
VOLUME 12, +UMBER 2$ PHYSICAL REVIEW LETTERS 22 JUNE 1964

i Spektroskopiya 8, 89 (1960) [translation: Opt. Spec-
try. (USSR) 8, 43 (1960)].

3Anna Mani, Proc. Indian Acad. Sci. A20, 323 (1944).
4Professor A. Halperin, private communication.
~G. H. Dieke and L. Leopold, J. Opt. Soc. Am. 47,

944 (1957).
S. Yatsiv, Physica 28, 521 (1962).
L. F. Johnson, R. E. Dietz, and H. J. Guggenheim,

Phys. Rev. Letters 11, 318 (1963); D. E. McCumber,
Phys. Rev. 134, A299 (1963).

INDUCED ATOMIC CASCADE PROCESSES

R. L. Fork, L. E. Hargrove, and M. A. Pollack
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received 8 May 1964)

Polarization-direction correlation of incident
and scattered photons in induced atomic absorp-
tion' which exhibit a second-order dependence on
the inducing field are well known. Javan et al.' '
have recently reported similar correlations in
induced cascade processes. In addition to these
we have observed further correlations in induced
atomic cascade processes which show a fourth-
order dependence on the inducing field. An inter-
esting feature of the fourth-order dependence is
that amplitude modulation of the inducing field
alters the time-averaged correlations.

The experiment to be described consisted of
observing the dc magnetic field dependence of
the spontaneous emission from the neon 2P, level
under condition of multimode laser action between
the 3s, and 2P, levels (0. 633 g). A monochro-
mator was used to select spontaneous emission
from a given 2P4- 1s transition emitted at right
angles to the laser axis (see coordinate system
in Fig. 1). The observed discharge region was
placed in a weak variable magnetic field parallel
to the laser axis, this region being kept small
(-4 cm) to minimize magnetic field perturbation
of the laser action. The earth's field was also
cancelled out. An essential feature of the experi-
ment was the insertion of two modulators in the
cavity. One modulator, using acoustic standing
wave diffraction, ' was operated at the fundamen-
tal mode spacing frequency of the laser. Under
this condition the laser spectrum consisted of
approximately 26 TEM00& modes' with uniform
spacings equal to (56. 02 ~ 0. 0001) Mc/sec, phase
locked together to give an =100@amplitude-mod-
ulated field. '~' The other modulator, a mechan-
ical chopper, modulated the laser action at audio
frequencies to allow synchronous detection of the
spontaneous emission dependent on induced emis-
sion. Oscillation at 3.39 microns was sup-
pressed by introducing methane at one end of the
cavity.
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FIG. 1. Coordinate system and neon level scheme.
H is the magnetic field, E the linearly polarized laser
field, kg the inducing field propagation vector, and kf
the spontaneous emission propagation vector. Con-
necting lines show induced (straight line) and spontan-
eous (wavy line) transitions which contribute to the
magnetic field-dependent part of the fourth-order
process.

A calculation of the time-averaged second-
order scattering (induced emission 3s, -2P„ fol-
lowed by spontaneous emission, 2P»-Is„ is, )
was made by applying standard second-order
theory' [Fig. 2(a)]. ' A caluclation was also made
of the intensity of the 56-megacycle/second com-
ponent of the spontaneous emission by applying
the formalism for excitation by a modulated opti-
cal field' [Fig. 2(b)]. It should be noted that to
second order the assumption of an amplitude-
modulated exciting optical field does not affect
the calculated time-averaged spontaneous emis-
sion [Fig. 2 (a)].
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FIG. 2. Theoretical and experimental plots of the spontaneous emission (2P4 ls4) vs magnetic field. (a} Theo-
retical plot of the time-averaged spontaneous emission, including only second-order terms in E. (b) Theoretical
plot of the 56-Mc/sec component of the spontaneous emission (assuming square law receiver response), including
only second-order terms in E. (c) Experimental trace of the time-averaged spontaneous emission. (d) Experi-
mental trace of the 56-Mc/sec component of the spontaneous emission. The letters x and s denote analyzer paral-
lel to x or z, respectively. Thus the x traces correspond to b, m = +1, the z traces to &m =0 transitions. The
theoretical signal amplitude has been rather arbitrarily normalized by setting calculated and experimental zero-
field signal amplitudes equal.

