LASER-PUMPED MOLECULAR LASER

I. Vasil'ev, A, Z. Grasyuk, A. P. Dyad'kin,
V. Efimovskii, A. K. Zhigalkin, Yu. I. Karev,
. L. Losev, V. G, Smirnov, A, N, Sukhanov, and
B. Yastrebkov UDC 621.373.8

The parameters of laser-pumped molecular lasers are investigated. It is established
that the energy and tuning characteristics of an NHs; laser (Eg = 1.5 J, efficiency

20%, P= 20 W, radiation frequency tuning band 753890 cm~?!) are decisively influenced

by the addition of N,. A focusing raster optical-pumping system has made it possible
to obtain a specific lasing energy 12 J/liter. A CF, laser with lasing energy 40 mJ
operates in the 612—655 cm~' band. Experiments on dissociation of the molecules

CCl, and UFs were carried out with the aid of NH; and CF, lasers. The systems and
methods of producing Raman lasers (RL) are presented. An effective RL amplifier on
rotational transitions in compressed H,, which transforms tens of beams of Nd lasers
into one coherent beam of the first Stokes component with A g 1.13 um at an effi-
ciency up to 70%, is described.

INTRODUCTION

The development of a number of scientific trends connected with selective action of laser
radiation on matter, such as stimulation and control of chemical reactions [1], isotope
separation [2-4], or spectroscopy of atoms and molecules [5], calls for the creation of high-
power effective tunable IR lasers. Depending on the specific problem, these lasers must
operate in different regimes: continuous, pulsed, or pericdic-pulsed. The periodic-pulsed
regime with high pulse repetition frequency is particularly important for technological
applications, since it makes it possible to obtain a high average radiation power. Until
recently, the only laser in the IR band satisfying all these requirements was the €O, laser.

The tuning range of a CO, laser is 900...1090 cm™. However, the absorption spectra of many

molecules lies &n the range 500...800 cm™!'; therefore, the development of a high-power tunable
laser in this band of frequencies is an important problem,

A promising means of producing lasers is conversion of laser radiation. Such a converter
consists of two stages. The first is a laser pump source, which excites the second stage —
the active medium (solid, liquid, or gas). The excitation can be resonant or nonresonant.

In the case of resonant excitation, population inversion is produced in the medium. At non-
resonant nonlinear optical pumping there can be no inversion.

Tt must be noted that the spatial separability of the pump and of the converter is the
basic feature of lasers with optical pumping. It is possible to excite an active medium by
several simultaneously and independently operating lasers. In this case the energy of several
laser beams can be combined into one spatially coherent beam (coherent summation of laser ra-
diation [6]). This makes it possible to increase the intensity and the specific energy out-
put while simultaneously decreasing the beam divergence.

In the present paper we present the results of the investigations aimed at developing two
basic classes of converters: with resonant and nonresonant (nonlinear-optical) laser pumping.
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Chapter 1. MOLECULAR GAS LASERS WITH RESONANT
OPTICAL PUMPING

1. Operating Principles and Basic Types of Lasers

The first converters with resonant excitation are semiconductor lasers with optical pump-
ing [7, 8]. Subsequently, resonant pumping of liquid active media led to the development of
dye lasers [9].

With the advent of high-power lasers in the IR band, molecular gases came into use as ac-
tive media [10]. After the first successful experiments [10, 11] and theoretical suggestions
[12], it became obvious that this class of converters is promising as a source of coherent
radiation in the medium and far IR bands [13, 14].

Common to all gas lasers with optical pumping are the following: the absorption of the
pump-laser radiation with excitation of vibrational—rotational levels of the molecules and
production of inverted population between the levels. There exist several operating schemes
of lasers with resonant optical pumping (Fig. 1). A distinguishing feature of each of them
is the mechanism of excitation and the lasing mechanism. Figure la shows a diagram of a three-
level laser,* in which the excitation and the lasing take place within the limits of one and
the same vibrational band of a molecule. Level 1 pertains to the ground vibration state of
the molecule v = 0, level 2 is the vibrational-rotational level of the excited state v = 1,
while level 3 is the vibrational—rotational level of the excited or ground state. Upon reso-
nant absorption of a pump photon, the molecule is excited to level 2, and in this case inver-
sion of the populations of levels 2 and 3 can take place.

Two cases are possible here:

1) Level 3 belongs to the excited vibrational state v = 1, and its population is then
very small compared with the population of level 1, since AE >> kT, AE is the energy differ-~
ence between levels 1 and 3. The inverted population can be obtained at low pump intensity.

2) Level 3 pertains to the ground state v = 0, and to obtain inverted populations it is
then necessary to satisfy the condition AE > kT. 1In this case the pump radiation must satu-
rate the transition 1 = 2.

In the first case, the frequency of the laser transition 2 + 3 lies as a rule in the far
IR region (wavelength 100.,.1000 um); in the second, the lasing frequency differs from the
pump frequency by one or twc vibrational quanta (the value of the vibrational quantum is de-
termined by the vibrational constant of the molecule B), in which case a maximum energy effi-
ciency n = hvg/hvp is obtained; this efficiency determines in final analysis the efficiency

of an optically pumped laser.

At high gas pressure, population inversion and lasing can take place on many transitions.
In this case the rotational sublevels of the excited vibrational state v = 1 are populated on
account of rapid rotational relaxation due to collisions of the molecules. The broadening by
pressure can lead to an overlap of the vibrational structure, and thus smooth tuning of the
lasing frequency becomes possible.
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Fig. 1. Level schemes of lasers with direct optical pumping.
Solid arrows — lasing; dashed — pumping.

*Population inversion in a three-level system was proposed by N. G. Basov and A. M. Prokhorov
in 1956 [15].
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Fig. 2. Level scheme of lasers
with collisional transfer of exci-
tation to the upper laser level.

Figure 1lb shows laser scheme with pumping in the ground band v; and lasing in the differ-
ence band, i.e., at the transition from the level v; = 1 of the mode v; to the level v, =1
of the mode vz. Also possible is collisional transfer of excitation from the level v = 1 of
mode v; to the overtone v, = 2 of the mode v2, if the energies of these levels are close,
followed by lasing in the transition from the level v, = 2 to the level v; = 1. In such
schemes the lower laser level has a much lower population than that of the ground state, so
that AE >> kT. This makes it possible to obtain a large gain and a large quantum yield.

Figure lc shows a scheme with excitation of a compound vibration v; + v. and subsequent
lasing in a "hot" band. One of the basic difficulties of obtaining effective lasing in this
scheme is the equality of the lasing frequency to the absorption frequency of one of the
component modes. Lasing is possible only when the lasing frequency lands between the peaks
of the rotational structure of the absorption line. At room temperature, owing to the Doppler
broadening, the rotational structure becomes smeared out, and in order for the laser to oper-
ate in accordance with this scheme it is necessary to cool the working medium and to use low
pressures. This limits the gain and the efficiency of the optically pumped laser in the
composite mode.

In addition to the presented schemes with single-photon excitation, laser schemes with
optical excitation of overtones are also possible (Fig. 1d}. The excitation can be in this
case steplike or multiphoton. In steplike excitation of the level v = 2 it is necessary to
have two pump lasers with frequencies corresponding to the transitions 1 - 2 and 2 » 3. 1In
multiphoton excitation, the molecule absorbs from the pump field two or more photons with
total energy equal to the energy of the transition 1 - 3, and in this case intermediate reso-
nant levels are not necessary. Just as in the scheme 1b, the lower level 4 (the laser transi-
tion 3 » 4) is weakly populated, so that it is likewise possible to obtain a large gain.

Figure le shows a laser scheme with pumping at the difference frequency of the transition
from the level v; = 1 of mode v: to the level v, = 2 of mode v, and with generation of a
difference frequency in the transition from the level v, = 1 of mode v, to the level vy = 1
of mode vs.

In addition to the schemes with direct optical pumping of the molecules of the same type,
shown in Fig. 1, a combined scheme shown in Fig. 2 is possible. It combines optical pumping
of molecules A and collisional resonant transfer of excitation from molecules A to molecules
B. This method can be used to excite molecules that have no absorption line in the pumping
band. This permits a considerable expansion of the range of generated frequencies of opti-
cally pumped lasers. Thus, among the main advantages of optical pumping of molecular gases
are the following properties: 1) a wide band of generated frequencies and the possibility of
tuning; 2) high efficiency of conversion of the pump radiation; 3) high homogeneity of the
active medium after excitation, which makes it possible to obtain a laser-beam divergence
close to the diffraction value.

We present below the results of an investigation of NH; and CF., lasers optically pumped
by radiation of a CO, laser. These types of laser have by now been sufficiently well devel-
oped, have the best parameters, and have already found practical applications.

2. NH; Laser

The active medium is gaseous ammonia ®*“NHs. The pump radiation source is a pulsed CO,
laser. The feasibility of lasing on '“NH; molecules under optical resonant pumping was
demonstrated in [16]. A number of subsequent studies [17—26] investigated the energy and
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spectral characteristics of the lasing with both single-photon and two-step pumping [22, 23].
From among these studies notice should be taken of [19], where it was shown that addition of
nitrogen as a buffer gas makes it possible to obtain lasing on many lines. In none of these
investigations, however, was there achieved that combination of high energy, power, efficiency,
and radiation-frequency tuning which is needed for practical applications.

The turning point in this direction was the observation by us of the decisive influence
of nitrogen on the energy, power, efficiency, and tuning characteristics of the NHj; laser
[27, 28]. 1In [27-31] were likewise proposed and realized new optical schemes with spatially
homogenecus pumping and with metallic diffraction gratings as the dispersion elements in the
cavities. This has made it possible to obtain large energy and power in the pulse, and in
addition, made it possible to operate in the periodic-pulse regime [31], in which high pulse
and average power of the laser radiation are realized. The results obtained in [27-32] have
permitted the NHs; lasers to occupy a special place among other heretofore developed molecu-~
lar lasers with optical pumping. The attained characteristics of ammonia laser are such
that in the new spectral range 745-930 cm™* it can be used for experiments on selective action
on matter just as successfully and effectively as the CO, laser is used in the 930—1080 cm™*
band.

2.1. Spectroscopy of NH;. The ammgnia molecule has the shape of a pyramid. The nitro-
gen atom is located at a distance 0.38 A from the plane in which three hydrogen atoms are
located. The length of the N-H bond in the ground state is 1.02 A. The axis passing through
the nitrogen atom at equal distances from the hydrogen atoms is the principal imertia axis.
The moment of inertia I about this axis, owing to the smallness of the masses of the hydrogen
atoms, is small. This causes a large rotational constant of the NH; molecule, B = h/4rI, and,
consequently, an appreciable difference in energy between the neighboring rotational levels.
In turn, this means a larger population difference between these levels even at room tempera-
ture, so that it is possible to obtain effective lasing at room temperature. The energy of
the rotational sublevels depends on two quantum numbers J and K. J is the quantum number of
the total angular momentum of the motion, and K is the projection of the momentum on the
symmetry axis of the molecule. K can take on 2J + 1 values: J, J—1, ..., =J + 1,

—J. Taking into account the centrifugal perturbation in molecules of the symmetrical-top
type, the expression for the energy can be represented in the form

W(J, Ky=BJ(J 4-1) - (C — B)K?*— D;J*(J 1Y% — Dygl (1 1) K*— DxK?,

where D D_ are the constants of the centrifugal perturbation. Owing to the vibration

J’ DJK’ K
of the nitrogen atom along the symmetry axis, each rotational sublevel constitutes a doublet
{inversion doubling), consisting of a symmetrical (s) and antisymmetrical (a) level. The
distance between the doublet components is equal to double the inversion frequency. The
selection rule for the dipole transitions between vibrational levels is AJ = 0, +1, AK =0,
s = a (parallel band).

Figure 3 shows the vibrational-rotational levels of the mode v; of the NHs molecule.
The magnitude of the inversion splitting is a maximum for the v, mode and increases with in-
creasing vibrational quantum number. The R branch of the absorption spectrum of the mode
vz (AJ = +1) has two lines sR(5, 0) and aR(6, 0), whose frequencies are at resonance with
CO, laser linmes 9R (30) (1084.63 cm~*) and 9R(16)(1076.00 cm™'), respectively. The de-
tuning of the pump frequency from the absorption frequency amounts to &v = 7 X 10-® em™* for

1

the sR(5, 0) line and to &v = 8:10% cm~' for the qR(6, Q) Lline. It should be noted

-1

that the width of the multiplet sR(5, k) is equal to 0.15 cm [33] and at a CO,-laser pump-
line width 0.03 cm~! particles can be captured from several levels s (5, k). When the ab-
sorbing transition in the R-branch of NHs; is saturated, inverted population can set in with
respect to the (J, K) sublevels of the excited state in lv, relative to the sublevel of the
ground state. This corresponds to the scheme shown in Fig. la. Lasing develops on the P-
branch transitions sP (7, 0} when pumped by the line 9R (30) and for aP (8, 0) when pumped by
the line 9R (16). The lasing frequency differs from the pump frequency by an amount equal

to two rotational quanta (v250-300 em™*). The thermal population of the end point laser

540



.r[
z
7
7
I-2n4 r
=’ S *
5 24 1
5 - grrema
£ 4+ 7 - .
51 S09-8fFcm:1
| 788797 cm-L
275 A//— C (%
yp=/y7i A\ % /f/-IIJCm-
Cm“: .~ 828 cm-1
i e
G=7805 v RO,
ch}‘ | ¥p= 84 5 em-
,1 Vid
& for = — = -—
<7 | LE~ST cm-;I——/"
7 445 | ge~5 cmat 7
v=g S T "_i—'—"/f
& 21 i
s 1
A E
T -
7 KH, N, 7/

Fig. 3. Scheme of part of the
vibrational—rotational levels of
the mode v, of the '*H; molecules
and of the rotational sublevels

of the nitrogen molecule. Solid
arrows — lasing; dashed — pumping.

levels is ~257% of the population of the level from which the pumping takes place, so that
saturation of the absorption is necessary. It 1is possible to extend substantially the range
of generated frequencies by adding to NHs; a buffer gas. The rapid rotational relaxation in
collisions with the molecules of the buffer gas leads to population inversion on many sub-
levels of the 1lv, level [34] and consequently to the possibility of lasing on many frequen-—
cies, 1In addition, as shown in [28], the fact that the buffer gas has levels that are at
resonance with the lower levels of the laser transitions leads to a considerable increase of
the lasing energy and of the laser efficiency.

2.2. Optical Schemes of NH; Lasers. Figures 4—7 show different optical schemes of NHs;
lasers. 1In [27] there was employed for the first time a longitudinal variant of optical
pumping with an unfocused beam. This has made it possible to obtain spatially homogeneous
excitation of a large volume of working laser medium. The scheme presented in [27] (Fig. 4)
suffers from the shortcoming that in the cavity of the NH; laser is located the cell of a
CO, laser, which introduces substantial active losses, thereby considerably deteriorating the
parameters of the lasing. The use of a scheme with separated cavities, described in [30]
(Fig. 5), has made it possible to avoid this shortcoming. The scheme of the tunable NHs
laser is shown in Fig. 6 [32]. The CO.-laser emission from the zeroth order of the grating
G; (100 lines/mm, blaze angle 30°) was incident in a direction close to the normal of the
grating G, (75 lines/mm, blaze angle 23°), and was fed into the cell with NHs via the first
order of the latter (for the pump frequency). The NHs;-laser cavity was made up of mirror
M, (with radius R = 10 m) and grating Gs (100 lines/mm, blaze angle 30°), which were coupled
through the zeroth order of the grating G,. The lasing radiation was extracted via the first
order into two channels: the first channel in the case of incidence from the side of the
grating Gs, and the second for incidence from the side of the mirror M,. The second channel
contained 407 of the energy in the first. Tuning of the NHs-laser generation frequency was
effected by rotating the grating Gs. The laser cell with NaCl windows inclined at the Brew-
ster angle was made of stainless steel, and had a length 180 cm and an inside diameter 67 mm.
The absence of optical elements with low optical strength in the cavity (prisms, selective
mirrors, etc.) made it possible to use the scheme described in the periodic-pulse regime at
a high average pump power (up to 1 kW) [31].

