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Optical amplification by multiphoton transitions is considered theoretically. The threshold conditions, the

shape of amplified pulse, the efficiency, and the gain are obtained for a standing wave amplifier when the
driving laser operates in the Q-switched or free-running regime. Amplification of a running light wave in a
nonlinearly amplifying medium is analyzed on basis of the kinetic equations. The possibility of “igniting”

an inverse-populated extended medium by a narrow laser bea

qualitatively.

PACS numbers: 42.60.Lh, 42.50.4q

The necessary condition for the generation of co-
herent radiation is the inversion of the populations of
the phototransition levels, However, this condition is
far from sufficient for realization of an actual laser,
which calls also for high gains a: for a number of rea-
sons it is practically impossible to generate coherent
emission at @ £10~* cm™. On the other hand, in the
study of systems that are promising for laser develop-
ment, one encounters with greater frequency cases in
which, at appreciable attainable per-unit values of the
population inversion of the working levels, an estimate
~ of the gain yields values ~10~* cm™ and lower. Ex-
amples are the suggested photorecombination lasers,
H, ortho-para conversion lasers, ‘4’ IR lasers using H,
and N,, ©! and others.

The smallness of the gain at appreciable inversion
levels is due to the low values of the stimulated-emis-
sion cross section ¢, which in turn is the consequence
of either a forbidden transition or of the width of the
emission spectrum (the large number of sublevels).
From this point of view, it is of interest to analyze the
possibility of converting large per-unit energies that
are inversely stored in the medium, and the stimulated
emission on many-photon and particularly two-photon
transitions. The selection rules for such transitions
differ from the selection rules for single-photon tran-
sitions, and they may turn out to be more allowed. ‘®
The presence of a large number of closely lying sub-
levels also contributes to an increase of the cross sec-
tion B, of a k-photon transition (& > 2). "

Two-~frequency lasers have been proposed quite some
time ago, a particular case of which (at w, =w,) are
two-photon lasers.'™ Most recently, an attempt was
made to consider the self-excitation regime of a multi-
photon laser. ! However, in view of the dependence of
the gain in the multiphoton transition on the light inten-
sity, a~1I k-1 the development of spontaneous-emission
lasing should be greatly hindered in such lasers.
Practical interest attaches therefore to amplification
regimes in which a sufficiently high intensity at the
frequency of the induced emission is produced by some
external source (usually a laser).

We consider below in the main two-photon laser am-
plifiers, since these are the easiest to realize. The
main results are qualitatively valid also for amplifiers
of higher phototransition order.
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m at half-frequency is demonstrated

1. STANDING WAVE LASER AMPLIFIER (SWA)

It is simplest to eliminate effectively the inversion
of two-photon transitions by induced emission with the
aid of a resonator laser amplifier; one such amplifier
is illustrated in Fig. 1. A cell with inversely-excited
(relative to the transition with %w ,= 2%w,) medium 2 is
placed in the resonator of an ordinary laser 1 (operat-
ing at the frequency w,;). Without loss of generality,
we can assume that the phototransition in the medium
2 is sufficiently forbidden and we can neglect all the
inversion-relaxation processes (AN,, cm™) during the
lasing times. If the medium 2 is “single-photon” trans-
parent to radiation of frequency w,, then initially the
generation of the laser 1 develops in accordance with
the same laws as in the absence of cell 2. However,
starting with a certain field intensity I, an effective in-
duced radiation of the energy inversely stored in the
medium 2 can take place in the resonator (in view of
the linear dependence of the gain « of the two-photon
transition on I), To find the critical conditions for the
onset of effective amplification and to determine the ef-
ficiency, the peak power, and the temporal charac-
teristics of the radiation amplification, we shall ana-
lyze the two-photon SWA on the basis of the balance
equations usually employed for the simplified laser
model (i.e., assuming a small change of the traveling-
light-wave intensity per path).

