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The nonlinear absorption or gain characteristics of an optical-frequency, Doppler-broadened atomic reso-
nance involving levels with closely spaced structure are analyzed. The level structures are assumed to be
resolved with respect to their natural widths, but not necessarily with respect to the Doppler width at the
optical transition. The radiation field consists of two closely spaced monochromatic frequencies lying within
the Doppler width of the resonance. This type of radiation field may be obtained, for example, from a laser
operating in two of its Fabry-Perot resonator modes. It is shown that, because of saturation of level popula-
tions and double-quantum Raman transitions between levels, appreciable nonlinear coupling takes place be-
tween the two fields. This coupling shows a resonance behavior when the frequency separation of the two
applied fields becomes equal to the frequency splitting between two of the components which form either
level structure. The width of this resonance is determined entirely by the natural widths of these two level
components and not by the Doppler width of the optical transition or the natural width of other level com-
ponents. When such a resonance occurs, the over-all gain or attenuation characteristics of the atomic reso-
nance change drastically. In practice the frequency spacing of the fields may be kept constant while the level
structures are tuned, e.g., magnetically. The effects are analyzed for cases of running-wave and standing-
wave radiation fields. The use of this effect in precise determination of level structures as well as mode or
transition coupling of a gas laser is discussed. Portions of the analysis are applicable to resonances with more
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general forms of inhomogeneous broadening.

1. INTRODUCTION

HIS paper is a detailed theoretical analysis of the
nonlinear attenuation or gain characteristics of a
Doppler-broadened atomic (or molecular) resonance
involving levels with small splittings. An effect is dis-
cussed which manifests itself in a particularly useful
way for high-resolution studies of the structure of an
atomic resonance using a gas laser. Also, the nonlinear
gain characteristics considered here are applicable to
studies of frequency behavior and mode or transition
coupling of a gas laser operating on levels with closely
spaced structure. This kind of structure, commonly
encountered in practice, may arise, for instance, from
fine or hyperfine interactions or Zeeman or Stark split-
ting. The spacing between structural components of a
line may be considerably smaller than its Doppler
broadening.

The attenuation or gain characteristics are considered
here for a case in which an applied radiation contains
two monochromatic optical or infrared frequencies
separated by an amount larger than the natural line-
widths of the atomic resonance (but not necessarily
larger than the corresponding Doppler width). A radia-
tion field of the type discussed can be obtained, for
example, from an optical or infrared gas laser oscillating
simultaneously in two modes of its Fabry-Perot
resonator.

The ordinary linear attenuation or gain factor of the
system described above is straightforward.! Its details
are determined by the Doppler width of the atomic reso-

* Work supported by the U. S. Air Force Cambridge Re-
search Laboratories and the National Aeronautics and Space
Administration.

1 See, for example, A. C. G. Mitchell and M. W. Zemansky,

Resonance Radiation and Excited Atoms (Cambridge University
Press, Cambridge, England, 1961).
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nance and the actual size of the structure of the line.
When the applied field strengths are sufficiently large,
nonlinear effects become observable. The details of
nonlinear effects, however, depend primarily on the
natural linewidths of the system and not as much on the
Doppler width. These nonlinear effects arise from
Raman-type transitions between components of the
structure of either energy level and from the effect of
saturation of the populations of the levels. In particular,
their effects lead to a coupling between the two applied
fields which has a resonance behavior when the fre-
quency separation of the two applied fields becomes
equal to the frequency splitting between two of the
components which form either level structure. The
width of this resonance is determined entirely by the
natural widths of the levels and not by the Doppler
width. When such a resonance occurs, the over-all gain
or attenuation characteristics of the atomic resonance
change drastically.

In an experimental arrangement, instead of changing
the frequency separation of the two applied fields, one
may choose a system in which the level splittings
are tunable (for example, by a magnetic field). In this
case the frequency spacing of the applied fields may be
considered constant, and resonances may be observed
in the total attenuation or gain as a function of tuning.
These resonances, together with the known value of the
frequency difference of the two applied fields, can be
used to obtain high resolution details of the level struc-
tures. Where appropriate, these resonances will be re-
ferred to as difference frequency crossing.

Under certain general conditions to be described later,
the problem for a complex level structure can be reduced
to consideration of simply a pair of closely spaced upper
levels and a single lower level—leading to two transi-
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tions involving one common level. The Doppler widths
of the two transitions may be allowed to overlap. (The
presence of a common level for the two transitions is
essential.)

The effect discussed here was initially described in an
earlier publication involving the present authors and a
preliminary experimental observation was given.? In
that discussion only gross features of the effect were
described. In a later paper, we will present spectro-
scopic applications of the present detailed theory.

In Sec. 2, the theory of the effect mentioned above is
given in its simplest form. The applied radiation is
taken as two traveling waves obtained from the
output of a gas laser oscillating simultaneously on two
of its resonator modes. The atomic system is assumed
to be exposed to this radiation field outside of the laser
cavity. (In practice, this system may be, for instance, a
gaseous discharge tube containing the same atomic
species at that forming the active element of the laser
oscillator.) The level structure is assumed to be of the
simplest type; namely, the transitions are assumed to
occur between two upper levels and one lower level.
Various expressions appearing in different stages of
these calculations are unavoidably lengthy. In order to
avoid having computational complexities obscure the
nature of our discussion, we have, insofar as possible,
given only representative manipulations and results in
the text, and details in appendices. In spite of all the
details, the final result, including averaging over the
velocity distribution takes a simple form. An interesting
aspect of the result of this calculation is the fact that the
width of a difference frequency-crossing resonance in-
volves only the natural width of the two upper levels
and is entirely independent of the natural width of the
lower level. Accordingly, the width of an observed
resonance will be narrow for cases where the two upper
levels are long-lived. This holds regardless of the lifetime
of the lower level. It may be an extremely short-lived
level.

In Sec. 3, we will discuss the applicability of the three-
level model, used throughout, toward description of
transitions between levels of complicated structure. It
will be shown that, as long as the components of the
levels are resolved to within their natural widths (but
not necessarily to within their Doppler widths), the
problem involving complex level structure may be
reduced, in many instances, to considerations of three-
level systems.

Section 4 gives detailed theory of the nonlinear
characteristics for a case where the atomic system is
placed within the laser resonator. In this case, the radia-
tion fields will be in the form of two standing waves. In
this case, additional resonant terms appear which are
related only to the standing-wave nature of the radia-
tion fields. These additional terms have origins similar

2 M. S. Feld, J. H. Parks, H. R. Schlossberg, and A. Javan, in
Proceedings of the Conference on Quantum Electronics, Puerto
Rico (McGraw-Hill Book Company, Inc., New York, 1965).
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to that responsible for the Lamb dip? effect. The two
applied standing waves may be decomposed into four
traveling wave components. The additional terms may
be thought of as a coupling between two components
traveling in opposite directions. The frequency de-
pendence of these additional terms will be quite different
from that arising from coupling of components traveling
in the same direction. Because of this the experimental
considerations required for observation of these addi-
tional terms are considerably different.

When the sample is within the resonator additional
complications can arise. Due to the oscillator nature of
the system, the output power is determined regenera-
tively by losses in the system. We will show that, under
certain conditions, these effects can be made unim-
portant and the line shape of the nonlinear absorption
or the gain characteristics may be observed directly by
observing the behavior of the total output power. The
discussion is given in Sec. 4 with details of calculations
presented in Appendix D.

The discussions of this paper are specifically formu-
lated for Doppler-broadened atomic transitions. How-
ever, the results obtained in Sec. 2 are directly applica-
ble to any inhomogeneously broadened line with closely
spaced structure. This kind of structure is encountered
in numerous resonances in solids. Furthermore, in the
case of solids, resonances in the microwave region are
also inhomogeneously broadened. Accordingly, the dis-
cussions in Sec. 2 suggest a number of interesting
applications involving resonances in the microwave
region.

2. TRAVELING-WAVE RADIATION FIELDS
A. Theory

Consider the three-level atomic system shown in Fig.
1 subjected to optical traveling waves at frequencies »;
and vs. Assume that levels two and three are well re-
solved with respect to their natural widths, but not
necessarily with respect to the Doppler width for transi-
tions between either of them and level one. Assume*
also that (wsez/c) is negligible compared to the natural
width of any level (where # is the average thermal
velocity and ¢ is the velocity of light). Finally, assume
the Doppler width of the transitions to be considerably
larger than their natural width. For the above system, a
particular small band of atoms within the atomic
velocity distribution will see »; Doppler shifted close to
w1 and thus will interact strongly with the radiation at
frequency »1. For another small band in the velocity dis-
tribution, the same will be true pertaining to »; and ws1.
Assume now that we can tune the spacing ws: (for ex-

3W. E. Lamb, Jr., Phys. Rev. 134, A1429 (1964).

4 This condition implies that the difference in the Doppler widths
of the 3-1 and 2-1 transitions is negligible. We will always consider
the applied frequencies, »1 and »;, to be somewhere within the
Doppler profile of wsz and ws, respectively. This means
that those atoms, whose center of mass velocity, v, is such as to
make them resonant with one of the applied fields, will Doppler
shift »; and »2 very nearly the same amount; i.e., »iv/c=~w/c.
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ample with a magnetic field). At some particular value
of w3, the two sets of atoms in the velocity distribution
will degenerate into each other. In this case the same
group of atoms within the velocity distribution will
resonate simultaneously with both traveling waves. If
we consider the effect of saturation of level populations,
we note that the influence of the field at the frequency
vy will result in a change of transmission coefficient
(gain or attenuation) of the field at frequency v and
vice versa. This will not occur if the frequencies of the
applied fields are such that different sets of atoms within
the velocity distribution interact most strongly with
the two fields. Accordingly, we may expect to find a
resonant behavior in the coupling between the two
applied fields at that value of w3, at which both fields
interact with the same velocity atoms. The frequency
condition for the resonance is readily obtained. We must
have v1(1—vz/c)=ws1 and for the same atomic velocity,
vg, v2(1—9g/c)=ws3. Eliminating vz/c gives the condi-
tion. We are interested in the case where ws; is not too
large (for example it is a small Zeeman splitting) and
the discussion in Ref. 4 applies. We then obtain

W32=Ve—V1; (1)

that is, the frequency spacing between levels is tuned to
equal the separation between the applied frequencies.
It should be noted that in a perturbation treatment of
polarization induced by the presence of the applied
fields, the saturation effect appears in the nonlinear
(third-order and higher) terms. To the lowest order of
perturbation where only linear absorption (or gain) of a
medium is considered, the coupling between the two
fields is entirely absent.

