial.-

Another important potential LIS application is the
scparation of the hydrogen isotopes, deuterium and
tritium. Most nuclcar reactors using natural {unen-
riched) uranium require large quantitics of deuteri-
um-—al present very expensive, accounting for as
much as 15 10 20 percent of the initial cost of the
reactor. A reduction in the cost of deuterium would
significantly decrease the cost of operating these
reactors. Another problem with deuterium at present
is that, over time, neutrons captured in the deuterium
form tritium, a radioactive isotope that poscs a serious
ficalth hazard. LIS would facilitate separation of the
tritium from the deuterium, necessary o keep the
reactor working safely. Also, an additiona) source of
tritium, used in fusion research as well as nuclear
weapons, would be provided. -

The near-term application of LIS is for the separation
of small quantities of light isotopes used in basic
research. Numerous applications in biology and medi-
cine depend on the usc of certain isotopes as labels for
structural or material analysis. In particular. the
transport of a chemical containing a rare isotope
through a biological system can be monitored by mass
spectrometry or radiation analysis.-

3
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Soviet scientists have tollowed 2 consistent path 1o-
ward development of practical applications. The first
of these, aimed at the separation of small amounts of
light isotopes, was achieved in the late 19705 with the
construction of the LIS separation pilot plant. The
plant, separating sulfur isotopes by the multiphaton
dissociation (MPD) of sulfur hexafluoride witha
single-frequency, carbon-dioxide luser (MLIS), result-
«d from a joint cffort by scientists of the Kurchatay
Institute for Atomic Encrgy (1AE) and of the 10S.

In addition 1o proving a source of sulfur isotopes, the
sulfur hexafluoride separaiion plant was probably
used to demonstrate the efficacy of uranium enrich-
ment by MPD of uranium hexafuoride. While both
moelecules have similar spectroscopic propertics, suifur
hexafluoride has a larger isotope shift {providing for
casc of scparation) and is noncerrosive. In addition,
the required laser wavelergths are more readily avail-

ablc.-

The Soviets followed this effort with the construction
of a carbon isotope separation pilot plant in 1981 at
the Institute of Stable Isotopes in Tibilisi (ISI). This
plant, operated jointly by the Kurchatov Institute for
Atomic Encrgy (IAE) and the [0S, used single-laser
photodisseciation of trifluoromethyl iodide (MLIS)
and was ¢xpected to attain a productivity of about 1
gram per minute of highly enriched carbon-13 (figures
3 and 4). Problems with scaling this laboratory con-
cept to industrial levels forced the Soviets back to the
laboratory. In 1985, Letokhov proposed an MLIS
carbon-13 scparation technique based on the use of
four laser frequencies, enabling optimization of yield

and sclcClivit,\'._

A patential application for large quantities of carhon-
13 is for use in carbon-dioxide laser weapons. The
effective range of high-power carbon(] 2)-dioxide Ia-
sers in the atmosphere is limited by the atmospheric
presence of carbon(12)-dioxide. This gas, having the
same vibrational transitions as the laser active medi-
um. absorbs the laser energy. producing a heated
column of gas. Changes in the refractive index of the
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Fgure 3
Carbon Isotope Scparation System at the Industrial
Institute of Stable Isotopes in Tibilisi

P mnﬂﬂnﬂlu [ R W

Institute of Stable Isotopes in Tibilisi. Sepatation is by
multipholon dissociation of CFy1 with pulsed €O, laser cadiation
ol un avcrage power of § hiluwatt.

This carbon-isatope scparation systen is opcrated jointly by the
Kurchaiov Enstitute for Atomic Encrgy and the Institute of
Spectruscopy of the Academy of Scicnces, at the Industrial
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gas associated with heating leads to a diverging lens
cffect, known as thermal blooming, rapidly dissipating
the beam cnergy. Substituting carbon-13 in the laser
active carbon-dioxide gas shifts the laser wavelength
sufficiently to avoid carbon(12)-dioxide absorption.
The Soviets, according to a scientific publication. are
aware of these advantages and may be motivated to
develop a carbon-13 LIS process 10 meet military
objectives

Although the Soviets were aware of the potentisl
cconomic advantages of uranium LIS, they did not
rapidly proceed with the development of an industrial
process., the Soviets did
nol sce an immediale need lor addittona) uranium
separation capacity and preferred to explore ihe field
of LIS in depth before making a choice for an

industrial process. We believe that the present rate of
growth in the Soviet nuclear power industry will
create a need for increased uranium cnrichment ca-

pacity in the late |990s.-

Ultrapurification of Fine Chemicals

Laser ultrapurification is achieved most readily when
the substance to be purified is thermodynamically
more stable than the impurities. The mixture can then
be irradiated with a long-pulse infrared laser (usually
a carbon dioxide taser) raising the average molecular
energy density above the dissociation limits of the
impuritics. When the impurities are thermodynami-
cally more stable than the substance w be purificd,



Figure 4
Carbon Isotope Separation
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the laser wavelength, power density, and pulsewidth
must be chosen with care to selectively excite only the

impurities. .

Laser chemistry can be used to climinate from a
substance those impuritics that are difficult to remove
by standard purification techniques. In essence, the
physical or chemical properties of the impuritics are
changed by sclective laser chemistry so as to enable
an cfficient standard separation.

Basic Research. According to articlcs in Soviet open-
source literature, the first experiments at laser purifi-
cation were performed in the late 1970s at the 10S.
These experiments involved the ultrapurification of
arsenic trichloride, a semiconductor material. Subse-

wh

quent experiments, performed jointly by the Lebedev
Physics Institute (FIAN) and the Institute of Fine
Chemical Technology (MITKhT), concerned the puri-
fication of two other semiconductor materials, silanc
and boron trichloride (figure 5). The results of these
experiments demonstrate the potential of performing
laboratory-scale laser purification but do not address
the problems of scaling 10 an industrial-level process.




