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We consider the stationary interaction between a prepolarized molecular beam and a high
frequency field, with account taken of relaxation. An expression is obtained for the polari-
zation of such a beam, and it is shown that it contains convective, proper, and mixed polari-
zation components that differ from one another in phase. Account is taken of the reaction
exerted on the beam by its own field in a closed cavity by neglecting relaxation relative to
the small parameter. The singularities of such an interaction are described in a linear
approximation, and the role of each of the polarization components is explained. The re-
sults can serve as a physical basis for a rigorous nonlinear description of the experi-

mentally observed effects.

A. detailed investigation of the phenomena first
observed by Higa Ul ang by Reder and Bickart 2]
enabled Strakhovskii and Tatarenkov to observe
experimentallym the very interesting effects des-
cribed in detail in[4. The experiments reported in
these papers recall Ramsay’s well-known experi-
ments [% with separated oscillating fields, except
that they made use of active molecular beams at
absolute temperature T° < 0, that the oscillating
field in one of the resonators was self-excited, and
that the coupling between the two oscillating fields
was not independent of the polarized beam. Indi-
vidual singularities of the Strakhovskii-Tatarenkov
effects were considered by Basov and Oraevskiil®
(see alsom) under the assumption that the change
in the population difference during the time of ti.
travel of the molecules through the second oscil-
lating field can be neglected (see ), These phe-
nomena were qualitatively considered also by
Wells .

It is perfectly obvious that the group of ques-
tions outlined above is closely related to the singu-
larities of the interaction between a prepolarized
beam and a high-frequency electromagnetic field.
It is therefore advantageous to investigate in
somewhat greater detail the singularities of such
an interaction, without resorting beforehand,
where possible, to the limitations used in [5~7%],
and under assumptions that admit of sufficiently
simple intuitive physical interpretation of the re-
sults. It is apparently sensible to confine oneself
to two basic physical problems—the polarization
of the prepolai‘zed beam in the specified field,
and the reaction of such a beam on the field pro-

ducing its polarization. The first problem is a
feature of interaction in an unbounded space,
where the proper radiation field has, by virtue of
the radiation principle, the form of diverging
waves and its reaction on the beam can be
neglected. The second problem is essential in
cavities bounded by conducting walls - resonators
- where the beam’s own radiation field cannot be
neglected, since the radiation is also localized in
the same bounded region of space.

Consequently, within the framework of the
problem posed above, it is perfectly sufficient to
consider the influence of an extraneous homo-
geneous field E(z, t) directed along the beam on
the prepolarization of the latter, and then find the
field excited by the beam with due allowance for
this influence. For a single molecule the first
half of such a general problem was first considered
in part in [5], but important physical features of
the interaction remained, unfortunately, unnoticed
and will be obtained further from more general
considerations.

Assume that the molecule is acted upon by an

electric field
E(z,1 {EOeimt, 0<<z<L
zZ —1
(z2) 0, z2<<0,z2>1L

directed along the beam, whose complex polariza-
tion 1% in the two-level approximation is

, (1)

P(z,t) = Pop12(2, t) exp (iwat), (2)

and the difference of the level populations of the
component molecules is proportional to

D(z,t) == p11(2,t) — p22(2, 1), (3)
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where wj; is the transition frequency, and

pik( z, t) the density-matrix elements determined
from the Klimontovich-Khokhlov equations (1) with
account of relaxation.'®) When z < 0 the beam is
polarized, and therefore we have at the point

z=0

D(0,t)= Do, p12(0,2) == pa1" (0, t) = poe?®t,

0= 0 — wa. (4)

In the general case it is obvious that D, and
po are time-dependent, but if we take this circum-
stance into account, then the final expressions for
P(z, t) and D(z, t) become very cumbersome
and require a special detailed analysis. We shall
henceforth consider only case (4) of a stationary
distribution of the molecules over the levels.

