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It is shown that the resonance nonlinear susceptibility of four-photon parametric processes in gaseous media
can be increased by several orders of magnitude. The increase in the susceptibility is due to suppression of the
Doppler broadening of two-photon transitions in strong pump fields when the frequencies of the fields
interacting with these transitions can be very different. Under these conditions there is an additional

opportunity for increasing the susceptibility by reducing the frequency detuning relative to intermediate levels

participating in two-photon transitions.

PACS numbers: 42.65.Cq

1. Four-photon parametric resonance processes in
gaseous media are used widely in generation of infrared
and ultraviolet radiation, transmission of weak infrared
signals, and wavefront reversal. The nonlinear sus-
ceptibility of such processes increases resonantly when
the sum or difference between two frequencies ap-
proaches the frequency of a two-photon transition. The
corresponding frequency detuning from resonance,
which occurs in the denominator of the expression for
the nonlinear susceptibility, is replaced with the Dop-
pler width of a two-photon transition.! We shall show
that a suitable selection of the frequencies and intensi-
ties of the pump fields can ensure that the resonance
denominator is governed not by the Doppler width but by
a quantity close to the homogeneous width of the transi-
tions occurring in a nonlinear process.
the resonance nonlinear susceptibility by 2-3 orders of
magnitude and enhances correspondingly the conversion
coefficient by 4-6 orders. Hence, it follows that for-
bidden transitions can be studied by laser spectro-
scopy.

2. We shall consider resonance processes of the w,
=W~ w, + w; (Fig. 1a) and w,=w, + w, - w, (Fig. 1b)
type, where w, tw,~w,,. We shall give the treatment
for the case shown in Fig. 1a, but the results will ap-
Ply also (subject to a simple modification) to the case
shown in Fig. 1b.

Under steady-state conditions the system of equa-
tions for elements of the density matrix reduces to a
System of algebraic equations

Porog=i ;

SR

I{’nr,rg——;izrucu., 01Y12 03Y32, (1)

r:’ := 2 Relé f’{ 1‘:22211?', z" 01610} -
Here, ¥y; are the amplitudes of the elements of the den-
sity matrix p;, considered in the interaction represen-
@tion {for example, py, =7, expi[ 2yt - (k, — k,)r]}; k,
are the wave vectors of the radiations involved; Q,,
*Qoy ~ Q1= (w; = wye) = (W, - wi2); T'; are the population-
relaxation rates; T, , are the half-widths of the transi-

: tl(?ns; Pyy=Ty +iQ4 15 Q6= Qop — (kg = kx)V; Q4) = Q0 —K,V;

¥ 15 the velocity of atoms; A, =7, -7, is the difference
between the populations; G,,=-Ed,,/2k.

We shall introduce the following notation:
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where

Fi= I+ 2T, |Gy |’/(901912)+£xlg 1612 (D Q) :
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Then, the solution of Eq. (1) can be represented in the
form

o= iGoxaxaGu(Aor“AuPoL/Pn)/Poxr’oana- (3)
Here,
ax . _ bx
O T T Quf + Ty (14 1)

(R12/920,) %] G 15|72 Tg,Ty, (T, +2]6,, "277T ) 953+ T3,
= ;
Py =20+ 190, 70, — (1 — 225/, — 24,/R,) Ty B3 + Fo3(l +%)

(4)
Pai = (Toz + T1a | Goy [955 + Toy | Gua [1948) + (02 +] 6oy [1212— | 612 [*19%1)
=Ty + i, ' (5)

The expressions (2)-(5) are obtained on the assump-
tion that |/, R,5]>| Gy, but in Eqs. (3) and (4) it is
not assumed that the ratios |G,,/Q,, | and |G,,/Q,,| are
small. If |94, |> k7 and [Q,,|>k,7 (T is the most prob-
able velocity) and if the Doppler shifts are included in
Eq. (5) in the first nonvanishing approximation, we
obtain)

Pox= Topt g —il(1+Goa 105 ) kr— (1 1Gin 112 o) alv=Topt Roe—ilyy +iky,
(6)
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where
K= (141G |23 ks F= (14 |Gan [R5 ) K.