An essential characteristic of gas lasers is the specific heat output. An increase of
the energy picked off per unit volume of the active medium is connected with an increase in
the density of the spatially homogeneous pumping. It is known that the maximum effect is
produced by a combination of a light pipe with pumping through a raster focusing system. 1In
this case it is possible to combine most fully the requirement of homogeneity and intensity
of the pumping. In [29] was investigated an ammonia laser with a raster optical-pumping
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Fig. 4 Fig. 5

Fig. 4. Optical scheme of ammonia laser with common cavity: 1)
CO, laser; 2) NH; laser.

Fig. 5. Optical scheme of ammonia laser with nonselective cavity:
1) CO, lasery 2) NH; laser.
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Fig. 6. Optical scheme of ammonia
laser with selective cavity: 1) CO»
lasery 2) NH; laser.

system. The experimental setup is shown in Fig. 7. The pump radiation was focused into a
light pipe 70 cm long, placed in a glass cell with the aid of a short-focus raster system

(F = 25 cm, cross section of the beam at the focus 7 x 7 mm). The raster, made of BaF,,
constituted two crossed sets of wedges, which formed cylindrical surfaces. The spot obtained
at the focus of the raster system had a square cross section equal to the dimension of the
raster mesh. The pump energy passing through the raster system decreased to 3.5—4 J. The
cell windows were made of NaCl and were oriented at the Brewster angle. The light pipes were
assembled copper waveguides of quadratic cross section (5 x 5 and 10 x 10 mm). The cavity of
the NH: laser consisted of a total-reflection mirror M; (15 mm diameter) and a flat semi-
transparent plate M, (NaCl, Si, ZnSe). The laser emission (vg v 800 em™') was directed to a

calorimeter. The diverging pump background radiation was cut off with a diaphragm.

The radiation energy was measured with calorimeters KIM-1 and VChD-1. The temporal char-
acteristics of the pump radiation and of the lasing radiation were investigated with FPU-50
and FPU-250 photoreceivers in which the electrons are dragged by photoms [35, 36], and an
$8-2 oscilloscope. The lasing frequencies were measured with an IKM-1 monochromator, in which
the Litrow mirror was replaced by a diffraction grating of 100 lines/mm, thus ensuring a reso-

lution not worse than 0.5 cm™'.

2.3. Characteristics of NHs; Lasers. a. Single-pulse regime. In our experiments the
NH; laser was pumped by the lines 9R(16) and 9R(30) of the 9-um lasing region of the CO.
laser. The pump transitions correspond to the designations gR(6,0) and sR(5,0), and the
lasing transitions to aP(8,0) and sP(7,0) (lasing frequencies 780 and 828 cm™*, respectively).

As shown in [28], addition of nitrogen to the NH; makes it possible to raise substantially
the lasing energy and the efficiency of the NH; laser, and in the case of pumping by the 9R(30)
line the energy increases by one order of magnitude, whereas when pumping by the 9R(16) line
it increases by 2-3 times. An investigation of the influence of He and H, used as buffers
when pumping with the 9R(30) line has shown that in these cases the energy was approximately
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Fig. 7. Optical system of light-pipe ammonia
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TABLE 1
v, cm'l Transition : Eg, mJ Y, cm-1 Transition By, mJ
881,1 sP (4,K) 400 814,3 aP (6,3) 600
872,6 aP (3,1) 550 812,0 aP (6,4) 450
aP (3,2)
809,7 aP (6,5) 400
868,0 P (5K 900 798.,0 aP (71) 500
853,6 aP (4,0) 1000 797.4 aP (7,2) 500
aP (4,1) 796,0 aP (1,3) 500
852,2 aP (4,2) 950 794,0 aP (7,4) 250
851,0 aP (4,3) 800 791,8 aP (7,5) 320
847.,4 sP (6,K) 800 789,0 aP (7,6) 450
834,7 aP (5,1) 650 aP (8,0) 350
834,0 aP (5,2) 800 780,4 aP (8,1)
832,0 aP (5,3) 870 779,4 aP (8,2) 350
830,2 aP (5,4) 640 778,2 aP (8,3) 250
828,0 sP (7,K) 880 776,4 aP (8,4) 200
816,8 aP (6,0) 920 774,0 aP (8,5) 200
816,2 aP (6,1} 770,9 aP (8,6) 350
815,4 aP (6,2) 860 749,8 aP (8,7) 200
745,3 aP (9,8) 200

doubled. Such a strong influence of nitrogen on the lasing energy when pumping with the
9R(30) line is explained by the fact that N, has levels that are quasiresonant with the end-
point laser levels [28] (Fig. 8), and the collisions of NH; with N, lead to rapid depopula-
tion of these levels. The absence of a similar effect when the 9R(16) line is used for the
pumping is attributed to the strong detuning of the pump frequency from the absorption (Av
0.08 ecm='). Figure 9 shows the dependences of the energy Eg of lasing on the 828 cm™ ' line

(transition sR(7, 0)) for different compositions of the mixtures NH;:N, on the total pressure
Py of the mixture. For the optimal mixture NHs:N, = 1:75 at a pressure Py = 60 torr thele

lasing energy in the first and second channel amounted to #%l.3 J at an efficiency a20% rela-
tive to the total energy. The use of high pressure of the mixture of the gases NH; and N;

lowered considerably the time of rotational relaxation and made it possible to retune the NH,
frequency when pumping with the 9R(30) line. Figure 10 shows the spectral-energy character-
istic of an NH; laser. It can be seen that the spectrum consists of groups of lines, and
this corresponds to (J, K) transitioms.

Table 1 shows the identification of the characteristics of the lasing spectral lines.
The maximum energy was 1.5 J at an efficiency “21% and a frequency 853 cm~!. Comparison
with Fig. 8 shows a complete correlation of the distribution with respect to energy on Fig.
10 with the pressure of resonances of lower laser levels with rotational levels of nitrogen,
thus confirming the role of nitrogen as a "refrigerator” for many laser levels. For the las-
ing frequency 781 cm~', the energy obtained was 400 mJ, which was much higher and more
effective than lasing at the same frequency when pumped by the 9R(16) line. All the subse-
quent results were obtained only for an NH; laser pumped by the 9R(30) line. For the most
intense lines we plotted the lasing energy against the mixture composition and the total
pressure. The measurements have shown that for all these lines the optimal are the mixtures
NHs:N, = 1:75...1:100 and the optimal total pressure is Py v 60 mm torr.
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Fig. 9. Dependences of the NHs; laser generation energy on the
total mixture pressure NH;:N, (for different mixtures): 1)
1:100; 2) 1:75; 3) 1:50; 4) 1:25; 5) 1:10. Pumping by means
of the 9R(30) line.

Fig. 10. Lasing spectrum of ammonia laser.

To optimize the parameters of the NHs laser and to determine ways of increasing the effi-
clency, the physical mechanisms of the pumping and lasing were investigated. Figure 11 shows
oscillograms of the lasing pulses at the frequency vy = 828 cm™ ' at various pressures of mixture

NH3:N, = 1:100 (a, b, ¢). Also shown are oscillograms of the pump pulse at the entrance (d)
and at the exit (e—h) from the active medium in the ammonia-laser generation regime. Since
the intensity at the pump peak is much larger than the intensity at the tail, the peak and

the tail of the pump pulse will be differently absorbed. The nonlinear absorption coefficient
is given by the relation

— %o
|=1r71; (1)

where oo is the linear absorption coefficient and IS the saturation intensity.
At T << Ig we have o % 0o and at I >> I_ we have a << ao. If the saturation intensity

Ig is reached at the peak of the pump pulse, then, inasmuch as lasing calls for satisfaction
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Fig. 11, Oscillograms of pump and lasing pulses:
a, b, ¢) lasing (vg = 828 em~*); d) pump radiation

at the entrance to the cell; e—h) pump radiation at
the exit from the celly pressure Py of mixture NHsj:

Ny = 1:100: g) 100; b) 60; c) 30; e) 70; £) 30; g)
10; h) O torr. [Pressure d) is not indicated in
original Russian caption — Publisher. ]
of the condition I ~ Ig’ the lasing-pulse duration will be less than the total duration of

the CO; pumping pulse. With decreasing IS the lasing pulse duration should increase. The

saturation intensity is given by
I, = h)2:T,, (2)

where hv is the energy of the absorption quantum, ¢ is the absorption cross section, and T,

is the longitudinal-relaxation time. In our case T; % Ty-T is the time of the vibrational—

translational relaxation. The pump absorption cross section is

s E0) ¥ (39

T 8ntgp ez

Tg is the spontaneous lifetime of the upper level, g(v) is the form factor of the line. 1In
the ammonia pressure region >1.5 mm torr, the collisional half-width of the absorption line

exceeds the Doppler half-width, which is given for ammonia at room temperature by

Avp=1.5.107%, 4)
In the case of collisional broadening the line contour is Lorentzian
1 Av
0= g )

where (v — vo) is the deviation of the pump frequency from absorption, and Av is the colli-

sional half-width. The coefficients of broadening by pressure are equal to [33]: KNH = 28
3

545



£, relative units

in <z >, photons/molecule £, abssJ

A

I\ L ( ! 1 ( L !

174 Z 4 2 PNH=+, torr
[out: I 3

Fig. 12 Fig. 13

Fig. 12. Dependence of the CO, laser emission energy at the
exit from the cell with NH; on the energy at the entrance to
the cell: 1) 2 torr; 2) &4 torr.

Fig. 13. Dependence of the absorbed radiation energy (1) of
a CO, laser and of the number of absorbed photons by one mole-
cule (2) on the ammonia pressure (E;y = 2 J).

Miz/torr — the self-broadening coefficient; KNz = 3.8 MHz/torr — the coefficient of broadening
by nitrogen. It follows therefore that for NH;:N, mixtures we have Av ~ (pNH3 + 0.14 pNZ).
The saturation intensity IS, as follows from the formula presented above, is proportional at
high mixture pressures to p;(Av >> wvy); thus, by varying the pressure (and by the same to-
ken IS) it is possible to vary the duration of the lasing pulse.

At an intensity I << IS at the peak, the entire pulse is linearly absorbed. With in-
creasing pulse intensity, when IS is reached in the peak, nonlinear absorption sets in.

Figure 12 shows the dependence of the output energy Eout on the input energy Ein for different

ammonia pressures. It can be seen that for high pressure the deviation from linearity of the
absorption sets in at high intensity, corresponding to larger IS. At a known temporal pump-

pulse waveform, the following empirical formula was obtained for the saturation intensity:
[,=(0.025p* 4 1.2) Mw/em?, (6)

where p is the ammonia pressure, torr.
Knowing IS, we can estimate the longitudinal-relaxation time T:; NH,-NH,, and also the

cross section o for the pump-radiation absorption. When the pump beam passes through an ab-
sorbing layer of length L, its intensities at the input and at the output satisfy the equation

fin, Iin — Iout . 7
e N

out

where 0, is the coefficient of linear absorption. The energy absorbed in the layer is given
by

Egps = S (fn — Iout~) dt. (8)

“pul
0
At high pressure (the detuning is much less than the impact broadening), oo, and with it
= — i.e. ith
also Eabs Ein (1 — exp[—aoL]), does not depend on p, i.e., Eabs should reach a plateau wit
increasing pressure. TFigure 13 shows the dependence of the absorbed energy in pure ammonia
and of the number of absorbed photons by one molecule <n> on the gas pressure pNHa' The

value of ao determined from this relation turned out to be 0.05 cm~*-torr~', and the cross

546



section for the absorption of the pump radiation on the transition SR(5, 0) is ¢ = 1.5-107*°
cm®. The time of longitudinal relaxation T, NH,-NH;, estimated from the saturation intensity
and the absorption cross section, turned out to be (450 + 50) nsec’torr. It should be noted
that the "slope" of the approach of the plot shown in Fig. 3 to the plateau of Eabs as a
function of pyy, depends substantially on T, Ng,-N,. The dependence of the absorbed energy
on the pressure was calculated for the pump pulse whose shape is shown in Fig. 11. The cal-
culation was carried out in the following manner. The time variation of the pump pulse was
tabulated. For each value of the intensity the transcendental equation (7) for I, was solved
at different pressures of NHs, after which the value of Ea

bs
ammonia pressure determines the absorption cross section (o), and the V-T relaxation time

was obtained from (8). The

Ty NH,-NH, = TS-p 'NH;+TS was varied in a wide range. The calculated relations have shown
good agreement with the experimental curve at T7 ~ 500 nsec-torr. Similar measurements were
made for the NHs;:N, mixture. The results of these measurements are shown in Fig. 14. The
relaxation time T: NH,-NH, of ammonia in a nitrogen medium, determined from these relations,
turns out to be (2.5 + 0.5) psec-torr.

One of the mechanisms that limit the pump intensity is excitation of high vibrational
levels, which leads to a decrease of the inversion on the working transition, i.e., to a de-
crease of the NHz~laser efficiency. Figure 14 shows the dependence of the number of absorbed
photons per molecule on p_.. It can be seen that at low pressures the multiphoton excitation
plays an essential role. With increasing pressure, the number of photons per molecule de-
creases and this is apparently due to the increase of the role of the (V—V') exchange.

A similar dependence was plotted in the lasing regime at the frequency vg = 828 cm™’.

The results are shown in Fig. 15. The plot of the absorbed photons per molecule differs

from the plot obtained without lasing. The reason is that in the lasing regime the NH; mole-
cules are rapidly dropped from the upper laser level a(6, 0) to the lower level s(7, 0).
After relaxation on the s(5, 0) level, from which the pumping takes place, the molecules can
participate several times during the time of action of the pump pulse in the process consist-
ing of pumping + relaxation - lasing - relaxation - pumping - ...

The dashed line in Fig. 15 shows the dependence of the cross section for the pump-radia-
tion absorption on the mixture pressure. It can be seen that the number of absorbed photons
per molecule duplicates the variation of the cross section; this indicates that the main
contribution to the absorption is made by excitation of the tramsition sR(5,0). It can thus
be concluded that the lasing regime is quasistationary. It must be noted that a significant
role can be played by exchange processes as well as by multistep excitation. The obtained
quantum efficiency amounted to 407, possibly due to these processes. A more detailed study
of the processes V—V' and V-V and of the multistep excitation is the subject of further
research.

The investigations performed show that to increase the efficiency of an NH; laser it is
necessary to optimize the pump waveform, i.e., its intensity and duration. TFigure 16 shows
the temporal characteristics of the lasing pulses for different pump pulses. The pump energy
is the same. It can be seen that pumping by a long pulse (a) of lower intensity makes for
a higher conversion efficiency than pumping by a short pulse (b) of high intensity, inas-
much as the part of the pump pulse with I > IS is not used. Consequently, the optimal pulse

for pumping is of intensity I ~ IS. The pulse duration is limited by the heating of the gas,
and this leads to an increase of the thermal population of the lower laser levels.

As already noted above, the use of a raster focusing system in conjunction with a light
pipe makes it possible to increase the pump density and increase the energy output from a
liter of working medium of an NH; laser.

An investigation of the influence of the cavity Q on the lasing energy has shown that
at a given cavity geometry the maximum lasing energy is obtained if the initial mirror used
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Fig. 14. Dependence of the energy (1) of the CO, laser radiation
absorbed in a NH3:N, = 1:50 mixture on the mixture pressure, and
dependence of the number of absorbed photons per NH; molecule (2)
in the absence of lasing.