Figure 5

Absolute Absorption Cross Sectlons of Silane and Important Impurities®
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greatzr than tor silane. Irradistion ol the mivture selecinely
decomposes the impuritics into solid products that are readily
separted. The ultrapuee silane can then be used in the
aanulacieie of high quality semiconducior products.
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Potential Applications and Industrialization. The
Soviets, to solve a present shortage, have placed
particular emphasis on developing laser chemical
techniques for purifving compounds for the semicon-
ductor industry. Modern semiconductor technology
requires the use of extremely pure compounds, both
for the base material and for the dopants. Generally,
however, these materials arc not available with sulfi-
cient purity for direct application. An expensive and
complicated process of conventional purification and
ultrapurification is necessary. Laser ultrapurification

of semiconductor materials increases the value of the
materials and ultimately leads to higher quality semi-
conductor products (sec inset on Gamma-Ray Laser
for another potential application).

The Soviets began to seriously consider the develop-
ment of industrial applications of laser purification in
the carly 1980s. Scientists at MITKKT and FIAN
previously involved in basic research began applied
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Gamma-Ray Laser

Aunather potential application of laser purification is
the preparation of @ gamma-ray laser by the separa-
tion of excited and unexcited nuclei. A gamma-ray
laser opcrates by the stimutated emission af very-
short-wavelength electromagnetic radiation (ramma
ravs) associated with the transition from excited to
unexcited nuclear levels. Excited nuclei can be pre-
rared by neutron irradiation, but it would be difficult
in directly prepare a populaiion inversion af excited
auclei in a particular siate. The Saviets suggested
that laser multiphoton ionization couid be used to
selectively ionize atoms with the praper nuclear state.
Selective laser excitation is possible because of a
weak coupling of the electronic and nuclear stages.
The excited ions would then be deposited on a
charged fllament. Soviet calculations indicate that
this approach would yield a sufficient population
inversion for laser aclion.-

Because of the extremely short wavelength, gamma-
ray lasers would be extremely effective as long-range
directed-energy weapons if scalable to high powers. In
the 1970s, Soviet scientisis at the 10S outlined a
rotential laser purification procedure that could lead
to a gamma-ray laser. and in 1984 they reporied the
first separation of isomers by selective laser photo-
ionization (figure 6). The ability of such an approach
to the generation of a laser, however, seems doubiful
because of the short tifetime of the isomcrs._

rescarch on the ultrapurification of semiconductor
materials. Although Soviet scicntists were the first to
identify the potential of laser purification of semicon-
ductor matcrials, Western scicntists Icad in the devel-
opment of practical applications. Several applications
have been developed for the purification of semicon-
ductor dopant materials. but as yet they are not
competitive with existing techniques.

g

The recent Soviet emphusis on the develapment of
practical applivations of kiser purification tikes ad-
vantage of advanced Soviet basic rese:
Western applied reseirch.

Lascr Photochemical Synthesis

A phatochemical process relies on the absorption of
specific quanta of light energy (photons) to provide the
necessary energy for a sequence of chemical reactions.
In conventional chemistry, this energy would be pro-
vided through bulk heating of the reactants. Under
butk heating conditions, all reactanis share a common
distribution of energy and statistical processes deter-
mine the range of products. In a photechemical
process, however, the reactant energy is specified by
the photon energy. limiting the range of producls..

Photochemical synthesis involves the stimulation of
chemical reactions with light (photons) and is signifi-
cant because well-defined quantitics of cnergy can be
sclectively deposited into reactant species and even
specific molecular bonds. This process serves to direct
a chemical reaction along a course of events icading to
a specific product. The use of a laser as the photon
source dramatically increascs the potential sclectivity
of the photochemistry and makes possible some new
arcas of applications, such as the direct or catalytic
synthesis of otherwise difficult to prepare compounds
and the selective chemistry of biological molcculcs‘-

Soviet scientists developed the basic understanding for
laser photochemistry during their investigation of
MLIS. The potential’ methods of laser separation rely
on the photochemical transfermation of the reactant
to a product (through dissociation, fonization, or
chemical reaction). The key to successful isotope
separation is that only onc component of the mixture
of reactants takes part in the reaction path. The key to
successful laser photochemistry is to limit the range of




Figure 6
A Proposed Soviet Concept for u Gamma-Ray Laser
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irradiation of a solid target. The material is then svaporized by a
’ high-power lascr and the excited nuclei are separated from the
remaining unexcited nuclei in the gas phasc by selective laser
photoionization and deposited on the gamma.ray laser element.
et ues
products involved in the reaction path, The breadth of  Direct Photochemical Synthesis
Soviet research in LIS leads to a general Soviet Basic Research, According to open-source publica-
theoretical understanding of each sequence of the tions, Soviet and Western scientists initially thought
: laser chemical rcaction.- that laser excitation could possibly be used to sclec-
tively break or form desired chemical bonds. This
Laser chemistry offers the possibility to improve poiential was based on the selective excitation of

selectivity and yield in chemical processes. The high  molecular vibrations to direct the molecule on the
cost of laser photons as opposed to other sources of desired reaction path. For the method to be success-
chemical encrgy such as electron beams or simple ful. the excitation and reaction would have to occur
“heat,” however, tends to limit its use in many

practical applications (figure 7). Laser chemistry,

nevertheless, offers the possibility of producing unique

compounds not otherwise attainable.
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Figure 7
Laser Photochemistry: Economics
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faster than the rate of relaxation. Soviet cfforts at
MLIS in the mid-1970s showed that this cffect was
not generally feasible, and the acceptance of this
obscrvation led to a reduction of interest in and
expectations for {aser chemistry in the West. Soviet
scicntists at the [0S continued their investigation into
sclective lascr excitation and in the late 1970s found
that, under more restrictive conditions, sclective laser
excitation of vibrational energy could occur. .

Potential Applications and Industrialization. Poten-
tial products of laser photochemical synthesis include
catalysts, pharmaccuticals, semiconductor materials,
and chemical weapons. Since the late 1970s, Soviet
open research has focused on those areas that of fer

Secret
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the greatest potential for econamical synthetic tech-
niques. With the assumption that Liser photons could
never compete cconomically with thermal encegy, the
Sovicts identificd reaction paths for which the cnergy
costs arc insignificant compared to the material costs
and for which a slight incrcase in vicld or purity
would result in a dramatic increase in product value.