If the beam enters the field (1) from a source
that is in thermodynamic equilibrium, then the
distributions of the phases of pjk is random [12],
and p, [(Eq. (4)] is known only accurate to value
of the phase. In the case of interest to us the
beam either interacts initially with the extraneous
field (%) or is transformed into a state with T°
< 0 and then participates in the self-oscillating
process 1-3] " As shown by Tolman[m, this leads
to phase ordering of p, or, what is the same, to
the appearance of polarization. Therefore p; in
(4) is a definite and known complex quantity. Re-
garding (4) as the boundary conditions for the
solution of the Klimontovich-Khokhlov equations
for z = 0, we put

D(3,t) = Dy(z)+ Dy (2), (5)
p12(2, t) = [R1(z) + Ra(z) + R3(z)] €, (6)

where

3
De
Di(z) = Z@o (pw) [_Tl;— (ePrz — 1)+ Doei"xal]J )

k=1

3
Dy(z) = — 2 2] Dx(pr) ePs; (8)
h=1
A S wDe Tx 1
Bi(z) = 20 Ei@o(Ph) {AE_ I:pk—}— e+ ip o e+ ip
X (1 — e-e+iB)) ]_;_ E%H_B}’ (9)
a i’ Fk
Ry(z)=—— D@ S (10)
2(2) 5 ;E, r(Pr) oot ip
Rs(z) = poexp[— (e + if)z]. (11)

The functions entering in (7)—(11) are defined by

[11]

_ -1
Oo(pr) = [(pr + )2+ p2 [I[ (Ph—pm)J ,

m=#h

@ (pr) = [n1(e + Re pr) — n2p

+ i Imph][v 1T (pr — pm) ]_1

m==h

(the products are taken over all m =1, 2, 3, ex-
cept m =k),

Iy = ePrz — e~ (E+ib2 p1=2F —po—e,

pe=—Fi+iY3Fs— po—&, P3=Pz:
Fy = 3/2110(1/3 — f’z/az) +0(.U02)7 Fp = 1/31/3(1—}- O(Moz),

where O(u%) are terms of order of u% and
higher. The parameters of the problem are
A= ‘i%PmEo
(py2 is the matrix element of the dipole moment),
a=71p*+%2 PB=28/v, x=|A|/v,
ni = ReAps®", m2=Im Ap.";
D€ is the equilibrium value of D(z, t), and v is
the average molecule velocity in the beam. The
quantities € and 7 are inverse to the relaxation
distances and are expressed in terms of the re-
laxation times Tm“o]:

v= (vT1), &= (v12)7},

and g denotes their difference:

po=(v—e)/3.

It is easy to verify, by direct substitution in
the Klimontovich-Khokhlov (1] equations with re-
laxation taken into account [10], that expressions
(5) and (6) are solutions of these equations when
the ugy are sufficiently small, and satisfy the
boundary conditions (4). In the limiting case as
T1€1/ g — 0 we get from (9)—(11)

A
Ri(z)= D, [sinaz—i—ﬁ(i—cosaz)], (9a)
2av a
A
Ry(z) = — L [i Esin az — cos az - e-fﬁl]
v2n? a
n2A gy B MA T B
R (1—eib )__a?a? [t;cosaz
- sin az — ip—e-iﬁz] , (10a)
a
R3(z) = poe—ibz. (11a)

By virtue of the neglect of the relaxation processes,
expressions (5) and (6) satisfy in this limiting case
not only the conditions (4), but also direct1¥ the
initial Klimontovich-Khokhlov equations 11 , and
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when py = 0 they go over, apart from the differ-
ence in notation, into the solutions obtained in that
paper. Formulas (9a)—(11a) can also be obtained
from the solutions of [%] by changing over in the
latter to a description of the moving molecules in
the laboratory frame, and then carry out a suit-
able averaging. With such an operation, the form
of formulas (9a)—(11a) is not obvious beforehand,
and it is therefore appropriate to emphasize once
more that they have been derived as a particular
case of the more general solutions (9)—(11), and
are thus free of the limitations assumed in [/,
i.e., they are suitable, according to (2) and (6),
for a direct description of the polarization in
molecular beams.

