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The line shape of a Doppler-broadened transition is dramatically altered by the presence of a laser field
resonating with a second Doppler-broadened transition sharing a common level: Two narrow resonances
of different widths appear superimposed upon the broad background signal at frequencies symmetrically
located about the corresponding line center. The effect has already found application in a number of seem-
ingly different though intimately related studies, including high-resolution hfs and isotope-shift deter-
minations. The theory of the effect is developed with reference to these applications. The treatment is
formulated in terms of transition rates induced by two classical fields resonantly interacting with a pair
of coupled Doppler-broadened transitions of arbitrary frequencies. The perturbation approach adopted
is valid for one field fully saturating its transition; the resulting line-shape expression exhibits important
power-broadening effects. This approach is equivalent to the familiar density-matrix formulation, which
is also presented. Various features of the resulting expression are discussed in detail as they apply to two
precision spectroscopic applications, mode crossing and spontaneous emission line narrowing. The con-

nection with previous work is also discussed.

I. INTRODUCTION

T is well known! that the over-all gain profile of a

a Doppler-broadened laser transition is dramatically
influenced by the presence of the laser field. This may
be demonstrated by scanning the gain profile with a
weak, monochromatic probe field collinear with the
laser field: As the probe field is tuned through the
transition, two identical sharp decreases in gain appear
superimposed upon the broad line shape, one at the
laser frequency and one symmetrically located on the
opposite side of the atomic line center [Fig. 1(a)].
These resonant decreases occur because the standing-
wave field within the laser cavity selectively interacts
with atoms whose velocities Doppler shift one of its
travelling-wave components into resonance. This
produces changes in the laser-level populations—an
increase in the lower-level population and a decrease in
the upper-level population—over two intervals sym-
metrically located about the center of the velocity dis-
tribution. These changes reflect themselves in deple-
tions in the gain profile over the corresponding fre-
quency intervals. The extent of these intervals is
determined by the natural widths (or, more generally,
the homogeneous widths) of the atomic transitions.

In the foregoing discussion, it is assumed that the
laser field is detuned from ws, the atomic center fre-
quency. As its frequency approaches within a natural
width of ws, the two resonant decreases merge into a
single one. However, let us primarily consider those
cases in which the laser frequency is detuned and the
change signals are well resolved.

The line shape of a second Doppler-broadened
transition formed by either of the levels of the laser
transition and a third level is also considerably altered
by laser oscillation: Scanning as before the gain (or

* Work’supported by National Aeronautics and Space Adminis-
tration, Air Force Cambridge Research Laboratories, and Office

of Naval Research.
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attenuation) profile of this transition with a weak
probe field, one again finds two sharp resonances at
frequencies symmetrically located about the cor-
responding line center. These change signals differ
from those of the laser transition in one remarkable
aspect: One can be considerably narrower than the
other [Fig. 1(b)]. We shall refer to the widths of the
broad and narrow change signals as I's and Ty, re-
spectively. For example, if the center frequency of the
coupled transition (0-1) is close to that of the laser
transition (0-2), then, for a weakly saturating laser
field, T'w=v1+7v: and T's=v1+7v2+2v, with v; the
decay rate of level j. In comparison, the change signals
of the laser transition are each of width I'r=+o+"2.

Similar line-shape features would be observed in the
closely related situation in which the fluorescence from
either of the laser levels to a third level is monitored
along the laser axis. Note that the resulting spontaneous
emission spectrum directly follows the spectrum of
emission stimulated by a weak probe field tuned through
the coupled transition when the lower-level population
of the coupled transition is ignored. As an illustration,
suppose the laser field were tuned to the low-frequency
side of its Doppler profile: For emission originating
in its upper level, the laser-induced change signals
would appear as resonant decreases of widths I'y
below w; and I's above w;, with w; the fluorescence
center frequency. In contrast, emission originating in
the lower laser level would result in resonant increases
with the positons of the broad and narrow change
signals interchanged. A further noteworthy distinction
is the differing radiative origins of the change signals:
In the former case, they result primarily from double-
quantum transitions, while in the latter case, they are
primarily due to single-quantum transitions. This
important distinction is elaborated below.

Since T'y and I'p are generally much narrower than
the Doppler widths, we shall refer to this effect as
laser-induced Doppler line narrowing.
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As has been noted, the stimulated and spontaneous
versions of laser-induced Doppler line narrowing are
different manifestations of the same basic quantum-
mechanical effect. Nevertheless, important applica-
tions of these versions bear little resemblance to one
another on the surface. A major purpose of this paper
is to relate the basic effect to these intimately con-
nected though seemingly different applications. In
some of these, I'pg>>T'y, causing the differing width
characteristics to reveal themselves in particularly
striking ways.

Several publications dealing with details of the line
shape in various special cases have appeared previ-
ously.?~® The initial presentation? by Schlossberg and
Javan, a quantum-mechanical analysis of the third-
order polarization induced by two classical fields,
demonstrated the applicability of the narrow resonance
T'x to high-resolution studies of closely spaced Doppler-
broadened laser transitions [Fig. 2(b)]. The latter
treatment also applies to a cascade system [Fig. 2(c)]
inwhich the middle level lies about half-way betweenthe
upper and lower levels. Subsequently, Notkin, Rautian,
and Feoktistov presented a quantized field calculation?
which described the spontaneous emission spectrum
arising from one of the levels of a weakly saturated
laser transition. A recent discussion® by Holt, formu-
lated on the basis of two-photon transitions induced by
the laser field, analyzed the frequency profile of the
spontaneous emission arising from the lower laser
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{a) Laser Transition (2-0) (b) Coupled Transition (1-0)

Fic. 1. Spectrum of line narrowing induced in the Doppler
gain (or attenuation) profiles of (a) laser and (b) coupled tran-
sitions. In the energy level configuration depicted the effect takes
the form of depletions in gain of the coupled transition over two
narrow-frequency intervals. As an example, for a weakly saturating
laser field and for closely spaced lower levels of equal lifetimes,
the broad change signal (width: I'z) of the coupled transition is
twice as wide as the laser change signals (width: I'z), while the
narrow change signal (width: I'y) is reduced from I'z by twice the
width of the upper level (level 0) and is independent of it. In the
cascade configuration (not shown), level 2 above level 0, change
signals of similar widths selectively enkance the background profile
of the coupled transition. Also, in the latter case the positions of
the two change signals are interchanged.

2 H. R. Schlossberg and A. Javan, Phys. Rev. 150, 267 (1966).

3 M. S. Feld, Ph.D. thesis, MIT, 1967 (unpublished).

4 G. E. Notkin, S. G. Rautian, and A. A. Feoktistov, Zh.
Eksperim. i Teor. Fiz. 52, 1673 (1967) [English transl.: Soviet
Phys.—JETP 25, 1112 (1967)].

¢ H. K. Holt, Phys. Rev. Letters 19, 1275 (1967).

51\;1). S. Feld and A. Javan, Bull: Am. Phys. Soc. 12, 1053
(1967).

7M. S. Feld and A. Javan, Phys. Rev. Letters 20, 578 (1968).
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F1c. 2. Energy level configurations. Frequencies @ and
refer to the applied fields and w; and we to the level separations.
In each case level 0 is common to both 1-0 and 2-0 transitions.

level [Fig. 2(c)]. This treatment neglects single-
quantum events and would not apply, for example, to
the case of spontaneous emission arising from the upper
laser level. The treatment of Ref. 4, however, is valid
in either case. A subsequent letter’ by the present
authors analyzed the spontaneous and stimulated
versions of laser-induced Doppler line-narrowing ex-
periments by means of a classical-field approach,
emphasizing their close relationship; the theoretical
treatment took into account the influence of both
single-quantum and double-quantum transitions, and
included, in addition, intensity-dependent line-broaden-
ing effects.®

The present paper is, in part, an elaboration of that
letter,” and contains additional detailed discussions.
The treatment is formulated in terms of transition rates
induced by two classical fields reasonantly interacting
with a pair of coupled Doppler-broadened transitions of
arbitrary frequencies. The method of analysis is an
extension of the one adopted some time ago in' cal-
culating the line-shape details of a three-level maser.
In this approach two distinct processes emerge: The
first, a double-quantum transition, involves the ex-
change of a photon with each of the two applied fields;
the second, an inherently single-quantum act, includes
the influence of one field on the rate at which single-
quantum transitions are induced by the other field.
This distinction is not apparent in the usual density-
matrix formalism in which the induced polarization is
calculated. The two approaches are, of course, equiv-
alent; their connection will be clarified below. Moreover,
the theoretical approach adopted is not restricted to a
third-order polarization calculation, and is valid for one
field fully saturating its transition; the resulting line-
shape expression exhibits important power-broadening
effects. We are able to obtain such an expression be-
cause in the applications discussed here it is generally
sufficient to consider the standing-wave laser field to be
detuned from the center of its Doppler-broadened gain
profile.” Then its travelling-wave components do not
couple to each other and, consequently, may be

9 The authors were not aware of the work of Rautian and his
collaborators (Ref. 4) at the time Ref. 7 was prepared, and only
learned of its existance when the present manuscript was sub-
mitted for publication. Accordingly, the manuscript has been
revised to acknowledge this substantial work and clarify its
connection with our paper and several previous publications.

1 A, Javan, Phys. Rev. 107, 1579 (1957).
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treated independently. Furthermore, major applica-
tions and their important physical features are ade-
quately described by considering the weak-field gain
of one transition as influenced by a fully saturated
coupled transition; the method may be readily ex-
tended, if necessary, to include higher-order effects.

The approach of Notkin, Rautian, and Feoktistov,?
which calculates the laser-induced spontaneous emission
spectrum, is complementary to ours. That treatment is
formulated considering both radiation fields in quan-
tized form. The actual calculation is somewhat simpli-
fied, however, by considering the laser field in its
classical form, a procedure, of course, justifiable for
radiation oscillators in states of high excitation. The
spontaneous emission field, however, is kept in its
quantized form. The introduction of field quanta leads
naturally to a mathematical development considerably
different from our classical-field approach. The com-
putations are rather involved, and relevant results are
obtained only for a weakly saturating laser field. As
discussed below, the latter results agree with the weak-
saturation limit of those obtained here. In the dis-
cussions of Ref. 4, the connection with experimental
observations!''? and theory? of an earlier stimulated
version of the effect has not been considered. This con-
nection, which is not apparent on the surface, is
clarified below.

The calculation of the Doppler-broadened response is
carried out in Sec. II. Section IT A considers the
interaction of two monochromatic classical travelling-
wave fields with a group of three-level atoms moving
with fixed velocity. One field is assumed to fully
saturate the transition with which it resonates; the
second field, assumed weak, probes the coupled transi-
tion. The emitted power at the probe frequency is
calculated in terms of transition rates, as indicated
above. The subsequent average over atomic velocities,
which leads to the Doppler-broadened travelling-wave
response, is outlined in Sec. II B, together with a
discussion of the resulting line shape. The extension of
the travelling-wave analysis to standing-wave applica-
tions is presented in Sec. IT C, which also discusses the
specifically standing-wave effects arising when the
intense field is tuned to its atomic center frequency.
Wherever possible, the presentation of detailed alge-
braic manipulations and proofs has been deferred to
Appendices.

Section III discusses, by example, important features
of laser-induced Doppler line narrowing. Section
IIT A examines the frequency dependence of the
atomic response prior to Doppler-averaging. Section
III B continues by discussing the extension of the line-
narrowing effect to the spontaneous emission version

u M. S. Feld, J. H. Parks, H. R. Schlossberg, and A. Javan,
in Physics of Quantum Electronics, edited by P. L. Kelley, B.
Lax, and P. E. Tannenwald (McGraw-Hill Book Co., New York,
1966), p. 567.

1 H) R. Schlossberg and A. Javan, Phys. Rev. Letters 17, 1242
(1966).
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mentioned above, explaining the connection with
earlier formulations. In Secs. IITI C and III D, two
important applications are examined in detail: The
first,¥ a technique involving two classical fields,
enables structure of Doppler-broadened systems with
closely spaced levels to be measured with great ac-
curacy. This technique has already been employed in
measuring hyperfine structure? and paramagnetic
properties’® of several excited atomic levels. The
second, based upon the spontaneous-emission version,
has been utilized in isotope-shift' and linewidth-
parameter'®” measurements in Ne.

The results of this paper are also directly applicable
to the extraordinary behavior of atomic oxygen fine-
structure laser oscillations at 8446 A,1® already briefly
discussed in Refs. 3, 7, and 19. In that case other
physical processes, entirely unrelated to the present
discussions, are of great importance. We prefer to
discuss these together in a separate publication?
which will utilize expressions derived below.