In the three level system atoms whose velocity is not
near vz may still have an appreciable Raman interac-
tion in the presence of two strong applied fields. A
Raman interaction in this case leads to an atom making
a transition from level 2 to level 3 by absorbing a photon
at frequency v, and emitting a photon at frequency »;.
This corresponds to a rate of transition proportional to
the product of the powers at frequencies »; and »;. The
frequency condition for such occurrence is, however,
again given by Eq. (1). The Raman interaction has an
additional resonant form® and thus is particularly strong
for atoms whose velocity is near vg. This additional
effect is appreciable only for the condition of Eq. (1).5
In the calculation of the induced-polarization, the
Raman terms also appear in third order. We shall see
that the same frequency condition for both saturation
effects and Raman processes has a profound influ-
ence on the shape of the resonance in the third-order
polarization.

8 A. Javan, Quantum Electronics and Coherent Light, Proceed-
ings of the International School of Physics, “Enrico Fermi,” 1963,
edited by P. A. Miles and C. H. Townes (Academic Press Inc.,
New York, 1964).

6 At extremely high fields there can be some significant fre-
quency pulling effects. A. Javan, Phys. Rev. 107, 1579 (1957).
Such high field strengths probably invalidate a perturbation cal-
culation of the atomic response and we will not consider them here.
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applied radiation fields—the system 3l %

on which most of the discussion of this
paper is based.

The Hamiltonian for the atom with energy levels of
Fig. 1 is taken to be

H=H0_PE, (2)

where p is the dipole moment operator and the electro-
magnetic field E for two traveling waves is

2
E(zt)=3" 2E, cos(vi—k,z)

=2 E{expli(vut—ku2) ]
+exp— I:i(Vu _k#z)]} . (3)

We wish to calculate the third-order polarization
P(r,t) in the atomic sample and to exhibit the behavior
discussed above. We consider the density matrix
o(r,t; v,t0,c) describing the ensemble of atoms which are
at position 7 at time #, are moving with velocity v,
and which were excited to state & during their last col-
lision at #.” The equations of motion for the density
matrix taken with respect to the three unperturbed
states are®

d
(5_ fiwm-{—yzl) p12=1V (t)u12(p22—p11)

p —iV(Dpazpsz, (4a)
<Z+iwa1+731>031= iV ()usi(pss— p1r)
+iV (Dusips2, (4b)
( +lw32+‘/3z>p32 =— iV(t)[.L31p12+1:V(t)Ml2p31 ) (4C)
(—+722>P2 =4V () (u12p21— p21p12) (4d)
d .
<E+‘/33)Pss= iV (£) (u1spsi—ps1p13) (4e)
d
<?d—t+’)/11>p11= - ’LV(t) (M12P21“H2L012)
—iV(#)(u1sps1—psprs) , (4)
pa=p1¥, pu=pa*, pu=p*. (4g)

7 More precisely, of course, atoms in the ensemble are excited
to mixed states at # and we are making the usual random-phase
assumption of the excitation mechanism in describing the states
one at a time.

8 For convenience we take =1 throughout.
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The decay of the density matrix elements is assumed to  given by
arise from spontaneous emission. This means of decay

is introduced in the above by assuming that the proba- Pt vfo) =unpralrit; 2o)

bility amplitude of a given level, @, suffers an exponential +r1sp0(r,1; v,tO,a)+§omplex conjugate. (8)

decay in the form exp(—+a#/2). Accordingly, the decay Let the rate of production per unit volume, via col-

of pag is described by the parameter lisions, of atoms of velocity v in the state a be Aq(v).
Yas=(ratr)/2, ) Then the actual pol:rization intthe material is

with ¥ee="« as the natural width of level a. The param- Plrt)=>" / dvAe(v) | dtoP(r,t; vt0,0).  (9)

eters u12 and uy3 appearing in the above equations are aJ o —» ,

the matrix elements connecting levels 1, 2 and 1, 3,
respectively. We assume there are no other matrix
elements. For the ensemble in question,

(It is assumed A, is independent of time and position.)

Since we are interested in the third-order polariza-

tion, we seek a solution of Egs. (4) and (7) to third order

V()=—E[r—o(i—1), '] (6) in perturbation V(f). We use the standard iteration

technique which consists of finding a zero-order solu-

for £>¢' (since the atom of velocity v arrives at 7 at #)  tion by setting V=0 and then using this solution to

and the initial conditions on (4) are obtain successive corrections. To this end it is convenient
to introduce

) ij=pij exp[ (iwi+yi)t]. (10)

It is shown in Appendix A that the equations of mo-
The polarization due to one atom in the ensemble is tion and the initial condition for o(7,t; v,,) are®

Paa(rrto; vﬁtO;a) =1,
p‘Yﬁ(’:tO; v’t();a) =0; B, v#a.

do1s
dt =— iV (t) ety (oa0e 1 t— 011 VYD) — G113V () o gpei0s1te (Y12 vaD)E (11a)
doa . . .
dt =iV () e tuz1 (0336 V18— g1 e VBTV ) g0, V(£ ogpeionte (r1sra)t (11b)
dose . . . .
i — iV (D us1o126™31 VYD GV () uposieienle rarmrat, (11c)
dogs . .
y = — iV (1) (uaro 10621tV ey ooy g iR (y2TID)E) | (11d)
2
doss ) )
d =1V () (u1sosre 0031l ViV b— gy 5y geientte (vimr1a)t) | (11e)
2
dou ) ) . ; ;
d_: iV(t) (,u210’1287""2”e(71_7‘2) t_#lzazle—wme(yrnz) t) — ﬁV(Z) (Mlaaale—zmaue(vl—na) t_l.l310'136m3”e(71—713) t) , (1 1f)
¢
on=o01%, ow=ou*, ou=os* (11g)
O aal(7,t0; V,t0,0) = €710, (12)

It is shown in Appendix B that the solution when the atom starts in state one or three (=1 or 3) can be obtained
simply from the solution when a= 2. We thus need consider only o2 : If we set V(#)=0 we get from (11d) and (12)
022 = expyafo. We integrate this solution in (11a) and (11g) to get first-order solutions o12™® and o, V. These first-
order solutions give second-order solutions ¢11?, d22® and o32® via Egs. (11d), (11f) and (11c). Finally we use
these in (11a) and (11b) to find the third order o12® and o5 ®.

The procedure just outlined leads to a sum of triple integrals for o12® (r,¢; v,t0,a) and a5’ (r,¢; v,40,0). There are
eight terms in all. The complete algebraic manipulations are rather lengthy. They are carried out in a shorthand
manner in Appendix B. Here we will follow through the typical manipulations for one important term to illustrate
the procedure. We will use 32 which will lead to one of the Raman'® terms as is explained later.

9 The terms in +:; in these equations could, of course, be simplified using the ;= (y;-+7;)/2 relation. We chose not to make this
substitution at this point. In this way our equations may be taken over to cases where Egs. (11) hold but s is arbitrary. In particular,
this is true in many cases in solids.

10 This terminology may be somewhat confusing and requires explanation. If the frequencies of the two applied fields are off reso-
nance (with respect to the natural width, for a particular atom) then the terms due to p32(? represent the direct transitions from level
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The term in a3,® (r,; v,f0,2) which comes from o3,® is given by

t
31 wp @ (7,1; v,10,2) = —i| 12| 2us1 exp(yalo) / at'V (¢ expliwa+(yis—ys2) ]t
to

1

o
X/ dt”V(lf”) exp[iw31+ (732— ‘)’12)]t“/ dlf’” V(l"l) exp[— iw21+ (712—72)]t”’ . (13)
to t

0

We integrate over all possible initial times from — o to f. Changing the order of integration three times gives

¢
031 4y @ (1,85 ©,2) = (—1|p12| 2us1/v2) | @'V(Y') exp[iwa+ (vis—s2) It

g

¢ ’
X/ dl”V(t”) exp[iw31+ (732—712)]t,’/ df”/V(l/N) eXp[—iw21+712]t”’. (14)

We next substitute for the V’s using Eqgs. (6) and (3). We make the usual rotating wave approximation; that is,
we neglect any frequency-dependent exponential which cannot have a resonance. We then have

31450 P (7,45 0,2) = (i] 12| us1/72) .
X Z E”EpEg expi[:(k,-}-kp—k,.)z— (V,+VP’—V“)1"]€W] dr exXp— [i(l/,—'wzl—k'l))'— (713—’)’32)]/

wpo —00
t/l

t,
X/ dt" exp—[i(v,—ws—kv)— (yar—712) 1 f & explira—wn—ka)+yult”, (15)

—00

where v now refers to only the z component of velocity, and where ko= k= kx* with ky=»1/c and ke=vs/c. These
integrals can be straightforwardly done and on using the relation ws;—ws1=wss and Eq. (10) one obtains for the
polarization due to the typical term

Py, @ (r,t;9,2) = (i| paa| *| war | 2A2(2) /72)
XX EE.E, expil (kot+kp—Eku)z— wotvo—v)E {12+ i(ru—war—kv) T2
X [vaati(—votvutwse) T [vis+i(—ve—vptv,tws+kv) -1} 4 complex conjugate. (16)

Equation (16) is seen to consist of a sum of terms each of which contains a product of three complex Lorentzians.!!
Each complex Lorentzian can have a resonance when the frequency combination appearing in it goes to zero. Two
of the resonant frequency terms, (v,—w.—%kv) and (—v,—v,+v,+wsi+kv), enter as the difference between an
applied-optical frequency field and an atomic resonance frequency. The effect of the atomic velocity appears in
these expressions simply as a Doppler shift in the applied frequency. The middle complex Lorentzian depends on
the detuning of ws» from the difference of two applied optical frequencies. In taking this difference, Doppler shifting
has cancelled out because of the approximation of Ref. 4.