Soviet attempts at the lascr chemical synthesis of
catalysts have not, as yet, led to the development of
any unique catalysts of commercial significince. Sovi-
et scientists have shown that new types of catalysts
can be prepared but have not pursued  coordinated
approach toward maximizing catalytic activity by
medifving chemical structure. [ |

In the United States, industrial scientists arc just now
learning how to use selective laser chemistry to pre-
pare novel catalysts. Using open-source information
from Soviet basic research, US scicntists have pre-
pared catalysts with increased product selectivity and
higher catalytic activity. At present, it is uncertain if
laser chemistry will be used to prepare large quanti-
tics of these new catalysts or if conventional tech-
niques will be dcvclopcd.-

According to open literature, the Soviets recognize the
potential applications of laser chemistry to the synthe-
sis of pharmaccuticals but have not developed any
practical applications. Some pharmaceuticals, such as
vitamin D (figurc 8), arc presently manufactured by
photochemical techniqucs using conventional lamp
sources. The Soviets have considered the possibility of
substituting a lascr source but have not established a
pilot plant. The United States has more vigorously
pursued the applications of laser chemical synthesis to
pharmaceuticals. Pilot plants arc currently being cs-
tablished for the laser chemical syathesis of vitamin
D. Yields and purity are expected 1o be considerably

improved. -

The Soviets have placed particular emphasis on devel-
aping laser chemical techniques for producing ex-
tremely pure compounds for the semiconductor indus-
try. Scientists at the MITKhT recently developed a
laser chemical technique for synthesizing high-purity
phosphine, a common donor dopant used in epitaxial

growth technigues. The technique uses & pulsed car-
bon dioxide faser to vaporize a solid phosnhorous
target in a hydrogen wtmosphere. A gas plise reac-
tion oceurs near the surfice of the target and in the
liser focal volume. Phosphine is the only reiction
preduct and thus suffers from no added impurilics..

Although sufficient quantities of phusphine can be
synthesized by conventional techniques, the Soviets
have difficulty in meeting the necessary purity re-
quirements for high-quality semiconductors. The So-
vict method for faser chemical synthesis of phosphine
from basic clements is both feasible and practical. We
believe the Soviets could develop this process to i
pilot-plant level for industrial evaluation by the mid-

1990s. |
111982 Ye. A. Ryabov of the 10S wold [

that scientists from NITsTLAN would soon be col-
laborating with Soviet chemical institutes to “explore
the usc of lasers for the synthesis of dangerous
materials.” Ryabov used the term “dangerous mater-
jals™ but, when

pressed 107 an ¢xplanation ot vvhat specilic dangerous
materials were to be synthesized, he refused to clabo-

rate.
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Figure 8
Proposed Luser Chemical Synthesis of Vitanin D
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and lumisteral. These byproducis must be removed before
conversion to vitamin D and represent a significant reduction in
yield and increased cost. A laser chemical process studied by the
Sovicts and cuctently being indusitialized in the West convests
T-dehydrocholesierol to previtamin D through tachizistol,

Laser-Induced Catalytic Synthesis

Laser-induced catalytic synthesis (LICS) involves the
conversion of many reactant chemical species into
products for each laser photon absorbed. While the
laser photon energy specifies the reaction path, the
bulk of the energy required for the reaction is ob-
tained from conventional sources, such as heating the
reaction vessel. Thus, laser catalytic synthesis avoids
the inherent limitation of direct laser-chemical syn-
thesis—the high cost of laser photons—and retains
much of the patential for sclcctivity..
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Laser-Initiated Free-Radical
Chain Reactions

Cuemicul chain reactions are processes in which one
aof the products aof a series o chemical reactions is
identical to one af the reactants. The most important
industrial chain reactions involve free radicals ia
molecule or atom with an unpaired eleciron). Al-
though the desired net reaction does not consume frec
radicals, their concentration in the reactor tends (o
decrease in time because of undesirable, alternate
reaction paths. In order 1o operate a frec-radical
chain reaction, it is necessary to prepare an initial
concentration of the frec radicals and to regulate the
conceniration. Selective laser dissociation of mole-
cules praduces free radicals fficiently and in: precise
concentrations.

Basic Research. According to open-literature publica-
tions, the Soviets have concentrated their efforts in
LICS on laser-initiated free-radical chain reactions
(sce inset). In conventional free-radical chain reac-
tions, thermal cnergy is required both 1o generate
radicals and to sustain the reaction. The radical
genceration often requires much higher reactor tem-
peratures than would otherwise be required. With
selective lascr chemistry to initiate the process, the
operaling temperature can be optimized for the subse-
quent chemical reactions. The radicals produced by
the laser result in the conversion of many hundreds to
thousands of reactant molecules to product molecules
and thus make maximum usage of the lascr phatons.

Potential Applications and Industrialization, Some
of the most economically significant bulk industrial
chemicals, such as viny! chloride and styrene, arc
produced by free-radical chain reactions. The poten-
tial benefits of laser-induced free-radical synthesis are
increased yield and improved sclectivity, In addition,
it may be possible 1o produce compounds by laser-
induced synthesis that are not possible by convention-
al radical synlhesis..

Laser-Induced Surface Chemistry

Basic Research. Sovict scientists have pursued basic
research in laser-induced surface chemistry since the
carly 1970s and have discovered a wide range of
potential applications. Their research has focused on
the creation of semiconductor junctions by laser-
induced diffusion and laser anncaling of semiconduc-
tor materials. Some of the most significant Saviet
discoveries were by scientists engaged in LIS, V. P.
Chebotayev of the Institute of Semiconductar Physics
(IFP) reported in 1974 on a laser-induced surface
chemical reaction between monocrystalline germani-
um and gascous bromine. Although that werk had
originally been aimed at a bromine isotope scparation,
Chebotayev was aware of the practical application of
surface ciching in the technology of film semiconduc-
tor devices, US scientists consider his paper a classic
and a basis for future rcsearch.-

Sovict scicntists continue (o investigate novel applica-
tions of laser-induced surface chemistry. V. S. Letok-
hov of the 10S has proposed the use of selective laser




ionization as a source for epitaxial growth, which he
terms “photoionic laser ¢pitaxy.” In his praposed
concept, a molecular beam composed of a varicty of
clements is sclectively ionized by a tunable laser. The
specific fons of interest are selectively deposited onto »
substrate, whercas the neutral specics are collected for
recycling. Switching laser frequencies allows a rapid
sclection of the clement of interest as the jon beam is

slowly deflected over the surface of the subsu‘alc.-

Potential Applications and Industrialization. The
ficld of lascr-induced surface chemistry offers the
greatest number of current laser chemistry applica-
tions. The unique assct of this ficld is the ability to
transform the physical and/or chemical properties of
a surface in a highly localized fashion without affect-
ing the bulk material propertics. Most of the applica-
tions are concerned with the surface chemistry of
metallic or scmiconductor malcrials..