Among the various differences in the experi-
mental" [Figs. 2(c) and 2(d)] and theoretical
curves [Figs. 2(a) and 2(b)], the existence of the
dips in trace s of Fig. 2(c) is the most obvious.
%'e suggest that these dips are the result of a
fourth-order process involving the transitions
shown in Fig. l." Three experimental observa-
tions can be cited in support of this view:

(1) As nearly as can be ascertained under the
conditions of multimode laser operation, the dips
show a fourth-power dependence on the amplitude
of the maser field E.

(2) The dips were observed on the 12P,m)
—

I ls,m), but not on the 12P,m)- I ls,m) transi-
tions. This selective character of the effect is
expected because of the forbidden I 2p, 0) —

I ls,0)
transition (Fig. 1).

(3) The dips at H w 0 occur at magnetic field
splittings of the 3s, state equal to integral multi-
ples of the fundamental beat frequency f and de-
pend strongly on the amplitude of the maser
field modulation.

A calculation of the fourth-order contribution
to the population density of the 2P, m =0 state can
be obtained by using density matrix formalism
and perturbation theory after Lamb. " To include
magnetic field dependence we extended Lamb' s
calculation to include two upper levels (magnetic
sublevels of a single electronic state). We as-
sume two-mode equal-amplitude (E) operation
and stationary atoms. The fourth- order contri-
bution to the population of the m =0 state of the
2P, level has magnetic field-dependent terms
(corresponding to the processes shown in Fig. 1)
of the form

E' )A A i P P2

b& 16+' (r r~) r &'(r '+&') (r &'+f'i4)h '+(&+f) i
p

"' = —,i

———
i

I (ni p)I'1(o. 'I p)I' . . .— + + ~ 4 0

Here (u I p) is the matrix element for the electric dipole moment between upper state magnetic sub-
level cy and lower state sublevel p. , 3, is a parameter of the order of 8 and depends on the rela-
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tive positions of the laser modes and the atomic
resonance, y and y& are the decay constants for
the 3s, and 2P, states respectively, and y &
=-,'(y +y&). The rates of excitation to the 3s,
and 2P, states per unit volume per unit time are
denoted by A~ and A~ respectively. The symbol
6 = 2gpffH/h, where g, p~ and h are the g factor,
Bohr magneton, and Planck's constant in that
order. The symbolf represents the fundamental
beat frequency of the laser. For many-mode
operation, terms appear showing resonances at
6 a 2f = 0, 6 a 3f = 0, etc. The correspondence
of these calculated terms with the dips in trace
z and even trace x of Fig. 2(c) is apparent. Os-
cillating terms (not shown) at f, 2f, etc. , also
occur. An incidental point of interest is that the
width of the fourth-order I.orentzian resonance
is given by y~ permitting, for resolved fourth-
order peaks, a measure of the upper state life-
time. "

We feel that one of the most striking features
of this experiment is the contribution to the time-
independent scattering produced by amplitude-
modulating the saturating field. Our two-mode
calculation shows that the terms giving that con-
tribution arise from the interaction of the same
atom with both laser modes, the atom interacting
with each mode twice. We suggest that an appro-
priate way of viewing such a process is to regard
it as an interference of two time-dependent sec-
ond-order processes which produces a time-
independent contribution to the saturated suscep-
tibility.

The authors wish to acknowledge the interest
of J. P. Gordon in this work and the assistance
of L. J. Heilos and%'. R. Wolff in the construc-
tion of apparatus.
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We have measured protons and gamma rays in
time coincidence using the apparatus shown sche-
matically in Fig. 1. It consists of two rotating
platforms copivoted about a liquid hydrogen tar-

get through which passes a photon bremstrahlung
beam from an internal target in the Cambridge
Electron Accelerator. The larger platform
carries, in order, two quadrupoles (Ql and Q2)
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