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A theoretical model for the behavior of an optical maser is presented in which the electromagnetic field
is treated classically, and the active medium is made up of thermally moving atoms which acquire nonlinear
electric dipole moments under the action of the field according to the laws of quantum mechanics. The cor-
responding macroscopic electric polarization of the medium acts as a source for an electromagnetic field.
The self-consistency requirement that a quasistationary field should be sustained by the induced polariza-
tion leads to equations which determine the amplitudes and frequencies of multimode oscillation as functions
of the various parameters characterizing the maser. Among the results obtained are: threshold conditions,
single-mode output as a function of cavity tuning, frequency pulling and pushing, mode competition phe-
nomena including frequency locking, production of combination tones, and population pulsations. A more
approximate discussion of maser action using rate equations is also given in which the concept of ‘“hole

burning” plays a role.

1. INTRODUCTION

HIS paper gives a theoretical description of the

operation of multimode maser oscillators. The
type of approach is particularly suitable for gaseous
optical masers of the type suggested by Schawlow and
Townes,! and first realized experimentally by Javan,
Bennett, and Herriott,2 but the equations should also
find use in the description of some features of solid-
state optical masers.

2. BASIS FOR CALCULATION

We consider a high-Q multimode cavity in which
there is a given classical electromagnetic field acting on
a material medium which consists of a collection of
atoms described by the laws of quantum mechanics.
No attempt is made to consider noise due to spon-
taneous emission and thermal, density, or quantum
fluctuations. The high degree of spectral purity ob-
served by Javan and co-workers® suggests that these
should be good approximations.

The effect of the electromagnetic field on the atoms
in the cavity is to produce a macroscopic electric
polarization P(r,f) of the medium. This acts as a source
for the electromagnetic field in accordance with Max-
well’s equations. The conditions for self-consistency
(that the field produced should be equal to the field
assumed) determine the amplitudes and frequencies of
the possible oscillations. The calculations will include
nonlinear effects, so that phenomena of frequency pull-
ing and pushing, mode competition, frequency locking,
etc., can be described.

* This work was supported in part by the U. S. Air Force Office of
Scientific Research. The main results of the paper were reported
at the Third International Conference on Quantum Electronics,
Paris, February, 1963. Lectures on some of the material were
given at the 1963 Varenna Summer School.

(119 ?Ei) L. Schawlow and C. H. Townes, Phys. Rev. 112, 1940
2A. Javan, W. R. Bennett and D. R. Herriott, Phys. Rev.
Letters 6, 106 (1961).

3T. S. Jaseja, A. Javan, and C. H. Townes, Phys. Rev. Letters

10, 165 (1963).

The thermal motion of an atom during its natural
decay time may carry it several wavelengths through
the standing wave pattern of the electromagnetic field.
As a result, the atom ‘“sees” Doppler-shifted optical
frequencies which depend on its trajectory. This im-
portant circumstance considerably influences the be-
havior of the Javan-Bennett-Herriott maser. When,
however, thermal motion is neglected the equations of
the paper can be used in a model calculation for an
ideal solid-state optical maser.

We will assume that only two atomic states @ and b
contribute to the maser action. As a related simplifica-
tion the vector character (polarization) of the electro-
magnetic field will be ignored. In order to ensure that
our analysis should apply, it would be desirable to
have the optical configuration favor one plane of
polarization, as with windows of the Brewster’s angle
type. The more complicated problem of a general state
of polarization will be dealt with in another paper.

A cavity of the Fabry-Perot type used by Javan,
Bennett, and Herriott has, of course, a continuum of
modes because it is not enclosed by reflecting walls.
However, it follows from work of Fox and Li* that
there are discrete sets of quasimodes for which the dif-
fractive leakage from the tube is small. The cavity
modes of highest Q are the even symmetric ones whose
circular frequencies are given by

Qn=mnc/L, (1)

where ¢ is the velocity of light, L is the distance be-
tween the reflecting plates (L~100 cm) and # is a large
integer, typically of order 2X10°% Fox and Li have
shown that the modes of next highest Q are those
possessing odd radial symmetry, which, for typical
geometry differ by about 1 Mc/sec from the former
modes. Our discussion will be specifically, but not
inevitably, aimed at the modes of highest Q.

4 A. G. Fox and T. Li, Bell System Tech. J. 40, 61 (1961).
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3. ELECTROMAGNETIC FIELD EQUATIONS

We write Maxwell’s equations in mks units as

divD=0 curlE=—-9B/o¢ @)
divB=0 curlH=J+d4D/o¢,
where
D=60E+ D, B=MOH, J=0E (23.)

To an approximation whose validity will be dis-
cussed in another paper, the array of excited atoms may
be regarded as a medium with an electrical state de-
scribed by a macroscopic polarization P(r,) (electric
dipole moment density). In order to avoid a complicated
boundary value problem, it is convenient to assume the
presence of a lossy medium with an Ohmic conductivity
o adjusted to give the desired damping of a normal
mode. The electric field then obeys a wave equation

curl curlE+4uoodE/0i4-uoeod?E/082= — ugd®*P/082.  (3)

In the subsequent calculations the main effect of the
space dependence of E(x,y,2,f) comes from the motion
of the excited atoms through the field which leads to
amplitude modulation of the fields seen by the atoms.
The analysis of Fox and Li for the even symmetric
modes indicates that the electric field does not vary
rapidly across the tube diameter. Accordingly we take
only the axial variation of E into account. Then
curl curlE is replaced by —9%E/dz% where z is the axial
coordinate, and E is the transverse electric field. For

the nth normal mode (unnormalized), we have
eigenfunctions
U,(z)=sinK .z, 4)
with wave number
K,=nr/L, (5)

where # is a large integer.

In the presence of a given polarization P (z,t), quasi-
stationary forced oscillations of the electric field can be
expanded in normal mode eigenfunctions

E(zl) =2 A2(OUx(2), (6)

where the amplitudes 4,(#) obey a differential equation
of a forced, damped simple harmonic oscillator
&4, [o\d4d, INGP.(1)
+ <—>—_'_+9712A n= <_> b
dl2 €9 (Zl € diz

in which P,(¢) is the space Fourier component of
P(z,0)

2 L
P.(t)= Z / dzP (z,1) sink ,z. (8)
0

Since P,(f) will be very nearly monochromatic at an
optical frequency® (o.f.) », we replace its second time

5 We adopt the convention that all symbols for frequencies
should denote circular frequencies. A numerical value, e.g., 150
Mc/sec, however, denotes an ordinary frequency. A decay con-
stant like v which denotes a reciprocal life time 1/7. often plays
the role of a circular frequency. Numerical values of v, will be
given as ordinary frequencies.
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derivative by —»?P, on the right side of Eq. (7). Ad-
justing the fictional conductivity ¢ to give the desired
Q» of the nth mode, we write

o=¢w/Qn. 9
Then 4,(¢) obeys

a4, v \dA4 , v?
e 0./ di €0

In the typical gaseous optical maser, the separation
of the principal modes A~150 Mc/sec is much larger
than the cavity mode band width »/Q~1 Mc/sec.
Hence we may hope to neglect time Fourier components

of 4,(f) and P, (¢) which are at frequencies far from the
cavity resonance frequency Q,, and write®

(10)

An(O)=E.(2) cos@att¢a (1)), (11)
and
P.(t)=C,(t) coswnt+ 0. (1))
+Sn (@) sin(at+en (1), (12)

where the amplitudes E,(¢) and phases ¢,(2), as well
as the in-phase and quadrature coefficients C,(#) and
S, (t) are slowly varying functions of # which, together
with the frequencies »,, are still to be determined. The
expressions (11) and (12) are put into Eq. (10) with
only the first time derivatives of E,(f) and ¢,(f) re-
tained. Equating the coefficients of cos(vaf+ ¢n) and
sin(v.d+ ¢n) separately to zero, and further neglecting
small terms involving v, E,/Qn, ¢nlin and v, ¢nFn/Qn,
and recognizing that »,+ ¢, is very close to 2,, we find
the self-consistency equations

(Vn+ ‘»bn"‘ﬂn)En: '“%(V/GU)Cn (13)

and

En+’21'(V/Qn)En= ~%(V/€0)S7b7 (14)

which serve to determine the amplitudes, frequencies
and phases of the o.f. radiation once the polarization
state of the medium is known in terms of the E.,(f).

4. POLARIZATION OF THE MEDIUM

The maser action arises from the establishment of a
negative temperature distribution for the two excited
states ¢ and b of the atoms constituting the medium as
shown in Fig. 1. The ground state, far below @ and ,
is not shown. Consider what happens to an atom which
at time fo is excited by some process (electron bom-
bardment, collision of the second kind, absorption of
resonance radiation, decay from some higher excited

6 The representation of an arbitrary function A,(f) in the
form (11) in terms of a variable amplitude E,(#) and phase ¢ (?)
is not unique. Despite this, because of the use of the rotating
wave approximation it seems possible through Egs. (13) and (14)
to determine both amplitude and phase. [ The positive frequency
part of (11) is a complex function very closely equal to 4, (?)
=FE.(t) exp—i(vat+ ¢a(f)) which does have a unique amplitude
and phaseﬁ
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state, etc.) into the upper maser state a. Let the atom
be at position ry at Z,, and have velocity v. For the
present, we neglect collisions, so that at time (>, the
atom will be at r=ro+v(i—4o). If there is an o.f.
electric field E(r,?) in the cavity, the atom sees a time-
dependent field E(ro+vi—vio, £) for 1> Associated
with this field is a time-dependent perturbation energy
whose matrix element is

WV ()= — pE(ro+vi—vio, 8), (15)

where @ (assumed real) is the matrix element for the
electric dipole moment of the atom between states a
and 4. The perturbation causes the atomic wave func-
tion to become a time-dependent linear combination
a(B)Watb(EWs. The quantum-mechanical average value
of the electric dipole operator for the atom is
(&*b+ab™) p.