Laser-induced surface chemistry can be used to hard-
en and increasc the resistance 10 corrosion of metallic
surfaces. The local crystalline propertics of the metal-
lic surface can be transformed by rapid melting and
solidification or by sclective chemical reaction with
powdecrs, liquids, or gases above the surfacc..

The ability to localize selective laser chemical reac-
tions on surfaces has led to a number of techniques for
semiconductor processing. These chemical reactions,
occurring only within the laser focal volume, can be
confined to such a small region of a solid-gas or
liquid-gas interface that they are considered as part of
a unique field of chemistry known as laser-induced
microchemistry. Laser-induced microchemistry can
be used to deposit submicron lines of conductive or
insulating material on a semiconductor surface or 10
selectively etch submicron lines without the need for
lithographic techniques. These techniques are com-
monly referred to as “direct writing™ (figure 9). -

Although Soviet scicntists originated most of the basic
concepts of laser-induced surface chemistry, they
have developed relatively few industrial processes. In
contrast, applications of lascr-induced microchemistry
for semiconductor processing are rapidly being devel-
oped in the United States. These applications are
essentially extensions of Soviet theoretical concepts

and basic research, Many Soviet scientists have con-
centrated their efforts on the most esoteric surface
physics questions such as the natre of phase changes
and the role of surfacc wives in laser annealing. Until
recemtly, there was little activity reflected in more
mundane but practically uscful arcas. Important Sovi-
ct concepts such as the work by Chebotayev's group,
which precedes all of the US activity in laser etching
of semiconductors, apparently have not been pursucd
further in the Soviet Union. US scicntists also are
pursuing a wide rznge of future applications. which
will require significam funrdamental rescarch. -

The apparent lick of Soviel motivation for applied
research in luser-induced surface chemistry may be
because of an absence of a diversified high-technology
semiconductor industry. Sovict laser chemistey re-
search is pursuing concepts cqual to or more advanced
than those in the West, while the Soviet semiconduc-
tor industry suffers from a lack of more basic tecknol-
ogy. Although these potential applications are imagi-
native and might eventually lead to an industrial
precess, they would do little to help the Soviet clee-
tronics industry in the near future. [ ]

Lascr Photebiology

Basic Research. Soviet scientists (irst recognized the
potential of performing selective laser chemisiry on
biological specics in the mid-1970s. According to open
literature, V. S. Letokhov of the 1OS proposed that
the same methods used in the selective laser chemistry
of small molecules in the gas phase could be extended
to biological molecules in solution. It soon became
clear, however, that this method would not be a
trivial cxtension (scc insct on Sclective Laser
Photobiclogy).

Although some Western scientists suggested in the
mid-1970s that the obstacles to selective laser photo-
biology could not be overcome, Soviet scientists at the
10S began a coordinated series of technological devel-
opments and experimentation toward achieving this
goal, according 1o open literature. Soviet scientists at
othier rescarch institutes soon developed their own
rescarch programs oriented toward a variety of ap-
proaches.

ret
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Figure 9
Comparison of Conventiona! and Luser-Induced Photolithographic
Processing of Semiconductors
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very short lifetimes of the excited vibrational states
(picoseconds) requires an extremely high-power laser
pulse be used (o obtain sufficient excitation. Such
high laser intensity would also tend 10 excite the
solvent molecules. The Soviets have sroposed solu-
tions 10 these problems but have not had access to
infrared, picosccond lasers of sufficient intensity—
One of the initia! Soviet concepts for laser photo- such as are available in the United States—to test
biology was to usc an infrared, picosecond-width laser  their theorics. -

pulse to achieve selective vibrational excitation fol-

lowed by an ultraviolet, picosccond-width laser pulse

for electronic excitation. Several difficultics have

precluded successful application of this method. The
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Obstacles to Selective Laser Photobiology

Selective laser photochemisiry of biclogical mole-
cules in solution is significant! v mare difficul: than
Jor small. gas-phase molecules, First of all, the
absorption bands of biological molecules are broad
and strongly overlap so that it is not possible to
achieve absorption selectivity for a single phuton.
Second, the lifetimes of excited electronic or vibra-
tional states of biolagical molecules are short com-
pared with the laser pulsewidiths or reaction times.
Even {f a selective absorption were possible, the
excited state would relax before additional absorp-
tion or chemical reaction were possible. Finally, the
solvent molecules may be photoexcited andjor react
with the biolagical molecule, thus inhibiting selectiv-

ity .

The method in which the Soviets have expericnced the
greatest success has been using sequential electronic
excilation with visible or ultraviolet lasers. In such a
process, two or more photons are absorbed by the
molecule, producing an electronic state not attainable
through lincar (singlc photon) absorption. Although
the initial photo-absorption process will generaily not
be selective, the combined multiphoton excitation
process may be highly sclective. Selectivity results
from the difference in dynamics {lifetime) of the
initially prepared clectronic statc. .

Porential Applications and Industrialization. Laser
photobiology has potential applications in biophysics
rescarch, laser-induced healing, and genetic engincer-
ing. According to open sources. the Sovicts have
achieved the sclective photodecomposition of compo-
nents of nucleic acids through sequential electronic

excitation, Their results suggest that sclective interae-
tion with & single componemt of DNA and RNA can
c achieved, and it may well be possible to extend this
method to sclective laser dissociation for sequencing
of DNA and RNA, an important ficld of biophysics

research. -

The prospects of selective laser photobiology on DN A
or RNA have important implications as a selective
toa! for genctic engincering. The capability of selec-
tive laser-induced modifications of DNA ar RNA
could have significant cconomic impact and might
also Iead to the development of new biological weap-
ons. According to open literature, the Sovicts also
have achieved the synthesis of amino acids by sequen-
tial electronic faser excitation of the ammonium salts
of dicarboxylic acids.