II. DOPPLER-BROADENED GAIN

We now proceed to calculate the interaction of a
weak, monochromatic probe field with one of the
transitions of a Doppler-broadened three-level system,
as influenced by a saturating field resonating with the
coupled transition. In order to describe applications
within a Fabry-Perot cavity, one must consider the
possibility of fields in the form of standing waves, as
well as travelling waves. For reasons given below, the
major features of important standing-wave applications
may be understood by analyzing the case in which the
intense field is detuned from the center of its broad
Doppler profile. Considerable simplification then
results, and the standing-wave response may be
analyzed in terms of pairs of travelling-wave fields
interacting with the respective transitions of the three-
level system. As will become evident, the relative
propagation direction of probe and saturating field
components is of crucial importance: Fields propagat-
ing in the same direction lead to a probe-field line shape
which is strikingly different from that due to op-
positely propagating fields.

B G. W. Flynn, M. S. Feld, and B. J. Feldman, Bull. Am. Phys.
Soc. 12, 669 (1967).

1 A Javan, in Quantum Optics and Electronics; Lectures Delivered
at Les Houches During the 1964 Session of the Summer School of
Theoretical Physics, University of Grenoble, edited by C. DeWitt,
A. Blandin, and C. Cohen-Tannoudji (Gordon and Breach, Sci-
ence Publishers, Inc., New York, 1965), p. 383; J. A. White, ]J.
Opt. Soc. Am. 55, 1436 (1965) ; see also Ref. 1, Sec. 15.

1 R. H. Cordover, P. A. Bonczyk, and A. Javan, Phys. Rev.
Letters 18, 730; 18, 1104(E) (1967).

18 W. G. Schweitzer, Jr., M. M. Birky, and J. A. White, J. Opt.
Soc. Am. 57, 1226 (1967).

17 H. K. Holt, Phys. Rev. Letters 20, 410 (1968).

18 W. R. Bennett, Jr., W. L. Faust, R. A. McFarlane, and C. K.
N. Patel, Phys. Rev. Letters 8, 470 (1962).

¥ M. S. Feld, B. J. Feldman, and A. Javan, Bull. Am. Phys.
Soc. 12, 669 (1967).

20 M. S. Feld, B. J. Feldman, and A. Javan, Phys. Rev. (to be
published).
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The atoms of a Doppler-broadened gas may tra-
verse many wavelengths of the applied fields before
decaying. We adopt here the simple picture of atomic
motion in which an atom produced in a particular state
travels undeflected with constant velocity as it decays.
The calculation of induced emission may be divided
into two stages: The response is first obtained for a
band of three-level atoms within a narrow range of
axial velocities interacting with the applied travelling-
wave fields; this quantity is then summed over the
entire distribution of velocities, thus obtaining the
complete emission profile. The first stage, the calcu-
lation of the ensemble-averaged travelling-wave re-
sponse, may be carried out in several ways. The
induced dipole moment of an atom produced in a
given state may be calculated from the Schrédinger
equation. Equivalently, one may calculate the rate at
which an atom produced in a given state makes transi-
tions to other states. In either case the response of
the entire velocity ensemble is obtained by averaging
the quantity calculated over all initial conditions. The
transition-rate approach, which has the important
advantage of identifying the various radiative proc-
esses by which an atom emits and absorbs photons, is
presented in Sec. II A. The connection between
transition rates and induced dipole moments is ex-
amined in Appendix B. An alternative derivation of
the line shape using the ensemble-averaged density-
matrix equations of motion, and related discussions,
is presented in Appendix C.

A. Ensemble-Averaged Response:
Transition-Rate Approach

The resonant interaction of two monochromatic
fields, E; and E,, with a three-level system was treated
in Ref. 10 for cases where Doppler broadening is
negligible (e.g., the microwave region) and the decay
rates, considered equal for all three levels, were as-
sumed to result from hard collisions. The perturbation
method consisted of first obtaining a closed-form
solution to the Schrédinger equation for E;=0 and E,
arbitrary, and then using this result to generate a
solution valid to first order in E;. The present section is,
in part, a generalization of that method valid for levels
with differing decay rates.

The three-level systems to be studied are of the type
shown in Figs. 2(a)-2(c). Level 0, the common level,
is coupled to levels 1 and 2 by electric dipole matrix
elements uyp and g, respectively. Denote the energy
of level j by AW;, and let | W;— Wy |=w;; w1 and w,
fall in the optical-infrared region. We shall assume that
| wi—ws | is large compared to the natural linewidths.
In the present section, we consider the “inverted-V”
level configuration, in which level O lies highest [Fig.
2(a)]. The treatment is easily extended to cases in
which level 0 lies below either or both of levels 1 and 2.
This extension is discussed in Appendix C.
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The system interacts with a strongly saturating
field E.(z, f; €) at Qi, a frequency close to wy. The
resonance at wi is probed by the weak field E,(z, ¢) at
variable frequency . To allow for both possible
relative propagation directions, Ei(2, £) is taken to be
travelling in the positive (42) direction, while
E,(z, t; €) may propagate in either positive (e=-1) or
negative (e=—1) directions. Specifically,

E1 (Z, lf) =E10 COS(Qlt——kLZ‘f—d)l)

= A1(z) exp(iut)+c.c., (1a)
Ey(z, 1; €) = Eo® cos(Qut— ekoz+b2)
= A,(2; €) exp(it) +c.c.,
with k,=Q;/c; thus
A1(2) =31E exp (i —tkiz), (1b)

Az(Z, é) = l1220 €xp (1¢2"" iekzz) .

Consider an ensemble of atoms at given position and
time, and moving with axial velocities in the narrow
interval between v and v4dv. In a coordinate system
in which the ensemble is at rest the incident fields
appear as E{'(z, t) and E)/(z, ¢; ), with E; identical to
Egs. (1) except that, due to the Doppler effect,

Qr—*ﬁl’ = Ql— kﬂ),
Q—Qy =y — ek, (2)
k]—ﬁkj, = Qj’/c.

Note that in this section, z and ¢ always refer to the
coordinates in the moving frame. The total Hamil-
tonian for the system is

H=Hyt+V (1), (3)

where Hy is the Hamiltonian of an isolated atom with
stationary states ¢;(R) of energy AlV;:

Hypj=tWiv;,  j=0,1,2. 4

The ensemble is coupled to the applied fields by the
interaction Hamiltonian

V(8)=—uE'(31), (5)

in which p is the electric dipole operator and E'=
Ey+E, . The time evolution of a particular member of
the ensemble is determined by its wave function ¥,
which may be expanded in terms of the stationary
states y;:

2

YR, 0= 2 e((R), (6)

o
with ¢;(f) the probability amplitude of level j. The
equations of motion for the e;’s may be obtained in the
usual manner by inserting Egs. (3)—(6) into the time-
dependent Schrodinger equation HY =i/9¥/dt, multi-
plying on the left by ¥.*, and integrating over all space
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(R). Going over to the interaction picture by means of
the transformation

ci() =e;(t) exp(iWt), (7
one obtains
=2 aiici, (8)
J
in which
ai;=— (i/h) Vi expli(Wi—W;) 1], )
i=—wiE (1, 1). (10)

(In the above equations R indicates the electron co-
ordinates in the atom’s reference frame and r is the
position vector of the atom’s center of mass in the
moving frame.)

Equation (8) describes the evolution of an undamped
atom. The effects of radiative decay may be included®
by modifying (8):

= 2 (@:—3vidii) ¢i.

J

(11)

Note that in the absence of applied fields (11) leads to

exponential decay of level j with decay rate v;:
| e(t—t) =] (') Pexp[—v;(t=1)].  (12)
Equation (11) may be simplified by the substitution
d;(t) =c;(?) exp(+37it), (13)

which yields a set of coupled equations of exactly the
form of the undamped equations of motion (8):
di= 2 bud;, (14)
i
with
bsj= ai; exp[5 (vi—v5)tl.

The system of equations (11) [or its equivalent,
(14)] must be solved subject to the appropriate
initial conditions. Generally speaking, immediately
after its creation the wave function of an atom is a
mixture of stationary states with arbitrary phase
factors. The random nature of these phase factors,
however, makes possible the assumption that the atoms

are produced in the pure states, levels 0, 1, and 2. In

considering the excitation of these levels, one may dis-
tinguish between transitions induced by the applied
fields and background excitation arising from inco-
herent processes. The latter are responsible for popu-
lating the levels at rates which may be assumed to be
independent of the applied fields®; accordingly, back-
ground atoms are produced in level & at a rate mys,
where 7 is the number of atoms with velocity com-

ponent v in level & in the absence of applied fields..

21 W, E. Lamb, Jr., and R. C. Retherford, Phys. Rev. 79, 549

(1950). .
22 See Ref. 10 for further details.
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We adopt the notation ¢;(¢; %, &) to indicate a solu-
tion to (11) for an atom produced in level % at #.%
The appropriate boundary conditions are

(16)

in which the ¢;’s are unimportant arbitrary phase
factors. The transition probability to another level,
level j, at subsequent time ¢ is | ¢;(¢; %, k) | The
probability of an atom in level j decaying in the interval
between ¢ and {4-dt is v;df. Thus, for an atom produced
in level % at fy, the transition rate to level 7 is*

i | et to, k) | 17)

Considering that the rate of production of atoms in
level % is myyi, the ensemble-averaged transition rate
between levels £ and j is

ci(to; toy k) =0 exp(ie;),

t
WYY / | ¢s(t; to, k) Pdto=mT s, (18)
which defines?® Ji;, the ensemble-averaged k—; transi-
tion rate per atom produced in level .

In order to estimate the net emitted power induced
by E/, all events in which a photon is emitted or
absorbed at @' must be considered: An atom which is
produced in level 2 and subsequently decays from level
1 at rate Jy; must, by necessity of energy conservation,
exchange two photons with the applied fields, a photon
absorbed at @’ and a photon emitted at @ [Fig.
2(a)]. In contrast, an atom which is produced in level 0
and subsequently decays from level 1 at rate Jy must
emit a single photon at ©,". An atom produced in level
1 absorbs photons at @' by the reverse processes,
namely, single-quantum transitions from levels 1 to 0
and double-quantum transitions from levels 1 to 2.
The net rate of emission of photons at &y’ is, therefore,

R=noJoa+n0Jon—11(J10+J12) (19a)
and the corresponding power emitted is
L() =} (19b)

Note that in the limit of Ey—0, Jo and Jy, should
vanish, and Jo and Jy should reduce to the usual
transition rates for a two-level system.

In the formulation presented here the elementary act
of transition from level % at 7 to level 7 at ¢ is described
in terms of its corresponding transition probability,
| ¢;(¢; to, k) |2 It is evident on very general grounds that
the reverse act of transition is equally probable:

| ci(t; to, k) =1 a(2; 0, 7) 2 (20)

2 Tt might be thought that ¢; is also a function of 2, the position
of the moving atom at its time of creation. Note, however, that
in the ensemble’s rest frame the atoms are stationary; conse-
quently, the position of each member of the ensemble remains
fixed (at s=20) over the entire period of interaction with the
applied fields.

2 Note that expression (17) is the rate at which an atom pro-
duced in level £ makes a coherent transition to level j because of
induced emission or absorption, where it decays.
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TastLE I. Symbols used in calculation of transition rates,
Eqgs. (31) and (32).

D' =~ a=ud1/h
on=owp—w B=padz*/h
di(t; to, k) =c;(t; fo, k) exp(}vst) T=i—t
8=1 (wr—%") +3 (vo—vx) = §(8a=ks)
s= (3244 |B )1 Ne=gx—b1

This point is discussed further in Appendix A. It im-
mediately follows that Jx;=J, and (19a) simplifies to

R= (ne—m)Jor+ (mo—m1)J o, (21)

a convenient form for calculation.

It is worth noting that Eq. (19) utilizes the fact that
the atomic ensemble on the average exchanges elec-
tromagnetic energy with F; in units of 7. This is
interesting, since throughout our formulation we
have dealt with classical fields exclusively. In fact, in
calculating the emitted power it is not necessary to
explicitly introduce the concept of field quanta; instead,
one may evaluate® the expectation value of the induced
dipole moment, [¥*¢R¥dR. Then the ensemble-
averaged polarization at ©; for atoms produced in level
kis

PF) =mvi / IR e[ 00 (8 toy B)eolt; toy B) Jdlo, (22)

and the net power emitted is

I(9;)=—( }k: PF)E{ (2, 1) Yime aversger  (23)

In Appendix B, using density-matrix notation, it is
shown that Eq. (23) leads to I, (/) =7%A%'®R, Eq.
(19b), where ® is identical to Eq. (19a). This is
accomplished by calculating the power emitted or
absorbed by atoms produced in particular levels,

LASER-INDUCED LINE

do“(t; o, 2) = [Bd2(to; o, 2) exp(idato) /s] [exp(ig: T) —exp(ig-T) ],
dy*(t; to, 2) =[de(to; bo, 2) /s][ g+ exp(—ig-T) —g- exp(—ig,T)].
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starting from Eq. (22). For instance, in this way it is
shown that for atoms produced in level 2 [Fig. 2(a)],
the emitted power at @y is given by %Qi'nsJ 5, while for
atoms produced in level 0 it is given by AQi'neJo.