3. Equation (6) readily yields the condition which

must be satisfied by the wave-vector moduli to ensure
that the Doppler sh1fts do not appear in B,, i.e., Qf,
= Qm,

Ra= (14 |Gy, [/92 )y (14 |Gy [¥23 ). ) m

In the case of Fig. 1a we should have K, =k,, whereas
in the case of Fig. 1b, we should have k, =-k,. It
should be noted that if both fields have the same inten-
sity, it follows from Egs. (2)-(4) that the resonance
suffers considerable field broadening. We shall analyze
the conditions under which the relationship Q,, =0 ap-
plies and Eq. (7) is valid subject to the additional re-
quirement I2,(1+x) ~I?<«<(k, +k,)7, where T is the
characteristic natural width of a transition. This last
requirement is equivalent to the condition |{G,,G ,*/
[©2,92,2] ~T2. On the other hand, a considerable diffe-
rence between k; and k, in Eq. (7) requires that [Gml

~| Q| (or |G, |~ ]szo, D). It follows from the expressions
obtained that these conditions are compatible if |G, |

~|Quz], |G o] ~T (0r]Gp| ~| Q11| Goy | ~T). In the scheme
of Fig. 1la, we have k,>k,. Then, it is clear from Eq.
(7) that the stronger field should be E,, which we shall
assume henceforth.

Then, we have 7, <7, and 7, is given by the expres-
sion

o 2|60/ 2Ty . (8)
1T T+ 4160/Qa Ty

In this case the susceptibility x has the form:

1 — _< doldlldfsdaoll — (2 _OOIIQ 2) 2IGOI/QDl I’ rﬂl/ (r!_'— 4 l GD]/QOI ‘lrnl)] >
0, 203(S2 — ITpy) )

(9)
If k,>k,, it follows from Eq. (7) that E, should be
taken as the stronger field. We then have r, ~7, <1
and the susceptibility simplifies to
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The angular brackets in Eqs. (9) and (10) represent
averaging over the atomic velocities. If Q,,=0, the
susceptibility averaged over these velocities is in-
versely proportional to (&, - k,)7, which is generally
much greater than I;,. However, if the condition of Eq.
(7) is satisfied, the Doppler broadening is suppressed
and the susceptibility increases by a factor 8= (k -k 2 )0/
I‘ozz 10° — 104,

4. Estimates indicate that for [Q,,[~1 cm™ and |d,, |
~10 D, the value |G, |~|®y,| is obtained for moderate
radiation intensities of ~1 kW/cm?. For these intensi-
ties the coefficient in front of &, in Eq. (7) can differ
significantly from unity.

In the case of weak fields, Eq. (7) reduces to the
usual requirement that k&, =k,. In other words, even in
the case of a considerable difference between the fre-
quencies of the photons interacting with a forbidden
transition (and, consequently, in the case of a consid-
erable difference between k, and k,), we find—in the
scheme of Fig. la--that the Doppler broadening can be
suppressed by pumping at moderate rates.

Since w, may differ considerably from w,, the scheme
in Fig. 1b makes it possible to observe a nonlinear in-
teraction with the Doppler broadening suppressed when
conditions correspond to a quasiresonance relative to
an intermediate level and this results in an additional
increase in the nonlinear susceptibility. It should be
noted that in a weak field the Doppler broadening can be
suppressed only in the scheme of Fig. 1b if k, =-k,,
which usually corresponds to a greater detuning from
the intermediate resonance.

1p, P. Sorokin, J. J. Wynne, J. A. Armstrong, and R. T.
Hodgson, Ann, Acad. Sci. N. Y. 267, 30 (1976).

Translated by A. Tybulewicz

A. K. Popov and V. M. Shalaév 786 y