To follow the time-dependent wave function (in the
subspace of ¥, and ¥s), we start from the equations of
time-dependent perturbation theory

1d=Wa.a+V()b—Liv.a,

. . (16)
1,b = Wbb+ 1% (t)a— %1‘}’1,6 y

in which the radiative decay of states @ and & is de-
scribed by phenomenological terms containing the de-
cay constants v, and v; for the two states. Here 2V,
and 7W5 are the unperturbed energies of states @ and
b, and the matrix element of the perturbation V (¢) is
given by Eq. (15).

If the motion of the atom were neglected, and if the
maser were working in a single cavity mode, V(¢)
would be monochromatic, and the rotating wave ap-
proximation would allow the Egs. (16) to be integrated
exactly. Even so, there are great algebraic simplifica-
tions to be gained by going over to a density matrix
description” of an ensemble of atoms consisting of all
those of a given category which are produced during
all times #o<¢. A theory of maser action in this case
has already been given® which is valid when the signals
are strong enough to fully saturate the transition a < b.
For multimode operation, such an exact solution can no
longer be obtained. However, the simpler theory can
help with the interpretation of our rather complicated
equations, and it will be discussed in Secs. 16-20.

When atomic motion through the electromagnetic
field is taken into account an atom does not see a
monochromatic perturbation even in single-mode opera-
tion. The equations can only be solved in a perturbation
expansion of the solution in powers of the E,(f). It is
still advantageous to use the density matrix method,
considering first only those atoms characterized by

"W. E. Lamb, Jr. and T. M. Sanders, Jr., Phys. Rev. 119,
1901 (1960), especially pp. 1902-1903; L. R. Wilcox and W. E.
Lamb, Jr., 4bid. 119, 1915 (1960), especially p. 1928.

8 W. E. Lamb, Jr., Quantum Mechanical Amplifiers, in Lectures
in Theoretical Physics, edited by W. E. Brittin and B. W. Downs
(Interscience Publishers, Inc., New York, 1960), Vol. II, espe-
cially pp. 472-476.
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b

F16. 1. Two excited energy levels @ and b between which the
maser action takes place. The levels have a resonance transition
frequency w>0, and are given phenomenological decay constants
ve and vs. The excitation of the states is described by the func-
tions Ax(ro,%0,9) which are introduced in Eq. (22).

a, to, to, v. The density matrix

|a|?  ab*
p(a, roai(’yv;l) = (
a*d b2
(17)
_ ( Paa Pab >
Pba Pbb
obeys an equation of motion
p=—i[3,p]—3(L'o+pl), (18)
where T is the diagonal matrix
Ya O
T= ( ) (19)
0 7
and the Hamiltonian matrix 3C is
We V(@
C}C:( , (20)
V) w,

with V(¢), as given by Eq. (15), having a complicated
time dependence because of atomic motion. A solution
of Eq. (18) which satisfies the initial conditions

10
p(d, I'o,fo, V,I'()) = < )
0 0

is required. The average electric dipole moment corre-
sponding to this density matrix p is @ (ps6+pba)-

To obtain the macroscopic polarization P(r) we
have to combine the contributions of all atoms which
arrive at r at time £, no matter when or where they were
excited to state a, and also a similar contribution from
atoms excited initially to state . Let A, (ro,to,v) be the
number of atoms excited to state a=a, b per unit time
per unit volume. We have

13
d/()/dl’o/dV)\“(ro,/[),V)

X [Pab (O[,I'o’fo,v,t)+pba(a,r0,t0,V,t):]
X8(r—ro—v(t—1o)).

21

P(ri)=9 2.

a=a,b

(22)

In practice, No(ro,b0,v) will be a slowly varying function
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of ry so that it can be replaced by N\.(r,f,v). After
integration over r,

(23)

XA (1,80,¥) [pas (e, t— v (t—10), to, v, £)+conj.].

Similarly, we will have use for a density matrix de-
scribing an ensemble of atoms which arrive at r with
velocity v at time ¢ regardless of their place ro, time £
or state a=a, b of excitation. This will be denoted by

p(r,v,0)= 2

oa=a,b

dlo / droho(xo,l0,V)

X p(a, to,to,v,0)0 (r— 19— vi+vis). (24)

The density matrix resulting from (24) by integration
over all velocities will be denoted by p(r,t).

5. INTEGRATION OF THE EQUATIONS OF MOTION

The matrix equation of motion for the density matrix
p(ey,ro,t0,v,t) has components

Pab= —’iwpab—')’abpab"}‘iv(i) (Paa“Pbb) y

Paa=—Yapaa+1V () (0ar—psa) , (25)
pes=—"066—1V (£) (0ab— p1a) ,
Poa=par”, (26)
where
Yaor=3(Yat7s) (26a)
and
0=WaeW3>0. @7

We consider first the case of excitation to the upper
maser state a. At i=1to, paa=1 and prs=pss=pso="0. The
solution to any desired order in the perturbation V (¢)

can be obtained by iteration. There are contributions to-

pav=psa" in first and third order, to pys in second order,
and to pg, in zeroth and second order. Thus, in zeroth

order,

paa® (a,¥o,to,v,t) =exp—a(i—1o) (28)

and the first-order contribution to p.s is
par® (@, 0,t0,V,0)
t
=if 'V (1) exp[ (Yat+iw) (' — ) Fva(to—1')], (29)
to

while the third-order contribution is

t
Pab(3) (a,ro,to,v,l)=i/ dIfIV(t/>

to
X [paa(2) (d,l'(), lﬂ) V,t,) "‘Pbb@) (d, r071"07 vit,>]

Xexp ('Yab‘l"iw) (t/_' t) ) (30)

LAMB, JR.

where

Paa(2) (a, Yo, to) v, t/)

14 ¢’
— _/ dtll/ dt/l/V(t//)V(tN/)
to to

XA explya (" =)+ (yap+iw) (1" — 1)

+va(to—=1"")J+conj.}, (31)
and similarly
Pob @ (a: I'o,[g, V,[/)
G n
Z"{*/ dt"f a"vEve')
to to
XA{exp[vs (" —1")+ (yapt-iw) (1" —1")
Fva(to—1'"")J+conj.}. (32)

6. FIRST-ORDER THEORY

In order to convert the expression (29) for p,® into
a macroscopic polarization, we must first calculate

pab(n(a:r:v)l)
t
———/ dl‘opabu)(a’ ro=r—vi+ vio, to, V, t) (33)

as in Eq. (24).

The perturbation V (/) acting at time ¢ on the
atom specified by ro, Lo, vis — (@/7)E(ro+v (' —t0), t'),
but for Eq. (33) we require this for an atom char-
acterized by ro=r—vi+vig, v, for which the ef-
fective perturbation

V() =—(o/MEGx—v(—1),1) (34)

‘does not depend on #p. We may then perform the above

integration over # if we treat A\, as a slowly varying
function of #y and evaluate it at £. For the first-order
terms, we have to deal with an expression of the form

¢ ¢
/ dto/ di'F (1,1 )eve (o=t |
o t

By an interchange® of the order of integrations this
becomes

t t t
/ dr / dloF (1,0) e (=) = (1/4) / APy, (35)

Let us assume now that the maser oscillator is running
simultaneously in M cavity modes, so that

E() =% BuDULx) costt 0,(0)),

p=l1

(36)

9 In each double integral an integration is carried over the same
triangular area in the f, ¢’ plane.
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where E,(f) and ¢,(f) are slowly varying functions of
time. We make a rotating wave approximation by keep-
ing only exponential factors like expi(w—w,)t’ and neg-
lecting rapidly varying exponentials like expi(w-v,)!.
Then p,p® (a,r,v,t) =

[/ Ya =l g

XU (r—v(t—1)) exp—i(ut+ . (')
Xexp[—Yarti(ru—w)](@E—1).

We also assume that the amplitudes E,(¢') and phases
ou(') do not vary much in a time 1/y4, so that they
can be evaluated at time ¢. With a change of variable
of integration from ¢’ to +'=i—¢', we find

(37)

pab(l) (a)r;v)t) =

1. 4 Aa(r,v,t) M .
_<h)[ “} > Eu(t) exp—i(rat+ (1)

Ya w=1

X/ dr'U,(x—vr') exp— (Yo +i(w—v,))7" . (38)
0

The corresponding contribution to the polarization
of the medium is

‘l)(l) (a’ r! V’t)

= —31(9*/ M) [Na(x,v,0)/va]
X3 Eu(1) [ exp—i(vut+ gau)/wd'r'U,,(r— vr')
B 0
Xexp— (Yap+i(w—v,))r’ } +conj. (39)

Let us first assume that the excitation rate density
has the form!?

Ne(1,v,0) =W (V)Au(1,) a=a,b, (40)

where W (v) is the normalized velocity distribution
function and A,(r,t) is the number of atoms excited to
state a per unit volume and time. Because we are
assuming a spatial dependence of the electric field only
on z, we may change over from a three- to a one-
dimensional description. Then the velocity distribution
W (v) refers to the z component v of v, and r is replaced
by z.

It will be noted that the quantity P(a,z,,) is pro-
portional to A.(z,t)/v.. When we now consider the
contribution of atoms excited to the lower maser state
b there is a complication which we did not meet in the
case of @ excitation. Spontaneous decay of atoms in the
upper maser level ¢ may be one of the excitation

10Tt would be easy to modify the theory to allow the atoms

excited to state b to have a different velocity distribution from
those excited to state a.

MASER A1433
mechanisms for state &. This could be plausibly repre-
sented by replacing the excitation rate density Ay(2,9,7)
by Ns(2,9,8)+F fYapas(2,0,f), where f is the branching
ratio (decay from @ to b)/(total decay from @) and A,
now describes only “‘external” excitation processes.

In order to reduce somewhat the complexity of the
subsequent equations we will now proceed as if f were
zero. The effects of cascade excitation ¢ — b will be
discussed by an approximate method in Sec. 20. With
this simplification it turns out, as one would expect,
that for & excitation P(b,2,9,f) is exactly like (39)
except for an over-all sign change and interchange of @
and b. Hence, the total polarization P(z,9,t)= P(a,2,,f)
+P(b,2,,t) is proportional to a quantity

N (2,8) =[(Au(28)/va)— Ao (2,0)/70) ],

which we will call the “excitation density.” This is
simply the excess density of active atoms in a steady
state in the absence of optical oscillations.