We proceed to calculate the emitted power in terms
of transition rates, Eq. (21). The explicit form of the
equations of motion (14) are

dy=1ia* exp(i:t) di+18 exp (i) da, (24a)
dy= 1o exp(—i8:t) do, (24b)
=14f3* exp(—184t) dy, (24¢)
in which
a=und1/f,
B=nuod2*/h, (25)

and  0x=17(wx—x%")+3(vo—vr). In writing (24),
antiresonant terms have been neglected, since their
influence is negligible when (uE)<<#w;. From Egs. (13)
and (16), the appropriate boundary conditions are
seen to be

di(to; to, k) = 81 exp (Fv,tot+ie;).

A solution to this set of equations for all values of E;
and for weak E; may be obtained by means of a simple
perturbation technique.® This procedure, however,
involves lengthy expressions. To present the important
steps in a concise manner, a number of symbols are
introduced. For the convenience of the reader, these
are collected in Table I. Additional details regarding
the perturbation technique will be found in Appendix A.

Consider an atom produced in either level 0 or 2: In
the absence of coupling through « (i.e., a=0), (24b)
yields d;=0, while (24a) and (24c) reduce to the
equations of motion of a damped, two-level system.
The solution is straightforward: For an atom initially
in level 2,

(26)

(27a)
(27b)

In these equations the superscript # designates the parameters of the uncoupled system and T=i—#,
s= (8244|822, and gy=3%(8:%s). By virtue of symmetry, do*(¢; fo, 0) may be obtained from dy*(¢; %, 2) by
replacing dz(%; o, 2) by do(%; fo, 0) and g4 by —gs. For @540, d; no longer vanishes: An approximate expression,
complete to lowest order in @, may be obtained by integrating (24b) with dy replaced by do¥,

t
du(t; 1o, B)ix f exp(—is)dge(f; o, ) A, k=0, 2. (28)
to
For an atom initially in level 2, substitution of (27a) into (28), and using (13), yields
. exp(tny T)—1  exp(in.T)—1
a6 0, 2) = o8/9) exp(— ) exp(—i{ @l —um)to—ps]) {ZRERTIZE_ SR
+ .

in which Qu'=0'—Q/, wn=we—w1, and ny=g,—8&. Similarly, ¢1(¢; %, 0) may be obtained by substituting
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do*(1; t, 0) into (28); one finds

(6 0, 0) = (/) exp(—yiT) exp (% —an) oo} ) {
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gilexp(in-T)—1] q-[eXP(in+T)-IJ} (30)
n- +

In accordance with (18), Ju and Jy may be obtained by integrating | c; |2, obtained from Eqgs. (29) and (30),

over /; one finds

Ja=vma(l e 2|8 /] s 1) Re{(1/|ne ) [y H (i—i(ne—n*) Y 1= 2/ (ya—iny) 1+ (1/] - [2)
X[+ (n—i(n——n-*) ) =2/ (vi—in-) 1= (2/n* ) [vi '+ (=i (——n4*) ) — (vi—in—) 71— (i t-im *) 1]},

(31)

Ja=vomi(| @ /] s *) Re{(| ¢= /| e D) [vi ™+ (i—i(np —n3*) )= 2/ (ya—m) T+ (| g [/ ] 0~ 12)
Xy (n—i(n=—2-%) )= 2/ (v1—in-) 1— (2¢-*q4/n+*n-)

X[ (n—i(n——n*) )= (va—in-) = (yat-ins ™)1}

The constituent terms of (31) and of (32) may be
combined and simplified in a straightforward (though
lengthy) manner to obtain

Ju=2|a?|B[? Im {————————L2_ 2:’;"/ ) R} . (33)
Ju=—2]|a]2Im {% +|8 2 —-——-—L2~22/;;/70)R} . (34)

Here,
A=| Ly "+ (4y2*/vov2) | B (35a)
B=—RL*+|B % (35b)
Li'= A +iv, (36a)
Ly=— Ay’ + vz, (36b)
R=(A/—A) —iyn, (36¢)
A/ =0 —wj, (37)

and

vi=%(vit75)- (38)

As expected, for |8 |*—0, Ju approaches zero while
Jo reduces to 2 | & [>yw/| L1 [?, the usual expression for
the 0—1 single-quantum transition rate. Accordingly,
the laser field manifests itself through two separate
radiative acts: (1) It gives rise to a double-quantum
transition rate Jy; (2) it modifies the single-quantum
transition rate Jyu. As discussed in Sec. III A below,
for €’ tuned close to w; and Q, close to w; the mag-
nitude of Jy is of the same order as Jo, the -depend-
ent portion of Joi. At detuned frequencies, however, Jy
may be considerably larger than Jo. In fact, at detuned
frequencies Jy reduces to the familiar expression” for
Raman transitions between levels 2 and 1. (See Sec.
IIT A for further details.)

% A, Javan, in Proceedings of the International School of Physics
“Enrico Fermi,” Varenna, Italy, edited by C. H. Townes and
P. A. Miles (Academic Press Inc., New York, 1964), p. 284.

(32)

Having obtained explicit expressions for Jy and ]01’
the net rate of emission at €' in the moving frame
follows from Eq. (21):

R=2 [ a]2 Im®D(v, €), (39)
D(v, €) = (1m—n0) ];f + (15— ) | B? ff_ﬁ”’_;_w
(40)

As in previous notation, the variable e specifies whether
E, and E, propagate in the same direction (e=+1) orin
opposite directions (e=—1). In the laboratory, rest-
frame photons are emitted with energy 7. Thus, in
that frame the contribution to the emitted power from
atoms moving with axial velocity v is

2 | o |2 ImD (v, ¢). (41)

Setting all the v; equal, (41) reduces identically to
expressions obtained in Ref. 10, where hard collisions
were introduced as the mechanism of decay. The
detailed features of that line shape have been fully
verified® in the microwave region where velocity
broadening is negligible. The reader is referred to
Refs. 10 and 26 for additional details.

In the formulation presented above, the saturation
effects manifest themselves as nonlinear intensity
dependences of the tramsition rates. The level popu-
lations #; enter into the expression for the net emission
rate through the background excitation rates #;y;,
which are assumed independent of the applied fields.?
Nevertheless, the ensemble averages of these popu-
lations, #;, do depend on the intensities of the applied
fields. These average populations may be computed in a
straightforward manner by considering the average

%6 T, Yajima and K. Shimoda, J. Phys. Soc. Japan 15, 1668
(1960) ; A. P. Cox, G. W. Flynn, and E. B. Wilson, Jr., J. Chem.
Phys. 42, 3094 (1965). The latter article contains a number of
other relevant references.

2 The latter assumption is not essential and has only been
made to simplify the formulation of the problem. Although widely

applicable, there are cases where this assumption is not valid.
Our approach may be readily modified to include such effects.
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number of atoms found in level j due to production of
atoms in all possible initial levels &:

t
= D ;n:mc/ | ¢i(t; to, k) *dto
% —

=vi1 2 mJj. (42)
k

The right-hand expression immediately follows from
the definition of Ji;, Eq. (18). It should be noted,
however, that the average level populations 7; do not
enter explicitly into the expressions for the power
emitted or absorbed at @’ and Q. That these quanti-
ties are related to the net rate of photon emission may
be seen as follows: It is shown in Appendix B [Eq.
(B19b) ] that the transition rates are connected by the
relation

vi= :Z, J ke (43)

This equation is merely a restatement of the steady-
state condition: Rate of production into level j equals
net rate of decay from all levels. Equations (42) and
(43) may be combined to yield

; (el kj—n3d ) = (71— 15) ;. (44)
For j=1, the left-hand side is just ®, Eq. (19a).
Accordingly, this expression may be interpreted as the
steady-state form of a rate equation for the population
of level 1,

diy/dt=0= (m—71) y1+®, (45)

underscoring the fact that emission and absorption of
photons must be accompanied by atomic decay.

As pointed out earlier, an equivalent way of calculat-
ing the emitted power at &' is to solve the ensemble-
averaged density-matrix equations of motion in the
steady state and obtain the induced polarization. In the
latter approach, one does not generally distinguish
between single-quantum and double-quantum proc-
esses. Also, the solution of the density-matrix equations
involves algebraic manipulations quite different from
those used above. This approach is presented in
Appendix C. The method of solution is more or less
standard, except that in the perturbation approach
employed one of the applied fields may be taken as
arbitrarily large. The final results are, of course, in
complete agreement with Eq. (39).

B. Doppler-Broadened Response

Having obtained the power emitted by the atoms
moving with axial velocity v, it is now necessary to
sum over the entire distribution of axial velocities, thus
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obtaining I(y; €), the total emitted power at Q:
I(;€) =2h0 | o |2 Im/ D(v, €) dv. (46)

In carrying out the velocity averages it is convenient
to introduce G;(v), the velocity distribution of atoms in
level j:

n=NGw, [ GEw=1, @7
with NV; the total number of atoms in level j. To an
incident light beam of propagation constant % the
frequency breadth associated with G; may be char-
acterized by a “Doppler width” ku;, with u; as the
most probable speed of G;. Where the velocity distribu-
tions are thermalized, the G;(v)’s are Maxwellian. In
some applications of laser-induced Doppler line nar-
rowing, however, the velocity distributions are non-
thermal and may even deviate considerably from
Gaussian form. (See, in particular, discussions of the
atomic oxygen laser, Refs. 3, 7, and 20.) In general, the
integrals involved in obtaining (46) depend upon the
specific form of the G;’s. Nevertheless, because in the
present case we are considering the fully Doppler-
broadened limit y/ku<<1 [# and v characterize the
magnitudes of the most probable speeds (#,’s) and the
natural widths (v;’s), respectively], the resonant
behavior of 7(; €) becomes largely independent of the
Gj’s and it is possible to perform the averages without
recourse to their specific form.

The velocity averages are carried out in detail in
Appendix D. Briefly, the velocity dependence of
D(v; €), which enters through L;(Q') and L,(Q),
Eqgs. (36a), (36b), and R(Q/, @.'), Eq. (36¢), as well
as n;, Eq. (47), is rather complicated in its present
form; therefore, as a first step, D is rewritten in a form
consisting of terms having velocity dependence of the
type
Hi*(v) =G;(v) {[(w+iv) +ho ][ (o' +47") & ]},

(48)

in which w, &, v, and ¥’ are real and v and ¥'>0.
As shown in Appendix D, in the Doppler limit v/ku<1,

o —(@ri/)Gw/R)
[ @a= e ey (49
and
/ " (o) do=0. (49b)

Using Eqgs. (49) and then recombining the velocity-
averaged terms, one obtains a remarkably simple ex-
pression for the total emitted power at Q;:

I(; €) =2nfic | a |2{ W0 (A1/ k1) — 2 (ws/w2) (| B |2/70Q) Wo2(A2/ k2)

XIm[[Ar—e(wi/ws) Az J—i[viot (w1/w2) v2eQ — 3ve(14€Q) 117}

(50)
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[This expression has been derived for w;>ew, and
| B| <v(ku). See Appendix D.]
Here, w;= ck;,

Bij(v) =N,G;i(v) — NiG;(v),

A;j=Qj—wj,

(1)
(52)

Q is the factor by which the saturated levels of the 0-2
transition are broadened,

Q= [1+4 I B l2/’Yo‘Yz]1/2, (53)

and e specifies whether E; and E, propagate in the same
direction (e=-1) or in opposite directions (e=—1).

Equation (50) predicts a sharp Lorentzian decrease
(for No¢>N.) superimposed upon the broad gain
profile, an effect due to the nonlinear coupling of
Ei(z, t) and Es(z, t; ¢). The center frequency and
width of this resonant decrease are dependent upon the
relative propagation directions of the applied fields.
When E; and E, propagate in the same direction
(e=-1 case), the change signal is detuned from wi,
the center of the 0-1 Doppler profile, by an amount
Ay= (w1/ws) Ag and is of width

I'v="v1+[ (en/ws) (vot+v2) — 1010

On the other hand, when E; and E, propagate in
opposite directions (e=—1 case), the change signal
appears at a frequency detuned from w; by A;=
— (w1/ws) Az and is of width

Tp="v1+[(w1/w2) (vot+v2) +v]0Q,

which is broader than T'x by 2v,Q, twice the saturated
width of the middle level. The frequencies at which
the e=-+1 and e=—1 change signals occur have the
following significance. Because of the Doppler effect,
each applied field couples resonantly only to atoms
within a narrow band of velocities. Referring to Eq.
(2), it can be seen that E; resonates with atoms of
velocity near vy, given by @—km=w;. Similarly, F,
resonates with atoms of velocity near ., given by
Qs—eksvo=ws. In general, the velocity bands centered
at 9 and v, are distinct and do not overlap. However,
at particular frequencies of the applied fields, the two
bands will merge into a single one. Equating 2; and v,
for e= =1, this condition is seen to be

A1= € (w;/wg) Az,

(54)

(55)

(56)

which is the location of the center frequency of the
corresponding change signal.