It is of interest in this case to consider two operating
regimes of the exciting laser 1=the @-switched regime
and the free-running regime.

A. @Q-switched regime. In this case we can regard
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FIG. 1. Schematic diagram of two-photon laser with coherent
excitation: l—exciting laser with emission frequency w; (its
length is Ly); 2—medium (of length L,) with population inver=-
sion on a single-photon forbidden transition with frequency w;
=2wy; M; and My—resonator mirrors; * =1 —R is the coeffi-
cient of the active losses of the resonator; L, is the resonator
base.
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FIG. 2. Time evolution of the lasing in a two-photon laser
with coherent excitation (j (6)/(Q+ 1) —relative intensity of the
radiation, @-dimensionless time, Q1=0.03): a) @-switched
regime of exciting lasers, curves 1, 2, 3, and 4 correspond
to I'p= 1.0, 1.05, 1.11, and 1.2; b) free-running regime of
exciting laser, curves 1, 2, and 3 correspond to I'y=0.4, 0.5,
and 1.0.

the initial inversion AN ?(cm™) as given for medium 1,
and the balance equations take the form

dj dn
Y wj—j+Tamjr, Le i, e ipp
29 = [ =1+ Tumj = o o™ (1)

with the initial conditions at =0 (the @-switching in-
stant)

j0)<1, n(0)=1, m(0)=1.
Here j, n, and m are the dimensionless emission in-

tensity and the inverted populations in media 1 and 2,
respectively

I[L‘ AN ¢ ] o AN, _ AN,
ANy’ T AN

6=t/ is the dimensionless time, where 7,=2L/(1

- R)c is the characteristic time of the optical reso-
nator, The parameters Iy, I, and @ in the system (1)
are equal to

L
F,=UCT¢AN10L—:,
L, AN,'c L, ANy L,
[=2B:cT. AN, == 2 0= B
2] ﬁzCT 2 Lo > Lo Q 2 AN,“ L1

and have the following physical meaning,

The parameter I';=a3/(1 = R) is the ratio of the ini-
tial gain a? per round trip to the loss coefficient (1 = R)
referred to one mirror (including the passive losses).
The lasing condition for laser 1 is I'y >1; in the case of
interest to us, that of a high-intensity exciting laser,
we have I''>>1,

The parameter I',=q3/(1 —R) is the ratio of the gain
a? of the medium 2 (corresponding to the peak value of
the intensity I7=AN /27, of laser 1 at ;> 1) to the
loss factor (1 =R). Inorder for the radiation to effec-
tively remove the inversion on the two-photon transition
it is necessary to satisfy the condition I, >1.

The parameter @ is the ratio of the inversely stored
energies in the media 2 and 1. As follows from (1), in
this problem @ is the quality factor of the system; the
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. for which is given by (3).

maximum SWA gain, for example, is equal to @+1. In
the effective-amplification cases of practical interest
we have @>1,

If the condition I'}>>1 is satisfied, i.e., if the laser
1 operates high above the threshold, the lasing sets in
so rapidly (the rise time is ~ 7,/I')) that the intensity of
the coherent radiation reaches its maximum value (in
the absence of medium 2) before the nonlinear interac-
tion" of the laser light with the medium can manifest
itself to any considerable degree. For that instant of
time, the system (1) takes the form (if the dimension-
less time @ is reckoned from the instant when the laser
1 reaches peak power).

ST, == tmp @
with initial conditions
m(0)=1, j(0)=1.

It follows from the system (2) that gain can arise
only in the case when dj/d6|4.,>0, i.e., at [, >1.
Analysis shows that in view of the nonlinear character
of the amplification of the light, small variations of
(60, < @*) near I=1, or more accurately

thr
I,

=1+Q, (3)
lead to appreciable changes of the attained peak inten-
Sity juma Of the radiation, of the SWA gain. In other
words, the amplification has a threshold, the condition
In analogy with ordinary
(linear) lasers, we can call the proposed SWA a two-
photon laser with coherent excitation (in contrast to the
two-photon laser with self-excitation considered in'®,
the threshold of which is reached naturally at exceed-
ingly large values of I).