Fig. 15. Average number of photons absorbed (1) and emitted (2) by
one NH; molecule in the NH3:N, = 1:50 mixture in lasing at v =

828 cm~! vs the mixture pressure. The shaded region corresp%nds to
the condition Av 2 Av,
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Fig. 16. Oscillograms of the lasing
pulses of NH; laser pumped by long
(a) and short (b) CO, laser pulses at
identical energy in the pump pulse;
EB = 0.5 Jrem™?; py = 20 torr;

mixture NH5;:N, = 1:50.
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Fig. 17. Dependence of the generation energy of an ammonia laser
with a raster system using a light pipe of 10 x 10 mm cross section
on the pressure of the N: at the following values of pyy,: 1) 0.5

torry 2) 0.7; 3) 0.9; 4) 1.2 5) 1.4; 6) 1.6 torr.
Fig. 18. Dependence of the lasing energy (Ep = 3.5 J) of an ammonia

laser with a raster system using a light pipe of cross section 5 x 5

mm on N, pressure at the following values of p : 1) 1.8; 2) 1.5;
NHs

3) 2.5 mm torr.
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TABLE 2

Light pipe Optimal comp. of mixture
‘ total pressure| E 1 | Effi Specific encrgy
. essure nergy, ici s t, J/1i
length, cm cros::]?m’“ NH;: N, torr 10e ey output, I liter
70 1x1 1:200 230 0,35 10 5
70 0,5%x0,5 1:1450 280 0,2 6 12

is a ZnSe plate (with a reflection coefficient ~367%). The dependence of the lasing energy
on the buffer-gas pressure py, at different values of pyy, for a ZnSe output mirror are

Figure 17 shows the pressure dependence of the energy of an NHs laser
The maxi-

shown in Figs. 17, 18.
with a copper light pipe of cross section 10 x 10 mm at various parameters pyg,-.

mum lasing energy (0.35 J) was obtained at an ammonia pressure pyg, = 1.2 mm torr and at a

nitrogen pressure p = 200 mm torr. TFigure 18 shows a similar dependence for a light pipe
g N, g

with cross section 5 x 5 mm. In this case the maximum lasing energy was 0.2 J at pressures

PNH, = 1.8 mm torr and py, = 270 mm torr. The shift of the lasing maximum toward higher

ammonia pressure is due to the increase of the pump density E" from 4 to 16 J/cm®. 1In the

former case the specific energy output was 5 J/liter, and in the latter 12 J/liter, values

comparable in order of magnitude with the specific energy of a CO, laser. The decrease of

the efficiency from 10%Z for a 10 x 10 light pipe to 6% for a 5 x 5 light pipe is due to

diffraction losses of the cavity (the Fresnel number is N = g?*/Lx = 1.5).

It is interesting to note that a high specific energy output was obtained at a low pres-
sure of the active particles (12 torr). The high pressure of the N, buffer gas (300 torr),
which noticeably decreases the time of the rotational relaxation, can ensure participation
of all the NHs; molecules in the lasing process. But even in this case, as shown by estimates,
during the time of the pump pulse each ammonia molecule manages to reradiate an infrared
photon 10 and more times.

For the 10 x 10 light pipe we measured the NH; laser beam divergence, which amounted to
4 x 10~% rad, a value close to the diffraction limit.

It is seen from Fig. 17 that lasing was maintained up to a buffer-gas (N,) pressure 400...
500 mm torr. Consequently, it is possible to use as a buffer gas air, whose main component
is nitrogen. Lasing was obtained on a mixture of ammonia and ordinary air with total pressure
1 atm. The maximum lasing energy was 20 mJ.

These results reveal the possibility of developing an atmospheric laser with a forced
flow of ammonia through the light pipe or with a stationary mixture of ammonia with air, so
as to eliminate from the optical system elements with low radiation endurance (NaCl windows).
Experiments of this type were performed. The lasing energy amounted to 2 mJ. So low an
energy is due apparently to the diffusion 6f the ammonia molecules from the pumping zone.
Pumping in accordance with the system shown in Fig. 7 can be effected by several simultan-
eously and independently operating CO, lasers. In this case the NH; laser will operate in
the regime wherein the energies of several incoherent sources are summed to form a single
spatially coherent beam [6]. The basic parameters of an NHs laser with a raster system for

852—816 cm™* 3.5
J), are listed in Table 2.

optical pumping, vg = (pump source CO, laser, R(30), v = 1084.6 cm™ *, Ep =

Thus, the employed raster scheme has made it possible to increase

by more than one order of magnitude the specific energy output of the NH; laser with optical
pumping at high efficiency (up to 10%). In addition, the investigations uncover the possi-

bility of developing an effective atmospheric laser using ammonia molecules and having high

power.

b. Periodically pulsed regime. From the point of view of using infrared lasers in tech-
nological processes, an important characteristic, besides the energy in the pulse, is the

549



R4 b
r D_ﬁ\m\
/IJ L - 1l Il 1 I I S L) I3 LIS N T S 1
F V4 774 #, Hz 7 4 77 £/, Hz
Fig. 19 Fig. 20

Fig. 19. Dependence of the lasing energy per pulse of an NH; laser
on the pulse repetition frequency when working in the periodic-pulse
regime. Pumping by the 9R(30) line; v_ = 1084.6 cm~'; NH5:N, = 1:50,
Py = 20 torr. P

Fig. 20. Dependence of the average lasing power of an NHs; laser on
the pulse repetition frequency. Pumping by the 9R(30) lines v_ =
1084.6 cm; NHa:Na = 1:50, p, = 20 torr. P

average radiation power, which determines in final analysis the productivity of the method.
Therefore, an increase of the average power of an NH; laser operating in the periodic-pulsed
regime is of great interest for isotope separation and for laser chemistry. In [31] is
described an NH; laser operating in the periodic-pulse regime with a pulse repetition fre-
quency f up to 100 Hz. Lasing was obtained by pumping NH; in a nonselective cavity by radia-
tion from a CO, laser with high pulse repetition frequency. Owing to the nonselectivity of
the cavity, when pumping a NH;:N. mixture on the 9R(30) line there were registered in the
lasing spectrum six lines, the four more intense of which had frequencies 833, 828, 800, and 781
cm~'. The energy in these lines amounted to 30, 60, 7, and 2% of the total energy, respec-
tively. It should be noted that all the presented results on the energy and average power
when pumping an NHs;:Ns mixture represent the total lasing energy on the indicated lines. The
pump energy on the R(30) line amounted in this case to 2.5 J. We used a nonoptimal NHs:N, =
1:50 mixture. The efficiency obtained in this manner was approximately 16%. The dependences of the
energy and the average power on the pulse repetition frequency were investigated. Figure 19
shows the dependence of the lasing energy in the pulse on the pulse repetition frequency when
pumped on the R(30) line.

It can be seen from Fig. 19 that with increasing frequency the energy in the pulse de-
creases, owing to heating of the working medium. Heating leads, first, to a decrease of the
particle density within the confines of the pump beam; second, it leads to an increase of
the thermal population of the lower laser levels. Both effects decrease the lasing energy
in the pulse. However, despite the decrease of the pulse energy, the average lasing power
of the NH; laser increases with increasing pulse repetition frequency, up to 100 Hz. The
maximum average power P reached a value 20 W. It can be seen from Fig. 20 that with increas-
ing pulse repetition frequency to >100 Hz it is possible to increase the average power still
more. The obtained average lasing power in the 12-um region is comparable with the power of
ordinary CO, periodic-pulse lasers. The use of a selective cavity (see Fig. 6) makes it
possible to obtain a periodic—pulse regime on many lines in the range 745—930 em™*. The
combination of high pulse power and average radiation power in this band makes it possible
to use the NH; laser for a large number of applications.

2.4. Discussion of Results and Conclusions. Addition of nitrogen to ammonia has made
it possible to increase the efficiency of the NHs; laser to 20%. However, this high efficiency
is still not the limit. One can hope that optimization of the pump-pulse waveform with re-
spect to intensity and with respect to duration, and also optimization of the length of the
active region, will make it possible to increase the efficiency substantially, up to the maxi-
mum possible (707%), determined by the ratio vg/vp

The increase of the pump density with the aid of a raster + light-pipe system by summa-
tion of pulses makes it possible to operate at a buffer gas pressure V1 atm and higher. At
such high pressures, the overlap of the rotational—vibrational levels on account of colli-
sional broadening can lead to a smooth tuning of the lasing frequency. In addition,
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population of the sublevels of the overtone 2v, becomes possible on account of rotational
and (V-V) relaxation, inasmuch as already at J = 8 the levels (J, K) of the first-excited
state 1lv, have the same energy as the lower levels 2v,, e.g., the energy of the lv, level
a(8, 0) is 1676.67 cm™!, while that of the 2v, level s(1, 0) is 1617.84 em™*. It is thus
possible to extend the tuning range of the NH; laser into the region >14 ym. It is as yet
impossible to draw any definite conclusion concerning the direct excitation of higher vibra-
tional states at pump densities >2 J/cm?®.

As follows from Eq. (5), when the nitrogen pressure is increased the absorption coeffi-
cient ao is decreased. The result is that the intensity is more uniformly distributed over
the length of the cell than in the case of large o,. Consequently, it is possible to pump
a large volume of active medium in conjunction with a large specific energy output at a high
pump density. This will make it possible in the future to raise the energy parameters of
the NH; laser to the level of modern CO, lasers. At the present time, as can be seen from
our study, we have a small energy output 1 J/liter at a high efficiency (20%), and a high
energy output in a raster system at a lower efficiency (10%). The problem is to increase
the efficiency and maintain the high energy output. The divergence of an NH; laser can be
substantially lower than that of CO, lasers, since the active medium of the CO, laser is
highly inhomogeneous, owing to perturbations in the electric discharge. The divergence
measured in our experiments was 4 x 1072 rad, which is close to the diffraction limit.

It has also been shown that it is possible to achieve the desired waveform of the pulse
and control its duration. The results of the investigation of the characteristics in the
periodic—pulse regime and when pumped by long pulses gives grounds for hoping to realize a
continuous operation of the NH, laser. The problem of heating of the working medium in the
pump channel can be solved by organizing in a suitable manner the gas flow, as is done at the
present time in a CO; laser with high pulse repetition frequency.

The investigations performed offer evidence that the NHs; laser is highly promising for a
number of applications, especially for selective action on matter. Its high efficiency,
energy, pulsed power, and also operation in the periodic-pulsed regime with high average
power make the NH; laser comparable with the CO, laser, i.e., at the present time the (9—-13)-
um band can be regarded as covered by laser radiation with the parameters need for techno-
logical processes such as laser isotope separation.

3. CF, Laser

The possibility of lasing on the CF, molecules pumped by a CO, laser was demonstrated in
[37]. In the succeeding studies [38, 28, 39] the energy and temporal characteristics were in-
vestigated, as well as the possibility of tuning near 16 um [28, 39]. A detailed investiga-
tion of the spectroscopy of the CF, molecule and of the tuning characteristics of the CF,
laser is given in [40].

3.1. Absorption of Pump Radiation by CF, Molecule. For optical pumping of the CF, mole—
cule one uses absorption at the composite frequency v, + v, (Fig. 21). This absorption is sufficiently
noticeable only in the region of the R(12) line of the CO, laser (1073.3 cm~*). Measurements
of the absorption coefficient on this line under our conditions at T = 300°K yielded o = 1.3
107* em~*!-torr—*, which is close to the value 1.1-10=* em~*-torr™* in [37]. At T = 150°K the
absorption coefficient increases to 2.5-10~% cm~'-torr~!. These values, however, were ob-
tained under conditions of saturation of the transition. The determination of the linear

absorption coefficient and of the saturation parameter calls for a more detailed investigationm.

The dependence of the absorption coefficient on the pressure at a pump density 2 J/cm?
(the line R(12)) was investigated at an absorbing-layer length 165 cm. In the pressure range
1-50 torr, the absorption coefficient is constant and is equal to 1.3:107* cm~'-torr~!. This
behavior shows that only one rotational line takes part in the absorption. The rotational
constant for the CF, molecule is B = 0.1919 cm™ ', and the vibrational angular momentum con-
stant is ¢, = —0.36, so that the spacing of the individual absorption lines in the band is
va + Va 2B(1—,) = 0.52 em™*. For a typical collisional-~broadening constant of the rotational
lines 30 MHz/torr, the broadening at p = 50 torr does not exceed 0.05 cm~'. The field broad-
ening of the absorption line at intensities 1020 MW/cm® is also small, because. of the small-
ness of the dipole moment of the transition at the composite frequency. Therefore, no other
rotational lines become involved under our conditions.

Absorption of the pump energy at the frequency 1073.3 em™', as a function of the input

energy, was investigated at CF, pressures 1, 4.4, and 10 torr. The length of the absorbing
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Fig. 21. Level schemes of optically pumped laser operating on CF,
molecules. Solid lines — lasingj; dashed — pumping; dash-dot —
absorption.

Fig. 22. Dependence of the energy absorbed in CF, gas on the input
energy at gas pressures: 1) 1; 2) 4.4; 3) 10 mm torr.
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Fig. 23. Dependence of the logarithm
of the ratio of the densities of the
incident and transmitted energies on
the density of the absorbed radiation
energy of a CO. laser (line 9R(12)).

layer in the first case was 400 cm, and in the last two cases 165 cm. The dependence of the
energy absorbed in the gas as function of the incident energy is shown in Fig. 22. It can

be seen that with increasing input energy the absorbed energy at a given pressure first in-
creases, then reaches saturation, with the exception of p = 1 torr, where the saturation is
observed at the lowest employed pump energy levels. At the absorption maximum, the energy per
CF, molecule is ~0.5 photon at p = 4.4 and 10 torr, and ~0.03 photon at p = 1 torr. Conse-
quently, at CF, pressure above 4 torr the rotational relaxation leads to absorption by all

the gas molecules in the irradiated volume, and at p = 1 torr it operates only partially.

After reaching the maximum, the absorbed energy, starting with a certain pump-energy den-
sity (0.1 J/em® and 2 J/cm® for p = 1 and 4.4 torr, respectively), decreases on the average
and begins to undergo abrupt fluctuations of its absolute value. The relative scatter of the
values of the absorbed energy in these cases reaches 200—400% within a measurement run at
constant pumping, as compared with 10207 at lower pump levels. This behavior agrees with
the fluctuations observed in [37] of the lasing energy of a CF, laser, which were attributed
to the nonreproducibility of the mode picture of the pump spectrum and to the degree of its
agreement with the CF, absorption line spectrum. The decrease of the absorbed energy at a
certain pump level was observed earlier for the OCS molecule and was attributed to participa-
tion of high vibrational levels in the absorption [41].

From our point of view, the absorption fluctuation shown in Fig. 22 can also be due to
coherent interaction of the radiation with the absorbing medium (the self-transparency effect).
A pulse of a CO, laser at atmospheric pressure, used to pump the gas, actually had a temporal
fine structure, due to the self-locking of the modes that lie in the gain contour. The gain
line width at p = 700 torr is n0.03 em™' and the duration of an individual pulse, assuming
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full synchronization, is Epul v 1 nsec. A typical time of rotational relaxation is P ¢

v 30 nsecctorry therefore, at gas pressures of several torr the following coherence condi-
tion is satisfied:

ol S Coon— Tot (9)

The condition for observing coherent effects in absorption is

%SE (t)dt > 2r, (10)

where y is the dipole moment of the transition, R is Planck's constant, and E(t) is the elec-
tric field of the pulse.

Replacing the integral by the product Emax'T and using the relation

pul

I zsiEz (11)
TC

max’

we obtain
[ = w2071, (12)

where I is the pulse intensity and c¢ is the speed of 1light. Substituting the values of the
quantities at u = 1072?° cgs esu and Toul " 10~° sec, we find that

1>5-10" weem™, (13)

1

At a lasing line width 0.03 em™" and at a cavity length 3 m, the lasing pulse consists of

n20 spikes of ~0.6 J energy each. This yields an intensity in the spike 10% W/cm®, i.e.,
coherent effects can take place. More accurate estimates call for a detailed knowledge of
the temporal structure of the pulse and of the characteristics of the tramsition.