Evidently, the applied fields can couple to each
other most effectively when they resonate with the
respective transitions of atoms within a narrow band
of velocities. Complete substantiation of this point
follows from a detailed inspection of the frequency
behavior of the rest-frame response—determined by
the corresponding transition rates—for a particular
atomic velocity band. A full discussion is deferred to
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Sec. IIT A. Several remarks, however, may be useful at
this time. A glance at Egs. (33) and (34) reveals that
Ja1 and Jg are rather complicated functions of Qi and
Q' Furthermore, the frequency characteristics of Jo
are quite different from those of Jy. In the fully
Doppler-broadened limit, however, a number of
simplifying cancellations occur and many details of the
responses of individual velocity bands average out.
In fact, in this limit the velocity-averaged 2—1
transition rate becomes equal to the negative of the 8-
dependent portion of the 0—1 transition rate, a fact
responsible for the particularly simple form of the
final expression for the emitted power, Eq. (50).

Despite the fact that the e=--1 and e=—1 change
signals are symmetrically located about the 0-1 center
frequency, the corresponding widths differ. This
asymmetry results from the resonant behavior which
enters Jy and Ju through the quantity R=[('—
92’) —wlz:'—i')’m: E(Qm* wm) ‘—7:'721]—"1)(k1*6k2) . Note
that in contrast to L; and L, the velocity dependence of
R differs strongly for e=4-1 and e=—1, particularly
if vy and w, are comparable. For example, in the im-
portant case in which |ws—w | v/cKva, Rie=41}
becomes  essentially  velocity-independent, while
R{e=—1} remains strongly velocity-dependent. Bear-
ing this fact in mind, the different widths of I'y and
T'z can be understood by inspecting (33) and (34).
See Sec. III A for further details.

As discussed in Appendices C and D, the preceding
remarks also apply to the other level configurations of
interest. For example, the expression for emitted power
for the “V” configuration [Fig. 2(b)], which is the
inverted version of the level scheme treated in this
section, is given by the negative of Eq. (50), as one
might expect. Equation (50) also describes the power
emitted by the cascade configuration [Fig. 2(c) ] when
the factor eQ appearing in the imaginary part of the
denominator is changed to —eQ. This has the interesting
consequence of interchanging the positions of the
broad and narrow change signals (for a given value of
2), a ‘“geometrical” effect arising from the different
way in which the fields couple to a cascade system.

C. Extension to Standing-Wave Fields

The extension of the above considerations to cases
where one or both of the applied fields are in the form
of standing waves is straightforward. As discussed
above, nonlinear coupling occurs when two (or more)
travelling-wave fields, at least one of which can saturate
its transition, are Doppler-shifted into resonance with
the same narrow velocity band of atoms. As noted in
the Introduction, each standing-wave field may be
decomposed into travelling-wave components of equal
amplitude propagating in opposite directions. As long as
the strong field is detuned from the center of its broad
Doppler profile (i.e., |Q—ws |>v%), its components
resonate with atoms in distinct bands symmetrically
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located about the center of the velocity distribution.
(In this respect the tuning of a weak standing-wave
field is unimportant, since its travelling-wave com-
ponents cannot couple to one another.) Then the
nonlinear coupling can occur only when the frequencies
of the applied fields are such that one of the travelling-
wave components of the intense field and one of the
weak field are Doppler-shifted into resonance with
the same band of atoms. One such possibility couples
together travelling waves propagating in the same
directions and will be recognized as the e=-1 con-
dition of Eq. (56). In addition, there is the possibility of
coupling between oppositely propagating travelling
waves, which is just the e=—1 condition of Eq. (56).
Consequently, the broad and narrow resonances appear
simultaneously, symmetrically located about the 0-1
center frequency.

To illustrate the preceding remarks, consider an
intense standing-wave field of amplitude 2Ey® and a
weak travelling-wave field of amplitude E;° resonating
with the respective transitions of a Doppler-broadened
three-level system. For the present, assume E; to be

No—'Nz 2 I,B Pwl
g(Ql) 9(91) [1+ No— N, ’YoQ w2
so that narrow and broad change signals identical to
those described above for the travelling-wave case
appear simultaneously on opposite sides of wi. In a
number of important applications y1=+:&Kv, causing
I'y and I'p to differ enormously.

Equation (58), which was originally presented in
Ref. 7, has been written in a form valid for both
cascade (o=—1) and “inverted-V” (¢=-+1) coupling
configurations, Figs. 2(c) and 2(a), respectively. The
corresponding expression for the “V” level scheme,
Fig. 2(b), is given by the negative of (58) with o=+1.
These statements are based on the extension of Eq. (50)
to the other coupling schemes, as outlined in Appendix
D. See also the remarks at the close of Sec. II B.

In the case of a weakly saturating laser field, T'y
reduces to 2(yiwt (wi/w2)v20—70) and I'z to 2(ywo+
(w1/w2)v20), which agrees with expressions previously
obtained by other methods.5®

Equation (58) is valid for w;>ws. The case of we> w1
introduces additional mathematical complexities and
will be deferred to a later time.

The interpretation of (58) as it applies to the
spontaneous emission version is presented in Sec.
IIT B.

Equation (58) is valid as long as the intense standing-
wave field is detuned from its atomic center frequency.
When both fields are tuned to the centers of their
respective gain profiles, all of the travelling-wave
components can couple to the same atomic velocity

band (namely, the one with negligible component of -

velocity along the z axis). Consequently, the above
considerations, which are based on the coupling of
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detuned from ws. This situation is directly applicable
to the example presented in the Introduction, where
E; () probes the line shape of an optical transition
sharing a common level with an oscillating gas laser
transition (Fig. 1). For concreteness, suppose the
velocity distributions G;(v) [Eq. (47)] are all Max-
wellian at temperature I': In the absence of the laser
field (E2=0), 9(), the spectrum of power emitted at
the probe frequency, is just

9() =G()
= (No— N1)20 | & |2/ (kse//7) exp[— (As/kum)?],
(57)

which defines G(€1), the usual expression for power
emitted by the Doppler-broadened 0-1 transition
induced by weak travelling-wave field E;; here, u=
(2«T/M)"? is the most probable speed, M is the
atomic mass, and « is Boltzmann’s constant. In the
presence of the laser field, 9(Qy) is strikingly modified:
From the e=+1 and e=—1 cases of Eq. (50) one ob-
tains (for w;>ws)

Im{[(A1+o(wl/wz)A2)+%irBJ—l+[(Al—o<w1/wz>A2)+%irer}], (8)

pairs of travelling waves, becomes inadequate. A
standing-wave analysis? which specifically includes
this possibility has described the third-order inter-
action of E; and E, for the special case in which levels
1 and 2 of the “V” configuration [Fig. 2(b)] are
assumed closely spaced (| we—aw; | 9/¢Ky). [Note that
the analysis of the cascade configuration, Fig. 2(c),
in which the middle level lies about half-way between
the other two levels, follows identically.] The analysis,?

* The expression for the standing-wave polarization given in
Ref. 2, Eq. (33), contains a number of errors. The corrected
expression is

Py=—ixV2/ (2ku)
XA paz [/ v1ve) (Na—Ny) ESL1 4y vie— i (wa—w) 7]
+ (Luss [4/vrvs) (Ns— N1) EAL1+ys[yis—i(wn—r) 7Y (33a)
~+ (| sz [4/71) EAEg? (v12/v2) (Na— N1) [y12—7 (wn—vp) T
+ (| s [4/v1) (vis/vs) (Ns—N1) [y13—1 (wm —v35) It (33b)
(| papan 12/271) (Na+No—2N1) Efy—i(wp—n) T (33c)
+ (| mazpa |2/2v1) (Ns—N1) Er B y—i (wp—vp) T (33d)
+ (| o 2/2v1) (N2~ N1) B E2[v—i(wp—vp) T (33d")
4 (| paoust |2/ 71) (Na— N1) E1ER[ 2y +4 (wp—A) T
XL tnlyetiwn—2a)111},  (33¢)
Py =—[ix'2/ (4ku) ] | popsr [2(Na— N1) LB y1a— 1 (wm —w) ]
X[vati(wn—A) T (33f)

It should be noted that this expression only holds when the two
Doptpler gain profiles closely overlap and the laser frequencies
are fairly close to their respective center frequencies. More gen-
erally, each Lorentzian term is multiplied by a slowly varying
Gaussian. For example, terms (33c) and (33d’) vanish when there
is no overlap. A complete Erratum for Ref. 2 by H. Schlossberg
and A. Javan will be submitted shortly to Phys. Rev.
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based on a density-matrix calculation, shows that as
E, is tuned close to the center frequency of the 2-0
transition an additional contribution to 9(£;) arises.
The latter contribution, however, may be neglected in
virtually all cases of interest because it originates in a
polarization with spatial variation ofker than that of
the inducing field. Specifically, Pi(z, £), the velocity-
averaged polarization at frequency € induced by a pair
of standing-wave fields F;(z, {) = Re{E;® coskiz expiyt}
and F.(z, t)=Re{FEs" coskoz expiQt}, is of the form?

Pi(z, 1) =Re{X, coskiz+Xy cos(2ke— k1) 2} Ex° exp(iht),
(59)

whereX, and X, are the complex susceptibilities associ-
ated with the response at £;. The former term is due to
the interaction of pairs of travelling-wave components
as discussed above, and may be obtained in our treat-
ment from the sum of the ensemble-averaged polariza-
tions x(v, e=+1) and x(v, e=—1) [Eq. (Cl4)]
integrated over velocities. The latter term, in contrast,
is due to the coupling of several travelling-wave com-
ponents and only becomes large when @; and Q. are
tuned close to their respective atomic center frequencies.
We are thinking of a polarization induced in a sample
cell placed within a resonator. The net emitted
power may be obtained from the time average of
Pi(z, t)Ei(z, t) integrated over the volume of the
sample cell. Consequently, the X, term leads to a
contribution to the emitted power identical to the
limiting expression of Eq. (58) for wirdw, and | B <<
This contribution is proportional to the length of the
sample cell and is independent of its position within the
resonator. In contrast, the contribution due to the X,
term vanishes when the applied fields are detuned
several natural widths from their atomic center fre-
quencies. Furthermore, for €; and Q» tuned close to
their center frequencies the latter contribution is
highly sensitive to the exact location and length of the
sample within the resonator, and in virtually all cases
of interest is either negligible for all locations within
the resonator, or may be positioned to become so.
Inspection of the treatment of Ref. 2 indicates that
these conclusions are also applicable for cases where
the approximation w;Rw, does not hold.

III. APPLICATIONS AND DISCUSSION

In this section, important features of the preceding
analysis are illustrated by means of several discussions
and applications.

A. Frequency Characteristics of the
Rest-Frame Response

It will be recalled that the Doppler-broadened line
shape was obtained by summing the ensemble-averaged
response of a particular velocity band over the distri-
bution of atomic velocities. This response was formu-
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lated in terms of Jy and Jo [Egs. (33) and (34)],
the transition rates associated with the emission of
photons at Qy’. Let us now inspect these quantities in
the rest frame of the atoms, prior to Doppler averaging.
To avoid unnecessary detail, consider the limit of these
expressions for weakly saturating Fa(| 8 [><<+?). From
Eqgs. (35)—(38) one finds®

T (@, Q)

1 1/1 1
— 212 1 _ -
Zlal"[B] Rew [LQLI* R (Ll* + Lz*ﬂ » (60)
Ju(@, ) =2 a "vo/| L P+JTuf,  (6la)
Jof=2]a?|B

1 i 1 111 1
= ==+ —1]]|. (61b
X [RL1*2 Yo (Lle* R {Ll* + L2*} )] (615)

As explained earlier, Jy; is the 2—1 transition rate, due
to double-quantum exchanges with the applied fields;
the first term of Jo is the 0—1 single-quantum transi-
tion rate in the absence of E,; and the second term,
which we have denoted as Jo, describes the nonlinear
dependence of the 0—1 transition rate to lowest order
in Ez.