Figures 2a and 3a show by way of example the re-
sults of a numerical solution of the system (2) at the
following values of the parameters: *=0.03 (thresh-
old value I'{**=1,03), I,=1.00, 1.05, 1.11, and 2.00.
Figure 2a shows the time dependences of the coherent-
radiation intensity, normalized to the maximum possi-
ble intensity I, (corresponding to the instantaneous
transition and emission of all the energy inversely
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FIG. 3. Dependence of the relative power gain Np =jpay/ (@ +1)
of a two-photon SWA (curves 1), of the time 6 * needed to
reach peak power (curve 2), and of the energy eff1c1ency N
{curve 2 of Fig. 2b) on the critical parameter T’y at Q"1=0.03.
a—Q-switched regime, b—free-running regime.
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stored in the medium 2; I, .= AN3L,/Ly), i.e., of the
function j(6)/(@ +1). The plots of 7p=j,,/(@+1) and
6* (the time required to reach peak power) against the
parameter I, are shown in Fig, 3a. It is seen that
even at a small excess of the threshold, the SWA gain
Jmax is close to its asymptotic value @ +1 (np=1); an
even faster increase occurs in the energy efficiency

jae

Ne=

°tmimg

4
Q
on going through the threshold value, for all three

curves of Fig. 2a corresponding to I', >1 and 7z~ 1.0.

B. Free-running vegime. In this case we can as-
sume the rate ¢ of the pumping (of the inversion) of la-
ser 1 to be specified. If we put ANJ=g7,, then, in the
same notation as before, we arrive at the system of
balance equations

i
G P unj—j+Tamy,

dn
—_—=1 i —— e mi?
% = 1—T,nj, mj (4)

with initial conditions
n(0)=0, m(0)=1, j(0)<4.
At large values of I';, after a time ~ 7./, the popu-~
lation inversion of 1aser 1 becomes quasistationary,

dn/d@~0, i.e., nj~ I';l. Starting with this instant of
time, the system (4) can be written in the form

G, . dm L. .
2o = 1D —m= (5)

with initial conditions
m@0)=1, j0)<1.

As follows from the system (5), in the free-running
regime of laser 1, at @>1, an excess of the param-
eter I'; above a certain critical value I';™ also leads to
a sharp increase of the intensity of the induced radia-
tion. The value I'i™(Q - <) can be obtained from the
condition that the right-hand side of the first equation
of (5) be a minimum at m =1; this yields I'{*™=1.

It should be noted that in this case I'}™ depends more
strongly on @ (for example, I'}**=0.33 at @"=0.03),
and the transition region is broader than for the @-
switching regime. Fig. 2b shows the dependence of the
relative intensity j(6)/(@+1) as a function of the di-
mensionless time 6 for parameter values I,=0.4, 0.5,
and 1.0, while Fig. 3b shows the dependence of the
relative power gain 1,=7j,,./(@+1) and of the maximum
amplifier efficiency ng =[(1 =)/ Q] max o0 3.

The foregoing calculation was performed under the
assumption that the laser 1 is continuously pumped. It
is of interest to assess the instant of pump-interruption
time at which the SWA efficiency is still not substantial-
ly decreased. From a comparison of the systems (2)
and (5) we see that at I, 21 the pumping in the free-
running regime can be turned off at the instant when
j~1 (see Fig. 2b); the subsequent evolution of the radi-
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ation will be described in this case by the curves of
Fig. 2a at the corresponding values of the parameters.
On the other hand, if $<I,<1, then to attain the effec-
tive-amplification regime the pump must continue until
much higher j are reached (practically to ju,). Another
important question is to ascertain in which of the re-
gimes of laser 1 it is easiest to obtain two~photon gen=
eration (effective amplification). At the same value of
the pump we have for the two regimes of laser 1:

AN9=tqT1,, Q-switching,
AN f:q‘rc, free running,

where 7, is the characteristic relaxation time of the in-
version in the medium 1, and ¢ is the efficiency of en-
ergy conversion in the case of @ switching (usually &

= 3.3-0.1). It follows therefore that at @ >1 the @-
switching regime is more effective if the condition 7,/
T, >4/t is satisfied.