When w3, is close to vo—»;=A4, the middle complex Lorentzian will be resonant when the indices p=2 and p=1.
If we restrict attention to polarization which varies at »; or v, then for this choice of p and u, we need o=1. This
term in the sum gives

Piyp® (1,5 0,2) =1| p12| 2| us1| 2N 2(v) E12E» expi(kaz—v2t)
X {[‘)/12+ i(l/l— wo1— k‘v):l_l[’)’az-{-’l:(waz— A)]‘1[713+i(w31— V2+ kv)]‘l} + complex conjugate , (1 7)

where A=v3—»; and N(v) =A,/7v: is the steady-state population of level 2 as a function of velocity in the absence
of any applied radiation. For any other choice of indices g, p, o the middle complex Lorentzian will not be resonant.
For some particular velocity atom one or the other (but, inspection shows, not both) velocity-dependent complex
Lorentzians may then be on resonance. Clearly, though, when we sum (16) over the velocity distribution, the term
written in (17) will be the most important.

two to level three via the two quantum process discussed above. These effects are always called Raman effects. If, however, both ap-
plied frequencies are near resonance at the two optical transition frequencies, the ps2® terms are also responsible for a change of dir-
ect single quantum transition probability. That is, the probability of the field at frequency »; causing a transition from level two to
level one is altered by the presence of the field at frequency . This latter effect is like a usual Raman effect both in its frequency de-
pendence and in its dependence on the product of the two applied intensities. With this in mind, we will continue, for convenience, to
refer to terms due to p3»® as Raman terms.

11 We will refer to a term of the form [y+4x]! as a complex Lorentzian since its real part represents a Lorentzian line shape. The
term is resonant when the combination of frequencies represented by x equals zero.
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The appearance of w; in (16) is due to the fact that we have obtained our typical term for third-order polariza-
tion through consideration of ps2®. The terms so obtained will be referred to as the Raman terms.!® In addition to
these Raman terms are the terms in third-order polarization which come about due to the diagonal density matrix
components in second order. Such contributions are the saturation terms arising because population changes due to
one applied field change the rate of transition due to the other.

As may be verified in Appendix B, the saturation terms in the third-order polarization will contain two complex
Lorentzians resonant when a Doppler-shifted applied frequency equals an atomic transition frequency (wa1 or wsi).
However, the term corresponding to the middle Lorentzian in (16) will contain simply the difference of two optical
frequencies. Such a term is not resonant. It is large only when the two optical frequencies are the same, and it has
no tunable behavior at all.

Keeping only the most important terms in the summation over indices, as above, the complete form of third
order polarization due to the Raman terms is

Pram®(r,t; v) =i(No— N1) | 12| 2| ps1 | 2{ E12E» expi(kaz—vat)
X [732+i(w32— A)]_1[712+i(yl_w21'— k”)]_IE’Yls'l'i(wsl— Vz"l‘k'v)]_l
- E12E2 exp[-— z(klz— V1l)][’732+ 1:((.032—' A)]—1[712+’l:(1/1— w1 — kv):]“ll:"/12+7:(1/1— wW21— kv)]—l}

above expression interchange 1 and 2 in E, and »
+i(N3—Ny) +complex conjugate; (18)
interchange 2 and 3 in w, v, and u
and from Appendix B, the complete form of the third-order polarization due to the saturation term is!2
. N 2 I#lzl Y12 . .
Poi(r,1; v) =1(No—N1) [—E13 exp[—i(kz—v1t) J([y1et+i(vi—wa—kv) ]!
Y1ye

X [1’12+'i(1’1”‘ wo1—kv) ]_1 + [’)’12+i(v1— w21 — kﬂ)]_1[712+i(wzl— V1+kv)]_1)

2| paz| fy1aFs? ) .
— exp[ —i(kez—vat) ([v12ti(va—wa—ko) ]

Y1y
o X [’Yu‘f—i(l/r- Wa1— kv)]“‘—l— [’Y12+i(v2— Wo1— k‘l))]_l[’)’m'i-i(wm— V2+k‘ll) ]"1)
lﬂlzlzl.uai“ .
F————F1%E; exp[i(kaz—vat) ][ y1o+i(r1—wa—kv) !
Y1

X [’Yls‘f’i(wn- V2+k‘0):]_'1+ ['712+i(w21— V1+k’0)]_1[’}’13+i(w31— Vz'l-kv)]—l

—+4(N3— N1) [same replacement as in (18) ]+ complexconjugate. (19)

As previously pointed out, the terms in (18) contain a product of three Lorentzians, while those of (19) contain
only two. The additional resonance in the Raman terms is the (wss—A) resonance which is unaffected by the
atomic velocity. It should be noted, however, that some of the other velocity dependent products have an implicit
dependence on the difference (ws2—A) in that they depend on both we;—»; and wsi—vs. The above equations are
consistent with previous treatments of the interaction of three levels with two fields for stationary atoms.®

Let us now consider what happens when we integrate (18) and (19) over the velocity distribution. Let up suppose
that the width of the velocity distribution is characterized by # and that ku>>, i.e., there is large Doppler broaden-
ing. (According to this notation, k«# determines the exact Doppler width. The linear polarization terms, not dis-
cussed here, depend on ku in the form of exp—[ (v—w)/ku]? with v representing the frequency of one of the applied
fields and w, one of the atomic resonances.) Furthermore, for the sake of simplicity, we assume |v1—ws| and
|vo—ws1|<<ku, the detuning from resonance is small compared to the Doppler width. (We discuss the results
without this latter restriction in Appendix C. It is shown that the important conclusions of this section are un-
changed.) We now assert that when we sum over the velocity distribution the terms in (18) and (19) in which the
velocity has the same sign in each of the product of Lorentzians will be smaller by a factor /%« than the terms for
which the velocity enters with opposite signs.*®

A complete discussion of the integrals which arise when a Maxwell velocity distribution is assumed is given in
Appendix C. Also in Appendix C, it is shown that the above assertion is due to the contribution from atoms which
are not exactly on resonance. For the larger terms these atoms contribute in phase with each other, while for the
smaller terms they tend to cancel out each other.

12 We have written only those saturation terms here in which both complex Lorentzians are resonant for the same velocity atom.
13 This assertion is similar to the §-function approximation made by Lamb in Ref. 3.
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For a Maxwell distribution
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a term of the form
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exp(—2%/u?),

1

vti(a+ko) v'+i(y—ko)
[where x and y may stand for 4= (y1—wa1) or &= (v2—ws1)] leads to an integral of the form

dv exp(—v/u?)

1 0
/2y /_w Cy+i(a+ko) Ty +ily—ko) ]

It is shown in Appendix C that such an integral to order «v/ku and for |x| and |y| less than ku is given by

2712

1
(20)

ku v+ +ila+y)

Using formula (20) in expressions (18) and (19), after some slight algebra we get the complete expression for the

third-order polarization to order v/ku

[E+® exp(—i(k1z—v1t))+ E2? exp(—i(kaz—rat))]

Er2E; exp[i(kaz—vat) J[2v+i(wsa— A) T [1+y1[vas+i(wsa— A) 1]

in above, interchange 1 and 2

2rli2 lﬂlZI 4
P(3)(1’,l)= i(ZVz)—‘Nl) {
ku Y1ye
lﬂml 2}#31] 2
Y1
2rl/2
+——i(Ns—Ny)<in E, »

u

21

interchange 2 and 3 »-complex conjugate,

in y, w, and vy

where we have let 2y=vy12+713.

Expression (21) shows the behavior described earlier
in this section, namely, in addition to ordinary satura-
tion terms, there appear cross terms in the mode ampli-
tudes which show a resonant behavior near ws=A. We
discuss the line shape due these terms in an absorption
experiment next. Although at first glance it would ap-
pear from (21) that this line shape would be rather com-
plicated, it will turn out that cancellations occur which
make it simple with interesting implications.

B. Discussion

An important feature of the expression for third-
order polarization given by (21) is the fact that reso-
nances appear only in terms of the difference frequency
ve—v1=A. According to this expression, the exact fre-
quencies of the two applied fields as referred to the center
frequencies of the atomic transitions, ws; and ws; are
unimportant.

We shall again point out that (21) is obtained for
|v1—wa| and |ve—wsi| much less than ku; namely,
that »; and v, are assumed to be close to the center fre-
quencies of the Doppler-broadened atomic transitions,
w21 and w3, For large ku, (i.e., large Doppler width),

this condition may remain valid even for »; and v,
appreciably detuned from the peak frequencies of the
atomic transitions, and expression (21) will hold. (It is
shown in Appendix C that for |y;—ws;| comparable
to ku but |wss— A|<ku, the resulting polarization, for
this case of two traveling waves, is merely multiplied
by an over-all factor exp[ — (v1—ws1)?/ (ku)*].) This fac-
tor remains nearly constant for changes in »; and
veLlku. As a result of this, as long as the frequency
ve—v1=A remains fixed, the absolute frequencies of the
applied fields may be detuned appreciably without in-
fluencing the size of the third-order polarization. This
fact has an important bearing on the necessary experi-
mental condition for observation of the resonances in-
volving A—wss appearing in (21).