Another achievement by Sovicl scientists has been
selective laser chemical action on the DNA of living
organisms. New types of photochemical damage were
observed that had not been seen in lincar photobiolo-
8y These scientists have mutated bacteria and viruses

in a selective fashion. -

Efforts at Industrialization. The Soviets are proceed-
ing quickly to develop practical applications of lascr
photobiology. In our judgment, they have established
good connections between basic physics institutes and
applicd biology research institutes, and maany Soviet
biclogists have become familiar with the use of lasers
in their research. Much of this success is because of
the recent establishment of NITsTLAN. [ ]

Closc communication with medical institutes has en-
abled new principles developed at basic rescarch
institutes to be rapidly tesied and applied in medicine
and biophysical rescarch. Techniques developed at the
10S in the carly 1980s are alrcady being found
indispensable by scientists at the Shemyakin Institute
of Bioorganic Chemistry (IBKh) in their research on
polypeptide neurotoxins. important in biological
weapons rescarch, bacteriorhodopsin, and in the de-
velopment of optical memory devices and high-
resolution imaging s_\'stcms..




Although soine Western scientists initially rejected
the potential success of laser photobiology, muny are
now beginning to fullow the Soviet rescarch closely!

Some US scicntists have indicated that they
could achieve parity with the Sovicts within five years
should any commercial applications become evident.

Laser Analytical Chemistry

Basic Concept

Laser analytical chemistry combines the high selectiv-
ity associated with laser chemistey with sensitive
detection methods 1o provide the potential for detect-
ing a single component among a complex mixture of
components with otherwise similar physical charac-
teristics. According 10 open-source litcrature, Soviet
scientists recognized this potential in the carly 1970s
and have been responsible for most of the major
accomplishments in the field. They have pursued
rescarch aimed at the detection of single atoms, of
single nuclear isomers, of specific chemical bonds, and
sensitive detection of complex molecules. [ ]

The basis for laser chemical detection of atoms or
molecules relics on the selective chemical transforma-
tion of species that cannot be readily detccted into
specics that can. The laser chemical technigues devel-
aped for isotope separation, purification, and photo-
chemistry are all applicable to analytical chemistry,
provided a suitable detection method is available.
When the laser interaction ultimately leads to the
production of charged species, the detection efficiency
can be nearly 100 percent.

Detection of Atoms

Basic Research. Sovict scientists at the 108, under
the direction of V. S. Letokhov, first proposed the
application of nonlinear laser excitation for the detec-
tion of single atoms in 1970 and have pursued re-
search in this field at a relatively constant level. A
procedure for selective excitation followed by ioniza-
tion must be developed for each atomic species of
interest, and the parameters precisely tuned to obtain
essentially 100 percent without loss of selectivity.

Detection of the resultant charged species may be
accomplished with conventional ion multipliers and
does not represent it significant devetopment of the

application. _

Scicntists at the [0S began experimentation with
neutral atomic beams in the late 1970s. The advan-
tage of using atomic beams is that in a collisionless
cnvironment electronic transitions have a more nar-
row linewidth, permitting greater selectivity. Under
such conditions, the Soviets were able to deteet specif-
ic nuclear isotopes with near-unit efficiency. The
majority of their experiments involved delection of

sodium or yuterbium isotopes. (_

In the carly 1980s, scientists at the 10S coupled their
single atom detection system with mass spectrometry.
Mass analysis of the laser ionization preducts gave a
large improvement in sclectivity. enabling a wide
range of species to be studicd with less stringent
demands an the excitation scheme. The mass spec-
trometer, however, had to meet very demanding re-
quirements in order to have good mass sclectivity
without loss of sensitivity. Present Soviet rescarch is
aimed at -Jeveloping improved mass spectrometers,
which take maximum advaniage of the characteristics
of sclective laser ionization.

Although Sovict scientists have generally led in the

basic rescarch of laser detection of singlc atoms, their

work has been closely followed by Westers scien-

tists—with a research gap of no more than five years.

Sovict technological achievements in the construction

of the laser mass spectrometer have been duplicated

in the West, where significant impravements have

been achieved through computer interfacing and fast

digital signal processing. giving the West a small lecad

in industrial applications.- ,

Potential Applications and Industrialization. The
capability of detection of single atoms afforded by
laser mass spectrometry offers a variety of analytical
applications, most of which are extensions of conven-
tional analytical applications to significanily lower
limits of detection. Of particular importance are those




— e

i
H
i
‘
i

applications where extremely simali concentrations of
atomic speeies are significant, such as for process
<control and quality assurance in semiconductor minu-
facturing. and for pollution monitoring of toxic heavy
metal clements. The Soviets are also pursuing laser
detection for studying ocean currents and tracing the
source of metal ions in coastal w:ucrs,-

Soviet industry has been quick to accept laser atomic
detection techniques for process control and quality
assurance. The simplicity of the technique and the
associated instrumentation has cnabled a variety of
Soviet scientists and engincers to make use of laser

stection in their applied research and to quickly
develop the technique for industria) applications. The
Soviets take pride in their usc of laser detection, a
Soviet development, to solve key problems facing their
semiconductor industry.

Detection of Molecules

Basic Research. Detection of single molecules is a
much more difficult task than the detection of single
atoms. Indeed, detection of trace quantities (parts per
billion) of a chemical in a complex mixture is rarely
possible with conventional means, Soviet scientists at
the 108 have vigorously pursued sclective laser jon-
ization as a means of overcoming this inherent diffi-

culty. -
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In the early 19705, according to open literature,
Savicl scientists first praposed the use of laser ioniza-
tion with mass spectramcetry for trace analysis of
complex molecules. In the late 19703, the Soviets
developed a two-dimensional {wavelength and mass)
optical mass spectrometer in which multiple laser
beams induce selective ionization of a specific mole-
cule followed by conventional mass anaiysis, This
procedure cnabled high selectivity but relatively poor
sensitivity because of limitations in the mass analysis.

Efforts to improve ion detection ef ficicncy led to the
development, in the carly 1980s, of a time-of-flight
mass spectrometer specifically suited for sclective
laser ionization. Such an integrated system finally
enabled the Soviets to achieve their goal of a singlc
molccular ion detection sysiem (see figure 10). .