In conclusion, let us dwell on the practical realiza-
tion of two-photon-transition SWA. Effective amplifi-
cation at I'; >1 and @ 23 leads, in the case of relatively
easily realized parameters of the apparatus, L,/Lg
~0.75 and 7,=3X10"® sec, to the inequalities

3:AN,’1,°>10-* cm™,
AN, 1,°>10-" em™ . sec.

There have been very few studies so far of the two-
photon transition cross sections B8,. For strong two-
photon transitions, for example, for the Doppler-
broadened Na (35=4D) line we have B,~ 107 .
cm®sec™¥; for the weakest of the investigated transi=
tions in broad spectra of aromatic compounds, the
cross sections B, are of the order of 10-*~10%°

cmtsec, 1

Figure 4 shows schematically the regions of two-pho-
ton generation plotted in the coordinates B, and I? for
different values of the inversion in the medium 2. It
is seen that were we to find substances with two-photon
transition cross sections 10~*~10-*" cm®*sec, then two-
photon lasing with coherent excitation would be per-
fectly feasible. Under these conditions, the intensity
of the driving (single-photon) laser does not exceed 10°
W/cm?, and the intensity of the light pulse amplified by
the two-photon medium (at =33, see Fig. 2)is £ 3
x10° w/ cm?, which is much less than the self-focusing
limit, '

The following two remarks are in order here:

1. In the case of broad molecular spectra, charac-
terized by small values of B,, it is possible to employ

7 ""I u' photon

0’ 0% 0% 0¥ g

1
5 \\J ; cm? sec

1 FIG. 4. Regions of intense
two-photon generation under
initial inversion: 10 (1)10%
(2), and 10® cm™ (3).
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S
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a laser of fixed frequency (for example, a neodymium
or ruby laser) as the exciting source.

2. For atoms and molecules in the gas phase, in
two~-photon absorption in a standing wave (and conse-
quently in the corresponding radiative transition), the
Doppler broadened line of the transition narrows down
to a value determined by the collisions, meaning a pro-
portional increase of the transition cross section at the
maximum of the line. This phenomenon has been under
intensive study of late, £1%12:131 Iy other words, up to a
total concentration ~ 10'® cm™ (at which the Doppler and
collision broadenings become comparable) we can use
for estimates f; ¥ AN2~ const, where S is the cross
section of the transition for the standing wave ( 85 ¥
>B,). Therefore in the gas phase {when the condition
@> 1 is satisfied), two-photon lasing can be obtained
in principle at low pressures in medium 2 and at low
radiation intensities of laser 1. :

2. TWO-PHOTON TRAVELING-WAVE AMPLIFIER
(TWA)

Just as for a single-photon amplifying medium, large
stimulated-emission intensities can be obtained also
with amplification of a traveling wave of frequency w
=w,/2. Inthis case the multiphoton character of the
transition leads, however, to a number of singulari-
ties, unusual for linear amplifiers, in the propagation
of the light pulse through the amplifying medium,

For the purpose of comparison, let us list briefly
the results of the analysis of the amplification regime
in the single-quantum case on the basis of the kinetic
equations.z’ The motion of the light pulse through a
medium with specified initial inversion AN and with a
transition cross section ¢ is described, in the absence
of losses, by the system of equations'!®+18?,

oI 1 oI
—+——=0ANJ,

9
PPN 5 AV 2eAN L (©)

The system (6) can be solved analytically'!®’; in the

- particular case of propagation of an initially rectangu-
lar light pulse the intensity of the coherent radiation at
the point x and at the instant of time # >x/c takes the
form

I=I,exp{cAN,’z} [exp {cAN,"z}
+(1—exp {oAN,’z}) exp {20l,(z—ct)}]".