In most gas lasers, unless special care is taken, the
exact optical frequencies »; and v, do not remain stable.
Rather, they fluctuate throughout the entire portion
of the Doppler response which has sufficient gain to
allow oscillations. These fluctuations in frequency
are due to external disturbances which cause fluctua-
tions in the length of the Fabry-Perot resonator. How-
ever the magnitude of the fluctuations of the difference
frequency, vo—»1=A4, is much less than those of the
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Fic. 2. Simplified experimental arrangement for
observation of effects discussed in Sec. 2.

absolute frequencies, »; and v,. Consequently, while »y
and », may suffer appreciable fluctuations, A remains
nearly fixed. This relaxes considerably experimental re-
quirements of frequency stability for observing the
narrow resonances in expression (21).

Let us now consider, as an example, the simplified
experimental arrangement shown in Fig. 2. The output
from a Brewster-angle gas laser oscillating in two modes
passes through a sample gas and then onto a detector.
The sample gas is assumed to have an atomic or molecu-
lar transition frequency which coincides closely with
the laser frequency. It may be in either an absorbing
or an emitting state. The sample gas is subjected to a
magnetic field, either axial or perpendicular to the plane
of the drawing. We will discuss the applicability of the
three-level model we are using to more general level
structure in the next section. For now we assume one
can isolate three pertinent levels and that the spacing
between the upper two (for example Zeeman sublevels)
can be magnetically tuned about the value determined
by the laser cavity. We consider the power absorption
in the cell as ws, is tuned about A.

The absorption in the cell per unit length and time is
given by

dW /dz=AP-E, (22)

where 4 is the cross-sectional area of the beam, P is the
time derivative of the total polarization vector, and E is
the total electric field. For the two traveling waves we
take as before

E(z,0)=2E; cos(vit—k12)+2E; cos(vat—ke3z).  (23)

Absorption due to linear polarization in the sample
will be characterized by the Doppler width %#%, and thus
will remain approximately constant for small magnetic
tuning. If the field strengths are large enough to cause
appreciable saturation in the sample then changes in
absorption will be observed for small tuning (of the
order of the natural linewidth) due the terms in
the third-order polarization which show the ws—A
resonance.

Let us write the part of Eq. (21) which shows this
resonance as

P® (f,t) = C1E1E22 COS(Vlt— klz)
+51E1E22 sin(vlt— klz)
+CoE2E; cos(vat—koz)
+S2E12E, sin(vat—koz) . (24)

The quantitites C1E»? and S1E,? are, respectively, the
contribution of the third-order polarization to the real

SCHLOSSBERG AND A.

JAVAN 150
and imaginary part of the susceptibility at the fre-
quency vi. Similarly Ce2Ey? and S.E,? at frequency va.
If we substitute this expression and (23) into (22),
integrate over the length of the cell and average over a
long time compared to 1/(ve—v1) we obtain for the total
absorbed power: :

W = —vlAd E12E2*(S1+S2)

where [ is the length of the sample, v=v1=v,.

The line shape of this absorption, then, is contained
in S; and S,. To put the expression (21) in the form
(24) involves a straightforward algebraic manipulation.
When the definitions 2y=vy12+7v1s and vi= (yi+75)/2
are substituted, however, the result comes out in a re-
markably simple form. The result is

(25)

412
Si1=— (V5= N1)| paz] | pas| ————, (26)
Uy vatt (wse—A)?
Sp=same with (V,— Ny) replacing (N;—N1). @27

The line shape is thus given by the Lorentzian
[yse2+ (wsa— A)?]1. This expression for line shape has
one remarkable feature. The width of the Lorentzian
v32= (y2-+73)/2 is entirely independent of the width of
the lower level. This is quite contrary to what one
would expect from considering, for instance, only the
effect of saturation of the level populations, since the
broader the lower level, the greater is the range one could
tune w32 and still be on resonance with both applied
fields (for the same velocity atom).

We may make several remarks with regard to the
above behavior of the line shape. First of all there are
two terms in expression (21) one of which contains a
single complex Lorentzian of width 2y. This has come
about owing to the diagonal density matrix element
p22® and is thus strictly a saturation effect. The other
term is a product of complex Lorentzians and has come
about due to p3® which is the Raman term. Each of
these terms individually depends on the width of the
lower level through the width y= (y13+712)/2. However,
in combining them the width v, has cancelled out of the
line shape.

Second, we note that the above behavior of the line
shape is similar to a behavior involving spontaneous or
stimulated Raman scattering in gases. In an ordinary
type of Raman experiment, one deals primarily with
two energy levels forming the initial and final states of
the transition. In these cases, the presence of a third
energy level enters only as a virtual state and does not
satisfy any resonance condition. The atomic system
undergoes transitions by absorbing a photon from a
pump field at frequency » and emitting a photon at a
displaced frequency »’. The frequency difference y—»’
is roughly equal to the level spacing of the initial and
final state of the atom.

Consider the case of spontaneous Raman effect in
which only the pump field is applied externally. It can
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J=0 TO J=1I

F1c. 3. Energy-level scheme showing
Zeeman levels which are connected by
matrix elements in an experiment as in Fig.
2. (a) J=1 to O transition (b) J=2 to J=1
transition.

readily be shown that the Doppler width of the spon-
taneous Raman scattering in the forward direction is
(v—v")u/c with u as average velocity of atoms. (In the
backward direction the Doppler width is much larger,
(v»+»")u/c.) For cases where the Raman displaced fre-
quency, »—»’, is in the far infrared or submillimeter
range, (v—v")u/c may be less than the natural or col-
lision widths of the initial or final levels. In that case
the Raman scattering in the forward direction will show
no Doppler broadening but its width will be determined
by the individual widths of the initial and final states.
(But it is independent of the width of the virtual state.)
The above shows that in the case of stimulated Raman
effect in the forward direction, where in addition to the
so called pump field at frequency » there is an additional
applied field in the same direction at a frequency close
to »’, the width of the Raman resonance will be the same
as that in the spontaneous case, namely limited by the
width of the initial and the final state only.

In our case, our fields at frequency »; and v are in the
same direction and we assume v2—»; to be close to wss.
We note that atoms whose velocity is #ot such as to
Doppler shift »; close to ws (or, therefore, to Doppler
shift », close to ws) will undergo stimulated Raman
transitions entirely identical to the case of ordinary
Raman effect described above. For these atoms, level
one plays the role of a virtual level. Hence, their stimu-
lated Raman response will have a width given only by
the natural widths of levels 2 and 3. However, atoms
whose velocity is such that the Doppler shifted »; is
close to we; will show a Raman behavior with a different
frequency response. And for these atoms, the effect
arising from saturation of population should also be
considered.

From the above mentioned cancellations and the
similarity of linewidth behavior with ordinary stimu-
lated Raman effect, we note that there has been a
cancellation of the saturation terms and ‘“resonant
Raman”® terms for those atoms whose velocity makes
level one a resonant level leaving only the contribution
of those atoms which are somewhat off resonance.
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It should be noted, however, that our over-all result
is quite different generally from usual discussions of
stimulated Raman effect due to the previously men-
tioned loss of some terms by destructive interference
in integrating over the velocity distribution.

It should also be pointed out that the frequency be-
havior of the nonlinear part of the dispersion of the
atomic resonance behaves similarly. This may be shown
by inspecting the in phase, C1E1Es? and C:E:2E; of
expression (24) through the terms appearing in Eq.
(21). The width of these dispersive terms also depends
only on the radiative width of the upper levels.

3. MORE GENERAL LEVEL STRUCTURE

Before we undertake the treatment of a more com-
plex form of the radiation field, let us examine the
applicability of our treatments in cases which involve
more complex level structure. For this, we proceed by
examining several specific examples where the level
structure is assumed to arise from a Zeeman splitting
of simple paramagnetic levels. Suppose first that transi-
tions occur between atomic states of total angular mo-
mentum j=1 to j=0. Then in an axial magnetic field
the energy levels are split as in Fig. 3(a). Consider the
laser fields to be linearly polarized perpendicular to the
direction of the magnetic field. In this case only the
m;==1 Zeeman components of the j=1 level have
matrix elements connecting to the j=0 level. The
j=1, m=21 and j=0, m=0 set constitute a three
level system of the type we have analyzed. Accordingly
when the frequency splitting of the m=-41 and m=—1
components becomex very close to the frequency separa-
tion A=y;—w; resonant behavior should occur in the
coupling terms of the third-order polarization in a
manner described in Sec. 2.

Consider now a more complex system, the j=2 to
7=1 transition shown in Fig. 3(b). Let m,, g. and m, g
represent the 7 and g values of the j=2 and j=1 state,
respectively and suppose g:> g,. The applied field will
be again considered as linearly polarized and perpendicu-
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lar to the H field. Lines drawn in Fig. 3(b) between the
components with matrix elements connecting them. As
the magnetic field is increased from zero the first match-
ing occurs when m,=—2 and m,=+2 are separated by
A. But these two components do not have a common
lower level. Furthermore, because of the different g
values of the upper and lower levels, the frequency
spacing of all the allowed transitions indicated in Fig.
3(b) are different. As a result, the Doppler effect will
lead to a situation where a given atom can interact with
the applied fields through coupling via only one of these
transitions. Thus nothing interesting happens. As the
magnetic field is further increased the m;=-41 com-
ponents are separated by A. These both are connected
to m,=0 and resonant behavior is observed in the out-
put, from which g; can be measured. Finally the separa-
tions between m,= —2 and m,=0, between m,= —1 and
m,=-+1 and between m,=0 and m,= -2 are separated
by A. The m,==1, m;=0 clearly form a distinct 3 level
subsystem. Furthermore since the “g” values are differ-
ent it will always be different atoms in the velocity dis-
tribution which are coupled to the two fields via the
three levels (m,=—2,0;m=—1) or via the levels
(mu=0, +2, my=41). In other words, transitions are
induced within the (m,=—2, 0, m;=—1) set of levels
separately from those induced within the (m,=0, +2,
mi=-+1) set. These two sets of levels are not coupled
together insofar as the Zeeman splitting of the lower
level is appreciably different than that of the upper level.