Thus, at high pump densities there can appear a self-transparency effect that decreases
the absorption and, accordingly, the CF, laser energy. From this point of view, the scatter
in the values of the absorbed energy is due to the nonreproducibility of the mode locking of
the CO, laser. These effects can be avoided either by lowering the pump density at a given
pressure, or by increasing the pressure at a constant pump. Consequently, at a given pressure
there exists an optimal pump density and vice versa.

The maximum length of the CF, laser and the minimum pump energy density are determined,
respectively, by the coefficient of the linear absorption and by the transition—saturation
parameter. These quantities can be obtained from the dependence of the absorption on the
input-energy density. As shown in [42], this dependence is determined by the formula

EL 1 , (14)
In (g9 )+ 2, (BE — EB,) =L

where Einp and Eoutp are the pump energy densities at the input and output of the cell; Es’
saturation parameter; oo, linear-absorption coefficient; and L, length of the gas layer.
As E, P—E P 5 0 we have 1n (E, p/E p) -+ aol, and as In (E, p/E p) -+ 0 we have
in ou in out in out

p:
abs

t
P _ P P
(1/2)ES X (Ein EOut ) -+ aL. Consequently, the dependence of 1n (Ein /Eout) on E

P
t

Such a dependence, at a pump frequency 1073.3 cm™

in Fig. 23. It yields the values oo = (2.0 + 0.5)-107° cm™*-torr™* and E_ = (0.12 + 0.03)

E, P—E makes it possible to determine both ae and E .
in ou s

* and a CF, pressure 4.4 torr, is shown

J/em®. The transition cross section, defined by the relation oN = o,, is equal to ¢ = (5.8 +

(2)

1.8)+1072° cm®. This value determines the saturation energy density Eg under the condition

that the rotational relaxation operates during the time of the pump pulse, ES(Z) = hv/2¢0.

(2) _ (2)

This relation gives ES = (0.18 + 0.05) J/cm®. The proximity of the quantities ES E

s
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Fig. 24, Optical system of CF, laser pumped by a CO, laser tunable
in the lasing lines: 1) CO, laser; 2) NH; laser; solid lines —
lasing; dashed — pump.

Fig. 25. Optical system of CF, laser pumped by CO; laser tunable
within the 9R(30) line. Dashed arrows — pump; solid — lasing; 1)
€0z lasers; 2) monochromator; 3) CF, lasery 4) cooling unitj; n)

normal to the surface of the diffraction grating; K,, K.) calori-
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Fig. 26. Dependence of the CF, laser emission energy on the gas
pressure.

Fig. 27. Oscillograms of CF, laser pulses at various gas pressures:
a) p=2.45 b) 3.5y ¢) 4.5 torr. The arrow marks the maximum of
the pump pulse.

indicates that at a pressure 4.4 torr the rotational relaxation is rapid enough to saturate
the entire vibrational band. At lower values, Es is contained in the range ES\l < ES < Es(z),

2 .
where Es(l) = qES( ), and g is the relative population of the given rotational level of the
ground state. The dependence of the 1n (Einp/Eoutp> on Eabsp at a CF, pressure of 1 torr
yields E_ = 1.3 mJ/cm®. The upper limit of the factor g is given by the ratio B, (1 torr)/Eézz

i.e., q = 1/140.
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The quantities o, and Eg5 obtained at a gas pressure 4.4 torr show that the optimal
length of a CF, laser at this pressure is ~10 m, and the threshold pump energy density is
n0.1~0.2 J/cm®.

3.2. Characteristics of the Emission of a CF, Laser. a. GSingle-pulse regime. The
lasing was obtained by using the systems shown in Figs. 24, 25. The lasing was observed
both visually and calorimetrically, using infrared filters that transmit either the pump
radiation or the laser emission. In the system shown in Fig. 24, lasing was obtained in
the pressure range 0.5—8 torr, and the maximum energy is observed at a CF, pressure of 3.5
torr (Fig. 26), in analogy with [37]. At low pressures, the lasing energy changes greatly
from pulse to pulse, and when the pressure is increased these changes become smoothed out.
Addition of helium or nitrogen to the cell decreased the pulse energy all the way to shutoff
of the lasing at partial pressures of the buffer 56 torr. We note that covering the mirror
M, did not stop the lasing, i.e., the energy is partially of superluminescence origin. The
maximum registered lasing energy was 30 mJ.

The dynamics of the lasing is shown in Fig. 27. Just as for a laser, at low pressures
the lasing pulse has two maxima. With increasing pressure the second maximum vanishes.
This, as shown above, is due to the waveform of the pumping pulse from the CO. laser. The
laser pumping pulse has an intense leading peak and a less-intense afterpulse. Therefore,
at low CF, pressures the intensity reaches saturation both in the peak and in the afterpulse,
while at higher pressures saturation is reached only in the peak.

Tuning of the CF,-laser emission frequency in the range 612—650 cm™' was achieved in [39]
by varying the pump-radiation frequency with the aid of a germanium Fabry—Perot etalon. The
low optical-breakdown strength and the problem of thermal stabilization of the etalon when
working the described system in the periodic-pulse regime do not make its use possible at
high pump powers. '

In [28], systems were used in which there are no elements with low optical-breakdown
strength. When using the system shown in Fig. 25, tuning was attained by pumping with differ-
ent lines of the CO, laser. The results are given in Table 3.

It is known that in the CF, molecule the distance between the nearest absorption maxima
at the composite mode v, + v, is 0.02—0.05 cm™', which is much less than the gain line width
of an atmospheric-pressure CO, laser (v0.3 cm™'). Thus, by tuning the CO, laser frequency
within the gain line it is possible to excite the CF, to different rotational levels, and
this makes it possible to tune the emission frequency of the CF, laser. To this end we used
a compound CO, laser cavity, the diagram of which is shown in Fig. 25. The CO. laser was
made up of mirror M,, diffraction grating G; (50 lines/mm) operating in the autocollimation
regime in the third order and tunable to a definite line of the CO. laser, and mirror M.
perpendicular to the direction of the emission of the CO, laser in the second order of the
grating G,. The CO, laser frequency was tuned within the gain line by displacing the mirror
M,. The first—order radiation of the grating G, was directed into a cooled 3-m-long cell
filled with CF,. The radiation from the zeroth order was used to monitor the pump frequency.
The pump energy was 8 J at a beam area 6 cm”. The laser cavity was made up of mirrors Ms and
M., coupled through the zeroth order of the grating G,. Radiation with A, & 16 pm emerged
through the first order of the grating. The tuning results are given in %able 4,

b. Periodic-pulse regime. In [43] is described a CF, laser operating in the periodic~
pulse regime with a pulse-repetition frequency up to 100 Hz.

Figure 28 shows the dependence of the lasing energy on the pulse-repetition frequency
for three cases. The measurements were performed at pump-pulse energy ~4 J. The absolute
value of the pump energy decreased by approximately 127 upon addition of 0.5 torr of He, and
decreased by 50% when 1 torr of He was added. It can be seen that a decrease of the lasing
energy by one-half takes place at f = 17 Hz for pure CF, and at f = 75 Hz for a mixture with
1 torr of He. The lasing in the latter case was observed up to values f = 100 Hz. Figure
29 shows the obtained dependences of the average lasing power on the pulse repetition fre-
quency. The maximum power amounted to 180 mW. Tt is possible to explain the behavior of
the energy characteristics with increasing pulse-repetition frequency by considering the
thermal regime of the lasing.

An estimate of the diffusion coefficient at the working temperatures and pressure gives
a value D = 9 cm®/sec, which makes it possible, without a noticeable decrease of the lasing
energy, to change from the single-pulse regime to the periodic-pulse regime of the CF, laser

555



V74"
el s
L 2z
J 0+
. 74s Vs
/ — I
¥ ! i J " s TR L L " A i ! A i L J
& b0 87 f, Hz 4 27 40 &7 40 f Hz
Fig. 28 Fig. 29

Fig. 28. Dependence of the CF, laser pulse energy on the pulse
repetition frequency at various pressures of the buffer gas (He):
1) pure CF, (2 torr); 2) with 0.5 torr of He added; 3) with 1
torr of He added.

Fig. 29. Dependence of the average CF, laser power on the pulse-
repetition frequency at different pressures of the buffer gas
(He): 1) pure CF, (2 torr)s 2) with 0.5 torr of He added; 3)
with addition of 1 torr of He.

TABLE 3 TABLE &
CO; laser . vg, Eg,
c?ii:mt p om pomT line bt | ot | md
o (&) 1070.4 | 642,741 9R (12) | 10733 | 61644 | 40
9R (10) | 10719 | 638,441 OB (10) | 1071,9 | 624%1| 25
0r (12) | 10733 | 615,3 304 9R (10) | 1071.9 | 630%1| 5
R (14) | 10736 | 615,331 +
9R (16) | 10760 | 64551
632,3 11
9R (18) | 10773 | 644,511

at a pulse repetition frequency up to 6 Hz. With further increase of the frequency, the
diffusion time for the given parameters of the CO, laser beam becomes less than the time
interval between two successive pump-radiation pulses, the gas begins to heat up, and for
thermostatically controlled walls and at a certain specified pulse repetition frequency, a
stationary temperature distribution is established in the cell. Solution of the stationary
heat-conduction equation for a cylindrically symmetrical Gaussian beam leads to the following
expression for the temperature increment on the beam axis:

AT (0) =20 [m (21 ;_32)__ E,(—2 23_)} (15)

47y, a2

where a is the absorption coefficient; po, power measured at the input to the cellj; k, ther-
mal-conductivity coefficient; ro, cell radius, g, laser-pump beam radiusj; y, Euler constant;
and z, coordinate along the beam axis.

Estimates made for values o v 2°107* em™*+torr™ and « ~ 2:107° cal/cm'sec-deg with allow-
ance for the dependence of the lasing energy on the CF, gas temperature, given in [37], yield

the following. At a pump pulse energy 4 J at the entry into the cell (z = 0), a decrease of
the lasing energy to half the value should be observed at a pulse repetition frequency f = 17
Hz. If, however, the thermal conductivity coefficient is artificially increased, then it is
possible to also increase the pulse repetition frequency. Thus, e.g., the thermal-conductivity
coefficient of a mixture of 2 torr of CF, and 1 torr of He will be approximately 4 times

larger than ncp,, and consequently a decrease of the lasing energy of such a mixture to one-

half the value should be observed at f = 70 Hz, as was indeed observed in experiment (Fig. 28).
Thus, the thermal model explains sufficiently well the energy characteristics of a CF, laser
operating in the periodic-pulsed regime with a large pulse repetition frequency.
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3.3. Discussion of Results. The generation of a CF, laser takes place on the transi-

tion vz + v4 »> v, (see Fig. 21), i.e., against the background of absorption in the band v,.
This is possible only because the line structures of the lasing and absorption spectra are

different. The absorbing background can in the general case limit the range of frequencies
accessible to lasing, and making -tuning the lasing frequency difficult. Absorption causes
the inversion of the population on the rotational sublevels of the upper laser level, which
is reached on account of rotatiomal relaxation, not to lead to emission of energy. Since
the selection rules permit simultaneously the transition v, + vs4 - v,, which has no absorp-
tion background (the frequency v, is not active in the IR spectrum), it is a strong competi-
tor of the laser transition and decreases the efficiency of the CF, laser.

At a CF, pressure of 3.3 torr and at a pump of 12 J, the energy absorbed, according to
our data, is 0.8 J. This yields an efficiency in terms of the absorbed energy of ~4%. This
low value is due mainly to the rotational relaxation of the upper laser level and to the ac-
tion of the competing transition. The influence of the rotational relaxation canbe decreased
by shortening the pump pulse. The competing transition can be suppressed by introducing
into the gas a substance that absorbs in the 22-ym region.

The overall pump efficiency in quite small, owing to ineffective use of the CO, laser
energy. This effectiveness can be increased by several methods: matching the pump and ab-
sorption spectra using a single-frequency stable CO, laser, increasing the pump beam cross
section, increasing the length of the CF, laser, and using an amplifier.

The specific energy of the laser in our case reached 0.03 J/liter. If it is assumed
that the pump transfers 50% of all the molecules to the upper laser level and the population
of the lower level is small, then at a pressure of 3.5 torr the stored specific energy is
1.3 J/liter. The rotational relaxation, the competing transitions, and other factors cause
the specific energy of the lasing not to exceed 10—20% of the stored energy, i.e., 0.2
J/liter. Consequently, to obtain higher energy levels it is mecessary to increase the
volume of the active medium.

The repetition frequency of a CF, laser, and consequently also the average power, can
be increased by having the CF, gas flow through at a rate at which the entire gas in the
cell is replaced within the time between two successive pulses. In our case this rate amounts
to w400 liter/sec at £ = 100 Hz. However, as shown by the results above, no noticeable de-
crease of energy takes place up to £ = 10 Hz, i.e., the required flow-through rate will be
at least one order of magnitude lower.

One other method of increasing the average power is optimal utilization of the laser-
cell volume. If we put in Eq. (15) a = ro, then the lasing energy will decrease to half its
value not at £ = 17 Hz, but at £ = 45 Hz.

Thus, it can be seen from the foregoing investigation that when a periodically pulsed
CO, laser is used as the pump source, it is possible to obtain lasing in the 16— m band with
an average power up to 200 mW and a pulse repetition frequency up to 100 Hz even without
continuous flow of the CF, gas. Clearly, these parameters are not the limit. By continuous
gas flow, by optimal utilization of the cell volume, by increasing the length of the cell
(the length is limited by the absorption and by the divergence of the CO, laser), and by in-
creasing the pump energy (no saturation was observed up to 5 J), it is possible to increase
substantially the average lasing power of a CF, laser.

4, Use of NHs and CF, Lasers

4.1. TIsotopically Selective Dissociation of the CCl, Molecule. Isotopically selective
dissociation of the CCl, by radiation of an NH; laser with a frequency lower than that of
the CO, customarily employed for this purpose was first realized in [44]. The optical sys-
tem of the excitement is shown in Fig. 30.

A spherical mirror Ms (F = 0.5 m, R = 98%) and a lens L, (F = 10 cm) focused the NHj;
laser radiation inside a cell with CCl,. The effective focal length of the system of M; and
L), measured from the plane of the lens L;, was 6 cm. The energy density at the focus in
this case reached 5 J/cm®.

In an investigation of two-frequency dissociation of the CCl,, part of the CO, laser
radiation, reflected from a NaCl window, was focused with the aid of grating G and flat
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Fig. 30. Optical system of an experiment on the dis-
sociation of a CCl, molecule by radiation of an NH;
laser.

mirrors Ms, Ms and lens L, (F = 20 cm) into the same region of the cell with CCl, as the

radiation of the ammonia laser. The energy density at the focus reached 17 J/cem®. 1In a

number of experiments, the NHs;-laser radiation was focused only by the mirror Ms, and the
energy density at the focus reached 1.6 J/cm®.

The cell for the CCl, was made of stainless steel with KBr windows and had a length 12
cm and an inside diameter 1.2 cm. The evacuation and filling of the cell were with the aid
of a vacuum system with residual pressure Prog ™ 10~% torr, The CCl, samples used were of

natural isotopic composition as well as with enrichment (ratio *?C:**C = 38:62). Prior to
the filling, additional cleaning was effected by vacuum distillation.

The rate of dissociation of the CCl, molecules was defined as

1., A,
LV::;;thV, (16)
where n is the number of irradiation pulses; Ny and N are the initial and final concentrations
of the molecules. The ratio of the concentrations No/N was determined from the IR absorption
spectrum of the CCl,. An isotopic analysis of the gas before and after the irradiation was
carried out with a mass spectrometer.