The first-order polarization

(41)

PO(E)=p j dW () pua® (5,0,
+pas® (b,2,9,0)+conj.]  (42)

is also proportional to N (z,t). For use in Eqgs. (13), (14)
a spatial Fourier projection on the nth cavity mode is
next to be made

L
P,O)= (Z/L)/ dzPO (2,0)Un(2). (43)

The product U,(z)U,(z—v7’) which occurs in (43)
may be written as

sinK ,z sinK , (z—v7")
=2 cos{(K,—K,)z+ Ko7'}

—2 cos{(K.+K,)z—K,or'}. (44)

The last term will not contribute appreciably to the
z integration (43) because the excitation density N (z,t)
changes little in an o.f. wavelength. Since the velocity
distribution is normally an even function of » only
that part of the remainder of (44) which is even in v
will contribute to the polarization, i.e.,

3[cos(K,—K,)z] cosKuvr’,

where the subscript u has been dropped in the last
factor since all of the modes considered have very
nearly the same wave number K=y/c.

We find

p,m (t) = —%7«(&’2/7’1) > E, CXP—i(VnH“ ‘Pu)Nn—M
©
X/ dvW ([ D (=t Kv) --conj.,  (43)
where |

D(w)=1/(Vart+iew) (46)
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is a convenient abbreviation for a frequently occurring
denominator and where

1,k 5
N u()=- / dzN (z,1) COSI: (n— p)———:l 47)
L/, L

is a spatial Fourier component of the excitation density
N(z,). It should be noted that (45) has a very simple
interpretation in terms of Doppler shifts of the atomic
transition frequencies by Kv due to the atomic motion.
This simplicity will be lost when nonlinear effects are
considered.

For the following detailed calculations a Max-
wellian distribution

W (v) = (um'/?)™L exp— (v*/u4?) (48)

will be assumed. The speed parameter # is related to an

effective temperature 7" by the equation
Imu?=rkpT, (49)

where m is the atomic mass and kp is the Boltzmann
constant. If it should develop that a Maxwellian dis-
tribution is not realized in practice, some obvious
changes in the later work can be made.

With Eq. (48) the integration over v may profitably
be done on (39) before that over 7/, and we find

P.0(0)=—%(9*/1Ku)

M
X[ Eu(l) exp—i(uul+¢u(0))
p=1
XN oeu()Z (vu—w)+conj. ], (50)
where Z(v—w) is an abbreviation for

Z(V—w; Yab, K%)
=iKu/ dr exp[i(v—w)T—yar—1K**r*], (51)
0

which is a complex function well known in the theory
of Doppler broadening.’* The function Z is, in fact, a
function of a single complex variable §

it
2()=2i f dt exp— (A+12), (52)

where

§=¢&+tan, (53)
with

t=(v—w)/Ku, (54)
and

n="ar/Kut. (55)

Tt is fortunate that extensive tables’ of the real

1M, Born, Optik (Julius Springer-Verlag, Berlin, 1933), pp.
482-486.

12B. D. Fried and S. D. Conte, The Plasma Dispersion Function
(Hilbert Transform of the Gaussian) (Academic Press, Inc., New
York, 1961).
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part Z, and the imaginary part Z; of Z(£-+14n) are now
available.

P,M(3) is a linear function of the complex electric
fields E,(#) exp—ivt—i¢p,u(t) of the cavity modes and,
apart from amplitude modulation arising from a possible
slow time variation of the excitation density NV (z,f) con-
tains the same frequencies as the cavity field.

To determine amplitude and frequency (or phase) of
the oscillations, we write out the contributions of P,®
to C,, and S, of Egs. (13), (14). These are

Sa®W=—(p*/hKu)NZ;(vn—w)E,, (56)
CoW=— (802/ﬁKM)NZr(Vn_w)E" ) (57)

where
N=No()=(1/L) / dzN (z1) (58)

which will be called the ‘“excitation,” is the average of
the excitation density over the cavity. We have now
reverted to the notation of Eq. (51) for the Z function,
but to shorten equations have dropped the parameters
va» and Ku which appear as arguments in (51).

In this approximation, without nonlinear terms, we
can only hope to obtain the condition for starting of
oscillations and their frequency at threshold. Further-
more, if the conditions are such that several modes can
oscillate, they do so independently of each other and
hence can be considered separately. The amplitude
cquation (14) gives

By=—30/0n) Eu—} 0/ e))Su® (59)
or for a steady state, for which E,=0,
(9% et Ku)NZ;(vn—w)=1/Qn. (60)

To first order in n="y,,/Ku, we have

H
Z(f,”l)g(l*%ﬂf)[—zf 8””2dx+i7r”2:|e“52—2in. (61)

0

Hence for pure Doppler line shape the condition (60)
for the onset of oscillations in the #th mode may be
written as

277 %/ (dmeohin) |

X (9/e)\N exp— (va—w)?/ (Ku)*=1/Qn, (62)
where A= 27/K is the wavelength. In these units,
%/ (Areghic) =~ 1/137 (63)

is the fine structure constant, so the left-hand side of
(62) is the product of this and four other dimensionless
factors: ¢/u, 2wV/?, exp— (vo—w)?/ (Ku)? and (g@/e)AN
which is the net number of active atoms in a cylinder
of cross sectional area (g/¢)? and length \. As the fre-
quency detuning »,—w increases, the excitation N re-
quired to initiate oscillations increases in proportion to
exp+ (va—w)?/ (Ku)%. The frequency of oscillation is
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determined by Eq. (13) in which we may set ¢,=0
without loss of generality. Using Eq. (57), we find
V=0t /2) (9?N /e Ku)Z,(vn—w).  (64)

It is convenient to use the threshold condition (60) to
express NV in terms of Q,. We find

Vn_Qn:%(V/Qn)[Zr(Vn_w)/Zi(Vn_'w):] (65)
or in the approximation 7.5/ Ku<<1
1 v én
Vn'—Qn: - <——><—>/ dxexz. (66)
/2 0./)s

If the integral (66) is expanded to first order in &,
= (vo—w)/Ku we obtain

=)/ (=)~ (1/7') (v/ QKu)=$,

which implies “linear pulling,” i.e., the detuning of v,
from the cavity frequency @, is proportional to the
amount w—v, by which the oscillator frequency v, is
removed from the atomic resonance frequency w. The
right-hand side of (67) (8=*‘‘stabilization factor’?) is
about 1/800 for typical values of the parameters used
in Sec. 2.

The more accurate expression (65) indicates a “non-
linear pulling” such that the oscillator frequency is

(67)
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nearer to the atomic frequency than it would be for
linear pulling. To the next order in (Q,—w)/Ku, but
still for y.KKu, we find

=)/ (=) 143 (@ —w)¥/ (Ku)*]S.

7. THIRD-ORDER TERMS

(68)

We now carry out a similar calculation for the third-
order quantity P,® (f) using Eqgs. (8), (23), (30), (31)
and (32). The integration of \.(2,2,t0)pa® (a,2,l0,0,t)
over times #, of excitation involves integrals like

t t ¢’ i
/ dto / dr / dr”’ / dt'F (L0 1) exp—vyo (' —to),
—0 to to to

which by a repeated interchange of orders of integra-
tion can be reduced to

t t! t/l
(1/7a>f dt’/ dt”/ dl”ll"(/,t’,t”,l"/) .

Again, we keep only exponential factors in the time
integration which are able to have resonance, and find
after changes of variables

P ® (2,0,8) =31 9N (2,0) 2- 22 20 E#E,,E,< Lexp—i(vid+ eu) Fi(vott ¢,) —i(volt¢,) |
B

X/ dr'/ dr"/ A" U, (z—vr) U, (3— v’ —vr") U, (3—v7’ —vr’' —o7"")
Jo 0 0

X{exp—[(vao—ivutiv,—ivetiw) 7'+ (Yativ,—ivs) 7"+ (Yap+iw—iv,) 7'"")}

+lexp—i(vitt o) —i(vpt+ ¢,) +i(vet+ ¢o) ]

X/ d'r'/ d'r"/ dr""U,(z—vr") U ,(z—vr’ —vr") U (3—vr' —vr" —v7"")
0 0 0

X[exp—[(Vav—tvp—iv,tivetiw) 7+ (Ya—iv,tive) 7"+ (Yap—tw+iv,) T”']]}

’r'=l‘~l/, ’r”:t/mi”, T (69)
and some algebraic manipulations
~+same with ¢ and b interchanged. (70)

In calculation of the Fourier projection P,® (¢) integrals of the form

N\ L
(z)/ dzN (@) Un(2)Up(z—or) U, (3— v —vr") U (3— v’ — o7 —07"")
0

appear. The product of the four sine functions can be reduced to

#cos(K,—K,+K,—K,)z cosKv(7""—1")+cos(K ,— K ,— K ,+ K )z cosKv (7" 7")

+cos(K,+K,— K~ K ,)z cosKv(v'+ 27"+ ") ]

13 The term “stabilization factor” (= cavity band width/atom bandwidth) was previously used in a theory of the ammonia beam
maser (Ref. 8, p. 460) where its numerical value was large compared to unity.
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apart from rapidly oscillating terms and those odd in v. The integration over » may now be carried out, and we find
PO =it £ L T B Coxpilon e i o) =iloi- 0]

B op
% / dT,/ dTN/ d7""'[N (p-opun) exp— 5 (Bw)?(r""—7") 4N (pgptny exp— (Ku)*(r""+1')?
Jo 0 0

N (ptop—ny €Xp— 2 (Ku)2('+ 27"+ 7" exp— (vap—ivu+iv,—iv,+iw) 7
— (YaFiv,—ive) 7" — (Yo tiw—1ive) 7" ]+ [exp— i (vul+ o) —t (bt ¢,p) +i (Wot+ ¢4) ]

X/ d"/ a" / A" TN sy XD~ (K" =Yk N oy exp— (K ("4 7'
0 0 0
FN orompn) exp—3(Ku)?(r'+27""+7"") ][ exp— (Yao—tvu— vy Fivstiw) 7' — (va—iv,4iv,) 7"’
— (Yap—1w+1v,)7"""] | +same with vy, and v, interchanged+complex conjugate. (71)

One of the most important characteristics of the third-order polarization is that it has constituents which
oscillate at all possible frequencies »,F»,4v,. The combination of signs appearing here is correlated with use of
the rotating wave approximation. Terms with frequencies such as v,+v,+», (near the third harmonic) are
thereby neglected.