Similar arguments to the above may be advanced to
show that our analysis may be directly applicable to
resonances with more complex structures such as those
arising from fine or hyperfine interactions. The condi-
tions for interactions involving three levels at a time
may be readily inspected in each case as was done in
the above.

4. STANDING-WAVE RADIATION FIELDS
A. Theory

In this section we treat a case where the two mono-
chromatic fields are in the form of standing waves. The
atomic resonance will be assumed, as before, to consist
of two transitions centered at frequencies ws; and ws:.
(See Fig. 1.) The Doppler widths of these two transitions
may be overlapping. However, as before, we consider
the transitions to be well resolved with respect to their
natural widths. This problem is, in particular, applica-
ble to a case where the atomic system is placed within
the resonator of a laser oscillating in two Fabry-Perot
modes at frequencies »; and vs.

t
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In cases where an active laser material itself consists
of two closely spaced transitions, the calculated polariza-
tion may be used to obtain details of operation of such a
laser. Such details would be obtained by self consistency
arguments, as in the treatment of Lamb.?

Each of the standing waves in the applied radiation
may be decomposed into two traveling waves of half
the original amplitude in opposite directions. Therefore,
the third-order polarization will again show resonances
of the form we have just discussed for traveling waves.
In addition, a number of new resonances will appear.

These additional resonances are of similar origin to
the effects described by Lamb? for a two level laser. An
atom of velocity v sees the right traveling component
and the left traveling component of a standing wave at
different frequencies due to the Doppler effect. There-
fore, in general, different atoms within the velocity
distribution will interact resonantly with the right and
left traveling components. For our three level system
there are two atomic transition frequencies we; and ws;.
For two standing waves, at frequencies vy and v,
generally, there will be eight different sets of atoms
within the velocity distribution which can interact
resonantly. Each set is centered about one of the veloci-
ties vr determined by v1(12£v5/c) = wa1, v1(1£vR/C) = ws
or Vz(l:i:%‘R/C)=w21, Vz(lszR/C):w;n. When V1 and Vo
satisfy one of several easily determined relationships
with respect to ws; and ws; (we will point out these rela-
tionships in Subsec. B, below), two bands in the ve-
locity distribution will overlap. In this case the same
atoms will interact resonantly with two traveling-wave
components in opposite directions (except for the one
case described in the previous sections). Because of the
saturation of level populations each overlap condition,
as previously discussed, is characterized by a resonance
in the nonlinear polarization of the atomic medium.

We may take over the treatment of Sec. 2A up to the
typical form given in Eq. (14). At this point instead of
expression (3) for a traveling wave, we must substitute
the standing wave

2
E(zt)=2" 2E, cosv,t sink,z

p=1

=" E,(e"st+e~Put) sink,z (28)

into perturbation V(¢) given by Eq. (6). Here k,=mn,/L
with L the length of the optical resonator and n, a
large integer. The functions sink,z are taken to represent
approximate normal modes of the Fabry-Perot reso-
nator.? On making the rotating wave approximation we
have from (14)

dt’ exp{—[i(vo—wa1)— (v13—"v32) '} sinku(z—vi—ut')

¢
X/ dt” exp{ - [:i(l/p—w;ﬂ)— (’732—712)][”} sinkp(z——vl-—vl”)

i

Xf dt'"" expli(vy—war) vy}t sink,(z—vt—ot"’). (29)
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It is convenient to remove the variable limits in Eq. (29) by introducing
T,=t_tl, Tll=t’_tll, 1',,,=t”_t”,-

Making this substitution and using (8) and (10) we have for the polarization (after slight algebra) due to the typical
term

Piyy @ (r,t; 9,2) =1 p1a| 2usiNo(0) 2 EE,E, expli(—ve—v,+v,)(]
X/ dT,/ dTN./ dr"" exp{ — [y1s+i(—ve—v,+vutws) 17’} exp{—[yst+i(vi—v,tws) ]}
0 0 0

Xexp{ —[v1z+i(r,—wz) J7""'} [sink.(z3—v7’) sink,(z—vr’'—v7"’) sink,(z—vr’—vr"’ —v7"’)].  (30)

By making use of the identities for products of trigonometric functions the product of three sine functions in (30)
is equal to

H{—sin[ (ke Eptk)z— koG4 20"+ 1) - sin[ (— kot kpt-ku)z— ko(r'+ 27" +1"")]
+sin[ (ko+ko—ku)z—ko(r'— 7""") J+-sin[ko—kp+ku)z—ko(r’+7"") ]} . (31)

The first term in (31) varies spatially as three times the optical wavelength A. Therefore the contribution of this
term to absorption will be of order \/I/(!=1length of cell) compared to the other terms.
We assume A\/I is small and neglect the first term of (31). The remaining terms can be written

1{sin(—ko+ko+k,)z explikv(r'+ 27"+ 7""") J+sin(k,+ ko — k,)z exp[ikv(r’—7""")]
+sin(k,— k,+k,)z exp[iko(v'+7""") ]+ (terms odd in v).  (32)

The terms odd in v will clearly not contribute to over-all polarization if the atomic velocity distribution is
symmetric.

Consider the result of substituting (32) back into (30). It is easily seen that each 7 integral gives a complex
Lorentzian and thus each term in (32) leads to a product of three complex Lorentzians. In particular the 7/ in-
tegral applies to the resonance involving w;, and differences in applied frequencies, vo—v1=A. The three terms of
(32) may be related to different Doppler effects in the individual Lorentzians due to the presence of standing
waves. Thus, for our typical term the exp[ékv(r'—7""")] leads to the terms we have already encountered in the
traveling wave treatment. They thus represent the effect of traveling wave components in the same direction.
The resulting expressions are identical to those obtained in previous sections. The exp[ikv(7'47""")] changes
the sign of one velocity term thus making it represent an interaction with a traveling wave in the opposite direc-
tion. The exp[ikv(r'+27""47""") ] terms represent, in additions, the occurrence of the (wz;—A) resonance for travel-
ing components in opposite directions.

We now consider integrating over the velocity distribution. The interpretation of the terms in (32) as to direc-
tions of standing waves is, of course, not unique. When we consider other than our typical Raman term, the inter-
pretation will depend on how the applied frequencies enter into the expressions (see Appendix B). However, the
exp[ikv(r'—7'"")] will always involve two Lorentzians featuring Doppler shifts and the sign of » will always be
different in the two. The exp[ikv(r'+7""")] likewise involve two Doppler shifts but the sign of v is the same. We
have already mentioned (see Appendix C) that the former (opposite sign of v) terms contribute more than the
latter term by an order v/ku after integrating over the velocity distribution. It is shown in Appendix C that the
terms arising from exp[ikv(r'4-27""+7""")] may also be ignored under the same conditions (and to the same order
v/ku). We may evaluate the only important contribution, then, using formula (20).

When we apply formula (20) to all the third-order contributions of Appendix B, and keep only those values of
the indices g, p, ¢ which lead to possible resonant forms at frequency »; or »; we get the following expression for the
third-order polarization:

P® (r,t)=expivyl[ Py sinkiz+ Py’ sink,z |+ expivst[ Ps sinksz+ Py’ sink_z ]+ complex conjugate,
where
k1= 7Tﬂ1/L ) k2=1rn2/L ’ k+= 2ko—Fky , k_= 2k1—-k2;
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and with
Pyi=1inV2/(2ku)
XL paz| 4V 2= N1)/ (vry2) JEL[1+v1e[v1e+Hi(wm—r1) T71] (33a)
+ (2| /Y1) BB (v12/71) (N2~ N 1) [yao+-i(wn1—v5) T+ (v15/v3) (N s— N ) [yas+i (s —vs) T2 (33b)
+ (| wropar| 2/ 2v1) (Vs+ No— 2N 1) E¥ [y +i(wp—v1) T (33¢c)
+ (| wrans1| 2/v1) (N 3+ No—2N1) E2EX 2y+i(wp—vz) T (33d)
+ (| mazpar| 2/v1) (Vs— N1) ExEa[ 27+ i(wse— A) T 1+vilyset+i(ws— A) -1}, (33e)
Py'=[in'2/ (4ku) JEE: y1a+i(w0n—r1) T [ysatiws—A) T,
interchange 2, 3in N, w, u, v same
p2=p1{_ | }; p;:p;{ } (531
interchange 1, 2 in E, » interchange

ve=(r1+79)/2, wp=(wntws)/2.

B. Discussion

The resonant terms in the expression (33) may, as
discussed previously, be divided into two classes. The
first class are the terms which do not depend on the
standing-wave nature of the field. These are the terms
in P; and P, represented by line (33¢). They are identi-
cal in form with the resonant terms derived in Sec. 2A.
In particular, their resonant form does not depend on
the exact optical frequencies »; and v, only on the
difference frequency A=vy— ;.

The o ther class of resonant terms consists of the ones
which arise because of the standing-wave nature of the
field. It can be seen in (33) that all of those resonant
forms do depend on the exact optical frequency vy or vs.
The distinction between the frequency dependences of
the two classes is of experimental importance for the
reasons discussed at the beginning of Sec. 2B. Observa-
tion of the class which depends on standing wave features
would require a more elaborate laser system to achieve
necessary frequency stability of »; and v.. A more con-
ventional laser with less frequency stability averages
out the standing-wave class of effects but is generally
quite adequate for observing effects of the other class
[those appearing in (33e)].

It should also be noted that, in contrast to the other
class, the width of the standing-wave class of reso-
nances depends on the natural width of the lower, as
well as the upper levels.

The standing-wave resonance terms may be described,
with reference to the line designations (and their coun-
terparts in the interchange instructions) in (33), as
follows:

(a) The resonance is the usual Lamb dip effect, e.g.,
when v;=ws; atoms of zero velocity resonate with both
traveling-wave components at v;.