The frequency behavior of Jy and Jo is determined
by the quantites L1= (Ql'—wl) +1:’710, L2= (_Qzl+w2) +
iy, and R= (Q'—wi)— (Q'—we) —%yn appearing in
the denominators of the various terms of (60) and (61).
These quantities exhibit distinct types of tunability:
L' and L;! may be associated with the usual two
level behavior, in which one of the applied fields
resonates with a pair of energy levels; R, on the
other hand, involves the frequency of both fields and
becomes large when their separation approaches the
2-1 level spacing. Terms involving ;' and Ls™? to-
gether are strongly enhanced when

-y, Q' —wy (62)

simultaneously, a condition equivalent to Eq. (56), as
discussed in Sec. IT B. Terms in R~ are also enhanced
under those conditions. Note, however, that R!
remains resonant for the less stringent condition

92' —_ Ql'gw— w1, (63)
which does not necessitate resonant coupling of the two-
level type [Eq. (62)]. Close to resonance [Eq. (62)],
Jo and Jof exhibit different line-shape characteristics.
Nevertheless, in this region they are comparable in
magnitude. A few natural linewidths away from
resonance, however, Jy begins to dominate, becoming
larger than Jof by a factor ~v/| L; |. In fact, in this

2 In obtaining these results, the first term of Eq. (34) must be
expanded to first order in | 8 |% In the remainder of (34), which is
identical to (33), B~ may be replaced by (—RL*)7%, and A7 by
| Lg |72= (3/2v) [(1/L2) — (1/Ls*)], and specific use is made of

the fact that L;*+Ly*= R—ive.
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limit Jy reduces to the familiar expression for the
Raman transition rate,*

Ju—2 | a?| B *(ya/| R | Li[?), (64)
and Jo® becomes negligible. Thus, double-quantum
transitions predominate when level O is detuned from
resonance. These line-shape features were considered
previously in Ref. 10 and subsequently substantiated?®
in the microwave region.

In considering a pair of applied field resonating with
a broad atomic velocity distribution, it is possible for
atoms within a particular velocity band to satisfy
condition (62); consequently, in our case Jo® and Jy
contribute comparably to the velocity-averaged re-
sponse.

The foregoing discussion is directly applicable to the
other energy-level configurations of interest. Note that
in extending these considerations to the cascade case
[Fig. 2(c)], the “Raman” condition [Eq. (63)]
should be replaced by @'+ Q' =w1+w.. See Appendix
C for further details.

So much for the frequency response of a particular
velocity band. The Doppler-broadened response is
obtained by summing this quantity over the entire
distribution of atomic velocities. As pointed out
earlier, in the present case these averages [Eq. (46)]
have been carried out in the fully Doppler-broadened
limit (y/ku<1), resulting in a number of cancellations
which greatly simplify the final expressions. Thus, in
this limit the velocity average of Js becomes identical
with the negative of the velocity average of Jof.
This may be easily seen in the special case of weak
saturation of the 0-2 transition, Egs. (60) and (61),
where the first term of Ju® averaged over a broad
distribution of velocities vanishes; the remainder is
equal to —Ja. It is important to point out that such
cancellations do not occur in higher orders of v/ku.
For instance, the complete cancellation of o in I'y
which occurs in the case of (wi/w2)1 (see Sec. III C)
does not occur in the next order of v/ku.

B. Spontaneous Emission Line-Narrowing Effect

We turn next to the manifestation of the laser-in-
duced Doppler line-narrowing effect appearing in the
profile of spontaneous emission from either of the levels
of a Doppler-broadened gas laser transition. In this
case, the interaction of a standing-wave laser field with

3 Note that when E; and E; are detuned from their respective
center frequencies by sizeable fractions—a situation which does
not concern us here—additional nonresonant terms which were
dropped from the Schrédinger equation (2) may no longer be
ignored. For example, we have ignored terms with frequency
dependence of the type (' —wz) L. Upon inclusion of such terms,
one finds that Eq. (64) should be multiplied by the factor

(wotan) (2 +2") / (w222,

which is very close to unity in our case. For a complete discussion
of the Raman effect see Ref. 23.
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the 2-0 transition (Fig. 3) considerably influences the
0-1 profile of spontaneous emission as observed along
the laser axis. This influence arises both through single-
quantum and double-quantum exchanges with the
radiation fields in a manner completely analogous to
the induced-emission case, and the resulting line
shapes are identical. In fact, the 0-1 spontaneous
emission spectrum follows the spectrum of emission
induced by a weak monochromatic probe field tuned
through the resonance when the population of level 1 is
ignored. Accordingly, Eq. (58) gives the required
spontaneous emission spectrum when N; is set equal to
0 and G(4) is interpreted as the usual unperturbed
Doppler profile (E;=0) due to 0-1 spontaneous
emission. In the quantized field calculation of Ref. 4,
the laser-induced spontaneous emission profile is ob-
tained directly. Those results are in exact agreement
with the weak-saturation limit of our results as they
apply to spontaneous emission, given below.

To amplify the foregoing remarks on the applicability
of the classical-field treatment to the spontaneous
emission case, recall the discussions of Sec. II A,
formulated in terms of the response (in the rest frame
of the atoms) of a particular velocity band of three-
level atoms to a weak monochromatic probe field
Ey' (') as influenced by a second field Ey’ (') strongly
interacting with the coupled transition. Suppose that
the monochromatic probe field is replaced by a wave
packet distributed in frequency about @ over a
narrow interval d2,&y and incident in a given direc-
tion within a small solid angle dS. Then all of the
considerations of Sec. IT A follow identically, where the
field intensity ¢(E,°)?/8w is interpreted as an average
quantity. Since dQ;'y, the response at €’ is inde-
pendent of the specific form of the frequency distribu-
tion of the wave packet. Accordingly, let us express
this average field intensity as

c(E)2/8r=1d%'dS, (65)

where I represents the average intensity per unit
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frequency interval and solid angle. In terms of 7, the
average number of light quanta per mode of the
(polarized) radiation field, the field intensity becomes

1dQy'dS =7 (h'/8r3c2) d'dS. (66)

The transition rates J i, representing the absorption and
induced emission processes described in Sec. IT A, may
therefore be written in terms of 7 by replacing (Ei°)?
in Egs. (33) and (34) by 7 (/3 /7%3)d2'dS. [Note
that (E°)? enters into Egs. (33) and (34) through
| @2, defined as | poF1%/2% [2.] To explicitly emphasize
the dependence on 7, let us write

Jiu=7®xdN'dS (67)

with ®u= (l M10 l291l3/4ﬁ1r263).]ik/l a [2. The effect of
spontaneous emission at frequency €’ may be included
by simply replacing 7 by 541 in the emission rates,
Jo and Jo.3 Consequently, for 7=0, the 1—0 and
1—2 absorption rates vanish, and the 0—1 and 2—1
emission rates reduce to ®ud®’'dS and ®BudQ/dS,
respectively. Using Egs. (19a) and (19b), the power
spontaneously emitted in frequency interval d’ and
solid angle d.S is seen to be

i (mo®o+12®1) d'dS. (68)

Note that in this expression the #; coefficient has
vanished because for =0 the absorption coefficients,
®10 and By, also vanish. For | 8 [2—0, Eq. (68) reduces
to the usual expression for spontaneous emission from
the 0-1 transition. In applying this formula one should
interpret wjo as [¥;*(R)&-wh(R) &R, where u is the
electric dipole operator, & is the polarization of the
laser field, and & is the polarization of a spontaneously
emitted photon. Thus, the angular and polarization
properties of the spontaneously emitted radiation
depend on the characteristics of the particular states
involved.

Doppler broadening and standing-wave effects may
be included in exactly the same way as in Secs. II B
and II C, respectively, considering contributions only
from that portion of the spontaneous radiation emitted
into a small solid angle in the forward (+42) direction.
Thus, as stated above, the spectrum of spontaneous
emission from the 0-1 transition is given by Eq. (58)
with N1=0 and §(,) interpreted as the usual Doppler-
broadened spectrum of power emitted spontaneously
into ddS with given polarization in the absence of the
laser field. Equation (58) has been written in the form
valid for both folded (¢=-+1) and cascade (¢=—1)
cases, Figs. 2(a) and 2(c). Suppose, for example, the
laser field is tuned to a frequency below its center
frequency, w;; then the 0-1 spontaneous emission

3 It can easily be shown that this procedure leads to results
consistent with the requirements of thermal equilibrium, both
for 0«1 single-quantum events and for 2«1 double-quantum
events.
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change signals in the cascade case, which result pri-
marily from double-quantum transitions between levels
2 and 1, are in the form of resonant increases, with the
I'y resonance above wj, the 0-1 center frequency, and
the I'p resonance below w; (Fig. 3). In the folded case,
on the other hand, the change signals, which primarily
result from single-quantum transitions between levels
0 and 1, are in the form of resonant decreases, and the
positions of I's and T'y are reversed [Fig. 1 (b)].
This reversal is a purely geometrical effect arising from
the different way in which the fields couple to the
respective transitions in the folded and cascade cases.
(See Appendices C and D.) Similar conclusions were
also obtained in Ref. 4.

Double-quantum transitions are a phenomenon well
known since the early days of the quantum theory.
Historically, Ehrenfest®? was the first to suggest a
model capable of correctly describing sequential decays
among levels. This model was motivated by the
correspondence principle and adiabatic theorem of the
old quantum theory. Results based on the Ehrenfest
model were later found to be in agreement with the
quantum-electrodynamical treatment of Weisskopf
and Wigner.® These ideas were all formulated with
spontaneous decay in mind. However, in the presence
of an intense field and close to the resonance condition
U'=w; and Q'=ws, an additional effect becomes
important: The intense field can considerably perturb
the usual single-quantum emission rate of a coupled
transition,’® an effect comparable in magnitude with
the double-quantum emission rate. Older treatments
have not been concerned with the former effect;
line-shape behavior of the kind described in this paper
involves an interplay of both types of processes.

It may be illuminating to outline the Ehrenfest
picture.®3 Consider the cascade system of Fig. 2(c):
Following Ehrenfest, assume that when an atom is in
level j (energy eigenvalue: #ilW;), the probability that
its energy lies in the interval between %ix and % (x+dx)
is a Lorentzian centered about ZW; and of width #y;,

w(v;/2)dx
(Wi—2)2+(v;/2)*

(normalized to unity). Consider an atom initially in the
upper cascade state (level 2) which underwent decay
via level 0 to level 1, accompanied by two photons
successively emitted at Q" and Q" (in the atom’s rest
frame) : The joint probability that the atom had ener-
gies %ix, Ay, and %z when it was in levels 2, 0, and 1,
respectively, is Py(x) Po(y) P1(z). Evidently, the pho-
tons emitted in that event were of frequencies Qy'=x—1y
and Q,'=y—z. Substituting &’ and Q,’ into this prob-
ability expression and integrating over all possible
values of y, one obtains the total probability of an

32 P, Ehrenfest, Naturwiss. 11, 543 (1923).
#V. F. Weisskopf and E. P. Wigner, Z. Physik 63, 54 (1930).

Pj(x)dx= (69)
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atom having successively emitted photons at €
and 92',

1 1
| Gy o e G
% 1

(Wit Q')+ (71/2)?
(The unimportant numerical factor has been set equal
to unity.) Upon integration- (which may be per-
formed as in Appendix D) Eq. (70) yields a result
identical in frequency dependence to the lowest-order
expansion of our 2—1 emission rate, Eq. (60), or,
equivalently, the expression for ®y obtained from
Eq. (67). [Equation (60) is written in general form.
See Table IL.]

A recent discussion,® formulated on the basis of two-
photon transitions induced by a weakly saturating
laser field, has analyzed the frequency profile of
spontaneous emission arising from the lower laser
level (Fig. 3). This discussion is presented for the
limiting case y,r—0. It is easily seen that in this limit
Eq. (70) involves a & function, becoming &(Q'+
Q' —we—awn) | L1 [2; the discussion of Ref. 5 is equiva-
lent to integrating the latter expression over the atomic
velocity distribution for e=-+1 and e=—1. In ad-
dition, Ref. 5 states the line-shape result for arbitrary
v;, a result in agreement with the weak field limit
(0=1) of our expression (58) as it applies to spon-
taneous emission for ¢=—1 and N¢=0. The latter
result utilizes the Ehrenfest model, being obtained by
averaging Eq. (70) over velocities.?

Such an analysis, however, ignores the important
role played by background atoms, Ny, produced in
level 0, discussed above. This background population
can be sizeable, since in practice the populations of
upper and lower laser levels often differ by only a small
amount. The extension of Ehrenfest’s model to include
this effect does not follow in an obvious way. To
emphasize the significance of the role played by back-
ground atoms in level 0, consider a cascade system in
which only level 0 is populated (i.e., Ni=N,=0).
Then in the rest frame of an atom, an applied laser
field at © will diminish the transition rate at Q,
leading to two holes of width I'z and I' 5 superimposed
upon the velocity-averaged emission profile—an effect
entirely due to the dependence of the single-quantum
emission rate on the laser field intensity.

On the other hand, the analysis of Ref. 4 does include
the influence of these background atoms, although that
treatment does not make explicit the distinction
between single-quantum and double-quantum events.