The formidable expression (71) can be simplified in either of two limiting cases: (a) no atomic motion (u=0),
or (b) “Doppler limit,” i.e., K# much larger than v, and various frequency differences such as v,+v,—2v,, etc.
In the absence of atomic motion, one finds after some rewriting

Pu® () =535 9* L3 2 EEEo exp—i(vit+ ) +i(vptto,) —i(vott¢0) ]
B op o

X [N(p-H—/t—n)+N(p—v—ﬂ+n)+N(p+'1—n—n)] : :D(Vﬂ— Vp—vetw)
X[ Da(vp—ve)+ Db (v,—v5) LD (w—r,) + D(v,—w) ]+conjugate, (72)
where D(w) was defined by Eq. (46) and
Do(w)=1/(vatiw), a=a,b. (73)

The “Doppler limit” is appropriate for many possible gaseous optical masers, and for most of the remainder
of this paper we will be dealing only with this case. Then

exp—}(Ku) ("'~ 7"
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acts like a delta function of 7//—7' and the integration over 7"/ can be done in the form

27r1/2

/ dr’ / "G (' ") exp—}(Ku)H (" — ') f dr'G (e ). (74)
0 0 0

Ku

The other Gaussian factors do not have their full peaks in the range of integration, and give contributions which we
neglect because they lead to expressions with higher powers of K# in the denominator. Then, after performing the
simple integrations over 7" and 7"/, we find

r,® (t) = 51.2.1'71/2[ @4/ (h3Ku)] > Z Z EE,E.N (p-v-Hl—%){ EY) (“’_ %V;Hf‘%”p_ Vq) [ﬁ)a (Vp - Vv) + Dy (Vn - Vv):l

kK p O
X [exp— i(Vﬂ_ vt VV)t—i(ﬁaﬂ_ ¢p+ ﬁ"v)]"‘ iD("‘ %Vll— %lf,,—l“ Vv) [ioa(”a_ ”p) + gDb(”v_ ”p)]
X[exp[ —t(vutv,—vo)t—i(out ¢,— ¢5) |1} +complex conjugate. (75)
By interchanging p and ¢ in the second group of terms, this may be written more compactly as

P (@) =d5in L @Y (K0 L L X BB, ELexpl i (v, A vt~ il gt 00 1]

XN Gosp-n) D0 = 50ut37,~0) + N (0 ppoummy D (= Fvu— 390+ v,) LLOu(v, = v0) + D (v, ) |
-+complex conjugate. (76)
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8. SINGLE FREQUENCY OPERATION

For this case, the triple summation over g, p, and o
reduces to a single term

P,® (0)=F5ir N[ 9*/ (fFvareKu) ]
XY at[ D(w—,)+D(0)]E.® exp—i(val-+ ¢n)
+complex conjugate. (77)

For use in Egs. (13), (14) we need the in-phase and
quadrature components of this

Ca® ()= L 9% (Ryevsku) ]

XYap(@—rn)L(@—vn)Ea*  (78)
and
Su® () =3m*N[ 9%/ (HyavsKu)]
X[1+’Yab2°e(w_Vn):]En3: (79)
where the Lorentzian function is denoted by
Llw—r)=[va2+ (w—r»)*]. (80)

The amplitude determining Eq. (13) is then of the
form?!

E’n:anEn_ﬁnEnay (81)
where
an=—3/Qn)+3NL ¥ (chiKu)1Z:(rn—w), (82)
Bn= (v/16)x 2N 9%/ (eo*yaveKu) ]
X[1+va? € (ra—w)]. (83)

It is useful to employ the starting condition (60)
to express the coefficients aa, 8. (and others which
appear later) in terms of a ratio

N=N / Nr
called the “relative excitation” where Nz is the excita-
tion required for threshold oscillations when the cavity

frequency Q, is tuned to the peak w of the atomic
resonance curve. We find

(84)

an=5/QN{[Z:i(va—w)/Z:(0)J—1}  (85)
and
Bn = 11571/2 (V/Qn)[m Kv)?/ (h27a')’bz'i (O) )]
X[+ v (o—w)]. (86)

A stable steady state occurs for an intensity of
oscillations
En2=an/18ny (87)

which is easily related to the relative excitation with
the help of Egs. (85) and (86).
The frequency determining equation (again ¢, may

141t is easy to see that the coefficient o, is simply related to the
gain (negative absorption) coefficient of the medium at frequency
vn for small signals. However, the gain coefficient for a strong
signal cannot be safely inferred from Eq. (81), since standing
rather than traveling waves were assumed in its derivation. A
theory of a traveling wave maser along the lines of this paper will
be given later.
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be taken zero) is
Vo=0n—2 0/ (En))[CaV+C,®].

Since the frequency of oscillation v, will differ little
from the cavity resonance frequency 2., the right side
of Eq. (88) may, to a sufficiently good approximation,
be evaluated for »,=Q,. We may then write

V= 971+0'n+P71E1;2 y

(88)

(59)
where
o= PN/ (echKu)]Z (20— ) (90)

and

pu=F+Tsm W[ 9N/ (eli*yarsKu) ]
KYap Q=)L (Q—w) (91)

or expressing these coefficients in terms of the relative
excitation (84)

On= % (V/Q,,)%ZT(Q,,—@)/Z,'(O) (92)

and

pu= 16T/ Q)N 9%/ (PvavsZ:(0)) ]
XYap(Qn—0)L(Qu—w) (93)
so that

PnEn2 = Pnan/ﬁn
=30/0){[Z:i(Qn—)/Z:(0)JN—1}7a1 (2 —w)/
2.2+ Qn— w)?]. (94)

The frequency now depends on the relative excitation
(and hence on the power level) as well as on the detun-
ing, i.e., there is frequency “pushing” as well as
“pulling.”

Equations (89), (92), and (94) indicate that for

(Qn—w)2+ 2‘Yab2< —'Yab(ﬂn—w)Zi(Qn_‘CO)/
Zu(@u—w) (95)

an increase of excitation should move the frequency in
the direction from w toward €,. For small detuning the
right side of (95) is approximately ga'/*y,Ku.

The dependence of power level on excitation and
detuning is given by Eq. (87). Using the value of
Zi(Enym) for =0, this equation may be written ap-
proximately as

(9E) (FPvave)
(Qn—w)?

B 8‘[“1)*%(7(%)2

This expression agrees with the linear approximation
(62) in predicting threshold for relative excitation

N=N/Nr=exp(Q,—w)*/ (Ku)?

]—m—l} / (147 L (@a—w)].
(96)

97)

when there is detuning. Because of its derivation from
a third order perturbation theory, Eq. (96) should not
be trusted unless it predicts a value of the “saturation



A1438

In

T1c. 2. Relative intensity of oscillation as a_function of de-
tuning. The solid curve, drawn for parameters N =2N7 and Ku
=4yq represents Eq. (96). The dotted curve indicates the Doppler
gain profile of the numerator of (96).

parameter’’s
I,= % ( @En)z/ (h2'Ya'Yb)

much less than unity.

The numerator in Eq. (96) has a peak for resonant
tuning Q,=w, but the denominator, which comes from
the nonlinear term involving the coefficient 8, also has
a peak when Q,=w. Under certain conditions, the
over-all curve of E,’=a,/B, versus detuning Q,—w
should have a flattened peak at resonance, or even a
dip between two maxima. The condition for the appear-
ance of two maxima is

(var/ Ku)*<3{1—exp—[(@*—w)?/ (Ku)*]},

where Q,*—w is the detuning required to stop oscilla-
tions at the given level of excitation. The double peak!®
(see Fig. 2) should thus be seen somewhat above
threshold, i.e., for relative excitation

N> 1/[1—2Cva/ (Ku))*].

Under this degree of relative excitation, the electric
field at central tuning is given by

w=2(QE.)Y (BPyavs) =4(vw/ (Ku))*&1  (101)

so that the neglect of higher orders of perturbation
theory should not be too serious, provided, as we
assume, that y.,&KKu.

(98)

(99)

(100)

15 The significance of this quantity is shown more clearly in
Sec. 18.

16 This dip has recently been observed. R. A. McFarlane, W.
R. Bennett, and W. E. Lamb, Appl. Phys. Letters 2, 189 (1963);
A. Szoke and A. Javan, Phys, Rev. Letters 10, 521 (1963).
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TasLE L. This shows the twenty-seven possible values of the
summation indices g, p, ¢ which appear in Eq. (76) for ‘“three”-
mode oscillation. The fourth column gives the corresponding fre-
quencies v,—v,+v,. The last column contains numerical values
for the amount by which these frequencies exceed »:. We have
taken ve—w; =150 Mc/sec and v3—r;=151 Mc/sec in order to
simulate (but greatly to exaggerate) nonlinear pulling effects.

Typical v
u p Vu—Vptve (Mc/sec)
1 1 1 V1 0
1 1 2 123 150
1 1 3 v3 301
1 2 1 21/1‘—1/2 - 150
1 2 2 vy 0
], 2 3 Vl"'l/a”‘ 14 151
1 3 1 2!11—- 1 41 "301
1 3 2 V1+Vz"1/3 _ 151
1 3 3 7 0
2 1 1 v 150
2 1 2 2112'“1/1 300
2 1 3 votvs—w 451
2 2 1 Vi 0
2 2 2 Vs 150
2 2 3 V3 301
2 3 1 vi+va—v3 —151
2 3 2 21/2_ V3 - 1
2 3 3 v 150
3 1 1 3 301
3 1 2 votvs—v1 451
3 1 3 2v3— w1 602
3 2 1 vitvs—ve 151
3 2 2 3 301
3 2 3 2v3—ws 452
3 3 1 V1 0
3 3 2 2 150
3 3 3 v3 301

The physical interpretation of the dip is discussed
in Secs. 17 and 18 from several points of view.