It follows therefore that the peak power of the radiation
is reached at the initial section of the pulse ¢=x/c, and
increases exponentially with increasing length of the
amplifier. The subsequent part of the pulse propagates
in the depleted medium and is less amplified, so that
the pulse leaving the amplifier is shorter if the ampli~
fier length is increased.

Under the assumptions made above, the propagation
of a light pulse through a two-photon-amplifying medi-
um is described by the following system of equations
for the relative intensity j=I/AN?c and the relative in-
version n= AN, /ANJ:

8 8 1 on 1
L4l Ty, = 7
il v nj, ¥}
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where the characteristic time is 7=[28,(aN )] .

The system (7) can in this case not be solved by the
method of %7, since this method makes use in essence
the linearity of the equations in I. Nonetheless, as will
be shown below, the linear problem can also be re-
duced to a solution of an ordinary differential equation.

All the physical processes in the medium start with
the instant of the arrival of the light pulse at the con-
sidered point x (¢=x/c). It is also convenient to change
over to dimensionless distance and dimensionless time,
defined by the relations

z _ t—z/c

s=—, 0= .
et T

In terms of the indicated coordinates, the system (7)
can be transformed into

3 e 9 o
E——m(snz), a5/ 5(1—715)8- (8)
where

1 ¢ , ,
nEE—sJ"'[i——n(s,(—))]ds

is the energy efficiency of the amplifier, i.e., the
fraction of the total energy E=$AN2#w,, of the induced
radiation by the instant of time 6.

From the system (8) it follows that

One 1—nz (9)

50 Qlo—s(t—ma)]’

where @(6)= AN3c/I(67); I (t) is the intensity of the
initiating pulse at the point x=0.

An analysis of Eq. (9) in the case of a rectangular
pump pulse (@=const) shows that in an amplifier of
“length” s < @ the initial condition nz(s, 0)=0 is valid,
and the solution constitutes a white pulse that increases
in amplitude and shortens in duration, determined by
the expression

9=0* [—ln(i—na)——z)—ng].
However, in view of the nonlinear character of the am-~
plification in the two-photon system, the idealized
rectangular wave form of the initial leads, starting
with the critical TWA length s, =@, to a physically in~
correct solution, 3 when the leading part of the pulse
has the form of a 6 function (this is equivalent to the
initial condition 5gz(s,0)=1~-@/s, s= @). Thus, in con-
trast to linear quantum amplifiers, for which the rect-
angular input pulse approximation is valid up to large
incident-signal gains, for two-photon amplifiers this
approximation becomes invalid already at an energy
gain value

Q(Bpu1) . 2

Ke= = .
==ne epul Ns

In other words, for the case of large gains, which is
of practical interest, the approximation in which the
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FIG. 5. Evolution of a radiation pulse moving through a two-
photon amplifying medium: line 1—pulse at the amplifier (
=0), curves 2', 2'’, 2'’'—leading front of the pulse (Eq. (12))
at the relative lengths [=2.0, 3.33, and 5.0; curve 3—trail-
ing edge of the pulse (Eq. (13), second approximation). The
dashed lines are the exact numerical solution of Eq. (11) at
the indicated values of the parameter .

initial pulse is rectangular is valid only far from satu-
ration of the amplifying medium, 7y < 1. In the case
of the “saturated” amplifier operating regime, on the
other hand, when an appreciable fraction of the energy
goes over into stimulated emission (s~ 1), the finite
slope of the exciting pulse must be taken into account.

For the calculation it would be possible to use as be-
fore Eq. (9) for 7z, assuming @ to be a given function
of 6. In the saturation regime, however, it is of great-
est interest to investigate the wave form of the ampli-
fied signal and its intensity, i.e., to solve the problem
for the function j(#6).