(70)

C. Mode-Crossing Experiments

The narrow resonance I'y is being utilized in a series
of precision measurements of hyperfine structure in
3 H. K. Holt (private communication).
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xenon? and g factors in atomic oxygen.® In these
experiments, «; is close to ws and I'y is considerably
less than T'p. Levels 1 and 2 are a pair of tunable
Zeeman components optically coupled to a common
level, level 0, and the monochromatic fields E; and E,
are two oscillating laser modes of fixed frequency
separation determined by the cavity length. As the
Zeeman levels are magnetically tuned, resonant be-
havior occurs when their splitting approaches the
frequency separation between the two laser modes.
We shall therefore refer to this effect! as mode crossing
(or difference frequency crossing). Important aspects of
mode crossing have been presented in Ref. 2; some of
these are discussed here, for completeness, together with
additional details.

A simple version of the mode-crossing technique is
shown in Fig. 4: The output of a Brewster-angle gas
laser oscillating in two modes is attenuated (or ampli-
fied) as it passes through a magnetically tunable
external sample cell. The respective laser modes should
resonate with the two coupled Doppler-broadened
transitions of the sample gas. For example, in cases
where the laser levels themselves consist of closely
spaced tunable components the sample cell may be a
discharge tube containing the same gas as the laser
tube. The intensity of the transmitted laser beam is
studied as a function of the level separation. At low
field intensities, where saturation effects are negligible,
the attenuation changes slowly as the levels are tuned,
appreciable changes occurring only when the frequency
separation of the Zeeman components varies by an
amount comparable to the Doppler width. However,
when one of the applied fields (F») saturates the
transition with which it resonates (2-0), the at-
tenuation of the coupled transition (1-0) undergoes,
in addition, a sharp change when the appropriate
frequency condition is met. The expression for this
behavior is readily obtained from the e=-1 case of
Eq. (50). Let us specialize to the limiting case, relevant
to mode-crossing studies, in which

| we—en | (u/0) <K, (11)
where # and y characterize the magnitudes of the most
probable speeds (;’s) and the natural widths (v;’s),
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F1. 5. Frequency stability of mode-crossing resonance. The
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against frequency drift caused by length changes of the laser
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regardless of drift of the laser frequencies. Note that in an actual
experiment the Doppler profiles may overlap.

respectively. Assuming the velocity distributions are all
Maxwellian at temperature 7, the power emitted or
absorbed at @ in a small length of the sample gas is
given by

Ny—No2 2
—-9(91) [1— Ni—Ny 'LOZI
1
XIm (921“6021) —%i(71+72Q)]’ (72)

in which §(€) was introduced in Eq. (57), Qu=
Qe—Q1, wn=ws—aw, and the other symbols were de-
fined in Sec. IT B. The above expression predicts a
Lorentzian decrease of width I'y=v1+v:Q as the
Zeeman splitting wy approaches the mode separation
Q. In the limit of weak saturation (Q—1), (72)
reduces to an expression obtained in Ref. 2.

There are two noteworthy features of this behavior:
first, that the mode-crossing frequency condition
depends only upon the separation between the laser
modes, being insensitive to their individual frequencies;
and, second, that the width of the mode-crossing
resonance is the sum of the widths of the “crossing”
levels (including power-broadening effects), and is
essentially independent of the lower-level width #,.
These two characteristics, which follow from the
approximation of closely spaced crossing levels (71),
have far-reaching implications regarding the required
frequency stability and resolution of the mode-crossing
technique, as utilized in precision spectroscopic meas-
urements. In connection with frequency stability, note
that although the frequencies @; and Q, of a free-
running laser may wander over a sizeable portion of the
broad Doppler profile G(€1) during the observation
time, their separation will remain virtually fixed (see
Fig. 5), thereby ensuring the stability of the observed
signal. In regard to the frequency resolution, note that
in many important gas laser applications the widths of
the upper levels are much narrower than that of
the lower level; the complete cancellation of the latter
width in Eq. (72) therefore makes for a relatively
narrow signal. This prediction is strikingly born out in
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mode-crossing studies in xenon? and oxygen,* where
the observed change signals are not only much narrower
than the Doppler width but are also more than an
order of magnitude narrower than the known radiative
widths of the lower level. It is emphasized that these
two simplifying features are characteristic of the ap-
proximation of closely spaced crossing levels,® Eq. (71),
and do not occur in cases where the approximation
wiR‘ws does not hold.

It should be noted that Eq. (72) holds for the case
in which F, is weak and E, may fully saturate its transi-
tion: The case where both fields are intense is not
included. Nevertheless, the simple behavior of that
expression, as well as Eq. (50), its more general
counterpart, is revealing of the effects of high-order
saturation. It should also be noted that when both
fields weakly saturate their respective transitions, the
saturated response up to ‘“‘third order” may be re-
covered from (50). This may be achieved by expanding
(50) to lowest order in | @ [?, and noting that there
must be symmetry between « and 8. Thus, aside from
the usual slowly varying third-order background term,
the third-order response at € is just given by (50)
with Q=1, with an analogous expression for the
response at Q. This result is in agreement with Ref. 2.

As an example, Fig. 6 depicts a mode-crossing signal
observed in xenon at about 20 G.*® The experimental
arrangement was similar to the diagram of Fig. 4,
except that to enhance the signal-to-noise ratio a small
audio-frequency component was superimposed on the
slowly varying dc axial magnetic field. The detected
signal was fed into a phase-sensitive amplifier tuned
to the modulation frequency, and the output was
recorded as a function of magnetic field. Accordingly,
the curve obtained in Fig. 6 is actually the derivative

RELATIVE INTENSITY OF DERIVATIVE SIGNAL

| | l I L 1
8 19 20 21 22 23

AXIAL MAGNETIC FIELD (GAUSS)

F16. 6. Mode-crossing change signal observed in Xe at 3.37 u. The
sample cell is external to the laser resonator (Fig. 4).

% They also characterize a cascade system in which the middle
level lies about half way between the other two levels. (See
Appendix D.)

% We are indebted to Jeff Levine for supplying this trace.



177

of the mode-crossing resonance of Eq. (72). The laser
source was a 3.37-u xenon laser” with modes separated
by about 50 MHz. The crossing levels were pairs of
Zeeman components of the upper laser level coupled to
a common lower level. The 1-m magnetically tunable
sample cell contained a xenon gas discharge at a
pressure of 11 u Hg, so that collision broadening was
negligible. The observed g factor is 0.929; the observed
width of 3 MHz is consistent with estimates®® of the
upper level of the 3.37-y transition, and about 30 times
narrower than that of the lower level.

It is sometimes convenient to place the sample to be
studied within the resonator of the laser source, a
technique useful, for example, when the laser transition
itself consists of closely spaced tunable levels. As
discussed in Sec. IT C, the standing-wave fields within
the laser cavity produce an additional change signal
of width TI'p, due to coupling between oppositely
propagating travelling-wave components of E; and E;,
symmetrically located about the center frequency from
the mode-crossing resonance. (See Fig. 7.) Applying
approximation (71) to the expression for I'z, Eq.
(55), one finds T'p=v1+v:0-+2vQ, which can be
considerably broader than the mode-crossing resonance
(of width I's). The condition for resonance is &+
Qy=w1+we. In contrast to the frequency condition for
mode crossing, this condition is highly sensitive to
the absolute frequencies of the individual modes, so
that a small instability can cause the modes to drift
away from resonance (Fig. 7); consequently, observa-
tion of the latter signals would require absolute fre-
quency control as in Lamb-dip experiments.®®

Finally, we note that in mode-crossing experiments
performed within the laser cavity effects due to satur-
ation broadening are enhanced. The over-all behavior
of these effects is expected to be similar to Eq. (72),
i.e., to broaden the resonance by the safurated widths
of the crossing levels. Indications of such broadening
have been observed in several instances.”® For example,
in mode-crossing experiments performed on the xenon
3.37-p transition within the cavity,? the widths ob-
served are generally somewhat broader than that of
Fig. 6.

D. Spontaneous Emission Line-Narrowing Experiments

The spontaneous emission line-narrowing effect has
been utilized in measurements of isotope shifts!® and
linewidth parameters’® in neon. At the time of the
initial observations, a detailed picture of the line-
narrowing effect predicting differing widths for I'w»
and I'p was not at hand. The width difference was not
observed in these experiments since in the neon transi-
tions studied, I'y and I'g differ by only a small amount;

37 W. L. Faust, R. A. McFarlane, C. K. N. Patel, and C. G. B.
Garrett, Appl. Phys. Letters 1, 85 (1962).

38 F. Horrigan (unpublished).

3 See, for example, A. Szoke and A. Javan, Phys. Rev. 145,
137 (1966) ; and Ref. 1.
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(Compare Fig. 5.)

its observation requires good laser stability and high-
finesse Fabry-Perot analysis. The observation of
different widths in spontaneous emission in neon has
recently been reported by Holt.”

E. Concluding Remarks

In concluding, we would like to make additional
comments concerning several aspects of the laser-
induced Doppler line-narrowing effect.

In the present discussions, the atoms have been
assumed to relax by means of radiative decay. It should
be noted, however, that Eq. (41) and its subsequent
average over velocities, Eq. (50), also correctly
describe relaxation through hard collisions when the
v; are interpreted as phase-disrupting hard collision
rates. In fact, in the treatment of Ref. 10, which
agrees identically with the limiting case of (41) of the
v; all equal, relaxation was introduced via a single
collision rate. The detailed features of the line shape in
that limit have been fully verified® in the microwave
region, where Doppler effect is negligible and the
linewidths are entirely due to collision effects.

On the other hand, in situations where soft col-
lisions—collisions in which phase disruption is in-
complete—play an important role, additional details
not considered here further influence the line shape.
Treatments such as Ref. 40 may be readily extended to
this problem. Inclusion of such effects is highly desir-
able in view of the fact that the pressure dependence of
the laser-induced Doppler line-narrowing effect is
observable in a number of rather different experimental
contexts. The classical field treatment presented here
seems to lend itself more readily to inclusion of collision
effects, as opposed to quantized field treatments.

The line-narrowing effect presented here is also
potentially applicable to high-resolution microwave
and optical studies of inhomogeneously broadened
solids. In gases, the Doppler effect causes the frequency
of an applied travelling-wave field to appear different
for atoms of different velocities. In solids, on the other

40 B, L. Gyorffy, M. Borenstein, and W. E. Lamb, Jr., Phys.
Rev. 169, 340 (1968).
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hand, the frequency of an incident field appears the
same to all of the atoms; instead, inhomogeneity of the
crystalline fields may result in a broad distribution of
atomic center frequencies. The procedure for including
inhomogeneous broadening effects is similar to the
Doppler-averaging procedure employed above. How-
ever, since fixed atoms do not discriminate between
relative propagation directions of the applied fields,
line-narrowing experiments in solids will produce only
a single change signal, the analog of the e=+1 change
signal observed in a Doppler-broadened gas. Another
important distinction is that the simple form of the
relaxation rates introduced into the Schriodinger
equation is no longer valid, since nonradiative relaxation
mechanisms generally dominate in solids. These may be
introduced in a density matrix formalism as in Ap-
pendix C by considering appropriate decay constants
for the diagonal and off-diagonal density matrix
elements. The inclusion of such effects will somewhat
modify the characteristics of the observed change
signal.
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APPENDIX A: SYMMETRY BETWEEN
TRANSITION PROBABILITIES

It is stated in Sec. II A that |c¢;(¢; &, k) |2, the
transition probability of an atom produced in level %
at fp to level § at a later time ¢, is equal to | cx(¢; fo; 7) |2,
the reverse transition probability. This symmetry may
be demonstrated by direct calculation. We begin by
restating the perturbation technique of Sec. IL A in a
more formal manner. The equations of motion for the
d;(t; b, k) are given by (24). To obtain a solution for
all values of 8 and | & [<y, the d; may be expanded in
powers of a:

di(t; toy k) =d;*(t; o, k) +ady' (2; to, k)
+a’d" (¢ to, k) ++ -+, (A1)

where, as before, the superscript # designates the
parameters of the uncoupled system (a=0). We
require a solution complete to O(a); consequently
only the two leading terms of (A1) need be retained.
Inserting these into (24) and equating coefficients of
like powers of «, one obtains the following sets of equa-
tions:

o =18 exp (id:t) dy®, (A2a)
dy*=16* exp (—1dst) de*, (A2b)
di*=0; (A2¢)

do’= ’i(a*/a) exp (16115) i+ ’Lﬁ €xXp (iszt) dz', (A3a)
dy’=1B* exp(—idat) dy/, (A3b)
dy'=1 exp(—ibit) do*. (A3c)
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Equations (A2a) and (A2b) are the usual equations of
motion of a damped, two-level system; (A2c) is the
equation of motion of a third, decoupled level. Equa-
tions (A3) describe coupling effects to lowest order in
a.
From (26) and (A15), the boundary conditions are
found to be

d;*(to; to, k) = dj(lo; to, k),

dj’(to; to, k) =0. (A4)