9. MULTIPLE MODE OPERATION

As the excitation is increased beyond that required
for threshold of single frequency oscillation, other fre-
quencies appear in the output of an optical maser oscil-
lator. We wish to use the expression (76) for the non-
linear polarization in the electromagnetic field equa-
tions (13), (14) in order to account for the observed
phenomena.

The first theory of an oscillator capable of multi-
frequency operation was given by van der Pol!” in
1921-22. The necessary nonlinear features were pro-
vided by cubic terms in the current-voltage character-
istic of a triode vacuum tube. The tank had two R-L-C
circuits with resonance frequencies 2; and Q.. Van der
Pol found that steady oscillations could occur only at
frequencies near £ or Q, but that simultaneous steady
operation at the two frequencies was impossible. There
were hysteresis phenomena, i.e., the choice of steady
state of oscillation depended on the past history of the
circuit parameters.

Multicavity magnetrons provide very important

17 B, van der Pol, Phil. Mag. 43, 700 (1922) and a review article
Proc. Inst. Radio Engrs. 22, 1051 (1934).
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TaBLE II. This table gives various quantities needed for the evaluation of Eq. (76) for
three-frequency oscillation as described in the text.

7 p a 7 Vo—Vo w—ivutiv,—ve —3vu—3vetv, vu—v,tvs p—otu—n o—ptu—n
1 1 1 1 0 w—vy 0 vy 0 0
1 2 2 1 0 w—7Vi2 A v 0 0
1 3 3 1 0 w—vs A v 0 0
2 2 1 1 A w—v1 A V1 2 0
3 3 1 1 2A w—r1 A v 4 0
2 3 2 1 A w—Vi2 A 21/2'— V3 2 0
2 2 2 2 0 w—vs 0 Vo 0 0
1 1 2 2 —A w—vy —3iA Vs -2 0
2 1 1 2 0 w—7V12 -—%A 12 0 0
2 3 3 2 0 w—vas IA Vo 0 0
3 3 2 2 A wW—7Vy %A V2 2 0
1 2 3 2 —A w—va3 “0” vitvs—v2 -2 0
3 2 1 2 A wW—7Vi2 “0” V1+113—V2 Z 0
3 3 3 3 0 w—v3 0 v 0 0
1 1 3 3 —2A w—v3 —A Vs —4 0
2 2 3 3 —A w—v3 —3A V3 —2 0
3 1 1 3 0 w—vs —A V3 0 0
3 2 2 3 0 w—v33 —3A v3 0 0
2 1 2 3 —A w—Va3 —A 2ve—w1 -2 0

examples of oscillators capable of multifrequency opera-
tion, and here again the normal pattern is that an
oscillation existing at one frequency tends to suppress
one at another frequency.

There is, of course, a very close connection between
van der Pol’s work and ours. Where he dealt with a
nonlinear triode characteristic for a vacuum tube, we
are concerned with the nonlinear response of an as-
sembly of atomic systems which obey the laws of
quantum mechanics. A one-to-one correspondence can
be set up between the two problems. The Fabry-Perot
cavity modes correspond to the resonant constituents
of van der Pol’s plate circuit. As we will see, however,
the effective tube characteristics of the optical medium
differ qualitatively from that assumed by van der Pol,
and hence the optical maser behaves in a very different
fashion with respect to multifrequency operation than
the oscillator in van der Pol’s original model.

Rather than deal next with the case of two-frequency
operation, it will perhaps save space to consider first the
more general case of three-frequency operation. Prob-
ably most of the interesting phenomena for optical
gaseous masers can be understood without dealing ex-
plicitly with more than three frequencies. After the
more general equations have been obtained, we can
easily drop terms and discuss two frequency oscillation
as a special and simpler case.

We consider the expression (76) for the third-order
polarization, in which the indices u, p, o, and # can each
take on values 1, 2, and 3. It is useful to have the
ingredients of the summands in tabular form. The
entries in the fourth column of Table I give the fre-
quencies of the various summands in P,® identified
by the u, p, and o values in the first three columns. It
will be noted that besides the three frequencies »i, »s,
and »; assumed in the cavity excitation, there are nine

additional frequencies present in the polarization of the
medium. Hence there must be fields in the cavity at
these new frequencies, and the desired self-consistency
for three-frequency operation is in jeopardy. However,
under certain conditions which will be determined later,
the fields at the new frequencies do not produce appreci-
able effects, even though the frequencies lie close to
cavity resonance, so that the calculation can be made
as planned.

As is already apparent from the single-frequency case,
the oscillation frequencies v, are typically very close
to the cavity frequencies Q,, which are equally spaced
and separated by

A=150 Mc/sec. (102)

Hence three of the new frequencies: 2vy—vs, v1+vs—vs,
and 2vs—v; are very close to the three main frequencies
v1, v2, and vs, respectively, and the corresponding terms
are carried along in the calculations. The remaining fre-
quencies can be ignored as long as the oscillator is appre-
ciably below threshold for four-frequency operation.
Any pulling of », from @, is typically measured in
kc/sec and hence the v, are not detuned from 2, by an
appreciable fraction either of the cavity bandwidths
v/Qn. which are about 1 Mc/sec, or of the radiative
decay constants v, Vs, OF Y4 Which may be 10 Mc/sec
or more. The entries in columns 5, 6, and 7 of Table II
occur in the frequency denominators in Eq. (76) and
are there to be combined with imaginary numbers —#vy,,
—1%vp, OF —1ye. We have neglected the small terms
arising from frequency pulling. Thus ve—v»; is freely
replaced by A of Eq. (102), etc. A symbol like »;2 de-

notes a frequency halfway between »; and »,, etc.,
1205 ’%(Vl-l-llz), etc. (103)

The entries in the last two columns of Table II are the
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integers characterizing the spatial Fourier components
(47) of the excitation density which are needed for the
evaluation of the contribution to (76) arising from the
indices y, p, o, and 7.

The combinations (u,p,0) which contribute third
order polarizations at frequency »; are (1,1,1), (1,2,2),
(1,3,3), (2,2,1), and (3,3,1) while (2,3,2) gives a con-

LAMB,

IR.

tribution near »;. Each summand has a product of two-
resonance denominators. The dominant terms are
(1,1,1), (1,2,2), and (1,3,3) since they do not necessarily
contain inverse powers of A. The other terms have at
least one power of A in the denominator. All terms will
ultimately be expanded to order 1/A2

We find

Py® ()= gim' [ 0%/ 1K) IL{ELN (Yas/ (va15) (D (0~ 1)+ D(0))
+EE?N (var/ (vavs) D (@—v12)+D(A/2))+EE2N (var/ (vavs) ) (D(w—v2) +D(A))
+ELE[5N 2D (0— 1)+ 3N D(8/2) [LDa(8)+ Do(A) I+ ELE[FN D (0— 1) +3N D(4)]
X [ﬁDa (2A)+ S)b(ZA)]} exp-—i(vlt—!— @1)+%E22E3[N23)(w— ll12) +N3)(A):”:3)a (A)+ @b(A)]

Kexp—i((2va—v3)i— (22— ¢3)) ]4complex conjugate.

The in-phase coefficient C;® is then

(104)

C,\®= L 2[ KJ‘/ (ﬁaKu)][Els]\7 (‘Yab/ (’Ya’Yb))(w”‘ )L (0— V1)+E1E22N (’Yab/ ('Ya'Yb))[(w— v19) L (w—v12)+(2/ A)]
FEE?N (vav/ (vavo)[ (w—2) £ (0~ o)+ (1/A) I+ ELEN 1y o (0— vi+A) £ (w— 1) /A2
+%E32E1N4’Yab(w— V1+ 2A)£ (w— Vl)/A2+E22E3A_2{N2’)’ab(w— v12+A)£(w— V12) COS‘{b

where the “relative phase angle” ¢ is defined as

Y= (2va—r1— )i+ (202— 01— ¢3).

The quadrature coefficient S;® is given by

+[N2(’Yab2_ (w—- Vm)A)ae(w'— Vlz)—N] smx[/}] 5 (105)

(106)

S1® =32 9t/ @ Ku) {ELN v S (w—v1)+11/ (vave) + EE2N [y a* € (0 —v12) +4va?A72]/ (vav)
+ EAE2N v £ (0—v2) +va2A 2]/ (Yavs) + ELE:A [ No(yai2— (0— v1)A) L (0—v1)— 2N ] _
+7}E32E1A~2[N4(’Yab2— 2((0—' Vl)A)cg (w-— 1/1)‘-‘ 2N]+E22E3A~2[[N2(’Yab2“ (w—— V12)A)£ (w—- V12)_‘N:] COS¢/

—Noyap(w—ri2+A)L(w—r12) sing ]}, (107)

There are similar expressions for the other coefficients which appear in the self-consistent field equations (13)

and (14).
The generalization of Eq. (81) takes the form

Ey=01E1—B1EP—013E  E*— 013F1 E— (n23 cosy+ £a3 sing) E22Es,

Eo=03Ey—B2Ed— 031 EsF2— 093 FoE2— (15 cosy+ £as sing) EyEEs

(108)

E’a=a3E3—33E33—031E3E12—032E3E22"‘ (1121 cosy+£&n Sin!//)E22E1-

The coefficients a, and 8, were already calculated in the single-frequency case, and are given by Egs. (82) and

(83). The other coefficients are given by

O12= ﬁﬂ'lﬂv( @4/ (éohaKu) ){N')’ab2 ('yu*yz,)—l[,e (w—- V12)+4A_2:|“* ZNA_2+N2A—2[7abz_ (w— V]_)A]ee (w - Vl)} N

(109)

1= 2o () (ol K0) Y s (vrs) [ o)+ A1 AN A AN A Lyt 2= v)AJ e 0—m)} ,  (110)

n23= 267294/ (el Kul?) ) Na[var— (0—r12)A]L (@ —r12)— N},

Eas= — T/ 9* (P Kul’) ' Noyar(—v12+4) £(0—r12)

O21= 1572 @* (Kt} { Ny ar? (vavs) [ £ (w— v12) + 44T+ NoA 2y g+ (0— v2) A& (w—»2) — 2N A2}
O23= 152 @4 (el Ku){ Nryas? (va1s) [ L (0= v2a) +4A ]+ NoA v — (w—r2) AL (w—r2) — 2N A,
£13= — 512 P} P KuA2) N gy oo (0— v2s— A) L (w— vas) + (0— v12+A) L (w—r12) ],

Ns=1572 @* (e Kul2) " { Na[y o>+ (w— v23) AJE€ (w0— v2s)+ N[ yar?— (w—v12)AJL (w—v12)+ 2N},

O31= T/ @ (el Kue) { Nyas? (vave) "[L(0—vo) + A2+ N A [y e+ 2(0— ) AJL (w—vs) — 3N A,
B32=157"/2 4 (ed®K1t) " H{ Ny o5 (Yav0) [ £ (0 — v23) +4A2 T+ N oAy s>+ (0—v5) A]L (w0 —vs) — 2N A}
n21= 7512 A (edPKul2y { N[y + (0— v2s) AJ€ (0—v2s) — N},

Ea1= — T/ P (el Kul®) N 1y o5 (w0 —vas— A) £ (w—v23) .