(b) The resonance occurs when the frequencies of
the two applied fields are symmetrically located with re-

spect to ws1 (or wsy). In this case the same atoms can
resonate on wsy (or ws;) with the right traveling com-
ponent at v and the left at »;.

(c) One of the applied frequencies (e.g., »1) is half
way between wy; and ws. In this case the left traveling
component at »; is Doppler shifted to ws; for atoms of
proper velocity, and for the same atoms the right travel-
ing component at »; is Doppler shifted to w.

(d) The frequency midway between v; and ws is
also midway between ws; and ws;. In this case, the right
traveling component at, for example, »; is Doppler
shifted to ws: and the left traveling component of »; is
shifted to ws;.

(f) This term is a complicated term representing a
combination of Lamb dip and Raman effects. When
v1=ws1 and va=w3, (which implies A=w3,), then several
bands in the atomic velocity distribution overlap. The
Lamb dip effect is due to traveling components in dif-
ferent directions at the same frequency, while the
Raman effect is due to traveling components in the
same direction at different frequencies. Note that
these terms vary at a frequency of one of the applied
fields (v or v,) but their spatial variation is characterized
by an allowed % vector which is not that of an applied
field. Thus the absorption or emission due to this term
in the polarization depends on where the material is
placed within the resonator. Also the effect of this term
becomes small when the length of the sample becomes
an appreciable part of the cavity length.

The power amplified or absorbed due to the polariza-
tion (33) is found from (22), with the electric field given
by (28). If, as in the traveling wave case, we consider
the average power absorbed in a time long compared to
1/(v2—v1), then we may consider the effect of the fields
at frequencies »; and vy separately. In particular we
again need the component of the polarization at fre-
quency »; (or ve) which is out of phase with the electric
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field at that frequency. Let us take for these out-of-
phase parts of the third-order polarization

S(z,0)= sinv;t{gl sinkiz+Sy/ sink,z}
+sinwat{ S, sinksz+Sy’ sink_z} ,
as before,
k1=1m1/L, k2=1m2/L,

k+= Zkz'— kl ) k_= 2k1— kz y

where S, Sy, Ss, Sy’ are obtained from (33). The general
form of these expressions will not be needed in the fol-
lowing arguments. Explicit reference will be made only
to the resonant terms involving (ws;—A) and for these
S1=S1E]E22/4, Sz=SzE12E2/4 where S1, 52 were cal-
culated for traveling wave case and given by (26)
and (27).

The amplification or absorption at frequency »
(aside from the linear part) is thus given by

(34)

atl/2
Wi=nEA / (S sinkiz+Sy’ sinksz) sinkizdz  (35)

a—1/2

where a is the location of the center of the sample with
respect to the end of the resonator, / is the length of the
sample, L is the length of the cavity. A similar expres-
sion may be obtained for the power emitted or absorbed,
W, at frequency ».. It is convenient for later reference
to rewrite (35) and the similar equation for frequency v.
symbolically as

W 1= p1(w) Ex*+ E1a(w) E2E2?,
W= £21(w) ExEx+pa(w) Es.

Identification of the terms in (36) with (35) and its
counterpart in v, defines the quantities pi(w), p2(w),
£12(w), £21(w). Again, the explicit form of the expressions
will not be required here. We have written in the w
dependence to emphasize that the quantities are sharp
functions of wa1, w31, wse, for given »; and ve.

First consider the case that an active laser material
itself is, for instance, placed in a magnetic field which
tunes the level spacings. Assume that a suitable set of
three tunable energy levels can be isolated.

The nonlinear polarization of the active medium
governs the steady state power emitted from the laser.?
The resonances in the third-order polarization will
therefore manifest similar resonances in the output
power. From an observation of the output power!* as a
function of magnetic field strength, then, one can, using
the general theory of two mode laser behavior, work back
to obtain values of parameters appearing in Eq. (33).

In practice the above experiment is a good one to
observe the resonant effects qualitatively. Its details,
however, involve additional complications because the

(36)

14 One could also observe these effects by looking from the side
of the tube at spontaneous emission which involves one of the
laser levels. Effects of this kind have been discussed by R. L.
Fork, L. E. Hargrove, and M. A. Pollack, Phys. Rev. Letters 12,
705 (1964).

laser output is not directly proportional to the nonlinear
polarization parameters. Instead, the functional de-
pendence of the output power on the nonlinear polariza-
tion terms appears through a set of straightforward but
algebraically complicated expressions.? For this reason,
a simple Lorentzian dependence appearing in the
polarization terms, manifests itself in the output power,
in a way which is highly distorted and non-Lorentzian.
This fact can make working out the parameters of the
polarization difficult. The procedure described below,
however, avoids these complexities.

Consider, a case in which a cell containing a sample
gas is placed within the laser resonator in addition to
the active laser material. Suppose the sample gas but
not the laser material, to be subjected to a magnetic field.
It is shown in Appendix D that under certain conditions
the sample may be considered a small perturbation on
the operating conditions of the laser. In particular this
is the case when the sample saturates less readily than
the active laser material. It is also true if the sample
saturates comparable with the laser material, providing
only a small quantity of the sample is used. Under these
conditions it is shown in Appendix D that the change in
power output due to the nonlinear resonse of the sample
is given by

8P ous= B[ p1(w) E10?+ £12(w) E20%]
~+ D[ £21(w) E1o*+pa(w) E %],

where Eqo and Eg are the unperturbed field strengths in
the cavity obtained in the absence of nonlinear coupling
to the sample. D and B are parameters which relate only
to the behavior of the laser under completely general
operating conditions (that is, even when the laser
operates well above threshold and the active material
is no longer desirable by standard perturbation theo-
ries). Equation (37) shows that, for small tuning of the
sample, the resonant behavior in the polarization will be
directly observable as a change in laser output power.

It is interesting and, for reasons we have discussed,
experimentally important to consider a case in which the
frequencies »; and »; fluctuate slowly by amoun ts greater
than the natural linewidths of the sample gas. As we
have repeatedly emphasized, in this case only the reso-
nance in wse— A4, which does not depend on the exact
value of »; and v,, will be observable.

Suppose that the fluctuations in »; and », due to
thermal effects or microphonics are stationary (in the
statistical sense). Let the highest frequency of modula-
tion of »; or v, be 8v;. While we do not restrict the modu-
lation amplitude (except insofar as the laser should keep
oscillating in two modes), we shall require that &,
be much less than the three quantities, v,, vo—»; and
1/7.. Here v, is the smallest of the three natural line-
widths in the sample gas and 7 is the characteristic
time for the laser to reach a steady state. Clearly an
atom will see a “fluctuating single frequency” rather
than a broad spectrum only if év;<<y,. This will usually

(37)
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be the smallest of the three quantities. If »; and v,
are closely spaced modes of the Fabry-Perot cavity then
vo—v1 and 1/7;, will be about the same order of magni-
tude. Both are related to the transit time of light across
the cavity. Under these conditions, we may still apply
all of the considerations leading up to Eq. (37) and that
equation will still hold but all quantities appearing in it
will be random functions of time.

Let us now consider that some standard sort of noise
smoothing circuitry is associated with the detector. The
dependence of detected power on « (magnetic field)
can then be obtained by taking the time average of both
sides of Eq. (34) over a time 7 long compared to im-
portant fluctuation periods and of the order of the
(adjustable) integration time of the detector.

We will now make our only assumption in this sample
cell case about the nature of the active laser material.
Let us assume that it has a symmetric atomic line shape
(remember it is not in the magnetic field). Then, there
should be no distinction in the behavior of the laser at
the frequencies »; and »2 on the average. In particular,
we must have in Eq. (37) AEx?=BE%.*® We thus
arrive at a simple expression for the over-all resonant be-
havior of the sample with magnetic field. We have,
from (37), for the field dependent part of the output
power

8P ous= const[ £12(w)+ £a1(w) ], (38)
where now £12(w) and £1(w) refer only to the terms in
(ws2—A), the only terms which retain a tunable be-
havior after averaging. In fact, for our present result we
may set 512—}" 521= (AlV/S)(Sl+Sz) where Sl and Ss are
the quantities given by Egs. (26) and (27). That is to
say the line shape in the present case is identical to
that in the case of two traveling waves.

This result enables one to take advantage of high field
intensities within the resonator of a conventional gas
laser in order to induce sizable nonlinear polarization.
But at the same time, the simplicity of the frequency
behavior exhibited in the traveling wave case is retained.

It should also be pointed out that the terms involving
the standing wave nature of the field as described above
are also of considerable interest. They could sizably
influence the behavior of a laser operating between
energy levels involving splittings. Their observation,
however, requires frequency stability of the type needed
in previous experiments with the Lamb dip effect in a
single mode laser.1®

5. CONCLUDING REMARKS

There have appeared previously a number of papers
dealing with the influence of a magnetic field on the
behavior of a gas laser.!”2! The authors of these have

18 This may be somewhat clearer from the expressions in
Appendix D.

16 A, Szoke and A. Javan, Phys. Rev. (to be published).

17 C, L. Tang and H. Statz, Phys. Rev. 128, 1013 (1962).

18 W, Culshaw and J. Kanneland, Phys. Rev. 133, A691 (1964).
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discussed various effects all of which are different from
the effects discussed in the present work. Most of the
previous investigations start from a set of density
matrix master equations similar to our Egs. (4). How-
ever, a general treatment of complex level structures,
arbitrary magnetic field and arbitrarily polarized radia-
tion in many cavity modes involves a great deal of
algebraic complexity and the resulting general expres-
sions are not amenable to a description of specific physi-
cal effects. Thus the various authors have emphasized
different specialized aspects of the problem.