Thus, for an atom produced in either level O or level 2,
inspection of (A2) and (A3) reveals

df"(t; to, k) =0, k=0, 2,

dj,(t; l, k) =0, k=01 2) j=09 2; (AS)

Eq. (28) of the text follows immediately from (A3c).
For an atom produced in level 1, inspection of (A2)

reveals
di(t; to, 1) =d;(bo; to, 1). (A6)

Equations (A3a) and (A3b) may be combined to
yield

ao,—'i%d.o,—,—! ﬁ |2d0’= (62“'51) (a*/a)dl(to; to, 1) 6Xp($51t> 5
(A7)

which may be solved subject to (A4). Then, noting
(A1) and (A6), one obtains do(¢; &, 1), complete to
0(a):

a*dy(lo; fo, 1) (82— 81) exp (id1ko)
s[61(82—61)+ 8 |2]

X {s exp(i6,.T) 4[| B |*/ (8:—61) JLexp (ig; T)
—exp(ig-T) 14 [g- exp(ig; T') — ¢, exp(ig-T)]}. (AS8)

The symbols employed above have been defined in
Table I. Equation (A8) may be rearranged to yield

dﬁ(t; tO) 1) =

do(t; to, 1) = (*/s) d1(fo; bo, 1) exp(idt)

% {‘Z+|:3XP(£7I—T) —1] _ g-Lexp(insT)—1]
n- -+

|

Inserting (A9) into (A3b) and integrating, and noting
(A1) and (A6), one obtains

do(t; o, 1) = (B*a*/s) di(lo; Lo, 1) exp[4(81—82)¢]

% {exp(imT) -1 exp(in_T)—1
N+ n-

} . (A10)

Finally, utilizing Egs. (13), (16), (26), (29), and (30),
the symmetry between the probability amplitudes
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may be displayed:
o* c1(lo; to, 1)
a Co(to; to, 0)

exp[ — (' —w1){]

Co(l; to, 1) =

: t;6,0), (All
expli (' —wi) ] llifo 0, (AL
o*B* c1(to; f, 1)
i =0
62( 3 boy 1) af Cz(to; to, 2)
exp[ (Qay'— wn ) £] alt; b, 2). (Allb)

exp[ —#(Qu’ —wn )t

Notice that from these probability amplitudes one
obtains

l co(t; to, 1) I2=l ci(t; to, 0) IZ’

| 62(t; lo, 1) I2=| Cl(t; foy 2) Iz’
as anticipated in Eq. (20).

(A12)

APPENDIX B: CONNECTION WITH INDUCED
POLARIZATION

In this Appendix, the relationship between induced
polarization and transition rates is examined.® As a
convenient starting point, we reformulate the damped
equations of motion, Eq. (11), in terms of the density
matrix p(Z; %, k), with elements

pii(4; lo, k) = ei(2; bo, k) € (8; 1o, k). (B1)

In keeping with previous notation, p;;(¢; %, &) denotes
the value of p;; at time ¢ for an atom produced in level
k at a prior time 4, and the e;’s are the probability
amplitudes introduced in Eq. (6). The familiar equa-
tion of motion for p(¢; fo, k) follows directly from
(B1), (7), and (11):

p=—3{T, p}— (4/R)[H, p]. (B2)

Here [ ] are commutator brackets, { } are anti-
commutator brackets,

L=, (B3)
and H is the total Hamiltonian [Eq. (3)], having
matrix elements

Hyj=1W i+ Vi, (B4)
with V;; defined by (10). The expectation value of an
operator, such as the induced dipole moment u, is

p=tr(up). (BS)

In cases such as the present one, in which the applied
fields couple resonantly to different transitions, the
equations of motion (B2) may be cast in another
form. Inspection of the equations for the off-diagonal
elements py and pso reveals that in the present case the

4 For a related discussion, see L. R. Wilcox and W. E. Lamb,
Jr., Phys. Rev. 119, 1915 (1960), Appendix I.
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solutions of interest® are of the form
puo(t; toy k) = Am(t—1o, k) exp(iQa't), ~m=1,2 (B6)

where the A, are slowly varying decaying functions of
t—1ty. Furthermore, inspection of the equations for the
diagonal elements shows that the p;; are likewise®
slowly varying decaying functions of {—#. [See the
discussion of Appendix C, Sec. 2. These assertions may
also be verified directly by forming the p;;(¢; &, %)
from Egs. (27), (29), (30), and (A11).] Then, from
(BS), the dipole moment induced at frequency Q' is

P (5 Loy ) = pompmo (85 1o, k) +c.C. (BT)

and
D (; toy k) =1 (ompmo— C.C.)
+[pomhnm exp(iQn't) +c.c.]. (B8)

Because of the slow variations of the A,, the second
term on the right-hand side of Eq. (B8) may be con-
veniently neglected.®® Using this fact, the diagonal
elements of (B2) may be written in the suggestive
form

pu(t—to, &) +v1pu (t—to, k)
=— (1/R)p1(¢; to, k) E' (2, 1),
Eaa(t—to, k) F-vapae(t—to, k)
=— (1/1Q") p2(¢; to, k) E' (3, 8), (B9b)
oo(t—to, k) Fyop(i—to, ) |
= (1/A)p1(t; b, K) E' (3, 1)
+ (1/5Q2") pa(2; to, k) E'(2,8).  (B9c)

It is convenient at this point to introduce several
definitions and identities. The initial conditions for
diagonal and off-diagonal elements of p follow from
Eqgs. (16) and (7) and may be written

(B9a)

pii(to; to, k) = 8ud;. (B10)
Next, note that
t ¢ a
[ bitt—to Bydte=— [ pisi—to, )t
— - Ol
= —pji(l—t=0; k) =—d;, (B11)

by virtue of the boundary conditions. Furthermore, as
in Eq. (22) we introduce P,*(¢), the ensemble-aver-
aged polarization at Q,’ for atoms produced in level &:

Pok(8) = mya f oot to )it (B12)

Taking the time derivative of (B12) and noting that

42 These solutions are complete except for rapidly varying
perturbations which are negligible for | «| and | 8 |[<w; and ws.

4 This approximation is actually unnecessary and is only made
to simplify the algebra. Had the An(¢—#%) term been retained, it
would have dropped out upon averaging over ¢, by virtue of the
initial conditions.
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(B11) implies pn.(%; %, k) =0, one obtains

. ¢
B =mn [ paltiBdn  (B13)

Let us inspect Eq. (B9a) as it applies to atoms pro-
duced in level 2(k=2). Multiplying both sides of
(B9a) by nsy:dly and integrating from — o to ¢ using
(B11) and (B13), one obtains

t .
ng’)'z‘ylf pn(t— to, 2) dt0= —'P12(t)E’(Z, t)/ﬁQ1’

=— (1/R) (P2(1) B (2, £) )
(B14)

In this equation the notation { ); has been introduced
to denote the time average. On the right-hand side of
(B14) we retain only the dc term—the remaining
terms are not significant, and we have systematically
ignored contributions of this order.? Recalling the
expression for the k—j transition rate introduced in
Eq. (18),

+ (rapidly varying terms).

t
ka=')'k’Yf_/ pi; (t; to, k) dlo, (B15)

(B14) yields
nJn=— (1/hQ") (P2(t) Ed' (3, 0) )i (B16)

The quantity appearing on the left-hand side of (B16)
was formerly obtained by considering the probability
of finding an atom produced in level 2 at f, in level 1 at
a later time #, due to transitions induced by the applied
fields. The right-hand side of (B16) is the rate at which
energy is emitted at frequency € in units of 7%y’ for
atoms produced in level 2. Accordingly, Ju represents
the rate of photon emission at €’ per atom produced in
level 2.

Next, consider Eq. (B9c) for k=2. A procedure
similar to the above results in the expression

naJw= (1/hQ") (P2(t) Ex' (2, £) s
+(1/R%) (PO ES (5, 1) )i (B1T)
Combining (B14) and (B17), one obtains

19 (Ju+J20) = (1/ﬁ92') <P22(t)E2’(z, £) >t- (B18)

The quantity appearing on the left-hand side of (B18)
was formerly obtained by considering the probability
of finding an atom produced in level 2 at /% in either of
the other levels at a subsequent time, due to induced
transitions. The right-hand side of (B18) is the rate
at which energy is emitted at Q. in units of #Q,’ for
atoms produced in level 2. Accordingly, Ju+Je
represents the net rate of photon emission at Q' per
atom produced in level 2. Noting that Jy, is associated
with emission of photons at &' [see Eq. (B16)] and
also contributes to photon emission at Q' this emission
rate evidently involves exchanges of fwo quanta with
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the applied fields. This identification leaves Jy as the
contribution arising from single quantum exchanges
with E,'.

Equations (B16) and (B18) were derived for atoms
produced in level 2. Similar manipulations may be
readily extended to the other possible initial conditions.
One then obtains the general relations

ﬁQm,nk»,Lm= - (Pmk(t) Em'(z; t) >t+mm’nk7k6km7
m=1,2 (B19a)
(B19b)

Z_ Jri="Yr.

[Note that Egs. (B19) have been derived under con-
ditions where both fields may fully saturate their
respective transitions.] Combining these equations for
m=1 and using (23), one finds that the net power
emitted at @ is

L() =% [noT n+neJa—1m (Jio+Jw) ], (B20)
which is identical to Egs. (19) of the text.

APPENDIX C: CALCULATION OF POLARIZATION
USING ENSEMBLE-AVERAGED
DENSITY-MATRIX FORMALISM

This Appendix rederives the results of Sec. II A
of the text by means of the ensemble-averaged density-
matrix formalism and extends those results to the other
coupling configurations. Section C 1 establishes the
connection between the time-dependent wave functions
and the ensemble-averaged density-matrix equations
of motion. In Sec. C 2 these equations are solved for
the ‘“inverted-V”’ configuration, Fig. 2(a), and the
ensemble-averaged polarization obtained; the same
level system was treated in the text by means of the
transition-rate approach where an equivalent result
was, of course, obtained. In Sec. C 3 the method of
Sec. C 2 is extended to the other level configurations.

1. Equations of Motion

The elements of the ensemble-averaged density
matrix corresponding to Eq. (B1) of Appendix B are
defined by

pii(t, )= D nk'Yh/
%

t

pii(L; b, k)dtp.  (C1)

[Note that as we have defined them here, the elements
of p(t;t, k) are dimensionless, while the elements
of p(r, ¢) have the dimension of number of atoms.]
Using the relationship

d 13 t
a/ pii(t; to, k) dlo=pij(to; to, )+ / pij (t; to, k) dto
(C2)

and the fact that in the moving frame H, the total
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Hamiltonian, is independent of f, (B2) leads to the
familiar differential equation®
ﬁ(r, t)=%{(p°—p),F}—(l/ﬁ)[H, P:}- (C3)

Note that in (C2) the appropriate boundary conditions,
from (12), are

pii(to: to, k) = 8udis, (C4)
so that in Eq. (C3),
pi* (¥, t) =nidij, (C5)

with #; the steady-state background population of
level j. Using Egs. (B5) and (C1), the ensemble-
averaged polarization is

trlup(r, 2) :I

2. Ensemble-Averaged Polarization:
“Inverted-V” Configuration

(C6)

We proceed to calculate the ensemble-averaged
response of a particular velocity band of atoms whose
level structure is in the form of an ‘“‘inverted-7”’ con-
figuration, as shown in Fig. 2(a). From Eq. (C6), the
polarization induced by Ei'(z, t) in the moving frame is

2 Re(papw) = Ref{x (v, €) 241(z) exp(i'!)}, (CT7)

which defines x (v, €), the complex susceptibility for the
atoms moving with axial velocity component ».

In the steady state, the p;;=0 except for population
fluctuations which are entirely negligible when the
797> (uE’). Under these conditions the density-
matrix equations may be compactly rewritten in the
following form:

E! 1 1
ro=r"+ z_ﬁ_ [[— AL <— + —>ﬂ10901}-0-0-] )

Yo Y1 Yo
For= o — 1_E' H_ M10P01 + (__1 + i)ﬂozpw}“c-c-:l y
% Yo Y2 Yo
Yo(poo—10) +v1(pu— 1) +72(p22—12) =0;  (CBa)
Lapn=— (E'/f) (porrio+pozpa) ,
Laopz =+ (E'/f) (uaora0+prop21) , (C8b)

Lapa=— (E' /1) (na0por— po1pz) -

In the latter equations, E'=F;+E, is the net im-
pressed field as seen in the atom’s rest frame; we have
also introduced the operator

Li=1(d/dt) — (Wi—W;)+ivij, (C9)
and have written 7;;=ps—pj; and 7;0=n;—n;.