As follows from (8)
~—Q=(1-mnz)s (10)

and the equation for the reduced intensity j takes the
form

I eplor-S2-1]- (11)

Eq. (11) has a singularity at the origin (6=0); the be-

havior of the function j(#6) in the vicinity of this point is

described by expression (10) with 7 =0, i.e.,
i7(0)—Q(8)=—s, 6-0. (12)

For large values of 6, Eq. (11) leads to an asymp~
totic expression for the intensity

dQ

f== ) (2 ey (:)= _i____
J=j"+jo+ =0 R
d](i) (13)
](2)_[](1)]-—2
de '

It is important that the asymptotic expression (13) for
the trailing edge of the pulse does not contain the dis-
tance s that the pulse has traversed in the medium.

In first-order approximation, the waveform of the
pulse is determined by expressions (12) (6< 6*, leading
front), and (13) (6> 6*, trailing edge), joined together
at the point 6* obtained from the condition
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Figure 5 shows the approximate expressions (12) and
(13) as well as the exact numerical solutions of (11) for
an exciting pulse that increases linearly with time

-t=af, zx-='r——/ANz

It can be shown (see Fig. 5) the condition for effective
operation of the amplifier is I=sa!/?>1; with increas-
ing relative length I of the amplifier, the accuracy of
the approximations (12) and (13) increases, and at I~ 5
the approximate solution practically coincides with the
exact one. At large /, simple analytic expressions are
obtained for the maximum intensity of the stimulated
emission jp =~ 12a'/% the time 6*~[1q2/® required
to reach maximum intensity, the amphfler efficiency
ng~1=60%/6,, at an exciting-pulse duration 6,,, and
at an energy gain

ZQ(epnl)S

= 2ne(1—ng) 1
0 put

KEET]E

The relative length I of the amplifier, in analogy with
the single-photon amplifier, can be represented in the
form

l=0¢ffAN20L8mpi! (14)
where

al, dl,
Oett =3¢ [2 ]

For a giant laser pulse with typical spike duration
3X10~® sec and a pulse energy density 10 J/cm?, the
slope is dly/dt~ 10% photons/cm? sec?. In this case,
for values B,=10"*" and 10" cm*/sec we have 0, equal
respectively to 3X107%° and 3x107!® ¢cm?. For an am-
plifier with L~ 1 m, the necessary inversion densi-
ties are? (at I=3) ANJ=10'"® and 10" cm™. These
estimates show that the conditions for attaining lasing
in a SWA and effective amplification in a traveling wave
amplifier are close to each other.

3. LASER “IGNITION” OF TWO-PHOTON MEDIUM
WITH INVERSION

The development of lasing on multiphoton transitions
from spontaneous emission (in view of the time depen-
dence of the gain on the emission intensity) is hardly
realizable; at the same time, coherent excitation calls
for high intensities of the resonant radition (I>I'™,
see Sec. 1), which are difficult to achieve over ap-
preciable areas. Great interest attaches therefore to
the problem of “ignition” of an extended two-photon
medium by a narrow powerful-laser beam with fre-
quency w =wj/2 via the diffraction divergence of the de-
veloping stimulated emission or under conditions of an
optical resonator with a weakly diverging standing
wave. This approach is particularly attractive under
conditions when I does not exceed I'™ greatly, i.e.,
@~ 1. In this case a simple SWA would lead to an in-

E. B. Gordon and Yu. L. Moskvin 905



FIG. 6.