Dissociation of the CCl, molecule under the action of a strong IR field of a CO, laser
on the composite oscillation v; + vz + v, was investigated in [45]. The rate of the disso-
ciation reached 2:-107“ at a radiation energy denmsity at the lens focus 120—150 J/em®. Enrich-
ment of the dissociation products with the isotropes **C and ®7Cl was registered.

Our experiments have shown that the CCl, molecule dissociates under the influence of an
ammonia laser radiation at the frequency v = 780.5 cm~*. The threshold energy demsity is in
the range 1.6—2.0 J/cm®. Above the threshold, the dissociation rate depends on the intensity
I like W ~ I*-'. At an energy density at the lens focus 4.0 J/ecm®, 32-10~* of the CCl, mole-
cules located in the cell at the initial pressure 1.0 torr dissociate per pulse. This corres-
ponds to a dissociation rate W = 0.04 for molecules located in a volume with energy density
above the threshold. At higher intensities, W reaches 0.1. These figures show that the
effectiveness of dissociation of CCl, upon excitation of the fundamental oscillation vs is
2—-3 orders higher than upon excitation of the compound oscillation v; + v, + v,, despite the
considerable detuning of the NHs; laser (780.5 cm™') from the vs oscillation frequency (796
cm— ).

So high an effectiveness can be explained by the fact that the NHs;-laser frequency lands
in the quasicontinuum produced by the absorption of vibrationally excited molecules [46]. Tt
is known from experiment that this region spans a wide range of the spectrum, shifted into
the low-frequency side relative to the spectrum of the linear absorption of the molecules
[471].

Figure 31 shows the dependence of the dissociation rate on the initial CCl, pressure.,
Unlike all other known cases [46], this curve shows a minimum at a pressure ~0.25 torr.
The course of the curve in the low-pressure region agrees qualitatively with the analogous
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Fig. 31. Dependence of the dissociation rate per pulse on
the CCl, pressure. The energy density at the focus is 4.5
J/cm?.

Fig. 32. Selective dissociation of CCl, enriched with the
isotope *?C (*?CCl,:'3CCl, = 38:62). Solid curve — IR ab-
sorption spectrum of CCl, prior to irradiation. Dashed line —
IR spectrum after irradiation (CCl, pressure 0.25 torr, energy
density at the focus 5 J/cm?).

dependence for SFs [48] and is due to the quenching action of the collisions on the acquisi-
tion of energy by the molecules. At a pressure higher than 0.25 torr the dissociation rate
of the CCl, increases with increasing pressure. The plot of W(p) in the section 0.25-2.0
torr is practically linear. It appears that the principal role is played here by the in-
crease of the number of molecules that absorb energy, possibly on account of thermal heating
during the time of the pulse.

Besides the dissociation rate, an important feature is isotopic selectivity. In our
measurements we used a CCl, sample enriched with *°C. This lowered the influence of the para-
sitic peaks and made it possible to measure the selectivity by two independent methods: by
determining the mass spectrum of the dissociation products, and by using the IR spectrum of
the residual gas. In the first method the selectivity S was determined by the ratio of the
peaks of ‘2c¢*3ccit, *°c,c1t and *2c*®ccif, *°c,cif, while in the second it was determined
by the ratio of the dissociation rates of the two isotopic modifications, S = W('?C)/W('%C).

Figure 32 shows an example of isotopically selective dissociation of CCl,. When en-
riched CCl, (p = 0.25 torr) was irradiated by 1300 pulses of an NH; laser with energy density

at the focus 5 J/cm®, the selectivity obtained was S = 4.4 + 0.3. The enrichment coefficient
in the residual gas was 2.0 + 0.1 at a total gas consumption “40%. A certain correlation was
observed between the selectivity and the radiation energy density. Thus, the selectivity de-
creased to v2.8 at an energy density 4 J/ecm®. The selectivities with respect to the TR and

mass spectra were recorded simultaneously. The initial gas pressure was 0.3 torr, and the
total consumption 8%. The ratio of the dissociation rates was S = 3.5 + 0.6. The coeffi-
cient of enrichment of the products with the isotope *C was 4.5 + 0.1 in accordance with the

C2Cl§ peaks and 6.2 + 0.2 in accordance with the 02le peaks. The respective coefficients of
enrichments with the isotope °’Cl were 1.12 + 0.02 and 1.15 + 0.02. The higher rate of dis-

sociation of '*CCl, corresponds to enrichment of the products with the isotope '2C. The
difference between the values of the selectivity and the low absolute value point to a strong
influence of secondary chemical reactions.

559



TABLE 5

-1 En, 12 2 13 b -1 En, 12 2 2
v, cm' Tfem?2 W (12CCL) - 104 W (3CCL,) - 10% v, em Jfem?2 W (2CCL) - 10°] W (1°CCl,) - 10
Single-frequency regime Two-frequency regime
1075,9 17 04 0,1 780,5 4 13,4 —
4 4.4 — 1075,9 17
780,5 1,6 0,1 0,1 780,5 1,6 3.7 2,0
1075,9 17

We have also investigated a two-frequency dissociation regime. In this regime the en-
tire process is divided into two stages: excitation and dissociation of the excited molecules.
The first stage is effected by a relatively weak resonant radiation, and the second by a
powerful nonresonant field. 1In the case of the NH; laser, it is convenient to use as the
second field the radiation of the pumping CO, laser. Results of experiments at pCClh =1

torr are given in Table 5. At an NHs; laser energy 1.6 J/cm®and at a CO, laser energy 17 J/cm?

the dissociation rate of '?CCl, is 3.7:107%, and the selectivity in this case is 1.85. Con-
trol experiments have shown that each field by itself does not cause dissociation, to within
the measurement error (107%). 1In experiments with sharp focusing of the NH,; laser radiation,
addition of the nonresonant field of the CO, laser increased the rate of dissociation by 3.1
times.

Consequently, the two-frequency regime makes it possible to obtain a dissociation effi-
ciency comparable with the single-frequency variant, with less stringent requirements on the
energy density of the ammonia laser. These results were obtained at a nonresonant radiation-
frequency detuning by 300 cm~' toward the high-frequency side {(~40% of the NH; laser fre-
quency). The decrease in the selectivity is apparently due to its noted dependence on the
energy density of the NHs; laser at a given pulse duration.

Our experiments represent the first case when radiation with a wavelength longer than
that of the CO. laser was used for dissociation. The efficiency of the process is very high:
up to 107% of the molecules located in the volume, with energy density above threshold, dissociate in
one pulse. Such a yieldwas reached at a large detuningof the NH; laser frequency and one of the v,
oscillation of the *?CCl, molecule (V15 em™ ). The explanation of this fact is the following: the
spectra of the transitions between the excited levels has shifted from the oscillation fre-
quency of the molecule by 10-20 em™' to the '"red" side because of the anharmonicity, but the
detuning should be directed toward the lower frequency.

To increase the selectivity it is necessary to establish both transfer of the vibra-
tional excitation during the time of the pulse and an influence of secondary chemical reac-
tions. To this end it is necessary to operate at low pressures of the CCl, (=0.1 torr) in
the presence of an optimal acceptor for the radicals.

4,2, Comparison of the Efficiency of the Excitation of Various Types of Molecule
Vibrations. The possibility of exciting with the aid of an NH; laser the fundamental vibra-
tion vs of the CCl, molecule, and with the aid of a CO, laser the composite vibration v, +
Va + v4, has made it possible to compare the effectiveness of the activation of the molecule
when a high-power field acts on these vibrational modes. In [49] is contained an experimen-—
tal comparison of the mean values of the energy absorbed by the CCl, molecule upon excitation
of the modes vs; and v; + v, + v, to the dissociation level. The action on the composite
vibration v; + v, + v, = 980 cm™* was produced by radiation of a CO, laser (line 10P(26)).
The fundamental vibration vs = 794 cm~' was excited by an NH; laser pulse at a frequency
v = 771 em~*. The temporal shapes of the pulses were in qualitative agreement. The CCl,
pressure was 0.5 torr. The radiation was focused into the interior of a cell by a KBr lens
with focal length 10 cm. The absorbed energy was determined by an optoacoustic receiver.
The construction of the receiver made it possible to carry out the measurements directly in
the focal plane of the lemns.

To compare the absorbed energy upon excitation of different modes of the CCl, molecule
it is necessary to ensure an equal excitation level; this was done at a field excitation in-
tensity equal to the dissociation-rate threshold. Figure 33 shows the dependence of the
dissociation rate of the CCl, molecule on the incident energy. The values of the threshold
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Fig. 33. Dependence of the degree of dissociation of the CCl,

molecule on the laser energy incident on the cell:

2) CO, laser.
Fig. 34.
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Dependence of the average number of IR-emission photons

absorbed by the CCl, molecule on the enmergy incident on the cell:
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Fig. 35. Dependence of the UF¢ dissociation yield on the energy

in the pulse at a frequency 816 cm~*.

Fig. 36. Spectral dependence of the dissociation yield in the
linear absorption spectrum of the UFs molecule. The irradiation
energy is 300 mJ.

energieswere 1.2 J/cm? and 120 J/cm® when the viand vi + v, + v, modes were excited, respectively.

The fraction q of the captured particles was determined by the method of two-frequency
saturation of the dissociation yield [50]. The nonresonant laser was an ultraviolet XeCl ex-
cimer laser. It turned out that the value of q is close to unity for both the CO, and the
NH; laser.

Figure 34 shows the dependence of the average number of photons absorbed by a CCl, mole-
cule on the irradiation energy. It can be seen that when the mode vs; is excited to the dis-
sociation level, the molecule absorbs twice as many IR photons as when the composite vibration
is excited.

It has thus been shown experimentally that the energy needed to excite a molecule to
the dissociation limit depends substantially on the type of excited oscillation. This fact,
together with the need for shifting the laser-radiation wavelength into the "red side" rela-
tive to the linear-absorption band, is a condition of fundamental importance for the increase
of the quantum yield of the products in multiphoton dissociation in a high-power IR field.
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Fig. 37. Optical diagram of experiment on dissociation of a
UF¢ molecule by emission from CF, and N, lasers: 1) CO, laser;
2, 3) diffraction gratings; 4) CF, laserj; 5-8) mirrors; 9) cell
with UFesy 10, 12, 14) lenses; 11) calorimeter; 13) N, laser; 15)
block for synchronization of the CO, and N, lasers.

Fig. 38. IR absorption spectrum of UFs prior to irradiation
(s0lid curve) and after irradiation (dashed curve); a) irradia-
tion by CF, laser; b) combined irradiation by CF, and N, lasers.

4.3. Dissociation of Uranium Hexafluoride by NHs;-Laser Radiation. For further inves-
tigation and comparison with the efficiency of excitation of different types of vibrations,
experiments were performed in [51] on the dissociation of UFs molecules irradiated by an NH;
laser. The dissociation upon excitation of the fundamental vibration vs; at the frequency
615 cm~' was investigated in [52]. In our experiments, the NHs laser radiation excited the
composite vibration vs + vs (824 cm™'). We used lines with frequencies 828, 816, 812, 798
cm™!, The experiments were performed at a pressure 0.5 torr. The radiation of the NH; laser
was focused by a KBr lens of focal length 20 cm into a spot of area 1.5 mm?,

The dissociation yield W was defined as W’::%(iéﬁ——%) , where No and N, are the ini-

tial and final molecule densities, determined from the IR absorption spectra at a frequency
625 en™', n is the number of irradiation pulses, T is the irradiation time (%1 h in the ex-—

periment), and 1/T is the "natural" decrease of the matter (1/T <C0.04 h~') due to passiva-
tion of the cell and window material.

Figure 35 shows the dependence of the dissociation yield on the incident radiation
energy of frequency 816 cm—'; it is seen to be practically linear. The dissociation thresh-
old was 150 mJ or 10 J/cm®, i.e., only several times larger than for the excitation of the
vsmode [52]. At an irradiation energy Ejry = 500 mJ (33 J/cm?) the dissociationyield is 4-10-"

per count, and in this case 0.0l of all the molecules contained in the volume where the en-
ergy density exceeds the threshold are dissociated, i.e., the efficiency is 1%. At an energy

300 mJ (20 J/cm®) the dissociation yield is 2:10"% per count at an efficiency a8%. The in-
crease of the dissociation efficiency with decrease of the energy density is due to the de-
crease of the fraction of the volume with low radiation density.
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To determine the spectral characteristics of the efficiency of multiphoton excitation
of UF¢ molecules, investigations were made of the dependence of the dissociation yield on
the NHz-laser radiation frequency. In these experiments the radiation energy was 300 mJ.
The results are shown in Fig. 36. As usual, upon excitation of the composite vibration vs +
vs the maximum of the dissociation of UF¢ is shifted, relative to the spectrum of the linear
absorption, into the "red" direction by 7.5 cm™?}

The addition of hydrogen as an acceptor to the UFg did not significantly increase the
dissociation yield. This can be attributed either to the fact that in the absence of hydro-
gen the dissociation products are completely bound by the residual-gas molecules (the residual
gas pressure is Vv2-107% torr), or to detachment of the F, molecule, which does not react
with the H,, from the UFs molecule.

The investigations have shown that UFe molecules can be effectively dissociated by
laser radiation, by exciting the composite modes.

4.4, Dissociation of Uranium Hexafluoride by Radiation of a CF, Laser. The avail-

ability of a CF., laser generating at 616 cm~' has made it possible to perform an experiment
on the dissociation of UF¢ in accordance with the one- and two-step systems [53]. The ex-
perimental setup (Fig. 37) consisted of a CF, laser optically pumped by a CO, laser, an N,
laser, and a vacuum system with working cells and auxiliary equipment. The CF, laser was
pumped by radiation at the frequency of the 9R(12) line of the CO, laser (frequency 1073.38
em™ ). The CF, laser frequency was 615.3 + 0.6 cm™'. The average radiation energy was
10—-12 mJ. The source of the UV radiation was a nitrogen laser with transverse discharge
and emission energy “2mJ. The UV radiation pulse was delayed 4700 nsec relative to the IR
pulse.

The emission of the CF, laser was guided by mirrors into the working cell and was fo-
cused with a KBr lens. The focal length of the lens was 5 cm in the single-frequency experi-
ments and 20 cm in the two-frequency experiments. From the opposite side of the quartz lens
with F = 20 cm, radiation of the CF, laser was focused into the cell. The foci of the lenses
were superimposed in such a way that the UV radiation covered in all cases the region of the
caustic of the IR radiation.

The change in the UF¢ content in the cell was determined from the IR absorption spectra.

In the experiment the photodissociation yield W was measured when the gas was irradiated
by each laser separately, and alsocin the two-step scheme "IR excitation+ UV dissociation." The
value in the case of the action of the UV radiation did not exceed 10~°. On the contrary,
the IR dissociation is quite noticeable: the yield per pulse is (5...7)+-107° at a pulse en-
ergy 8-10 mJ at the entry to the cell and at a focal length of the lens 5 cm (Fig. 38a). When
the radiation energy was decreased or the focal length increased, the yield decreased rapidly.
The estimate obtained in this manner for the threshold energy density yielded a value 12
J/cm®. Despite the small values of W, the dissociation yield in the region with energy den-
sity above the threshold is quite high: it reaches a20% at a focal density a5 J/cm?.

The degree of utilization of the CF, laser and the dissociation yield increase substan-
tially when the two-step scheme is used. In this experiment the lens with F = 5 cm was re-
placed by a lens with F = 20 cm. Under these conditions there was no photodissociation, accu-
rate to the measurement error. At the same time, addition of UV radiation caused a substan-
tial increase in the gas flow (Fig. 38b). The value of W in these experiments reached (3...
3.5)-10-"%.

The results uncover a possibility of studying the dissociation of uranium hexafluoride
by IR-laser radiation, and also of continuing the research into the effectiveness of excita-
tion of various types of vibrations in molecules.