Substituting (5) and (6) in (2), we conclude that
the polarization of a prepolarized beam in an
extraneous field breaks up into three terms. Each
of them has a clear-cut physical meaning which
does not depend on the relaxation processes
(compare (9)—(11) with (9a)—(11a)).

We shall call the component (2), which is pro-
portional to Ry, the proper polarization. It is
produced in the beam under the influence of the
field (1), vanishes when E; = 0, and does not de-
pend on p; [Eq. (4)]. The component proportional
to Rj is, in turn, independent of Dy [Eq. (4)] and
of the field (1), and is carried by the moving
molecules of the beam. R vanishes with p,, i.e.,
with the vanishing of the prepolarization. Finally,
that part of the polarization which is proportional
to R, is likewise independent of Ej, but depends
on py and E, i.e., it appears as the result of the
interaction between the prepolarization and the
field (1); we shall therefore call it mixed polari-
zation,

Such a breakdown is physically advantageous
also because when (9a)—(11a) are expanded in
powers of E, the convective polarization (which
does not depend at all on (1)) appears in the
zeroth order, then the proper polarization appears
in first order, and only in the second and higher
orders do the proper and mixed polarizations
again appear. It is therefore clear that when p,

# 0 the linear part of the interaction is deter-
mined by the convective and proper polarization,
while the nonlinear part depends both on the proper
and on the mixed polarization.

Consequently, the prepolarization (pgy = 0)
leads not only to the appearance of convective
polarization, but also to a substantial change in
the nonlinear part of the interaction, owing to the
presence of mixed polarization. If we note in ad-
dition that each polarization component is charac-
terized by a magnitude and a phase shift, then it
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becomes obvious that in cavities bounded by
metallic surfaces (resonators), when the proper
field of the beam radiation can no longer be
neglected, the prepolarization can greatly change
the character of the interaction between the beam
and the field.

Let us assume that a prepolarized beam enters
such a cavity and the natural modes of the cavity
are known., We shall seek the field (1), assuming
the polarization (2) to be known, in the form
E(z, t) =x(t)E(z), where E(z) is the one
cavity mode coinciding with the direction of the
beam molecules. From Maxwell’s equations we
have

e 4n ¢ PP
x+26x+mozx=—ﬁvgm2—E(z)dV,

N={|E(@z)|>av, (12)
v

where V is the volume of the cavity, w,

=wg(l + Q‘Z)V2 (the Q is assumed to be large

enough to put henceforth w, = wg).

Let the prepolarization P be either the result
of a self-oscillation process (11} 41 the result of
the action of an extraneous field [*} interacting
with an identical mode in another similar cavity
of length L,., The distance between the two cavi-
ties is L;. Then P in Eq. (12) contains only com-
ponents coinciding in direction with E(z). Substi-
tuting (6) and (9a)—(11a) in (2) and (12) we obtain,
in the case of sufficiently thin beams, an equation
for the stationary amplitude of the forced oscilla-
tions at the frequency w, in the form

i+ 0%t = —(0d — w?)zr — Z%x' + po(Ryeiot,  (13)
)
where

41t
W= VP,

1 L
(R) = —\ R(z)da.

L J
Ey,=E(z) is the homogeneous field and Vy, the
volume occupied by the beam.

To determine (R) we assume that the condi-
tions in the auxiliary cavity correspond exactly to
the Klimonotvich-Khokhlov conditions 1] (pp=0
and Dy =Dy # 0). Then, taking account, with the
aid of (9a), of the polarization at the exit from the
first cavity and its behavior (11a) in the gap be-
tween the cavities, we put x = ael®!, after expand-
ing (R) in powers of a:

(R} = Fo+ aFos + a?For + O (a?), (14)

where
Fo=Aexp {i[§+Y¥ —B(L1+ L/2)]}, (15)
Fu = Bexp {i[t+ ¥4}, (16)
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with ¢ =7 for T° > 0 and £ =0 for T° < 0,