significant enhancement of the intensity of the incident
light, while “ignition” makes it possible to obtain an
intensity to the intensity of the driving laser, but with
much higher energy (by a factor equal to the ratio of
the cross section areas of medium 2 and the exciting
laser beam). A detailed analysis of the problem of the
broadening of a laser beam in a nonlinear medium,
especially with allowance for its diffraction divergence
entails considerable difficulty of both fundamental and
mathematical character. We therefore confine our-
selves here only to qualitative estimates for the simple
model shown schematically in Fig, 6. Let the medium
2 (inversely populated on a transition with AE=7#w,) be
placed in a planar optical resonator with transmission
u=(1~R); alaser beam of frequency w =w;/2 (with
characteristic transverse dimension 4A) is incident on
the medium through an opening in the resonator at an
angle ¢ to its axis. If the intensity of the incident
beam exceeds Iy, then at ¢ =0 the lasing on the two-
photon transition will cease after a time ~7,. It is ob-
vious that if the parallel displacement of the beam in
the resonator during this time is shorter than its trans-
verse dimensions, then as the lasing advances it will
subtend over the entire volume of the resonator. An
estimate of the angle ¢ yields ¢ ~ (1 ~R)A/4L, which
corresponds to ¢~ 10"%at A~ 1 cm, (1 ~R)~(3-5)%,
and Ly=1 m. On the other hand, at A~ 1 p the diffrac-
tion divergence of the laser beam is @4;r ¥A/A ~ 107,
This means that in practice the “ignition” of the medi-
um can be realized as a result of the natural divergence
of a normally-incident laser beam.

4. CONCLUSION

We have considered here different excitation regimes
of intense coherent radiation on two-photon transitions
with population inversion with the aid of an external la-
ser source of light of frequency w;=w,/2. Our calcu-
lations have shown the following:

1. The amplification process in a two-photon SWA
has a threshold. The threshold intensity of the exciting
laser is proportional to the two-photon absorption cross
section 8,, to the per-unit population inversion in the
two-photon medium AN, and to the intensity of the ex-
citing laser. The threshold behavior is most clearly
pronounced when the exciting laser is @-switched, and
an excess of 2% above threshold ensures complete
elimination of the inversion AN by the induced radia-
tion.

2. The essentially nonlinear character of the amplifi-
cation of the stimulated emission on the two-photon
transition leads to a number of distinguishing features
of the propagation of the pulse through the amplifying
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medium in the SWA. Thus, for example, the idealiza-
tion wherein the input pulse is rectangular, which is
frequently used for ordinary SWA, leads in this case to
physically incorrect results even during the initial
stages of the amplification. An approximate analytic
solution is obtained for the propagation of a pulse in a
two-photon SWA. Using as an example an input pulse
that increases linearly with time, expressions are ob-
tained for the criterion of effective amplification, for
the gain, for the efficiency, and for the evolution of the
pulse shape as it moves through the medium.

An extended medium with inversely populated two-
photon transition levels can be “ignited” by a narrow
laser pulse of frequency w=w,/2. The entire medium
can go over into the regime of intense induced transi-
tion already at relatively small excesses of the light in-
tensity of the exciting laser above threshold. The con-
sidered regime is particularly attractive at low gains,
when the increase of the total energy of the coherent
radiation is due mainly to the increase in the cross sec-
tion area of the emerging laser beam.

The performed numerical estimates show that the
development of high-efficiency two-photon-transition
quantum amplifiers is perfectly realistic. The active
media for such amplifiers can be organic glasses with
impurity molecules whose lower triplet level energy is
close to Zw,. In this case, owing to the transfer of the
light energy absorbed by the matrix to the impurity,
inversions up to 10*® cm™ can be attained, with a re-
laxation time ~ 1 sec, .

Triplet phosphorescence bands of a large number of
organic molecules lie near 530 nm (for example, tri-
phenylene, hexaheliken, diphenyl, acenaphthene) or
345 nm, a situation that can be conveniently used for
exciting neodymium-glass or ruby lasers. The largest
known two-photon transition cross section is possessed
by spiropyrene, 8 ~5X10"* cm*sec. "™ Estimates
show that it is easy to reach the two-photon amplifica-
tion threshold of hypothetical impurity molecules with
cross sections larger by two orders of magnitude than
the indicated value.