According to open literature, Sovict efforts to improve
on their laser mass spectrometer have since concen-
trated on the laser ionization process, where the
primary selectivity is determined. Each molecule of
interest must be examined in connection with the
envirorment in which it wifl be analyzed. Soviet
scientists have combined infrared laser pulses with
visible and ultraviolet Jaser pulses in a variety of ways
to achieve high sclectivity for specific molecules. They
have also examined supersonic ¢xpansion of the sam-
ple gas 10 “cool™ the species and thus reduce the
vibrational energy. This “cooling™ has improved both
selectivity and sensitivity with mixtures of very simi-
lar complex molecules. . ’

Potential Applications and Industrialization, Appli-
calions of laser detecticn of single molecules are much
more varied than for single atoms because of the
relatively poor sensitivity and selectivity of conven-
tional molecular analytica) techniques. Potential ap-
plications exist for pollution monitoring, process con-
trol and quality assurance in industry, the
characterization of solid surfaces, and for virtually
every current application of conventional analytical

techniques. .
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Figure 10

Experimental Setup for the Laser Photoionization Detection
of Molecules in a Time-of-Flight Mass Spectrometer
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One application of laser detection of particular impor-
tance is the characterization of solid surfaces with
submicron resolution. In this technique, referred 10 as
laser microprobe mass spectral analysis (LAMMA), 2
focused laser vaporizes a microscopic part of a solid
surface that is subsequently ionized and mass ana-
lyzed. The technique may be designed to be highly
selective or nonsclective in cither the vaporization or
ionization phase and is applicable to the study of trace
species absorbed on a surface (see insert).-

Although the Soviets have been world leaders in the
basic research of laser detection of molecules and
have finally reached their goal of single molecule
detection, they have developed relatively few industri-
al applications compared to the West. In part, this
lack of development is because of the isolation of basic
research at the 10S and the lack of cooperation with
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Lascr Microprobe Mass Speciral A nalysis

LAMMA employs a focused luser 10 vaparize and
onize a small amount of sutface material Jor mass
spectraf analysis. Laser ionization can occur simulta-
neously with vaporization or with a subsequent lascr
pulse. By sharply focusing an infrared laser on a
surface, a nonselective vaporizationfionization ac-
curs. This lack of selectivity is desirable when the
maicrial is being analyzed for unknown components
and when comparison to existing electron-impact
mass spectral data falso nonselectivej is essential.

In the selective technigue, a low-power laser is used
to selectively remove a specics from the surface and
selectively ionize the species. This technique is appli-
cable to the study of ultratrace species absorbed on a
surface.

other Sovict scientists at applied institutes. The neeces-
sary instrumentation for laser detection of molecules
is significantly more complex than for Jaser detection
of atoms. Because Soviet industry docs not produce a
complete detection system, it is necessary for cach
rescurch group to construct their own cquipment. An
industrial application would require physicists and
technicians to assemble and maintain the equipment.

Sovict achievements in LAMMA have been closely
followed in the United States and other Western
countries. where they arc quickly replicated and
assessed for potential applications. Although the
LAMMA technique is based on Sovict developments,
it was applied first in West Germany and subsequent-
ly in the United States. West German LAMMA
spectrometers are now being marketed internationally
and have replaced many other surface analysis tech-
niques as the methed of choice, with the most signifi-
cant application being for the characterization of
semiconductor surfaces on a microscopic basis. i

The Soviets are planning, however, to attempt laser
mass spectral analysis from Martian orbiters in 1988,
R. Z. Sagdeyev, director of the Soviet Institute for
Space Rescarch (IK1), in Moscow revealed in an open-
source publication that a megawatt faser in one of the

Segdet

orbiters would vaparize small amounts of material
trom the surface of onc of the Matrtian moons,
Phobos, for subsequent mass spectral analysis. This
action would be accomplished as the orbiter approach-
cs Phobos to within 100 meters of the surface, 1-

One application of laser detection of single molecules
that the Soviets may have been fast to develop is the
real-time detection of chemical toxins. This analysis is
a particularly difficult prablem because of the com-
plexity of the molecules and the extremely low con-
centrations of interest.

Industrialization of
Laser Chemistry

Although Saviet scientists have pioncered many arcas
of laser chemisiry and achieved the respect and
attention of their Western colleagues, the Soviets have
lagged behind the West in developing many commer-
cial or industrial applications. Impediments to appli-
cations of this technology include a lack of effective
communication between research institutes and the
industrial sector, a lack of concern on the part of
industry to incorporate new and unproven technology
at the risk of temporarily reduced production, a lack
of rcliable industrial lascrs and trained laser techni-
cians, and shortages of the controls and machinery to
operate the laser systems. Soviet scientists and policy-
makers have been cancerned about methods to stimu-
late the development of industrial applications of laser
chemistry since the carly 1970s. They took significant
action toward achieving this goal during the carly
1980s by cstablishing the 11th Five-Year Plan.-

The Sovicts implemented the 1ith Five-Year Plan,
1981-85, which called for the “*Development and
Production of Laser Technology for the Economy.™
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Among the specific directions for this progrium were
the development of high-power (one to 10 kilowatts)
industrial lascrs (now in pratotype formy, the estub-
lishment of 4 production facilily for such lasers
(presently under construction), and the merging of
basic rescarch institutes with industriai rescarch insti-
tutes and with potential industrial consumers {se¢
insct on page 2).

Qutlock

The Sovicts, who clearly arc the world leaders in basic
rescarch, currently are making progress in their ef-
forts 10 narrow the gap between basic rescarch and
industrial applications. Because of their increasing
cxpericnee and investment in pilot-plant-level devel-
opments, we believe that they have a good chance of
successfully developing industrial-scale applications
over the next 10 to 20 years; and, unless a comparabie
major effort in the West is initiated, the Soviets are
likely to become the world leaders in the industrializa-
tion of laser chemistry by the mid-to-late 1990s. We
believe the types of applications the Soviets will
emphasize will continue to depend on their ability 1o
develop and produce reliable indusirial lasers, Before
1990, the Soviets will probably emphasize thesc appli-
cations of laser chemistry that can use fixed frequency
gas or solid-state lasers such as ultrapurification,
laser-induced synthesis, and materials processing.
Current development indicates that by 1995, however,
the Soviets will have a variety of frequency agile
lasers in production to enable the rapid industrializa-
tion of most other potential laser chemical applica-

tions. |

Isotope Separation

Soviet emphasis on basic research into LIS with long-
term interests in commercial processes has led to a
rapid growth in the undersianding of laser chemistry
and the technology of scparation. This understanding,
however, has come without a large-scale cffort toward
an industrial-level uranium enrichment process. Es-
tablishment of the world's first two pilot plants for
LIS has given the Soviets the experience necded to
develop LIS plants. Because of the present rate of
development, we believe that, by 1995, the Soviets

wd

will develop small industrixl plines for the production
of smitll quantitics of light iotopes for basic resvitech
and medical upplicnliuns.-