Fop = ‘12\;12 {i[(BLuo — vo) + i (BL — BLvo — 2uo) ] Imp,"ei®
+ [BL (1 — vo) — i(BLuo — vo) ] Re po*ei®} e~i®,

A 2
6> a|| Ao, Fop— (12
61724

Im pO‘ eiw) e—iw, § = 0, (17)

and the quantities entering in these expressions
are defined by

|Al=1a||Ao], a=]ale®,
_1—cosplL _sin L
uo—-—-B—L‘———, 0= ﬁL ’
%P . gl

"2 si L/2
(ﬁ?%z—z-l- cos? (lng ) SIHﬁ(l?/z/ ) ’

A=ID2I(;2‘2‘—SID.“2—\ 9

v | AO I ID2 I 2 9 — L
B = S (P wEcoswl) (1 —cosp
— BLsin BL) + p2LA*,
a2 ang Uo
= — t ‘If _—.
tg ¥ 5 ctg 5 g ¥y -

Putting further ny = w‘z(w% - w?) and m,
= Zwo(wQ)'l, we get from (13) and (14) in the
linear approximation

ay = lale‘i% = uFoo(no—}— imog— HFOI)—jy (18)
where, according to (15) and (16),
|ao] = nd [(no+ uB cos Wy)2 + (mo + pB sin Wy) 2"k,
(Lot 2)
p=E+V—Vo—p!Li+—1,
\ 2/
tglpa:mo—i—uBsin‘gi—
no 4+ pbB cos ¥y
(B>0 if T°> 0 and B< 0 if T° < 0). In this ap-

proximation, the field is determined entirely by

the convective and the proper polarizations.
Inasmuch as F(, is proportional to

LA Izvr2 <« 1 when 6 =0, we shall estimate the

influence of the mixed and the nonlinear part of

the proper polarization by the small-perturbation

method. Putting a = aj + €; and neglecting terms

of order | €,|? and higher in (13), we obtain
g0 = |&0| €1® = nag*Foz2 (no + imo — pFo — 2a0F )1,  (19)

where according to (16) and (17) we have for
6=0

u2| Ao|2 A2L2
1202

tg (cp—cpo—l-g—):tg%—l-

11
leo|=p sin 2¥, cos ¥, cos (cp—(ro+7>,
p2A2| Ao|2 L2

6v2(no + b cos Wi)?

sin 2¥,.
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However, when the field amplitudes determined by
(18) and (19) are sufficiently small, they can be
regarded as extraneous self-consistent fields, if
the spectrum of the proper modes of the cavity is
so sparse that it is reasonable to neglect the
neighboring oscillations. It becomes possible in
this manner, in an approximation where p is
small, to observe the characteristic singularities
of the interaction with the field of a closed cavity.

When a — 0 we have (R) — Fg [Eq. (14)],
and therefore if ny, my > uB [Eq. (18)] then the
interaction occurs only with the proper field of
the beam radiation, which is determined entirely
by the convective polarization. If ny, my~ uB,
then the proper polarization is significant. When
T >0 [5], this polarization only increases the ab-
sorption (18) in the beam, since B > 0. To the
contrary, when T° < 01173 we have B < 0 and the
growth of the field amplitude (18) is limited by the
terms of order O(a?) [Eq. (14)], i.e., by the
proper and mixed polarizations. Consequently
when T° < 0, other conditions being equal, the
nonlinear character of the polarization is more
important than when T° > 0,

Expression (19) provides an estimate of the
region where the nonlinearity has little influence.
It turns out here, as can be readily verified, that
the effects observed in 73! are described in the
linear approximation by Eq. (18). When T° < 0,
however, as already emphasized above, the inter-
action is essentially nonlinear, and therefore such
an approximate description cannot explain satis-
factorily the experimental observations in all re-
spects.

Nonetheless, it is quite evident that the singu-
larities of the polarization of a prepolarized beam
are quite sufficient for the development of a rigor-
ous nonlinear theory of interaction in a cavity. The
solution of such a problem is bound to be very
cumbersome, and its investigation is therefore
beyond the scope of the present paper.
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