Other promising media are metal vapors. Here the
two-photon absorption cross sections are quite large:
B2~ 10" cm*sec and the amplification threshold is
reached at low inversions (ANJ ~10'* cm™). In addi-
tion, the effect of the narrowing of the Doppler-broad~
ened two-photon absorption line in the standing wave
makes it possible to realize, at low pressures, SWA
with even smaller values of the inversion.

In conclusion, let us dwell briefly on the problem of
multiphoton amplifiers with a higher phototransition or-
der (£>2). The results obtained in the present paper
for two-photon processes (k=2) can be generalized to
include also 2 >2, In particular, for a multiphoton
TWA, with an exciting-light intensity increasing linear-
ly with time, an expression can be obtained for the pow-
er gain

Ktzzng ( 1_.,13) z/()._l)l(l_i)/(u-i )'
l=¢ eff ANhoLampl
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where the effective cross section of the induced radia-
tion is

dI k(k—l) 2/ (k+1)
osit = dto{ﬁhdla/dt } : (15)

It follows from (15) that the cross section ai’:i has an

unexpectedly weak dependence on the order k of the
radiation process. If, for example, we use the em-
pirical relation B~ 10'%=3%* cm®*_sec and assume dl,/d¢
=10% photon/cm?sec?, then on going from the two-pho-
ton process to the three- and four-processes we obtain
respectively

m @ (‘1 (2)
Octt/ et 0.3,  Oefr/Tegr ~0.1.

This circumstance offers more opportunities for find-
ing systems that are promising for the excitation of co-
herent radiation on multiphoton transitions.

The authors thank V. L, Tal’roze for interest in the
work.

DIn this case it is possible also to neglect the linear loss,
which is characterized by the time 7.

2)n the case of propagation of very short signals in amplifying
media, account must be taken of the coherence of the inter-
action, {14 but the results of such an analysis are still quali-
tatively close to those obtained with the aid of the kinetic
equation.

3)This is equivalent to the condition 28,ANT\L o) =

49The durations of a pulse with slope 1035 photons/ cm? sec
needed for effective amplification, at the given parameters,
are respectively 10~® and 10 sec. The amplified-signal
powers are then 2x10° and 2 x 108 W/cm?.
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Exchange spin polarization in a three-particle system

V. D. Ob”edkov and A. P. Blinov

Leningrad State University
(Submitted December 15, 1975)
Zh. Eksp. Teor. Fiz. 70, 1742-1750 (May 1976)

A theory of spin polarization in a system of three particles, each of which has a spin 1/2, is developed. It
is assumed that initially the whole system is in a given spin state. A redistribution of the initial polarization
occurs during collisions between the particles as a result of exchange interaction. In particular, a beam of
unpolarized electrons becomes polarized to a certain extent upon being scattered by oriented atoms. The
obtained results allow a uniform computation of the polarization of the scattered beam and that of the
target in elastic and inelastic collisions accompanied by particle exchange in the case of arbitrary initial
polarization states. Results are presented of numerical calculations of the polarization of electrons scattered
by oriented He(2S) atoms and of the depolarization of electrons as a result of singlet-triplet transitions.

PACS numbers: 34.70.—d

Interest in spin-dependent processes, which has been
displayed in recent years in the physics of atomic col-
lisions, is stimulating the search for efficient sources
of polarized electrons and the corresponding theoretical
computations. To obtain oriented electron beams at
present, the following physical processes are used:
Mott scattering, the Fano effect, the photoionization
of polarized atoms, photoemission from magnetic mate-
rials, and the Penning ionization of oriented atoms. In
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the first two cases the polarization mechanism is con-
nected with the relativistic spin-orbit interaction, which
leads to the appearance of a preferred orientation in the
electron beam. In the remaining processes the polar-
ized beams are formed as a result of inelastic transi-
tions leading to the emission of polarized atomic elec-
trons.

Burke and Scheyt!! first pointed out the feasibility of
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