(111)
(112)
(113)
(114)
(115)
(116)
(117)
(118)
(119)
(120)
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The frequency and phase determining equations are of the form

vik o1=Q1F- 01+ p1 B2+ 112 B+ 713 B EPEy B (n2s sing— £33 cosy) ,
vot po=Qs+ 0o+ poEo*+ 101 B+ 193 Es*+ E1E3(n15 sing— £15 cosy) ,
vit 03=Qs+ 05+ psEd+ 1a1E 2+ 1o Eo* - E2E 1 E5 (na1 sing— £a21 cosy) ,

(121)
(122)
(123)

where the coefficients o, and p, are already given by Egs. (90) and (91), and the #’s and &’s by Eqgs. (111), (112),
(115), (116), (119), and (120). The remaining coefficients are

T12= — Tem2 O* (e Ku) N (vav5) [ Yab(@—r12) € (0 v12) + 27 A7 ]+ N2A 2y g3 (w— w1+ A) £ (w0— 1)} ,
715= —Tom'/% @* (e Ku) " {N (vavs) "[var(0— v2) € (0— v2) +yad I+ ENid Hyap(0— 1t 24) £ (0— 1)},
o= — T2 @4 (ed*Kut) (N (vavs) [Vap(w—12) L (@~ v12) = 2Y A~ I+ NoA 2y ap(w— va— A) L (0— 1)},
Tay=— P/ @4 (e Ku) (N (vavs) [y ap(w— v2) £ (—v2) + 27 p A T+ NoA Py ap (w— vat-A) £ (0—12)}
3= —Tom'/% @* (e Ku) {N (vavs) "[yar(—r2) £ (0= v2) ~¥asd I+ 1N A 2y ap (w—v3—24) £ (0—3)}
3= — 762 (P Ku) N (vave) '[van (e~ v23) £ (0 v28) = 2YasA ™ ]+ NoA~ 2y ap (00— v3— A) £ (w—v3)} -

10. TWO-FREQUENCY OPERATION

We may here drop all terms referring to the third
frequency v;. There are now no “combination tones” in
near resonance with Q; and Q.. The amplitudes E; and
E, are determined by the differential equations

Er=a,E1—B1EP—01EE2,
Ey=asEs— 05, FEoF*—B2ES
where the coefficients an, B, 012, and 6,1 are now given

by Egs. (82), (83), (109), and (113).
Introducing the squared amplitudes

(130)

X=E12 and V= E22 5 (131)
Egs. (126) become
X=2X(;—B1X—612Y),
(al 131 12 ) (132)

Y=2Y (as—02.X—B:Y).

_The condition for a steady state of oscillation is
X=0, Y=0 and may represent graphically in an X-¥
plane by the point of intersection of the two straight
lines

Ly: 1 X461V =ay,

(133)
Ly: 031 X4B:Y=as,

if there is one in the first quadrant, together with the
single-frequency solutions

X=a1/61, ¥Y=0 and X=0, Y=a2/,32.

The differential equations (132) allow us to follow the
temporal behavior of the state X, ¥ of oscillation in the
phase plane X, Y. Through any point in this plane (ex-
cept stationary points) there passes a curve which indi-
cates the path followed by the representative point
(X,Y) on its way to a stable state of oscillation. The
parametric equations of the curvesare X=X (), Y=Y (¢)
with the time ¢ as parameter. From the differential

(134)

(124)
(125)
(126)
(127)
(128)
(129)

equations it is seen that each curve has a vertical tan-
gent when it crosses the first of the straight lines (133),
and a horizontal tangent when it crosses the second
straight line. This principle facilitates a very simple, if
qualitative, graphical integration of the differential
equations (132) for the paths of the phase points in the
cases discussed below.

The various possibilities are depicted!® in Figs. 3-5
where it is assumed that both a; and . are positive,

0.5 It

o 0.5 —
. X 1.0
F16. 3. Phase curves showing the transient behavior of two-
mode oscillation. The straight lines L, and L, of Eq. (133) are
taken to have coefficients a1=1, a3=0.4, B1=8:=2, 12=05=1.
The slope of a phase curve is zero when it crosses line L, and in-
finite when it crosses line L;. Although both modes are above
threshold, the favored X oscillation is able to quench the ¥
oscillation.

18 The phase paths of Iigs. 2-4 were kindly integrated on an
analog computer by Dr. B. Wise of the Engineering Science
Laboratory, Oxford, to whom the author is very indebted.
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0.5

77

-

Fic. 4. Diagram similar to Fig. 3, except that the gain pa-
rameter for the second mode has been raised to a;=1. Simul-
taneous oscillations at both frequencies occur at the single stable
steady state. Both I'igs. 3 and 4 correspond to “weak’ coupling.

o

o]

so that the two modes are individually above threshold.
The coefficients 8, are necessarily positive if the optical
medium is an active one, and while the mode competi-
tion coefficients 6 could conceivably have the opposite
sign, they have been assumed positive (and equal to
each other) in drawing the figures.

Figure 3 applies when mode 1 is well above threshold,
but mode 2 is only a little above its threshold, either
because the cavity resonance frequency Q. is detuned
from the atomic transition frequency w or possibly be-
cause 02< Q1. It is clear that the point (a1/81,0) repre-
sents a stable state of oscillation, while (0,as/82)
corresponds to an unstable steady state. Hence there is
a range of operation above threshold of modes 1 and 2
where oscillations in the favored mode 1 are able to
inhibit oscillations at the second frequency. One might
say that the effective gain for the second mode

a2'=a2—0X=a2—0a1/61

is being made negative by the presence of oscillations
at v1. From Egs. (109) and (113) it is seen that the in-
hibiting effect is enhanced when vi;=w, or when the
two cavity modes are on opposite sides of the atomic
transition frequency, and approximately equally far
from it. The physical interpretation of this effect which
clearly involves o.f. saturation will be brought out more
clearly in Sec. 18.

As the excitation increases, a.’ will eventually become
positive, and the relevant diagrams are Figs. 4 and 5.
The former applies when 3,8:>6* (weak coupling) and
the latter when (8,8:<6* (strong coupling).

The two cases of weak and strong coupling give very
different behaviors. For weak coupling the point of
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intersection of the two straight lines gives stable
steady-state operation, while the single-frequency oper-
ating points are unstable. The optical maser oscillates
simultaneously at two frequencies under these condi-
tions. For strong coupling, on the other hand, the point
of intersection of the two straight lines represents an
unstable steady state and would not be realized in
practice. All other points in the state diagram evolve
into one or the other of the single-frequency operation
points. Which of the two is reached depends on the past
history of the state of oscillation. In other words, there
is hysteresis.

In the Doppler broadened gaseous optical maser
Egs. (83), (109), and (113) indicate that the case of
weak coupling is naturally favored, since 8,8; tends to
be greater than 6;582. Hence, with possible exceptions
such as the one discussed in the next section, double
frequency operation is preferred. However, when van
der Pol’s theory of a double resonance feed back triode
oscillator is transcribed into our notation, one finds
that in his case §=20. This results from his assumption
of a term (E; cosvit+E; cosvet)® in the triode output
current. After discarding terms which have frequencies
far from vy and »s, this becomes

%(El-'i_,_ 2E1E22) COSV1¢+%(E23+2E2E12) COSVzt,

which leads to the stated relation §=28. The van der
Pol oscillator prefers operation at a single frequency and
exhibits hysteresis phenomena, as in the case of strong
coupling. Evidently the atomic medium of an optical

\

N
N

1.0

o
o

o

TF16. 5. Phase curves showing the transient behavior of two-
mode oscillation when the straight lines L, and L, of Eq. (133)
are taken to have the coefficients a1 =ap=1, B1=B2=1, O12=051=2
(strong coupling). There are two possible stable steady states,
each corresponding to single-frequency operation. The particular
state reached depends on the initial conditions. Hysteresis phe-
nomena would occur if the parameters characterizing the oscil-
lator were slowly changed.
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maser differs from van der Pol’s triode oscillator be-
cause the nonlinear response of the atoms to frequencies
v1 and »2 has a resonant character not assumed of the
triode. It will become clearer from the discussion of
Sec. 18 that two groups of atoms with different velocity
are driving the two oscillations with only a limited
degree of interference. One could easily make a com-
parable model of the van der Pol type with fwo triodes
each with its own tank circuit. A small amount of
coupling between the two oscillators would produce
intermode effects described by the 6 coefficients in the
weak-coupling case.

There is also a further case in which the two straight
lines coincide, i.e., when a;1/as=81/0=0/8B:. In that case,
there is a neutral steady state for the representative
point lying anywhere on the line within the first quad-
rant. In practice, the state of operation when this
condition is nearly satisfied should be very sensitive to
microphonic disturbances.