The discussions of Ref. 18 are primarily concerned
with a small field and its influence on the rotation of the
plane of polarization of the laser oscillations. References
17 and 19 are also primarily concerned with beat fre-
quency phenomena as well as mode competition effects
associated with the polarization of the laser radiation,
and Ref. 21 is an experimental presentation dealing
with the same effects. These aspects have not been con-
sidered here. Reference 20 has given a more general
(and hence more complex) treatment, but has ulti-
mately specialized detailed dis cussions of laser operation
to competition phenomena among various polarizations,
for levels with arbitrary J values.

The analysis of the present paper is not applicable to
effects of small magnetic fields since then degeneracy
of the level structure is important. Furthermore, we
have not considered the influence of the magnetic field
on the general behavior of a laser system including its
polarization. Our treatment deals with an examination
of the effect of difference frequency crossing and the
seemingly anomalous behavior of the linewidth of the
resulting resonances. These effects have not been
dealt with in previous work. In particular the behavior
of the line shape of the difference frequency signal has
important implications for spectroscopic application.
For instance, in a large number of atomic levels in-
volved in laser transitions, the radiative lifetime of the
upper levels is much longer than that of the lower levels.
According to our discussions, the widths of the difference
frequency signals arising from structure of the upper
level will not be dependent on the radiative widths of
the lower levels. In these cases, extremely narrow
resonances may be expected. This feature would be use-
ful, for example, in studies of hyperfine structure of
excited laser states.

In xenon, for example, the 5d levels, which are the
upper levels for many laser transitions, have lifetimes
estimated at microseconds or tens of microseconds.??
The lower levels for these transitions are the 6p levels,

1R, L. Fork and M. Sargent, ITI, Phys. Rev. 139, A617
(1965); also in Proceedings of the Conference on Quantum FElec-

tronics, Puerto Rico (McGraw-Hill Book Company, Inc., New
York, 1965).

20 C., V. Heer and R. D. Graft, Phys. Rev. 140, 1088 (1965).

21 P. T. Bolwijn, in Proceedings of the Conference on Quantum
Electronics, Puerto Rico (McGraw-Hill Book Company, Inc.,
New York, 1965).

22 F, Horrigan, Raytheon Company, Waltham, Massachusetts
(unpublished).
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which may be hundreds of times shorter lived. In this
case the difference frequency crossing resonance arising
from the 5d levels will be on the order of hundreds of
kilocycles per second.

Experiments using the difference frequency crossing
technique for high resolution studies of hyperfine struc-
ture of the excited atomic levels are now in progress and
will be reported on in a future paper.

APPENDIX A

The general form of the density matrix equations with
respect to the unperturbed states is

d
(;t‘f'iwkj‘l")’kj)mF —22m iV (0) (ukmpmi— prmbtms) . (A1)

Multiplying both sides by exp(iwi—+vr;)f, we find
that the left side becomes the total derivative (d/df)
prj €xp(iwr;+vri)t. Defining  or;=pr; exp (Gwr;+vi;)t
and using w\j=w;—w; (A1) gives

dokj

= — Zm iV(t) [“kmamjeiwkmte (vkj—ymi)t

— O kmimie mite (’ij—‘ykm)t] , (AZ)

which leads to Egs. (11).

APPENDIX B

To show that it is sufficient to consider atoms start-
ing in state 2, we first note that Egs. (11a)-(11f) are
invariant if we change all twos to threes, threes to twos,
and take complex conjugates. Therefore, we can obtain
the solution of (11) for an atom which starts in state
3(a=3) from the solution for an atom which starts in
state 2 by the same interchanging and complex
conjugation.

Next'we note that if we had let the atom start in
state 1 in the calculation of our typical term, there would
be an over-all change in sign and the factore xpy(fo—1""")
in Eq. (13) would be replaced by expyi(to—#"’). This is
due to the different factors multiplying o1 and oy
in (11a) and the different initial condition (12). In
integrating over initial times we would then get (15)
except with v, in the denominator and an over-all sign
change. On multiplying by Ai(v), this would give
— N1(v) replacing Ns(v) in (17). On considering effects
of atoms starting in both states we may, therefore,
simply let Na(v) go to Na(v)—Ni(v). It is clear this re-
sult depends only on the initial condition and first-order
approximation and therefore holds for any third-order
term. Further, from the symmetry of states 2 and 3 de-
scribed above or from considering (11b) and (12) we get
the complete effect of level one by also letting
]Vs(v) 4 Na('l))—Nl('v).

We will solve (11) and (12) for all third-order terms
in p12 and p3; in Table I in the following shorthand nota-
tion. In the table below: we write ¢:;®01, @0, to
represent the third-order term in oy; which comes about
because a first order ¢, produces a second order oin.
(In all cases the atom is assumed to start in state 2.)
Underneath this term designation we write on three
successive lines [with reference to the typical calcula-
tion in the text, Eq. (13)] the factors multiplying #”,
t”, and ¢, respectively, in exponents appearing in the
triple integrals. Underneath, on the next three succes-
sive lines, we write the denominator of the three complex
Lorentzians which will occur after performing the
integrals over ¢/, ¢, t""'. We leave the Doppler shift un-
derstood in writing these—that is, we write », to mean
vu—kv. Finally on the next line [with reference to
Eq. (16)], we write the multiplicative factor and the
frequency dependence of the polarization. In every
case, the product of three E’s, the factor iN,(v), sum-

TABLE I. Third-order terms.

120221 o120 Day M 012011 By, 012D Doy @
(1) 2(vu—wa1) +v12 i(—vutwa)+v12 1(ru—wa1) +v12 i(—vutwar)+v12
2) (—votwa)+ve—vi12 (v ,—wa1) +v2e—7y12 i(—=votwa)+ry1—v12 i(vp—wa)+y1—712
3) i(ve—wa1) Fvi2—72 i(vo—wa)+vi2—72 i(ve—war) +yi2—11 i(vo—wa)+vi2—71
4) G(rp—war) +v12 i(—vutwn)+yiz $(rp—wor) +v12 i(—vutwm) i
©) i(=vptvn)+v2 (wo—vu)+v2 i(—vptv) 71 i(@o—vu) 471
©) t(We—vptvu—wa)+vi2 1(wetv,—vp—wa)+v12 i(we—votrvi—wa)+vi2 i(votvp—vi—wa) +y12
@) |l‘12 | 4gi(Vo—Vptru)t ]ﬂu [ 4gi(VatVp—vu)t “,,12 [ 4pi(Vo—Vptvp)t I#m | 4gi (Yot p—Vu)t
2@z Do 31 Py D 3@y Dgy 031 Page@ gy,
) i(ru—wa1) +712 (vu—war)+v12 i(—=vptwa) iz 1(ru—wa1) 712
?) i(—votws)+yse—7y12 i(—vpFwa) +r1—712 i(vo—w2)+v1—712 i(—vptws)+via—712
@A) i(wo—wst) Fyiz—7va 1(—=votws) Fy13—71 i(—votws)+vis—71 (—votwar) +y1z—712
) t(vp—wa)+v12 i(vu—wa1) +712 i(—vutwa)+rie i(vu—war) 712
5) i(—votvutwss) +vae i(—=votv)+71 i(vo—vu)+m (—vptvutws) s
©) 1(ve—vptvp—wn)+vi2 i(—ve—v,Fvutwn)+vis W(—=vetv,—vutws)+ris W(=vo—v,truton)Fyis

@)

ll‘l2 I 4pi(Va—Votru)t

— | paopuzs | 26E P oY

— [.uxzﬂsl I 200 (VoY p—Vp)t

— ““2”31 l 20t (—Vo—Vptrp)t
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mation over indices and spatial variation will be left
understood.

It can be noted from the signs of the frequency terms
on lines 4 and 6, where the velocity enters with different
sign in the traveling wave case. These are the important
contributions to over-all polarization, as discussed in
the text. Contributions come from saturations terms
0159090 Pop D, 013P013 P ™, 05Pe1;PopD and
from Raman term o3;®o3®a15™ leading to Eq. (21).

In the case of standing waves all terms may con-
tribute, as discussed in the text.

APPENDIX C

We are interested in integrals of the form

1 o dv exp(—v%/u?)
I+= / ’ Cl)
q % ) _ (yatix+ikv) (ystiy+iko)
an
1 ® dv exp(—v2/u?
v exp(—v*/u?) )

I_= s
7% ) _o (yatix—+iko)(ys+iy—1kv)

where v, and v, stand for any v;; in the text, and where
x and y stand for any of == (ws1—7v1) or &= (ws1—v2).

It is asserted in the text that if |x|, | y|<ku, then I,
is less I_ by a factor of order y/ku. Before going into
detailed calculations (in which we will not place the
above restriction on |x| and |y|) let us consider the
reason for the result in the text. For simplicity let us
consider the special case x=y=0 and vy.=<s Then
we have

1 ® dy exp(—v?/u?)
I,= / . ©
T2 ) o (yatikv)?
1 © dy exp(—v%/u?)
- . ©
iz | yai k22

We can write the denominator in the integrand of I as
(exp—2ip(v))/(va®+k%?) where o(v)=tan—*(kv/va).
The integrands of I, and I_ thus have the same magni-
tude and differ only by the phase factor exp— (2i¢(2)).
We may, therefore, say that atoms of different velocity
contribute in phase with each other to I_ but in varying
phase to I,. For example when kv=+v, (and since
ku>>v,) the magnitudes of the integrands have been
reduced by 3 but the varying phase has pulled the real
part of the integrand of I, to zero. As kv increases from
Ya, I_ builds up further (albeit slowly), but the phase in
I, has reversed and it decreases slowly.
We will need to consider an integral of the form

Hin®) 1 r* exp(—#)
H=— [ ——
T /_w nigtil

for small values of ». The function H as defined is equal
to —Z(s) where z=—§+1i9 and Z is the tabulated
plasma dispersion function. To evaluate H for small

(C5)
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n we write

(n-igit)yi= /

o0

NN (C6)

and interchange the order of the ¢ and \ integrations.
We have, then

H(n,S)=/<>o dhe= (D) exp—\2/4 (o))
0
which to zero order in 7 gives
H(0,¢) =/°° d\ exp(iEN—A%/4)
0
=eXP(—£2)|:7r” 2—2i / sexp(ﬁz)dﬂ:l . (C8)
0

We consider 7I_ first. We expand the denominator in
partial fractions

1 1 1

(yatintike) (yotiy—iko)  yatvs—i(x-+y)

1
XI: + :l . (C9
Yatix+-ikv  yytiy—ikv
Then
;- 1 r 1 /‘” dv exp[ —v%/u?]
7a+vb+i(x+y)|_1r”2u o (Yotix+iky)

1 /°° dv exp[ —v/u?]