APPENDIX

1. The operation of an optically pumped laser can be analyzed with the aid of the rate
equations. For the optical pumping scheme in which the radiation of the CO, laser is con-~
verted in NH; molecules (see Fig. la), the system of rate equations for the level populations
and for the pump and lasing fields can be written in the form

563



a 1
%:(% - ny) Wp + (Vg —ny) Py

on gNi—n
Tf‘—‘-(nz—' ny) Wo — (np — ng) Wy +Z_%:T‘o't_2’
r
on. gslVo — 1 N, N
'(‘3:—3:(”2—”1)%‘}‘3—%?“31 -070:(??,2———711)”{;; + (g — ng) g +1V_1T’
o N
s =y — ) Wy (g 1) Wy, — 22— N,
oW Wi b We— Wi a7
Fr tms'ﬁ‘(nz —ng) by, Byg (Wi —c 5%,
oWz Wy L ows
= _T’ri‘l‘(nz — ng) by Byg (v) Wi+ ¢ 3£,
oW, oW,
WR: —(ry — n2) hvpByyg (Y Wp — ¢ ",';;21

where n,, n., and ns are the populations of the rotational sublevels, the transitions be-
tween which cause the absorption of the pump radiation (transition 1 - 2) and lasing (tran-
sition 2 + 3)3 No, number of particles in the ground state, equal to the sum of particles

in all the rotational sublevels of the ground state of the given modej; N;, sum over all the
rotation sublevels of the excited state of the same modes Wp, Wg, rates of stimulated transi-
tions between the sublevels in the pump and generation fields, respectivelys Troto’ Trotl
times of rotational relaxation to the equilibrium distribution over the sublevels of the

ground and excited states.

b

The equations for No and N; take into account terms that describe the vibratiomal—trans-

lational relaxation with a time Ty_T and the intermode exchange with a time wV-T’ which leads

to a change in the number of particles in the given mode. The geometry of the optical pump-
ing is shown in Fig. 39. At the origin is located a selective mirror transparent to the

pump radiation and having a reflection coefficient R for the lasing radiation. At the point

z = L the mirror is transparent to the pump radiation and is opaque to the stimulated emission
of the NHs; laser. The lasing field is regarded as the sum of two waves. w; is the rate of

stimulated transitions in the field of the wave propagating in the direction of the z axis,

and W_ is the rate of the stimulated transitions in the field of the wave propagating in the
. . + - .

direction of the negative z axis, with Wg = Wg + wg. The pump wave in such a geometry pro-—

pagates only in the direction of the z axis. The rate of the stimulated transitions between
the levels i and j in a radiation field with intensity I is

W, —a, L (18)

1_7_6&_;‘}”—':‘7‘3
where vij is the transition frequency; Oij = g(v)Bij(hvij/c), transition cross section; g(v),
line shape, which can be determined by the Doppler broadening at low pressures, or by the

collision broadening at high pressures; and Bi" Einstein coefficient for the stimulated
transitions. J

We consider in this paper the stationary case 3/3t = 0 under the assumptions T;ot ~ T;ot

and T >> The last assumption makes it possible to neglect the V-V, exchange, and

v-v' ty-t
in this case it follows from the equations for No and N; that No, + N; = const = N is the to-
tal number of particles per unit volume. From the equations for W; and W; follows one more
integral of the system: w+w’ = const, i.e., it is independent of z. The constant is ob-
tained from the boundary conditions on the mirrors, which take the form W+(L) =wH@L) =w" (L),

RW (0). The system (17) for the stationary case and for the indicated relations between the
relaxation times can be written in the form

564



/g , rel. units

Fas
£, % V&
T [ P >
- e — — P — ——
——————— — — 43
L e P o e e
¢t~ ——— — ]
-» —
4 Z
Fig. 39

Fig. 39. Geometrical scheme of optical pumping used to calcu-
late the characteristics of the NHs; laser. Solid lines — pump;
dashed — lasing.

Fig. 40. Calculated dependence of the lasing intensity of an
NH; laser on the pump-pulse intensity.
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Fig. 41, Calculated dependence of the distribution of the popu-
lation inversion over the length of the cell of the NH; laser
for the peak intensity (1) and for the maximum intensity on the
"tail"™ of the pump pulse (2).

Fig. 42. Dependence of the gain on the pressure of the active
medium and on the pump intensity [13] (logarithmic scale): 1)
maximum gain; 2) gain for broadband pumping; 3) gain for mono-
chromatic pumping. The arrow shows the increase of the pump

intensity.
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The system of equations (19) was solved by numerical methods. 1In the calculation we

used the following values of the parameters: Trot = 1 nsec, Tyor = 40 nsec, mixture NH5:N, =

1:75 at a total pressure Py = 60 torr. The results of the calculation are shown in Fig.

40. The maximum intensity of the pump corresponds to the intensity at the peak of the pump
pulse. It can be seen that at this intensity the lasing intensity saturates, i.e., the in-
tensity of the lasing pulse does not increase with increasing intensity at the peak of the
pump pulse, i.e., part of the pulse with intensity higher than the saturation intemsity is
not used, as was indeed observed experimentally in the present study. The dependence of I

on Ip has a clearly pronounced threshold character; when the intensity in the pump pulse is
less than I the NH3; laser shuts off, and it is this which explains why the lasing pulse

thr
is shorter than the pump pulse.
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Figure 41 shows the calculated dependences of the distribution of the population in-

version (n,—ns) over the length of the NH;-laser cell for a peak intensity Ipeak and for the
maximum intensity on the tail of the pump pulse. It can be seen that at an intensity Ip =
Ipeak the inversion does not depend on z. The saturation of the absorption is observed along

the entire cell. At a lower intensity, a region is produced where n,—m; < 0, the so-called
passive region, which causes active losses in the NHz-laser cavity. With decreasing inten-

sity, the passive region increases, and in this case the lasing energy decreases and even-
tually the laser shuts off. Thus, the obtained experimental characteristics of the NH; laser
are fully explained on the basis of the solution of the system of rate equations.

Solution of the nonstationary system of equations (17) will make it possible to explain
in the future the temporal characteristics of the lasing pulse and to draw conclusions con-
cerning the limiting parameters of the NH; laser.

The gain of the active medium in the case of optical pumping is determined by three
basic independent parameters: 1) the density N of the molecules (cm~2), i.e., the gas pres-
sure p v N3 2) the pump intensity Ip; 3) the detuning 6vg of its frequency vp relative to the

center of the pump absorption line v,

d
Byp=vp — vpy. (20)

This dependence is shown in general form in Fig. 42. It also implicitly contains a number
of other parameters which are themselves functions of p and Ip. These are primarily the

widths of the two spectral lines, Avp = Avys and v, = Avsz. The line with Avp = Av;5 cOrre-
sponds to the transition 1 - 3 excited by the pump, and the line with Avp = Avs» corres-—
ponds to the laser (working) transition 3 - 2 (see Fig. 18). The quantities Avp and sz are

determined by the relation between the two broadening factors. These are the Doppler
broadening

Aval :3~18-10_7\/T/M-vp,1,. (21)

where T is the temperature, °K, and M is the molecular weight, and the collisional broadening
imp__
Avprt = N v, (22)

where ¢ is the collision cross section, v is the molecule velocity, and <gv> denotes averag-
ing over the Maxwellian distribution,

. im
In Fig. 42, p,; denotes the pressure at which the collisional broadening sz P of the

. D -
laser transition becomes equal to the Doppler width sz of the laser transition:

Av?;np: AVP. (23)

The pressure p, corresponds to the analogous situation with respect to a transition excited
by the pump radiation

Avi;n-P_—: Av]g. (24)
The pressure ps corresponds to the equality
imp_ o4 (25)
Av‘p = va,

where dvd is the detuning of the pump from resonance.

From (21)-(24) we obtain

3.58 07T (T/MYy, (26)

PP )
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Since Vp > V7 and 6v§ > Avp, sz, it is obvious from (25) and (26) that p; < ps < ps with
P1/pP2 = Vl/vp' The interval p; < pz is the low-pressure region, p; < p < p, is the medium-
pressure region, and p: > p. is the high-pressure region.

In the low-pressure region (p < p;) the gain y = OZN at any pump, even the most intense,
is proportional to the pressure p v N and corresponds to the envelope of the curves of Fig.
42, In fact, the gain vy ~ N/sz, so that y increases with increasing p v N, since the growth
of N is not offset by the broadening AVZ: in the region p < p, the width of the laser tran-
sition is sz = Av? = const. In the region of medium and high pressures, the maximum gain
is independent of pressure. Indeed, e.g., at p: < p < p., when the pressure is increased the
increase of the density of the active particles is offset by the collisional broadening of
the line of the laser working transition, since sz = Av%mpw N.

If the pump intensity is fixed, the pressure dependence has a characteristic maximum:
the gain first increases, and then begins to decrease. The reason for this is the following.
With increasing pressure (at a fixed pump intensity) this intensity becomes insufficient to
ensure saturation over the entire length. In fact, at p, < p < p, the absorption coefficient
increases with pressure: the increase of the molecule density N is not offset by the colli-
sional broadening of the absorption line, since westill have Av;mp < Avg. Consequently, the
pump absorption coefficient o = opN increases. The length of the excited part of the active
region, Lexc’ decreases in this case, since Lexc ™ a~*. On the other hand, the unexcited
part of the active medium introduces losses into the generating-laser radiation because of
the thermal population of the final laser level 2. (Each unexcited molecule of the active
medium has an absorption cross section ¢ equal to the gain cross section 03, = OZ of the ex-

cited molecule.) In other words, if the pulsed* pump is incapable of pumping the entire
length of the active medium, its unexcited part will play the role of the active losses.

If the pump does not ensure a saturation regime, the volume excitation velocity w
pump g y P
(cm~>+sec™) = Ipa % IpNATé, since o &~ NAvT3, where N = N;. On the other hand, the gain
of the laser working transition is

T~ wptyAvil = IptaNAvx‘)l.’.\vl—l, 27)

where T5 & N™' is the lifetime on the upper level and Avs, = Avy is the width of the laser-
transition line. 1In the high-pressure region (p > ps), obviously, AvavZ A N? and (at un-
saturated pumping, as seen from (27)) the gain is y ~ IpN‘Z. A different picture is observed
at unsaturated pumping in the region of low (p < p,) and medium (p, < p < p2) pressures. In
these pressure regions the gain depends onthelinewidthévptnfthepumpsource. If the reso-
nant pumping is broadband (Svp > AvplAvZ), the collisional broadening can be neglected in the
low—pressure region p < p;, and then AvavZ = const. From this we obtain for the gain y v I ,
i.e., the gain depends only on the intensity. At medium pressures (p: < p < pz2) we have

Bv vy v N and v IpN_l.

The maximum gain that can be obtained at minimum pump corresponds to the pump intensity

Ip = IpO and pressure p = p;. This corresponds to the case when the pressure is still not

, . , den . . - ] .
*In this case the energy density in the pump pulse E in insufficient to excite the active

Eden

o

medium: < E_; indeed, E_ = 1/2 Lthp. For p = 10 torr, N = 3.,5°10'7 em™ >, hv = 2.5-

P
107%° J, L = 10% cm, E, = 1/2 102-3.5-10*7-2.5°1072° = 0.5 J/cm?®.
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high enough for the collisional broadening of the laser line to compensate for the increase
of the density of the active particles, N:,an v N v op, and the intensity is sufficient to ex-

cite the molecules over the entire length of the active medium.

If the pump is monochromatic¥* (évp << Avg), this leads to "hole burning" in the Doppler-
broadened absorption line. Dependence of the gain vy on the pressure and intensity of the
pump is shown in Fig. 42by the dashed lines. At p << p, and Ip << IpO the effect of "hole
burning" leads to a narrowing of the emission line sz, since the scatter of the velocities

of the excited particles is much less in this case. This means that the gain will be larger
than in the case of broadband pumping of the same intensity.

It should be noted, however, that the velocity scatter will increase with broadening of
the "hole" and with increasing pump intensity. At p < p; and I < IpO the "hole" burning

effect limits the number of particles that can be excited compared with the case of broad-
band pumping, but still does not lead to a narrowing of the laser-transition line. 1In this
case the gain will be already less than in broadband pumping of the same intensity. At

Ip >> IpO single-~frequency (monochromatic) pumping yields practically the same gain as broad-

band pumping, owing to the large field broadening of the 'hole'.

At nonresonant pumping, the maximum gain (dash-dot curves in Fig. 42) is less than at
resonant pumping. However, if the pump intensity I _ is large enough for the broadening on

account of saturation to become comparable with évg = vp—-vla, the gain is the same as at
resonant excitation. As seen from Fig. 42, if the value of Ip relative to IPO is not known
beforehand, the optimum pressure must be chosen to be p ~ p;. If, however, it is known that

Ip << IpO’ the optimum pressure region is p < p:.

Chapter II. NONRESONANT COHERENT-RADIATION CONVERTERS —
RAMAN LASERS

1. SRS as the Method of Effective Conversion
of Laser Radiation

Stimulated Raman scattering of light (SRS) was discovered in 1962 [54], and interest in
this form of frequency conversion of laser radiation has not abated to this day. By now
several reviews have been published based on our earlier papers [55, 56, 57]. 1In the main
they were devoted to the investigation of SRS on vibrational levels in the regimes of gene-
ration and amplification of an external signal in liquid nitrogen and in compressed hydrogen
gas in the wavelength range 0.8-9 um. These investigations have enabled us, in particular,
to develop methods of exciting the active medium by using raster optics [58] that produce
sources of coherent radiation operating in the heretofore unknown sections of the spectral
band, some of which (see,e.g., [57]) are already used as laboratory instruments. We present
below the results of investigations aimed at developing Raman lasers in a wider spectral
band (0.3-16 pm), -using new pump sources [59], new systems for the excitation of the active
medium [60], and a shorter range of pulse durations T ~ 3 nsec [61}. The last paper [61]
reports successful realization, for the first time with a high energy efficiency of 70%, of
the idea of effective coherent summation [6] of a set of spatially separated pump beams into
one beam of the Stokes component on the basis of SRS on rotational levels in H: gas.

By now there were developed on the basis of SRS many high-power sources of coherent
radiation operating in new spectral bands. In accordance with their basic properties they
can be regarded as an independent class of so-called Raman lasers.

As already noted many times, this class of lasers makes it possible to extend signifi-
cantly the capabilities and consequently also the fields of application of the existing
high-power optical lasers. Indeed, Raman lasers as frequency-converters are in many cases

*In practice it is difficult to realize such a case, for this calls for the use of a single-—
mode and single-frequency pump source. For example, for molecular ammonia M=17, T =_300
K) pumped by a CO. laser with v, = 10° cm~* we have, in accordance with (21), 6vp << Avp =
1.2 MH=z.
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the only sources of high-power coherent radiation in individual sections of the spectral
band. The advantage of such frequency converters lies in the fact that the nonresonant
method of exciting the active medium ensures conversion of the initial laser radiation in a
large number of media with different frequency shifts of the Stokes components. In this
case several Stokes components can be generated simultaneously [56] or else (under certain
conditions) one prescribed component can be generated [57]. In addition, this nonresonant
form of excitation admits of the possibility of conversion, in one and the same medium, of
radiation from various pump sources that are tunable in frequency. The combination of both
properties makes it possible to operate in practically the entire wavelength range from 0.3
to 20 pym. Thus, e.g., in [59, 62] there were obtained series of lines in the UV and visible
bands; in [63, 64] radiation with continuous frequency tuning from 0.72 to 7.7 and from 0.7
to 7 um, respectively, was obtained; operation at 8.39.1 um was obtained in [57] and in the
16-uym region in [60, 65, 66].