Open publication of US resulis ap uranivm carich-
ment provide the Soviets with the techaical details
needed 10 develop this type of pilot plant. Engineering
of an industrial LIS process for uranium earichment,
however, would require at least 15 yeurs for the
Soviets to achicve. In addition, the Soviets neced to
make substantial improvements in their industrial
laser technology before such a process could be
operated reliably. On the basis of the current rate of
Sovict progress in associated technology. we belicve
the Sovicts could not operate an industrial plant for
uranium LIS beforc the turn of the ccmur,\-.-

Ultrapurification of Fine Chemicals

Analysis of trends in scientific rescarch indicates that
the Sovicts have identificd the semiconductor industry
as having an cxisting need for laser purification
techniques and have shificd their rescarch cfforts
toward developing praciical methods for the purifica-
tion of semiconductor materials. Although reliable
industrial lasers are not yet available, by 1990 the
Soviets could operate a pilot plant based on current
laser technology to demonstrate the economic advan-
tages of laser purification.

Direct Photochemical Synthesis

The Soviets probably will continuc as world leaders in
the basic rescarch of laser photochemical synthesis
because of the size and quality of their program.
Their ability 1o capitalize on the applications of this
rescarch, however, will depend on the establishment
of pilot plants to demonstrate the feasibility of large-
scale production. We believe the Soviets are now
technically capable of operating a pilot plant for laser
photochemical synthesis and will probably do so with-

in this decade. I

Laser-Induced Catalytic Synthesis

We believe the Soviet leadership in laser chemistry
rescarch has placed the Soviets in a position to
proceed quickly with the development of the world's

[39]
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first pilot plant for laser-induced frec-radical synthe-
sis. The Sovicts will thea have a more cconomical
means of producing important industria) chemicals
and the expericnce necded to promote many other
potential applications. Although the Soviets have been
prepared to esiablish a pilot plant for several years,
indications that the West is considering such a siep
may be inducements for the Soviets 1o procecd more
quickly. We belicve that the Soviets will establish a
pilot plant for LICS by 1995 an the basis of current
Sovict Iaser technology.

Laser-Induced Surface Chemistry

Soviet scientists and policymakers are becoming in-
creasingly interested in the development of practical
applications of laser-induced surface chemistry. Pilot
plants are being considered for the modilication of
metallic surfaces and the processing of semiconduc-
tors. Some pilot plants are now operational and athers
will be completed within the next five years. Although
the Soviets have demonstrated the potential benefits
of laser-induced surface chemistry in a variety of
industries, the lack of reliable industrial laser systems
will limit industrial applicalions..

One of the goals of NITSTLAN is to develop laser
surface processing applications to meet the current
needs of industry. The center has been highly success-
ful in bringing to industry the simple applications that
depend on the laser for local heating, such as surface
hardening, but it has not yet found a market for the
more advanced techniques. As the Soviet semiconduc-
tor industry develops, sophisticated laser-induced sur-
face processing techniques probably will be developed.

Laser Photobiology

The Soviets are devoting major resources to laser
photobiclogy, and are establishing a network of insti-
tutes to exploit what remains essentially a Sovict field.
Those scientists responsible for initiating the ficld of
laser chemistry and exploiting its inherent sclectivity
for isotope separation and chemical synthesis are now
devoting most of their attention to photobiology. We
believe the Soviets will continue 1o Jead in the basic
research of luser photobiology and will continue to
achieve success at finding novel methods for selectiv-
ity. The ultimate significance of laser photobiology for

\‘{

genetic enginecring and the development of new
biological tosins will depend on the Soviels’ ability to
incorporate the bericfits of this technique with conven-
tional genetic ¢ngincering mclhods.-

Laser Analytical Chemistey

Detection of Atoms, Although Soviet scientists have
completed most of the basic rescarch essential 10 the
development of laser detection of atoms as an indus-
trial tool, we believe they will continue to refine the
technique to optimize the efficicncy and sclectivity for
a varicly of applications. The use of laser detection of
atoms, one of the most sensitive of all analytical
techniques, will place the Sovicts roughly on a par
with the West for these applicalions.-

Detection of Molecules, Soviet scientists are continu-
ing 10 develop sensitive laser analytical techniques for
a variety of molccular species and potential analytical
applications. The uses of laser detection as a too} in
other scientific research areas such as oceanography,
mineralogy, and space rescarch will grow. Although
the Sovicts will probably continue 1o lead in the basic
rescarch of these applications, they will continue to
lag in the development of industrial applications until
the necessary commercial equipment is available.

The proposed LAMMA analysis of the Martian moon
Phobes, if successful, will draw cansiderable attention
to the utility and sensitivity of laser detection. We
believe the Sovicts will establish their position as
world leaders in this research and will use the publici-
ty associated with the mission to motivate Soviet
industry to adopt these techniques.

Future of Soviet Laser Chemistry

We believe the Soviets will continue as world leaders
in the basic research area of laser chemistry. Soviet
scientists in this field follow a tradition of excellence
from the carly 1970s, and younger scientists continue
Lo be given the freedom to pursue imaginative direc-

tions.-
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Sovict basic rescarch efforts in the most significant
areas of carly rescarch—LIS and laser ultrapurifica-
tion and lascr detection—will begin to decline as most
of the basic research is completed and these fields
become more applicd. We belicve the Soviets will
increase their basic research efforts in the more
complex and more challenging areas of laser-induced
surface chemistry and laser phoxobiolug:.-.-

Sovict scientists will continuc to pursue a wide range
of patential applications of lascr chemistry but with
greater focus on those applications with realistic
potential for industrialization. Efforis by the Soviet
Acadenyy of Scicnces to stimulate academy institutes
to develop practical applications and impraved com-
munication between the rescarch and industrial com-
munitics have given scientists an understanding of the
needs of industry and the incentive to develop applica-
tions to meet these needs.