11. INTENSITIES AND FREQUENCIES IN
TWO-MODE OPERATION

The two-mode steady-state solution of (130) is
given by

Ef= (Boa1—01202)/ (B182—019021)

Eg?= (B102—02101)/ (B:182—012021) ,

where, as explained before, the right-hand sides may be
evaluated for »;=Q; and »,=%Q,; without appreciable
error. The frequencies are obtained by dropping in-
applicable terms from Egs. (121)-(123). We may set
¢1= @2 without loss of generality, and find

V1= Q1"|‘¢71‘l'l)1l’:12‘[' 7'12Ez2 )
V2=92+0"2+P2E22+ 7'21El2 ’

where the right-hand sides are to be evaluated for
vo=%4, and the E,? are as given in (135).

These equations are fairly complicated, and probably
can be used in full generality only for a numerical
analysis? of very detailed data on optical maser opera-
tion. Such a study would be simplified if the values of
the E’s could be inferred experimentally, since that
would effectively reduce the dependence of Egs. (136)
on cavity tuning. For the present we will merely work
out the frequencies for the important case of ‘“mid-
tuning” where vio=%(1+vs)=w, w—ri=2A and v;—w
=2A. If we regard A as being much greater than the
v’s, we then may approximate the coefficients appearing
in Egs. (135)-(136) as follows:

(135)

(136)

BiBo190 w2 N (edPKuryays) =8, (137)
p2~ —p1=2yaA7B=0p, (138)
T2 — 721 —p, (139)

19 Such an analysis is being made by Dr. R. L. Fork and Dr,
M. A. Pollack. The author is very grateful to them for helpful
discussions on this and other parts of the manuscript.
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and assuming Q;=Qs=(), the gain parameters become
ar~ar~pQu N[ Z:(34)/2:(0)]—1} =a. (140)

The intensities are E?= E.?=%a/B, and the frequencies
are

vi=Q+o1—pa/B,

141
V2=92+¢T2+Pa/ﬁ: ( )

so that the beat frequency is
ve—v1i~~2A+ (0a—a1) +4yaa/A. (142)

It will be seen that in the approximations of Eq.
(137) we have B182= 012021, and hence in order to decide
whether the coupling is “weak” or “‘strong” it is neces-
sary to evaluate the coefficients 8 and 6 more exactly.
In case of exact midtuning, one finds that 82—6? has
the same sign as N+N. Ordinarily this would be
positive since N must be positive for oscillations to
occur. However, it is possible in principle to arrange to
have N>0 and N,<—N by having N(z)>0 in the
middle two quarters of the tube length, and N(2)<0
in the end quarters. In practice the last requirement
could be met by adjusting the gas discharge conditions
near the ends so that the lower maser atomic level is
more populated than the upper one. In He-Ne masers
an increase of tube diameter near the ends might be
helpful in this respect. Diffusion of Ne metastables to
the walls is thereby reduced, and electron excitation of
the lower maser level is increased.

12. NORMAL THREE-FREQUENCY OPERATION

Equations (108) and (121)—(123) are fairly compli-
cated, but can be readily used to discuss a number of
special cases, as indicated in the following three sections.

In general, unless care is taken to adjust the cavity
tuning very accurately, the three frequencies vy, v, and
v3 will be such that the relative phase angle ¥ of Eq.
(106) is a linear function of the time. Then the last
terms in Eqs. (108), (121)-(123) are periodic functions
of time, and in some approximation their effects average
out. If we neglect these terms, we can get a steady-state
solution for the intensities E?, Es?, Eg* from the system
of inhomogeneous linear equations

01=B1E2 012 E?+-01:E

0= BoEy* 091 P +02ES, (143)
as=BsEg05.E2+03E?,
and for the frequencies »y, v3, vs from
1=+ o1t piEl+ T12ER+11:E8,
vo=Qo+ oot poEl+ 101 B2+ 103 ES (144)

v3=Qytostps Tl Tk,

again taking ¢1= ¢s= ¢;=0. Since the coefficients in
Egs. (143) and (144) are slowly varying functions of
frequency, it will suffice first to determine the 12, from
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(143) and then to calculate the »,’s from (144). The
equations are a fairly obvious generalization of those
for the two frequency case. It will be noted that opera-
tion with E?#£0, E5£0 can inhibit normal oscillation
at »3 until, with increasing excitation,

[
a3’ =a3—03.5,2—03.E*

becomes positive.

Further discussion of pulling, pushing, and mode
competition for this case will be left to readers requiring
a numerical analysis of their data.

(145)

13. COMBINATION TONES

As mentioned in Secs. 7, 9, the third-order polariza-
tion P,®(f) of the active medium has constituents
which oscillate at all possible frequencies of the form
vu—v,+v, Even for “two”-frequency oscillation, there
are additional frequencies 2vo—v=vy’ and 2v;—vo=vy
in the polarization which are very close to resonance
with the principal cavity modes just above and below
the two ©; and 2 of main interest. As a consequence of
Maxwell’s equations, fields at frequencies vy’ and v’
necessarily exist in the cavity and can appear in the
output. Well below the threshold for normal three-
frequency oscillation, E; (and also E;) will be much
smaller than E; and E;. We also assume v,;<KAKLK#
and vy~ so that

N2 — ﬁﬂ’llzv g)“(euthqu)—l[N—l— 2N2:| ’
£a10.

For a steady state, the third Eq. (108) then gives
E3ﬁ7721E22E1[013—031E12—032E22:|__1 COSI[/. (147)

The relative phase angle ¢ is determined by Eq. (123)
to have siny~0, whence |cosy|~1, and

E3= —'11(;#1/21/ Q4(€oh3KMA2)_1
X [as— 031 E2—032E2 T | N+2No| EPE;. - (148)

This expression is intended to be used under excitation
conditions for which the denominator is negative. When
the excitation increases, and the factor involving as
turns positive, the neglected nonlinear terms in F;
would have to be taken into account in order to de-
scribe the previously discussed normal three-frequency
operation.

In order to obtain the combination tone (2ve—wvy)
experimentally, one should adjust the cavity tuning so
Q. is slightly above the atomic transition frequency w,
thereby making ©; a little nearer resonance than Q.
The excitation should be increased until “two”-fre-
quency operation is obtained, but not yet genuine
three-frequency operation.

Under these conditions, the s in Eq. (148) contain
a factor A% and to simplify the discussion they will
now be neglected. Equation (148) then has a factor in

its denominator
oz~ —5(v/Q3)/Gs,

(146)

(149)
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where the gain factor G; is given approximately by
Gs=[1—(NV/Nr)(Z:(8)/Z:(0) ], (150)

if one is not too near to threshold for normal three-
frequency operation. Equations (148)-(150), within
their domain of validity, indicate that E; is smaller
than E; by a factor

Ea/Elz%ﬂ'llz @74E22(60h3K%A2)"1Q3G3 | N+2N2‘ . (15 1)

Using Eq. (62) for #=3, this can be expressed in a
convenient form

Es/ Ey=3[5(QE2)*/ (Hyavs) IL(vavs)/A%]Gs
X |14 (2Ny/N)|exp(A/Ku)?, (152)

which shows how the amplitude of the combination
tone depends on Gs, and on the saturation parameter
as given by Eq. (96) for n=2. It should be noted that
Eq. (152) could vanish if the spatial distribution of the
excitation density is such that 2N,+N=0. (If the ex-
citation is confined to the central region of the Fabry-
Perot tube, N. and N, by Egs. (47), (58) have opposite
signs.) An experimental study of the above phenomena
might facilitate determination of some of the quantities
which enter into our equations but for which direct
experimental values are not yet available.

14. FREQUENCY LOCKING PHENOMENA

It has been observed by Javan? and by Fork! that
when the cavity tuning is gradually changed in normal
three-frequency operation so that the separation of the
beat notes »a—v; and v3—v, approaches a small value
(typically of order 1 kc/sec), a frequency jump occurs.
This phenomenon can be easily understood by refer-
ence to Egs. (121)-(123). For simplicity, we neglect
the small frequency pushing associated with the terms
involving pn» and Tu.m, since the nonlinear pulling
terms o, already give sufficient generality to the fre-
quency relationships. By subtracting the sum of Eqs.
(121)-(123) from twice Eq. (122), we find a differential
equation for the relative phase angle  of Eq. (106) in
the form

y=0+A siny+ B cosy, (153)
where

(154)

and 4 and B are slowly varying quantities which de-
pend on the En, £um, and nam. We evaluate the &, and
Nam With the usual approximations y.<KA<KKu. Then

Moo — % e (e KuA?) " {N+2Ns}
3wl A (e Kud2){N—2N,} ,

faEaeb1 0.

0’=20’2"0’1"‘0'3,

(155)

Because of the nearly syrumetrical tuning of v and »y

2 A, Javan, private communications for which the author is
very grateful.



THEORY OF OPTICAL MASER

we may set £y= FE; and find

A =}r'% @t (e KuA?) ™!

X{(N42N,)E2+2(N—2N3)E?}, (156)
B=0.
The differential equation
Y=o+ A siny+ B cosy (157)
has an implicit solution
12
()= | dx/(c4A sinx+B cosx) , (158)
¥o

where ¢, is the value of ¥ at {=0. The character of
the function y¥(f) depends critically on whether

(A4-BY2< |o| or (42+B)¥2>|o].

In the first case, the integrand of (158) has no singu-
larities in the range of integration, and one finds that
as y approaches infinity so does ¢ Asymptotically,
apart from pulsations, one has Y~ const. On inser-
tion of this value in Egs. (121)-(123) one finds that the
frequencies are given by

Va~at0on (159)

apart from pushing effects and pulsations of phase ¢n,
in agreement with the results of Sec. 6 with the approxi-
mations made here.

In the second case, (42-+B?)>¢? the integral di-
verges, i.e., t— when ¥ reaches the value —sin™!
X (o/ (424 B2)'2, In other words, ¥(¢) approaches this
value asymptotically. The disappearance from ¢ of
any linear dependence on ¢ forces vs—va=ws—»; and
frequency locking ensues, with a definite relative phase
angle 22— ¢1— @s.