Another important property of Raman lasers is that they make it possible to substan-
tially improve the quality of the laser radiation, namely to increase the energy density,
power, and intensity, to decrease the beam divergence, and, what is most important for prac-
tical applications, to effect summation of energies from a large number of pump beams into
a single Stokes—component light beam with high efficiency and with increased radiation bright-
ness [61].

In addition, SRS lasers make it possible to shape light pulses with steep leading edges
[55] and to either increase [67] or decrease [55, 58] the pulse duration. Unfortunately,
these properties of Raman lasers have not yet been sufficiently well investigated and fully
realized.

2. Active Media of Raman Lasers

It is difficult even to list all the media in which stimulated Raman scattering was in-
vestigated. These include compressed gases, organic liquids, and solids, as well as cryo-
genic liquids. Nonetheless, to develop high-power Raman lasers, out of all the abundance
of active media, the most widely used in practice are compressed hydrogen and liquid nitrogen.

Hydrogen and liquid nitrogen (and their analogs deuterium and liquid oxygen) are in a
certain sense unique media, most fully satisfying all the requirements imposed on active
media of Raman lasers. Hydrogen is one of the few media in which SRS is the basic form of
stimulated scattering. In hydrogen gas it is possible to have SRS both on vibrational levels
[69] with a frequency shift v, =4155 cm™*, as well as on rotational levels [70]. The frequency

shift in SRS on rotational transitions in H, depends on the particular hydrogen-molecule
modification on which the Raman scattering takes place. It is known that the hydrogen mole-
cule can be in one of two states, each of which is characterized by the relative orientation
of the nuclear spin. If the spins are parallel (orthohydrogen), the rotational quantum num-
ber J can be only odd: J =1, 3, ... . If the spins are antiparallel (parahydrogen), J can
be only even: J =0, 2, ... . Transitions between ortho and para states are parity for-
bidden, and ortho—para conversion is very slow. Therefore, Raman scattering is possible
either in parsahydrogen (the transition J = 0 - J = 2, Stokes shift v, = 354 em~*) or in

orthohydrogen (vv =587 em ', J=1~+J = 3) (Fig. 43).

Gaseous parahydrogen can be obtained and SRS can be observed in it at relatively high
temperatures, T = 77°K and higher [71], by evaporating parahydrogen from a Dewar vessel.
However, the time of existence of such a gas is limited to several hours, during which there
is established an equilibrium concentration corresponding to Table 6, which lists the tempe-

rature dependences of the equilibrium relative population densities n, of the level J =0
in parahydrogen and of the level J = 1 in orthohydrogen.

The gain in SRS is proportiomal to nJ. Therefore, as seen from the table, SRS in para-

hydrogen with a partial shift 354 cm™' is possible only at low temperatures. At room tempe-
rature (T = 300 K), in turn, orthohydrogen predominates. The greater part of the molecules
are in a state J = 1 (the population of the J = 3 level can be neglected). Therefore, a

Stokes shift v, = 586.85 cm™' is observed at room temperature, corresponding to the transi-

tion J =1+ J = 3.
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Fig. 43. SRS processes in parahydrogen
and orthohydrogen.

TABLE 6

Temperature (deg K) 25 50 75 100 200 300

Ry_ o (parahydrogen; s(0); w= 0,992 0,788 0,535 0,388 0,193 0,133
=354,33 em™Y; transition J=0->

- J=2)

ny_.4 (orthohydrogen;s (1); w == 0,008 0,211 0,462 0,603 0,719 0,667
=586,85 ¢nil; transition J=1 -

-> J=3)

ny=g (paradeuteriom; s (0); w= 0,952 0,769 0,608 0,449 0,267 0,182
=179,04 cm™; transition J=0-—

- J=2)

ny =1 (orthodeuterium;s (1); vy= 0,047 0,208 0,291 0,313 0,260 0,205

=2097,52 cnil; transition J=1-—

- J=3)

ny g (paradeuterium; v (2); vv= — 0,023 0,097 0,188 0367 0,387
=414,71 cm™}; transition J=2-»>

— J=4)

The maximum gain for SRS of a ruby laser (Ap = 0.6943 um) on vibrational levels is
reached for a linearly polarized pump and amounts to g = 1.5 x 1072 cm/MW [69] at a pressure
p = 3060 atm. For SRS on rotational levels at room temperature, the maximum value of the
gain is g = 2-107° cm/MW (Xp = 1.06 um) at a pressure p = 8 atm [72]. 1In this case the pump
must be circularly polarized.

Liquid nitrogen is superior in a number of parameters compared to hydrogen gas. In
particular, the gain in liquid nitrogen is approximately ten times larger than in H,, and
amounts to g = 1.6°107% cm/MW (Ap = 0.06943 um) [73]. The optical-breakdown strength is

likewise larger by almost an order of magnitude than for hydrogen gas. The frequency shift
of SRS on vibrational levels in liquid N, amounts to v, = 2326 cm~'. To be sure, if the

pump pulse duration Tt ¥ 500 nsec and the spectral line width v = 0.03 em™ ', other types of

stimulated scattering compete with SRS: stimulated temperature scattering (STS) and stimu-
lated Brillouin scattering (SBS) [74]. This imposes definite limitations on the pump when
working with liquid nitrogen. 1In addition, as shown by us in [57], the development of Raman
lasers using cryogenic liquids calls for the solution of a number of technological problems
connected with attaining a high optical homogeneity and transparency of these media.

3. Methods of Exciting Raman Lasers

The method of exciting a chosen active medium is determined principally by the capabili-
ties of the pump source and primarily by such pump parameters as the power, divergence, wave—
length, and initial beam diameter, and the method itself determines in turn the limiting
characteristics of the converted radiation.
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Fig. 46. Multipass focusing system.

Let us recall some of the features of known excitation methods (Fig. 44).

The simplest scheme of frequency conversion on the basis of SRS is shown in Fig. 44a.
In this scheme the Stokes radiation is generated as a result of one pass of the parallel
pump beam through the active medium (AM). The gain increment, which should amount in this
case to approximately 30, is determined by the expression®*: b = g(4P/7D?®)L, where g is the
gain (in cm/MW)3; P, pump power (in MW)3; D, pump-beam diameter (in cm). Naturally, such a
system makes it possible only to vary the frequency of the laser radiation without improving
any of its characteristics. Despite its simplicity, it is extremely rarely used, for it calls
for highly intense exciting radiation, and, in addition, the divergence of the converted
radiation can be much worse than that of the pump.

*The expressions given here and below for b make it possible only to estimate the gain growth
rate, since no account is taken in them of the intensity distribution over the beam cross
section.
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The most widely used is the scheme of frequency conversion shown in Fig. 44b, in which
the pump is focused by a lens having a focal length F = L/2 into the center of the cell with
the active medium. The maximum gain is reached in this case when the lens is in the plane
of the cell window, and the gain growth rate can be estimated with sufficient accuracy from
the formula b = g(4P/WDdf) [57] (where df is the diameter of the focal spot). 1In this case,

compared with the preceding scheme and other conditions being equal, the pump power required
for frequency conversion is smaller by approximately the same factor by which the beam dia-
meter at the entrance to the cell exceeds the focal spot. The divergence of the Stokes
components is usually equal to the pump divergence.

The system with the smallest threshold intensity of the exciting radiation, which en-
sures effective conversion of the pump in one pass through the active medium, is shown in
Fig. 44c. Here the pump-source radiation is focused on the end face of the light pipe,
whose length (if the losses in it are small) determines the minimum value of the power needed
for frequency conversion.

The described method of excitation of the active medium can also be used in the develop-
ment of Raman lasers and amplifiers (Figs. 444, e, f).

Frequency conversion on the basis of SRS with the aid of Raman lasers differs qualita-
tively from conversion in accord with the single-pass scheme. The presence of a cavity makes
it possible in this case to also utilize one of the most important properties of laser sys-
tems, namely, to concentrate the radiation in a narrow solid angle. Even in the case of
conversion with high efficiency, the radiation brightness of the Raman laser can in this
case exceed the pump brightness by hundreds of times [75].

Figure 44g shows a Raman laser with transverse pumping. In this system the exciting
radiation propagates perpendicular to the optical axis of the cavity. This excitation method
offers great possibilities from the energy point of view. For a number of reasons, however,
particularly because of the difficulty of constructing the optical cells (e.g., cryogenic or
high~-pressure) that ensure high optical homogeneity of the active medium, this method has
not found wide use. Thus, e.g., there is only one paper devoted to the investigation of a
Raman liquid-nitrogen laser with transverse pumping [76].

The described methods of exciting Raman lasers using a lens, or a lens combined with
a light pipe of round cross section, suffer from a substantial shortcoming. Owing to opti-
cal breakdown of the active medium (in gases) or to violation of the optical homogeneity (in
liquids [57]) in the focal plane of the lens, these pumping methods ensure reliable operation
only at energies not exceeding several dozen joules for pulse durations T ~ 30 nsec.

A qualitatively new method developed by us, which practically eliminates the energy
limit, consists of replacing the lens by a raster (Fig. 45) [58]. The raster does not focus
the radiation, but breaks it up into a large number of parallel beams of square cross section
and gathers them at one and the same place in a given focal plane. Usually the raster takes
the form of two crossed sets of glass wedges (Fig. 45a). To decrease the losses due to re-
flections from the surfaces, the raster can be made of two crossed sets of adjustable rectan-
gular mirrors (Fig. 45b). Such a construction is convenient, because it makes it possible
to vary the focal length of the raster. The number of adjustable mirrors is smaller by a
factor k/2 than the number of beams into which the initial radiation is broken up (k is the
number of mirrors in one set).

The combination of a raster with a light pipe of square cross section makes it possible
to obtain a spatially uniform excitation of the active medium along the entire length of the
light pipe [57]. 1In individual cases, the square light pipe can be replaced, to simplify the
construction of the Raman laser, by a round light pipe (glass tube) [60}.

All the schemes considered above for frequency comversion in gaseous Hp and in liquid

N, were successfully used in studies aimed at the development of Raman lasers for the ultra-
violet, visible, and near infrared bands, up to 9 um. This wavelength of such Raman lasers
has turned out to be the limit at present. The point is that both the gain for SRS and the
optical breakdown strength of the active medium decrease with increasing wavelength [77].
Also decreasing is the value of the threshold intensity of the light, which leads to surface
breakdown of dielectrics and metals, so that a light pipe cannot be used. As a result, and
with allowance for the fact that the gain growth rate b = ngL increases linearly both as a

function of the pump intensity and as a function of frequency, it is mnecessary, at a fixed
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value of Ip, determined by the optical breakdown strength of the active medium, to increase
its length. 1In this case, since b=ghL=g (4Pp/nd (d+8L) L (for the scheme of Fig. 44a), it

is necesséry to take into account the fact that the gain growth rate will increase linearly
with increasing length of the active medium only if the condition OL <€ d is satisfied. Esti-

mates show that for the diffraction divergence of the pump radiation (i.e., 8=~244 A/d ) with
wavelength Ap = 10 pym (CO, laser) the left-hand side of this inequality will amount to one-
tenth of the right-hand side at L = 40 cm. This means that to obtain a gain growth rate of
30 over such a length the pump intensity required is Ip =~ 10* MW/cm®. This greatly exceeds

also the limiting intensity determined by the optical breakdown strength of both the cell
windows and the active medium.

The scheme shown in Fig. 44b, where the pump is focused into the center of the cell
with active medium, can likewise not be used, for in this case the growth rate b depends
little on the length of the active medium and is determined only by the power and divergence
of the pump radiation and by the light-beam diameter.

Figure 46 shows a multipass system which was used in practically all the developments
of a source of coherent radiation based on SRS in the wavelength region n16 um [60, 65, 66].
In this case the pump radiation is focused into the center of curvature of one of the mirrors,
which are spaced 4F apart. It is then possible to use either two spherical mirrors [66], or
two sets of independently adjustable mirrors [60]. The second variant is technically more
complicated, but it makes it possible, if necessary, to use mirrors with different focal
lengths, so that the number of passes can be decreased. Indeed, as the pump is being con-
verted into the Stokes component the radiation intensity decreases because of the Stokes
losses, and if a liquid medium such as N, is used, it decreases also because of scattering
of the light. These losses are larger the shorter the wavelength of the initial radiation.
It is possible to maintain the value of the focal intensity within limits determined by the
optical breakdown strength of the medium at the expense of decreasing the focal distance of
the mirrors with increasing number of passes.

Thus, a multipass optical system makes it possible to choose the required value of the
growth rate b for effective conversion of the pump into the Stokes component. The value of
b per pass is determined here by the optical breakdown strength of the medium, and the num-
ber of passes is determined by the gain for SRS.

4. Raman Laser for the Near-Ultraviolet

and for the Visible Band

Promising sources of laser radiation for the near ultraviolet are excimer lasers [79],
which are already being used to solve many physical problems. The range of their applica-
bility can be greatly expanded by improving the divergence of the radiation, by shortening
the pulse duration, and by attaining frequency tuning in the visible band. In principle,
these problems can be solved by converting the laser radiation on the basis of SRS, and the
first attempts in this direction were undertaken in [59, 68, 78].

The experimental setup of [59] is shown in Fig. 47. The pump source was an electric-
discharge laser (EL) operating on transitions of the XeF molecules in the mixture NFs:Xe:He =
1:3:500, and of XeCl in the mixture HCl:Xe:He = 1:15:300 with total pressure 1.5-2.5
atm [80]. The main characteristics of the laser radiation were the following: energy EP =

0.1-0.5 J, divergence(ap = 1072 rad, pulse duration at half intensity Tp = 25 nsec. The
pump radiation was focussed with a lensL,; having a focal length F, = 40 cm into the center of

a cell L = 50 cm long, filled with liquid nitrogen. Part of the pump energy was diverted
with a plane-parallel plate (P) of CaF, into a calorimeter (K;). The emission of the Stokes
components and of the nonconverted pump was directed with the aid of lems L, (F = 30 cm)
through a dispersion system comsisting of three quartz prisms (Pr) into the calorimeters
K2—XK,. Thus, in each experiment there were registered the energy characteristics of the
pump at the entry to the cell (K;) and at its exit (Ks3), and of the following Stokes compo-

nentss the first with wavelength Ag:(Ks), and the second with wavelength ig2{(Kz). 1In a
number of cases at Ep = 140...160 mJ a third Stokes component was observed in the spectrum

of the converted radiation. Tts energy, however, was low and therefore was not measured
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Fig. 48. Energy characteristics of a liquid nitrogen Raman laser
pumped by an XeF laser; AP = 351 nm, AS; = 382 nm, AS, = 420 nm.

Fig. 49. Energy characteristics of a liquid-nitrogen Raman laser
pumped by an XeCl laser; Ap = 308 nm, Ag; = 332 nm, AS, = 359 nm.

Figures 48, 49 show plots of the energies of the first (ES;) and second (Eg.) Stokes

components, and also the efficiency of conversion into the first Stokes component n§, against
the pump energy. It can be seen that the maximum values of the radiation energy of both the
first and second Stokes components are reached at maximum pump values. The conversion effi-
ciency flattens out because of the onset of the second Stokes component, which limits the
growth of the first. A subsequent increase of ns; is observed when the third Stokes compo-

nent appears.

An electric-discharge laser can operate both in the monopulse and in the repeated-pulse
(RP) regimes. Working in the repeated-pulse regime, a typical value of the energy of an in-
dividual pulse amounted to Ep = 100 mJ. At this value of Ep (see Figs. 48, 49) the conver-

sion efficiency was n, = &-10%, and this gave grounds for hoping to obtain a sufficiently

S
high conversion efficiency when the Raman laser operates in the RP regime. Experiments have
shown, however, that at a pump pulse repetition frequency v = 1 Hz the conversion efficiency
n decreases practically to zero within a time t = 1 min. The transparency of the liquid ni-
trogen here became much worse and was restored to the initial level after several hours.