Applications of laser chemistry in the Sovict semicon-
ductor industry are growing rapidly as the industry
cxpands and develops. Demands for increased produc-
tion and higher puriiy of semiconductor products will
be met, in part, by a wide range of laser chemical
applications. Soviel scicntists were well prepared to
meet this challenge having years of experience in the
basic rescarch of the laser chemistry of semiconductor
materigls. Scientists of the I0S, MITKhT, IFP, and
FIAN are now cooperating on the development of
industrial-level applications, according to epen-source
literature.

Sovict scientists have dominated the ficld of selective
laser photobiology and have consistently emphasized
the importance of potential applications in biaphysics
research, in genetic engineering, and in laser-induced
healing. The Sovict research program in laser photo-
biology is growing stronger, and communications links
between physics institutes, medical research insti-
tutes, and medical clinics are well established. Soviet
scientists recognize the unique capabilities of laser
photobiology and will continue to actively pursue

applicaticns. -

Since the early 1970s, Soviet laser chemisiry has been
well funded with the promise of providing Soviet
industry with practical industrial applications. Soviet

scientists are now working in an organized program to
desclop practical applications and to prove the merits
of their applications to industry. The Soviets are
attampting 10 accomplish this effort by developing
pilot plants ar industrial facilitics where they can be
merged with the industrial production. Although
large-scale industrialization of laser chemistry will
require furtiier developments in industrial laser tech-
nology, we believe the Sovicts will be procecding with
the development of a varicty of prototype and pilot

plant operations.

The Soviets have extended the Five-Year Plan to
develop practical industrial applications of laser
chemistry and could scon become world leaders in the
application of this technology. Arcas of laser chemis-
try such as lascr photobiology, which are still essen-
tially unexplored in the West, could Icad 1o unexpect-
cd technological developments with industrial and
military significance. The Soviet cxcellence in laser
chemistry could enable the Soviets to meet or exceed
world standards in arcas where they have some key
technological problems such as in the semiconductor
industry and to move ahcad in other areas where they
arc presently strong such as surface chemistry. |
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Atomic beam
Bacteriorhodopsin
Brightness, source

Catalyst

Deuterfum
Dissociation
Dopant

Efficiency

Electronic transition

Elecirostatic separation

Epitaxial growth
Fine chemicals
Free radical
Frequency agile
Gamma ray

Ton multiplier
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Appendix

Glossary

Atomic vapor lascr isotope scparation.

A process of heating to reduce crystal defects.

A colincar beam of atoms with cqual velocity.

A protcin from salt-loving bacteria that serves as a solar cnergy converier.
Light intensity per unit surface arca of source and per unit solid angle.

A reactant that helps direct a chemical reaction without being consumed in the
reaction.

An isotope of hydrogen having an atomic weight of 2.
The breaking of a molecular bond leading to molecular fragments.

A small quantity of a substance added to a semiconductor to alter the electronic
propertics.

The ratio of energy utilized in the reaction to the energy input.

A change in the encrgy associated with the motion of bound electrons.

The separation of charged particles by deflection through an electric field.
Surface growth of a crystal from the gaseous or liquid phasc.

Ultrapure chemicals used as dopants te influence the properties of bulk materials.
An atom or molccule containing an unpaired electron.

A laser that can be tuned or shifted rapidly to a variety of wavelengths.

A photon of energy greater than several hundred thousand electron volts.

A detector designed to produce a large current pulse when impacted by a charged
particle.

The removal of an electron from an atom or molecule.

The energy required to remove an electron from an atom or molecule.

(=)
7S

‘




et S LTI S

G L 4P

Mot 1i S e b ad

RO

geret

Isotope

LAMMA
Laser

Laser chemistry

Linewidth

LIS

Mass spectrometer
MLIS

Molecular transition

Neurotoxin
Neutron

Nuclear enrichment
Nuclear isomers
Nucleus
Photobiology
Photochemistry
Photon

Population inversion

Product
Quantum yield
Rare-earth

Reactant

Atoms with the siume number of protons bul with different numbers of netrons
leading o diffsrent masses.

Laser microprobe mass spectral antlysis,
Light amplification through stimulated cmissian of radiation,

The use of laser radiation to effcct 2 stable change in the physical propertics of a
subslance.

Range of wavclength over which a transition can occur.

Laser isotope separaticn.

A device that separates atoms or molecules according to mass.
Molecular laser isotope separation,

A change in internal energy of a molecule associated with 2 combination of
clectronic, vibrational, and rotational energy.

A toxic substance that acts on the nervous system.

A particle in the nucleus of an atom with no charge.

An inercasc in the percentage of rare isolope in an isotopic mixtusc.
Long-lived states of an alomic nucleus.

Center of an atom containing protons and neutrons.

The interaction of light with biological molecules. ;
Chemiical reactions driven by the absorption of light.
A single quantum of light energy.

A situation in which more nuclei, atoms, or molecules are in a higher encrgy state
than in a lower cnergy state; a situation essential for lasing, .

The result of a chemical reaction.
The number of product species formed per photon absorbed.
Any of the metallic elements of atomic number 57 through 71.

The starting constituents of a chemical reaction,
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Reaction path

Rotationa! transition

Seclectivity, sbsorption

Selectivity, reaction

Species

Spatial ccherence

Supersonic expansion

Surface chemistry

Temporal coherence

Thermal blooming

Time-of-flight
Tritium
Ultrapurification
Vibrationa! transition

Yield

Seeret

The course of a chemical reaction from reactants through intermediates to
products.

Moaiccular encrgy associated with the rate of rotation of the molecule.

The degree 10 which one component absorbs radiation compared to the absorplion
by other companents.

The degree to which one reaction path is followed cumpared to other reaction
paths.

A gencral term applied to neutral or charged atoms or molecules.

The degree 1o which the wavefront at one point in space is in phasc with another
point in space.

The expansion of a gas through a small aperture into 2 region of Jow pressure; the
local sound velocity drops leading to supersonic velocitics.

Chemical reactions occurring in the region of an interface between a solid surface
and a liquid or gas.

The degree to which the wavefrant at one point in space and time is in phase at an-
other point in time.

A negative lens effeet associated with heating of the atmosphere leading to rapid
divergence of the beam.

The time it takes for gascous atoms or molecules o0 pass through a known distance.
An isotope of hydrogen having an atomic weight of 3.

The removal of trace impurities left after conventional purification procedures.

A change in the cnergy associated with the motion of atoms in a molecule.

The ratio of desired products to initial reactants.