:I . (C10)
™% ) _ (vetix—ikv)
In the first integral in (C10) we let t=v/u%, and identify
vo/ku with 7 and x/ku with £ in (C8). In the second
integral in (C10) we let t=—v/u and identify v,/ku
and y/ku with 7 and £, respectively, in (C8). We, thus,
arrive at an expression to lowest order in v,/k# and
vo/ku

1

I_=
kulyotvoti(x+y)]

{r‘” exp[— (x/ku)?]

x/ku

72 expl — (y/bu)*]— 2 / exp(82)d8

0
ylku

—Zi/ exp(ﬁ“’)dﬁ} . (C11)
0

This expression clearly reduces to Eq. (20) in the text
for |x| <<ku, |y|<ku.

In the traveling-wave case, it may be noted [from
Egs. (18) and (19) in the text] that in all terms which
lead to an integral of the I_ type we have either x=—y
or x+y=ws—ALku. In either of these cases we may
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write (C11) simply as
. 2712 exp—(x/ku)?
ku [yatysti(z+y)]

(C12)

Now we consider 1. Suppose first y,7 v, or x#y. We
again expand the denominator of the integrand in par-
tial fractions. We again let =v/% and use the definition
(CS) to arrive at

~ 1/ (kue)?
L a—yo)Fi(e—y) VVku

Ya ¥ Yo ¥
X[H(~—, ~—)—H(——, ~>] . (C13)
ku ku. ku ku

Suppose |x—y|/ku<k1. It may be verified in Egs.
(18) and (19) that for ws— A<y, this is always true
in the traveling-wave case for terms which lead to an I+
type integral. (It is also true in any case, of course, if
|%| /ku and |y|/ku themselves are small.)

H is an analytic function of the complex variable
p=n+1£ (as may be easily verified from the form (C7)
in particular) for all positive n. We may write (C13)
to order v,./ku, vo/ku and (x—vy)/ku as

I.=1/(ku)(dH/dP) (ya/kuy+icaiku) -

If we handle the special case y,=1s, x=1 separately we
clearly get the same result. It is well known in the theory
of complex variables dH/dp=—1i0H/d%. To zero order
in v./ku we can, therefore, simply differentiate the ex-
pression (C8) and the result is

(C14)

3
Iy {1+2£ exp(—£?) / exp(8?)dB
[}

" eyt

+imt2t exp(—£2);  (C15)
where £=x/ku.

The expression in brackets in (C15) is of order one for
£ of order one. In the traveling-wave case, comparing
(C12) and (C15) [noting x+7y in (C12) is small] we see
that I is less than I_ by order v/ku even if |x| and
|v| are comparable to k%. Thus, in the traveling-wave
case we may more generally replace (20) in the text by
(C12), the result on (21) in the text being the over-all
multiplicative factor exp— (x/ku)2.

In the standing-wave experiment since (C15) is valid
for |x| and |y|<<ku we see that in that case I_ is less
than I+ by order v/ku. For standing waves, if | x| and | y|
are comparable to ku, it is necessary, for some terms, to
use the more general form (C11) of 7_ and to re-evaluate
I, for x and y not approximately equal. However, it
may be easily verified that this is not necessary for
those terms whose resonant form depends only on
wzp—A and not on »; or v, directly. Those resonant
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forms are again the same as in the case of two traveling
waves.

Finally we discuss the third type of integral which
came up in the standing wave case.

This integral was of the form

Ii=—— dv exp[ —v2/u?]
w2 ) o

x/ d'r'/ dT”/ dTIII expl:_ (‘Ya+'ix)TI]
0 0 0

Xexp[— (vs+i0)r" ] exp[— (vet-iy)7""]

Xexp[ikv(r'+27"++")]. (C16)

We will point out how this is evaluated without giving
the details. As before we will assume |x—y|<<ku. We
also assume |8|<<ku (0 is either 0 or near w;; in every
important case). First one changes variables in (C16) to

Bi=7"+7"", Bo=7'+27"+7",
Then

0 0 0 1 % B1 i
/ / / dT’dT”dT’” —_ = / dﬁl/ dﬂg,/ dﬂ2 .
0 0 0 4./, —bf1 51! EI
et

The velocity integration can be done in terms of} 2
One then changes the order of integration and does the
integrals involving 8, and B;. Next, advantage is taken
of the smallness of |x—v|/ku and |8|/ku to write the
results in terms of derivatives of the H function, similar
to the procedure used for I,. The result, just as the I,
case, is proportional to 1/(k#)? and is thus less than I_
by order v/ku.

By= ="

APPENDIX D

We discuss, here, the calculation of observed output
power when, in addition, to the active laser material, a
sample cell of material is placed within the laser cavity
as per the discussion of the later part of Sec. 4.

The steady-state amplitude of the electric field E,
in the mode p can be determined by setting equal the
net power gained due to polarization currents in the
atomic media and the power lost within the optical
cavity—both gain and loss averaged over a time long
compared to 1/(va—v1).

The components of the polarization in the sample gas
which time vary out of phase with the electric field are
taken as

S]_‘-'—‘ [21}1E1+p1(¢0)E13+ E12(a))E1E22] Sinlt 5
Se=[2n:Es+ £21(w) E12Eo+ p1(w) E2?] sinwat
for frequencies »; and s, respectively. Here 27, is the

linear part of the susceptibility at frequency v,, and the
quantities p(w) and £(w) are defined in the text. Note

(D1)
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that the frequency behavior of 7, is characterized by the
Doppler width.

For the laser material we take the relevant out of
phase components of the polarization as

Si1= E1X1(E12,E22) sinvlt ,

. D2
Sie= Eng(Elz,Ezz) sinvet. ( )

We leave the form of the X’s unspecified. (The depend-
ence on E;? and E,? follows from the symmetry of the
material and the fact that both fields are in the same
direction.) In other words, while we imply that a per-
turbation expansion in the field strengths is valid for the
polarization of the sample gas, we make no such demand
on the laser material. The laser could be operating well
above its threshold.

The cavity power losses at frequency u, from the
definition of the quality factor, Q,, are given by

loss,= (v,/87Q.)E2LA .

Calculating the gain from (D2) and (D1) via (22) in
the text, and at each frequency setting that equal to
the loss (D3), we arrive at the following two equations:

X1(Er%, Ee2) 4 p1(w) Eq?
+ £12(w) En*=2[ (1/87Q1) — m1],
Xo(E1% Es?) 4 Ea1(w) Ex®
+ p2(w) Ex*=2[(1/87Q2) —72].
Equations (D4) implicitly determine E:* and E,2.
The power observed at the detector is the sum of the
power coupled out at each frequency and is given by

(D3)

(D4)

Tc
Pout=“(E12+E22) (DS)

™

where T is the transmission coefficient of the mirror
[for an otherwise lossless cavity Q;= (vsL/cT)]. The de-
pendence of this power on magnetic tuning of the sample
(for small tuning) is given by the w dependence in (D4).
We may always relate detected power to stored energy
in the cavity through Eq. (D5) and we will consider the
two interchangably from now on. General solution of
(D4) for the output power versus tuning would necessi-
tate a knowledge of the laser X’s (a good representation
of which is available only for laser operation near thresh-
old) and would require considerable analysis to go from
an observed power versus field behavior to derive the
p(w) and £(w) from which natural linewidths and struc-
ture could be inferred. These complications are the
regenerative effects referred to in the text.

Consider the case, however, that the last two terms
on the left of Egs. (D4) are much smaller than the first
term. Then we may consider the nonlinear behavior of
the sample as a small perturbation on the rest of the
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system. The conditions for validity of this are clearly
those described in the text. In this case, we linearize
Egs. (D4) in the small corrections, §E;? and dE.?, to
the result obtained by ignoring the small terms.

We have, then, to zero order in Egs. (41),

X1(E10% Es®) =2[(1/87Q1) — 1],
Xo(E10%, E2?) = 2[ (1/87Qs) —na],

which determine the output power, Ei>+ Eq? in the
absence of saturation in the cell. To first order

aXl 6X1
Xl(Em2,E202)—{—( ) 5E12—|—< ) SE,2
dE2/ AE,%/ o

1
+p1(w) E10*+ £19(w) Eao®= 2(—— 711) ,
7I'Q1

(Do)

Xz 09X,
Xz(E102,E202)+< ) 5E12+( )
6E12 0 3E22 0

1
+ é21(0) Eri®+pa(w) Ezo?= 2<—_‘ ’72) ,

T2

giving two linear equations for the change in power as
6E12+5E22Z

6X1 6X1
()
dE Y 0Ey%/

= [Pl(w)Eloz‘f' Elz(w)Ezoﬂ ,

(D7)

= — [£1(w) E10*+pa(w) Ea0?].

The solution of these equations for 6E,24-8E,? is given
by Eq. (37), namely
S(E2+ Es?) = B[ p1(w) E1*+ £12(w) E2o?]

+ D[ £21E10* 4 pa(w) Ex?],

with
G Ga)
9Es%/ o \dE:%/

(o) - ]
OFE12/ )\0E:%¥ ¢y \JE,? o<<9E12 0

and
().
9L/ o

D=—