The change in the transparency of the liquid nitrogen is due to the presence in it of
suspended particles [57)]. High-power pumping breaks up these particles into a set of smaller
particles, and this leads to a strong increase of the scattering of the pump and of the
Stokes component. A more thorough cleaning of the nitrogen to eliminate mechanical impuri-
ties will apparently make it possible to increase the transparency of the liquid active me-
dium and will permit effective conversion of the pump in SRS in liquid nitrogen in the re-
peated-pulse regime.

5. Raman Laser Tunable in the 1.89-, 3.39-,
and 16-pm Bands

The neodymium laser is at present one of the most widely used sources of coherent radia~
tion. Many of its parameters are of record size even now. The frequency of its radiation
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Fig. 50. Block diagram of setup intended for the investigation
of the conversion of neodymium-laser radiation into the region

16 um: 1) master oscillator; 2) Q-switched laser; 3, 4) ampli-
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graph; KDP) crystal; FPI) Fabry—Perot interferometer; FEK) co-
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Fig. 51. Dependence of the first and
second Stokes components of SRS in N

on the energy of the hydrogen generator —
the pump source (Ap = 1.89 ym). 1)

Ag: = 3.39 umy 2) A8, = 16 um.

can be smoothly tuned in a sufficiently wide range, and, depending on the experimental condi-
tions, the laser can operate in the monopulse, pulse-train, or repetition regime. All these
properties make the problem of developing Raman frequency-tunable lasers pumped by neodymium
lasers urgent. One such study is described in [60].

We present below results of experiments on direct conversion, only on account of SRS, of

the radiation of a Q-switched neodymium laser into the wavelength regions 1.89, 3.39, and 16
Hm.

The neodymium laser, whose arrangement is similar to that described in [81], consisted
of a master oscillator tunable in frequency and working in the free-lasing regime, a control-
lable Q-switched laser, and two amplifiers (Fig. 50). TIts parameters were the following:

energy Ep = 35 J, pulse duration Tp = 50 nsec, divergence ®p = 3 x 107% rad, spectrum width
Avp = 0.05 cm™'. It must be noted that optical decoupling devices used in [81] were not used
in the present system. This has made it possible to achieve a high radiation power Pp = 0.7
GW with a smaller number of amplification stages. However, at the maximum energy output E_ =

35 J the laser was excited, and this led to a substantial broadening of the spectrum and to
a decrease of the radiation power. '

575



The Raman laser with hydrogen compressed to 30 atm as the medium consisted of a high-
pressure chamber placed in a cavity, in which the light pipe was placed. The light pipe
was a glass tube of 10 mm diameter and 800 mm length, making the construction of the laser
simpler than that investigated in [81]. The minimum diameter was determined, in particular,
by the threshold pump energy at which a spark was produced in the round light pipe.

The hydrogen Raman laser was pumped with a raster [58] with cell dimensions 0.5 x 0.5
cm and focal length Fr = 40 cm. This excluded the possibility of a spark breakdown in the

active medium at the entrance to the light pipe.

The maximum energy of the first Stokes component with wavelength XS = 1.89 um amounted
to ESHZ = 2 J at a conversion efficiency up to 15%. The divergence at half-intensity level
was 23 times smaller than that of the pump, and amounted to (1...1.5)-107% rad.

The conversion of the hydrogen~laser radiation into the farther infrared band was
effected in a cryogenic cell L = 50 cm long filled with liquid nitrogen. The optical system
of the conversion is a multipass focusing system (M;—M,) located in the working volume of
the cell. The curvature radii of the employed gold-coated copper mirrors were 500 mm (M,,
Mz) and 80 mm (Ms, M,).

The pump (Ap = 1.89 um) was focused in the focal plane of mirror M;. The radiation
converted in the N, on the first (AS, = 3.39 um) and second (A§, = 16 um) components was

separated with the aid of an LiF prism and was recorded with calorimeters. The energy of
the first Stokes component reached Es; = 100 mJ, and that of the second ES, = 0.5 mJ (Fig.
51).

Since the parameters of the optical systems were not optimized, the energies obtained
in all three bands are far from the limit. It was established that even after the first
passage of radiation with wavelength AS = 1.89 um through the liquid nitrogen, a strong

scattering, due to the high intensity of the light, is observed. This lowered the conver-
sion efficiency and did not make possible full use of the advantages of the multipass scheme.
Nonetheless, the efficiency of conversion, in N,, into the first Stokes component at a pump
energy 1 J amounted to 107, thereby ensuring the necessary excess above the threshold inten-
sity for further conversion of radiation into the second Stokes component.

6. Hydrogen Raman Laser on Rotational Transitions

for Effective Coherent Summation of Nanosecond
Light Pulses

Modern laser installations, intended, e.g., for thermonuclear fusion, must meet exceed-
ingly stringent requirements, satisfaction of which, if the installation is constructed in
accordance with the traditional laser—amplifier scheme, is a highly complicated matter.

In [6] is presented one of the new ways of solving this problem, and its main idea con-
sists of using the initial multichannel laser setup as a source for pumping Raman lasers
(Fig. 52), and concentrating the converted radiation on the target. In this case the require-
ments imposed on the pump source are substantially relaxed. The source must ensure the
specified energy and the power necessary for the SRS at a sufficiently large divergence

((0.5—1) x 107% rad). The small divergence and the high energy density are achieved by fre-
quency conversion of the pump in the Raman laser. The advantage of such a scheme over the
traditional one is obvious. The use of high-efficiency Raman lasers as the output stages of
a multichannel facility can not only increase the brightness of the laser radiation, and ex-
clude the possibility of self-excitation of the facility on account of reflection of the
radiation from the target, but also decrease (by tens and hundreds of times) the number of
light beams whose energy must be concentrated on the target.

Reference [61] is devoted to the development and investigation of a Raman laser for
effective coherent summation of a large number of light beams from a neodymium laser operat-
ing in the range of nanosecond pulses.

The term "coherent summation" means that as a result of the nonlinear interaction of
the medium with laser radiation, n pump beams, each of which has a cross section SP’
are converted into one spatially coherent beam of the Raman laser with cross section Sc, in
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Fig. 53. Block diagram of setup for the
measurement of the gain of the SRS radia-
tion of a neodymium laser on rotational
levels in hydrogen gas: 1) pump source —
neodymium laser; 2} converter; 3) Raman
amplifier; 4, 5) Fresnel parallelepipeds;
6—16) recording apparatus.

which the energy density is rm(Sp/SC) times larger than in the pump (nis the conversion efficiency).

The choice of hydrogen gas as the active medium was based on preliminary experiments on
the investigation of Raman scattering on rotational levels in gaseous hydrogen with a fre-

. Ha _ -1
quency shift Ve = 587 em™* [72].

A block diagram of the experimental setup used for the investigations and for the mea-
surement of the gain and of its dependence on the pressure is shown in Fig. 53. The setup
consisted of a neodymium laser (the pump source), a converter, a Raman amplifier, and a re-
cording apparatus. The )\/4 plates were Fresnmel parallelepipeds.

A neodymium laser Q-switched by a passive shutter emitted linearly polarized light
pulses of energy EL = 0.7 J and pulse duration T = 12 nsec at half-intensity level. The
diameter of the light beam was 1 cm, and its divergence amounted to 8 = 1.5-107% rad. The
width of the lasing spectrum was AvL<§ 0.05 em™*. Part of the pump energy was diverted with

a dielectric mirror and focused by a lens of focal length F = 60 cm in the center of the 1l-m
converter cell filled with hydrogen gas. The converted radiation (the first Stokes SRS com-
ponent, AS = 1.13 ym) was directed into a square light pipe of length L = 70 cm and cross

section 0.5 x 0.5 cm placed inside the Raman-amplifier cell. The cells of the Raman amplifier
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Fig. 54. Dependence of the energies of the first and second
Stokes components on the pump energy (Ap =1.06 ym): 1) ag, =

1.13 um; 2) As, = 1.21 um.
Fig. 55. Dependence of the SRS gain on the hydrogen pressure

for opposite directions of rotation of the circular polarizations
of the Stokes signal and of the pump.
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Fig. 56. Pulse of Stokes signal
(1) and of pump (2) at the input
of a Raman amplifier.

Fig. 57. Diagram of setup intended for research into the
effective coherent summation of nanosecond light pulses in
compressed Hz: 1) neodymium laser (pump source)s; 2) cell
l-m long filled with hydrogen (p = 2 atm); 3) Raman ampli-
fier (cell filled with hydrogen, p = 2 atm)y 4, 5) A/4
plates — Fresnel parallelepipedss 6) light pipe with cross
section 0.5 x 0.5 cm and length 50 cmj 7) interference
filter (Eg,/ES, = 1/100)3; 8) diaphragm0.5 x0.5 cm; 9) raster.

and of the converter were joined by a tube in order to maintain equal hydrogen pressures in
them. The amplifier was pumped with a raster with cell dimension 0.5 x 0.5 cm, thus ensuring
uniform illumination of the light pipe over the entire length,

Figure 54 shows the dependence of the energy of the first (AS = 1.13 ym) and second
2
(AS = 1.21 pm) Stokes components on the converter pump energy. It can be seen that the
1

maximum efficiency of the conversion into the first Stokes component is close to 50%, and in this case
there is practically no second Stokes compomnent. This efficiency value is reached at a pump

energy E = 60—80 mJ. TIts further increase led to optical breakdown in the active medium,
thereby gubstantially decreasing the conversion efficiency.

578



%%

A

ol

i}

Zﬂ:
-llingLlllJ)llJl
207 J7 ‘07 £p, w3

Fig. 58. Energy results of coherent
summation of 50 pump beams in the
amplification regime: 1) Ein = 12

mJ; 2) E, = 5 mlJ.
in

Figure 55 shows the dependence of the gain on the hydrogen pressure for the case when
the pump and the output signal were circularly polarized with opposite directions of rotation.
The maximum value g,=(2,0+0,4)-107® cm/mW was assumed by the gain at a hydrogen pressure
popt = 8 atm. In its calculation the pump and output-signal pulses were approximated by tri-
angles, in agreement with the true shape (Fig. 56).

In the case when the polarizations of the exciting and Stokes radiations rotated in the

same direction, the gain at optimal pressure popt = 8 atm decreased to a value g, =(4+1)-107

cm/mW. These results agree well with the theoretical conclusions of [70]. The measured value

of the gain and the value of the gain for SRS on vibrational levels (g = 1.5 x 107° cm/mW)
turned out to be very close, in agreement with the real conditions. Tgus, when using a con-
verter in the form of a cell 3 m long (p = 10 atm), the output radiation contained the first
SRS Stokes components both on the vibrational and on the rotational levels. In addition, it
was observed that the efficiency of conversion into only one first Stokes component on the
basis of SRS on rotational levels in hydrogen gas, without any special measures to suppress
the second Stokes component, can reach the appreciable value n = 50%. By way of comparison
one can note that the efficiency of conversion in liquid nitrogen in a similar scheme does
not exceed 20%. Even at this value, lasing takes place on the second Stokes compoment, there-
by lowering the efficiency of conversion into the first. This gave grounds for hoping that
SRS on rotational levels in hydrogen, in accordance with the generator—amplifier scheme, can
be used to develop a laser-radiation summator of high energy efficiency.

The range of pump-pulse durations determined the scheme of the Raman laser—summator
that should operate in the regime of saturated amplification of the external signal.

A simplified diagram of the experimental setup is shown in PFig. 57. It contains the
pump source — a neodymium laser consisting of a master oscillator, electrooptical shutter,
preamplifier, and recording apparatus. Rotation of the pump polarization was effected with
Fresnel parallelepipeds. The master oscillator operated in the Q-switched regime with a pas-
sive shutter and emitted light pulses with a linear polarization and with duration Tp = 30

nsec. The electrooptical shutter was used to shape a pulse of duration Tp = 3 nsec. The

preamplifier and amplifier operated in accordance with a two-phase scheme. The parameters
of the output radiation of the neodymium laser were the following: energy Ep = 1.5 J; pulse

duration 1_ = 3 nsec; divergence at half the energy level ep = 3 x 107% rad, spectral width
Avp< 0.05 cm~t.

The Raman laser — the source of the input signal — was cell of length L = 1 m filled
with hydrogen at pressure up to 2-8 atm. The Raman amplifier was constructed in the form of
a cell 70 cm long, inside of which was placed a 50-cm light pipe with cross section 0.5 x 0,5
cm. The length of the light pipe was determined in this case by the value of the gain g and
by the chosen value of the pump intensity Ip v 1 GW/cm®, while its cross section was deter-

mined by the value of the output signal. For effective conversion, the intensity of the
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TABLE 7

Characteristics Pump source Hj Raman laser

Wavelength, um 1,06 1,13
Number of beams 50 1

Beam cross section, mm 5X 5 5X5
Pulse duration, nsec 3 3
Divergence 8, rad (at half the energy level) 34078 10~3
Energy, J 50x 1072 0,36
Power, GW 50x 0,33 1072 0,42
Energy density, J/cm? 41072 1,45
Intensity, GW/cm2 1,4-10"2 0,48
Input-signal energy, § — (2. . .14) 1073
Brightness increase — 300

input signal, according to [56], should amount to not less than 1% of the pump intensity,
meaning that it should equal Ig i, = 10 MW/cm. Since the input-signal source was a one-pass

converter with focusing of the pump radiation into the active medium, with allowance for all
the losses due to registration of the input signal parameters, filtration, and formation of
the quadratic-cross-section beam to the light pipe, we were able to raise the energy to
Es,in ¥ 10 mJ. Consequently, the cross section of the light pipe should amount to S = 0.3
cm?®

Part of the pump energy was diverted with a mirror of 10 mm diameter and was focused in-
to the laser cell by a lens of focal length F = 1 m. The output radiation of the laser
passed through selective filters 7 that attenuated the second Stokes component by 100 times
and through a diaphragm 8 with dimensions 0.5 x 0.5 cm, and was directed with the aid of a
lens and two mirrors into the Raman-amplifier light pipe. The Raman amplifier was pumped
with a raster using light beams of quadratic cross section with dimension 0.5 x 0.5 cm, each
of which was fed to the end opening of a light pipe at a small angle to the optical axis.

The number of such beams was 50, and the maximum energy contained in each of them was Ep b, =

10 mJ. Such a pumping of the Raman amplifier can be regarded as a model of a scheme for ex-
citing a Raman laser using a large number of parallel output amplifiers of the pump source,
operating from a single master oscillator.

In the case when the pressure in the cell was 8 atm, and the energy of the output sig-

nal with the frequency of the first Stokes component Vg was 2—3% of the maximum value of the

energy of all the pump beams (Ep = 0.5 J), the conversion efficiency in the amplifier reached

50%. In this case, however, almost 2/3 of the output-radiation energy was contained in the

second Stokes component with frequency Vg - Decreasing the intensity of the input signal im-
2

proves this ratio in favor of the first Stokes component, but in this case the conversion
efficiency increases. It was found possible to reduce to a minimum the energy output of the

radiation at the frequency Vg and its adverse influence on the conversion efficiency by de-
2

creasing the gain g. To this end, the pressure in the cells was lowered to 2 atm.

The results of these experiments are shown in Fig. 58. Accurate to the sensitivity of
the calorimeter, which can register an energy of 5 mJ, the converted radiation does not con-
tain the second Stokes component, and the maximum efficiency of conversion into the first
reaches 70%. The shape and duration of the pump pulses and of the converted radiation were
practically the same.

The basic characteristics of the pump and of the converted radiation are given in Table

Thus, in the present study we have realized for the first time ever, with high effi-
ciency (n = 70%), coherent summation of the energy of 50 beams from a neodymium laser operating
in the nanosecond-pulse regime. The results suggest that the development and improvement of
such Raman lasers will uncover possibilities for their use in laser facilities of the "Del'fin"
type, intended to obtain laser thermonuclear fusion [6].
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