This set of equations may be solved by inserting E’
in complex form. The various Fourier components of
E' drive the off-diagonal elements p;;. Of special im-

# W. E. Lamb, Jr., and T. M. Sanders, Jr., Phys. Rev. 119,
1901 (1960).
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portance are the coefficients of the pi; on the left-hand
side of Egs. (C8b). These are associated with the
resonant behavior of the induced polarization. The
only important frequency components of the p;; are
those which can reduce the magnitudes of their coef-
ficients to the #,; for particular values of &’ and Q).
In other words, a nearly exact solution of Eq. (C8)
can be obtained by assuming the following form for the
off-diagonal density-matrix components:

Po1= A €xXp ( —_ ’I:Qllt) ,
p=X exp(+2't),
pu=D exp[+i(2'—Q") 1],

(C10)

in which A, A, and D are constants. Inserting (C10)
into Egs. (C8), one obtains a set of five simultaneous
linear equations:

— L A (—]1 + -—1->aA]——c.c., (Cl1a)
Yo Yo M1

—i(ro—no") = [

i (r—ra?) = [— St (—1 + i)ﬁ}\]—c.c., (C11b)
Yo Yo Y2

— LiA=a*r+6D, (Cllc)

L\=p*ry+aD, (C114d)

R*D=a™\—B*A. (Clte)

The symbols employed here have all been defined in
Sec. IT A.

A solution to this set of equations for all values of
E, and for weak Ei'(i.e., | @ | <y) can be obtained by
means of a simple perturbation technique. In the
absence of coupling through «, the system reduces to a
simple two-level system, and the off-diagonal matrix
elements po; and py vanish. Setting =0, (C11) yields
the unperturbed solutions

= B*Ls* /A,
10t =710"—2("v20/70) ‘ B |2’/ A4,

1’20u=7200 l Lz [2/A

(C12)

In (C12) the superscript # has been introduced to
designate the parameters of the uncoupled system.
The presence of coupling through Ei’ does not affect
the unperturbed parameters A%, r1%, and 7" to lowest
order in a. Thus, the first-order coefficients A" and D’
are determined by the first and third off-diagonal
equations, (Clic) and (Clle):

—L1A/=C¥*1’10"+,BD’,
R*D' = o*\— BN
Equations (C13), together with (C21), (C10), and

(C13)
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TasLe II. Extension to other level configurations.

Equation

(36a), (36b)
(36¢)
A7)
(35a)
(35b)

x(on, 39 = 1 {(m-no) ROu 2 1 () 11

B (3, y2)

Equation Quantity “y” [Fig. 2(b) ]
po1 A exp (iﬂ]'t)
(C10) P2 X exp(—it)
P21 D exp[— 7 (Qg' '—Q;') l]
N —AY
Y2 +Ay
@ wodr*/h
(25)
B poede/h
(C14) x (v, €) oA/ 4y
(C14) x (31, y2) x (=4, A2))

=—x*(a, —4)

Extended definition

Li(y;)=yi+ivio
Ry, y2) = (n+y2) —ivn
Af =0 —w;
A(y2) =] La(y2) [P+ (dvao?/vov2) | B |2
B(y1, 32) =—R(y, 32) Li* () + [ B | 2

Ly(y2) —2(vao/v0) R (31, 32)
A (y2) B(y1, y2)

Level configuration
“Inverted-V” [Fig. 2(a)]
A exp(—iQ't)

Cascade [Fig. 2(c) ]
A exp (—it)

X exp (1) X exp (—i0y't)
D explli (@' — ) 1] D exp[ —i (4/+a") (]
+A/ +A/
— Ay +Ay
IiloAl/ h p0di/ h
uozds*/h poeda/h
paA*/ Ay paA¥/ Ay
x (A, —A2) x(AY, A2')

(C7), yield the complex ensemble-averaged suscepti-
bility complete to first order in a:

x (v, €) = paA*/A1(2)

_ | o [2R
= (m—m0) =&
| po |2 2 Ly—2(yn/ve) R
- . (C14
+ (ra—mo) ——18 [ 1B (C14)
The time-averaged power emitted at €, is
L(2) =30 | 241 * Imx (v, €) ; (C15)

the present result is thus in full agreement with Eq.
(39) of Sec. IT A.

3. Extension to Other Level Configurations

The developments of the previous section may be
adapted to the other level configurations in a simple
and straightforward manner. The configurations of
interest are illustrated in Fig. 2. In terms of the rela-
tive position of the common level, level 0, they are the
“V” configuration, level 0 lowest [Fig. 2(b)7; the
cascade configuration, level 0 between levels 1 and 2
[Fig. 2(c)]; and the “inverted-V” configuration,
level O highest [Fig. 2(a)]. The equations of motion
(C8) differ in the various cases only in the relative
signs of W;—W; which enter into the £, Eq. (C9).
These sign changes lead to different choices for the
resonant contributions to the off-diagonal density
matrix elements (C10) which, in turn, necessitate
other changes. The modifications of Sec. C 2 necessary

for its extension to the other level configurations are
summarized in Table II. Inspection of the final results
(noting the definitions of A; in Table II) reveals that
the susceptibility for the cascade and “inverted-V?”
configurations are the same, except that in the latter
case A, is replaced by —A,’ wherever it appears.
Furthermore, the susceptibility for the “V”’ con-
figuration is the negative of that for the “inverted-V”’
configuration, a result expected intuitively.

APPENDIX D: VELOCITY INTEGRATION IN THE
DOPPLER LIMIT

This Appendix presents in detail the velocity-
integration procedure outlined in Sec. IT B. As seen in
the text, Eq. (41), the expression for the Doppler-
shifted response of a particular velocity band of atoms
viewed in the laboratory frame, is a rather complicated
function of velocity. Moreover, the convolution of such
an expression with an atomic velocity distribution
G;(v), Eq. (47), depends, in general, on the specific
form of the latter distribution. In the fully Doppler-
broadened limit v/ku<<1, however, it is possible to
perform the averages without recourse to the details of
the G;’s. Furthermore, a number of cancellations occur
in this limit, resulting in a rather simple final expression
for the velocity-averaged response.

1. Velocity Integration

As shown in Sec. 3 of Appendix C, the expressions
for the ensemble-averaged response for the various
level configurations of interest are closely related to
one another. It is worthwhile to perform the velocity
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averages in a general form, applicable to all of these.
Referring to Table II, the susceptibilities for the
“V” and “inverted-V” level configurations, Figs.
2(b) and 2(a), respectively, differ only in an over-all
sign; accordingly, the corresponding velocity averages
may be performed identically. Furthermore, the latter
expression may be readily extended to the cascade con-
figuration, Fig. 2(c): Following Eq. (46), the expression
for the Doppler-broadened power spectrum may be
written

1,(Qu; €) =25 | ! Im/m D, (v; dv; (D)

the subscript ¢ has been added to denote the “inverted-
V?” level configuration (¢=-1), treated in the text,
and the cascade configuration (¢=-—1). As in Eq.
(40) and Table IT,

D, (v; €) = (m—mo) R(c) /B

Ly(0) —2(v20/70) R (o)

+ (m2—mo) | B [* 1B , (D2)

with
A=| Ly(o) [+ (4vae*/vov2) | B2 (D3)

and
B=—R(c) L*+| B |~ (D4)

From Table II, the appropriate generalization of Egs.
(36) is

Li= A+ v, (D5a)
Ly(0) = — oAy’ + v, (D5b)
R(0) = (A/—0Ay) —tvar. (D5c)

To perform the averages, D,(v, €) is decomposed into
its partial fractions. In addition to n;=N,G;(v) [see
Eq. (47)7], D, is velocity-dependent through L, L,
and R, Egs. (DS5). Explicitly,

o=-1: “inverted-V” (see text),

e=+1: E || B,
o= —1: cascade,
e=—1: E; anti- || B,
Ly=5—Fky, (Dé6a)
Lo=Is+oeks, (D6b)
R=r—Ku; (D6c)
K=lky—oeky; (D7)
h=Ay+1y10, (D8a)
b= —0cAg+1y20, (D8b)
r=(Ar1—0lg) —iva, (D&c)

with A;=Q;—w; To expedite the decomposition, note
that

B1l= g"'l[: (kl'l)‘l“b_.)_l“ (klv_‘ b+)—1]’ (Dg)
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in which
1 g=[((K/k) li*—r)+-4(K/ky) | B ]2 (D10)
an
bi=%(k1/K) Eg:l:((K/kl)ll*+f)]. (D11)
Also,
1 7 1 1
A 2vaQ [m_—i— ek m++aekzv] , (D12)
where
my= lz-iVZO(liQ) (D 13)

and Q is the factor by which the saturated levels of the
0-2 transition are broadened,

Q=[14+4]8 I*/vov:]". (D14)

Inserting Egs. (D9) and (D12) into (D2), the partial
fraction decomposition leads to expressions of the form
of Eq. (48) of the text,

Hi*(v) =G () {[(w+av) +ho][ (o' +iy) 2]},
(D15)

in which w, , v, and v’ are real and v and y>0. As
stated in Eqgs. (49) of the text, in the limit v/ku<1,

o = (2me/R)Gi(w/k)
/_mH’ @)= e ) i) P16
and
/ ® H (o) dv=0. (D16b)

A proof of Egs. (D16) will be given at the close of this
Appendix. Thus, in the velocity-broadened limit the
question of whether or not a particular partial fraction
term of the type (D15) contributes to (D1) is entirely
determined by the signs of the imaginary portions of its
corresponding factors. Many of these are, in turn,
controlled by the sign of K [Eq. (D7)]. We shall
confine our attention to the important case in which
K>0, always valid if either ki>k; or ge=—1. The
complementary case in which K <0 can be obtained
similarly.

It follows from their definitions that when K>0,
Im(Fb.) >0. Using these facts, the velocity-averaged
partial fraction components of I, may be combined to
yield

I,(u; €) = 2xfic | @ 2L 00 (A1/%1)
+2(ki/ks) (| B 12/76Q) Woz(A2/ks) ImF (oe) ],
in which
F(oe) = (1/g) [r+oe(K/ k) mae—i(70/2) (14-0€Q) ]
X[ (—oe(ky/ k) Moet-b_ )1~ (—ae(ks/ ko) mee— b )71,
(D18)
(D19)

(D17)

1:;(v) = N:iGi(v)— N,;G;(v),
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and

Aj=9,'—wj. (D20)

Also, in evaluating the G;’s in (D17) the approximation
| B 12Ky (k) has been made.

The first term of (D17) will be recognized as the
power emitted by an unsaturated Doppler-broadened
two-level system. The second term may be simplified
by utilizing the identity (D9) with —aoe(ki/k2)me
substituted for 9. Then using (D4) and (D6), (D18)
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reduces to
[r4o0e(K/ky) moe—1i(v0/2) (140€Q) ]
[r+oe(K/ke) mye Lh*+oe(kr/ke) ma]—| B |2’
(D21)

F(oe) =

which may be further simplified by noting that, in-
serting (D14), the numerator is a factor of the de-
nominator. Replacing ki/ks by wi/ws, slight rearrange-
ment yields

I, (; €) =2afic | & [*{ wor (A1/ k1) — 2 (w1/w2) (| B [/76Q) Woe(As/ ko)

XIm[[Ar—e(wr/ws) Ag]—i[v10+ (w1/w2) v20Q— 370 (1+0eQ) 117},

a remarkably simple result. For =1 this expression
reduces to Eq. (50) of Sec. IT B.

2. Proof of Equations (D16)
Consider the integral

[ kGi(v)dv
Zi(w)kuﬂ/)— /;m (w+z'y)+k'v ]

in which o and « are real, ¥>0, and G;(v) is a slowly
varying, even function of v, of width characterized by
#. In the limit v/ku<1,

(oFiv+ ko) =P (k)" —i (/)6 (/) +1),
(D24)

where P denotes principal value, and (D23) becomes

Z;(w o) =P /_ N (Zéﬁ‘z”

(D23)

—ir/G;i(w/k), v/kuk1.

(D25)
For compactness, we shall write

Zi(wku)=Z] (w,fu) —iZ] (w,kn), (D26)

(D22)

with Z;’ and Z;"’ the real and imaginary parts of (D25)
respectively.

Consider now the function H*(v), Eq. (D15):
Decomposing Hj*(v) into partial fractions and then
using (D23), (D2S), and (D26), one finds that in the
Doppler limit,

(/R [Z5(, K'u) FZi(w, ku) ]
(oF (k/E) )iy F (R/E)Y')’

v/kuk1.

[‘o; HZE(v) dv=

(D27)

The only significant contribution to (D27) arises from
the immediate vicinity of ¥ (k/k’)w’=0. Under the
stated assumptions the Z; vary slowly over this small
region; consequently, it is permissible to evaluate the
numerator®® at w=2(k/k")w’. Making use of the fact
that Z;’ and Z;"" are odd and even functions of w, respec-
tively, this substitution leads directly to Egs. (D16).

4% When the denominator of (D27) becomes small, one should
instead expand Z (o', k"%, ') about the point (w, k%, v). Equation
(D16) follows directly.