Let us suppose that the maser is in normal three-
frequency operation with two distinct beat notes vs—w
and »a—v; near to A=150 Mc/sec, i.e., o= (v3—»s)
— (v9—r1) is somewhat greater than (424 B?)Y2 As the
middle cavity frequency Qs is tuned closer to the atomic
resonance frequency w, the separation of beat note fre-
quencies |o| decreases. There should be some pulsa-
tions in phase which would increase in amplitude as
symmetrical tuning is approached. When |o| reaches
(42+B?)12) a quick transition to the locked state
should be made, and only one beat note should be
observed. Under the additional simplifying assumption
E>>E ~E;, and with use of the starting condition
(60) for single-frequency oscillation, the separation of
the two beat notes which could be attained just before
locking occurs should be given by

|o| =3[ (N+2N,)/N1](9Es/1A)w/Q,

which is conveniently expressed as a small fraction of
the cavity bandwidth.
It might be pointed out that the above phenomenon

(160)
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is very closely related to one discussed by van der Pol*
in 1924-27. He considered a self-sustained triode oscilla-
tor, capable of oscillation at frequency ;. If an external
signal at v is injected into the tank circuit, it may be
possible (o detect a beat note at |v—w;| using a square-
law detector. If, however, » is tuned gradually towards
v1, a very sudden jump occurs, after which oscillations
occur only at » and the beat note disappears. The width
of the “quiet” frequency range depends approximately
linearly on the amplitude of the injected signal, when
this is small. In the case of the optical maser, we can
think that an oscillator at »; is being perturbed by an
“external” signal at the combination tone frequency
v= 2vy—v3 which arises from the third-order polarization
P® () induced in the nonlinear active medium.

15. POPULATION CHANGES AND PULSATIONS

In the absence of o.f. oscillations, the density of
atoms in one of the two maser states, say a, can be
determined by suitable integrations from pas © (@,20,t0,%,t)
as given by Eq. (24). When oscillations set in, there are
contributions of second order which can be calculated
from paa® (a,20,t0,0,¢) using Eq. (31) for a=a and a
similar equation for a= 5. One has

0 t
paa(Z,l)zf dvf dtg./dzoé(z—zo-—w—i—'uto)

X Z >\ﬂ(ZO:lU)v)paa(a)ZOytO:vJ) . (161)
a=a,b

It will suffice merely to give the result. One finds, with

obvious approximations

Paa(3,8) = [Aa (Z;t)/')’a:H' { [Aa(zyt)/'ya]— [:Ab(z;t)/'yb]}
X%(Kﬂ/Ku) PO {EMEpﬁ)a@u'_Vp)iZ(w—Vn)

Xexpil (vu—v,)t+ (ou— ¢,) ]4c.c.}
Xcos[ (ny—mn,)mwz/L] (162)

apart from terms with rapid spatial oscillations.
For single-frequency operation, one finds

Paa(8,1)= [Aa (z:t)/'ya:l
- {’-_-Afl('z)l)/’ya:]~ [Ab(z’t)/‘Yb]}
XL (QED (voKu) ' Zi(w—r1),

which contains the lowest order effects of o.f. saturation.
In some cases, the density could be monitored by ob-
servation of the decay radiation emitted from state a
(or b) in transition to some lower level. (Of course, if
trapping of resonance radiation were involved, the
interpretation would be somewhat complicated.) The
change produced by o.f. radiation in p..(z,t) might
serve to aid in the determination of parameters like

(163)

21 B, van der Pol, Phil. Mag. 3, 65 (1927) and the review article
cited in Ref. 17.
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Yay E1% etc., which enter into all our equations, but
which might not otherwise be known.

For two-frequency operation of the optical maser,
Pac has a pulsating constituent at a frequency near A
besides a dc part. If we assume v, ~v >AL Ky

Paa(2,t)
=[Aa(z,8)/val—{[Aa(z,8)/va]—[As(2,) /v ]}
X w2 (Kuyo) [ E* exp— (w—v1)*/ (Ku)?
+Ey? exp— (0—v2)*/ (Ku)* JH{[Ae/va]—[Av/7: ]}
X3m 2 (KuA) ' E Eof exp— (w—v1)%/ (Ku)?
+exp— (w—r2)?/ (Ku)*] cos(wz/L) sin(va—r1)i.
(164)

From this expression one sees that the amplitude of the
pulsations at frequency near A, relative to the dc
change in population due to o.1f. oscillation, should be

2B\ Ey(E 2+ E2)(va/A) cos(rz/L),

if, for simplicity, we neglect the Gaussian exponentials.
Here again, it might be useful to use this phenomenon
as a diagnostic tool while undertaking a systematic
study of two-frequency operation.

16. CONNECTIONS WITH PREVIOUS CALCULATIONS

The basic paper in this field is, of course, that of
Schawlow and Townes! who give expressions for thresh-
old equivalent to (62). Townes? has also given an equa-
tion for linear pulling, as has Javan?® for nonlinear
pulling.

Oscillations of an optical maser involve the propaga-
tion of radiation in a nonlinear medium. Several papers
have recently appeared which deal with this subject.
For various reasons, these do not apply very closely to
our particular problem. Thus, Bloembergen e l.* and
Franken and Ward? treated harmonic generation which
plays a relatively minor role for us. Teng and Statz?
discussed low-order nonlinearities in a gaseous medium,
but, as will be discussed below, their treatment of
Doppler broadening is not adequate for our purposes.
Also our model for radiation damping is more realistic
than theirs which involves just one relaxation time 7,
while our equations contain two decay constants e
and v;. To be sure, the combination v.=23(v.+7vs)
enters most equations, and this might be identified
with 771

Among other publications which deal with maser
theory are those of Wagner and Birnbaum?’ and of

2.C. H. Townes, Advances in Quantum Electronics, edited by
J. Singer (Columbia University Press, New York, 1961), pp. 3-11.

2 A. Javan, E. A. Ballik, and W. L. Bond, J. Opt. Soc. Am. 52,
96 (1962).

%], A. Armstrong, N. Bloembergen, J. Ducuing, and P. S.
Pershan, Phys. Rev. 127, 1918 (1962).

2 P, A. Franken and J. F. Ward, Rev. Mod. Phys. 35, 23 (1963).

26 C, L. Tang and H. Statz, Phys. Rev. 128, 1013 (1962).
( 7 V‘)’ G. Wagner and G. Birnbaum, J. Appl. Phys. 32, 1185

1961).
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McCumber.?® These papers consider to some extent
the quantum nature of the electromagnetic field. They
differ greatly in spirit and content from ours, and we
will not attempt to make a comparison here. The work
of Haken and Sauermann?® and of Davis® seems much
closer to ours, but there are significant differences in the
models used, and in the appearance of our equations.

As mentioned in Sec. 4 an earlier calculation® appli-
cable to an optical gaseous maser neglected complica-
tions arising from the atomic motions and multimode
oscillation. It was then possible to work with a density
matrix p(r,f) characterizing an ensemble’ of atoms at
position r at time ¢ which were excited at any time ¢, <2.
This obeyed

ip=[3C,p]— (i/2) (Tp~+pI")+iA, (165)

which differs from (18) by the term containing a source
matrix A describing the (slowly varying) rate densities
of excitations A, and Ap

As O
()
0 A
(In most applications A will be a diagonal matrix.)

It is possible to carry the calculation to higher order
in the E, for multimode oscillation without atomic
motion by an iterative procedure in which we begin by
neglecting any time dependence in the population dif-
ference psa—pss. In the rotating wave approximation,

one of Egs. (25) then gives a quasisteady-state solution
for pas(2,t)

par(2,1)= —%l(g')/h) > EMUM(Z)S)(“’—VH)

(166)

X (0aa—pob) €xp—i(vui+ou). (167)

Inserting this in another one of Egs. (25) and again
making a rotating wave approximation we find rate
equations

Paa= "'YaPau‘l"R(Pbb_Paa)"l_Aa y

168
pus=—"tps6+R(Paa—prs)+As, (168)

where

R=3(p/h) %: 2. EAEUN(2)U(2)

X[D(w—v,)(expi(n—vu)i+i(er—en))+c.c.]. (169)

The “rate constant” R has pulsations for cases of multi-
frequency operation, and through Eq. (168) these would
lead to pulsations in the populations p.. and ps at all
beat frequencies »A—v,. If it were deemed necessary to
continue the iteration procedure the pulsating popula-
tion difference pso—pss could be approximately evalu-

28 D, E. McCumber, Phys. Rev. 130, 675 (1963).

2 H, Haken and H. Sauermann, Z. Physik 173, 261 (1963);
176, 47 (1963).

%I, W. Davis, Proc. Inst. Elec. Engrs. 51, 76 (1963).
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ated from Eq. (168) and put in Egs. (25) to obtain an
improved Eq. (167).
If we neglect the pulsations in R, we obtain

R=%(p/b)va ¥ E2LU,.(2) PL(w—r,), (170)

which is a plausible generalization of the rate of transi-
tions previously obtained. In a steady state, the popula-
tion difference implied by (168), (170) is

Paa™ Pbb— [(Aa/'ya)—' (Ab/')’b)]
- X [1+ (2va bR/ ('Ya'Yb) )]_1 ’

which shows clearly the effect of o.f. saturation.

Since the rate constant (170) depends on position z
through normal modes U,(z), the population difference
(171) also depends on position, and may be said to
have “holes” burned in it. Consequences of this for
mode competition can be discussed along the lines fol-
lowed in Sec. 10. Under most conditions the behavior
will correspond to the weak-coupling case, although if
the excitation density were such that — N, were larger
than N the strong coupling case might be realized.

Combining Egs. (165), (167), (171), and (41) we
obtain a polarization

P(Z,t)= g')(pab—l"pab*)

and the coefficients S, and C, which enter the amplitude
and frequency determining Eqgs. (13) and (14) are

(171)

(172)

2
Sp=— Z( @2/h)7ab£ (w"— Vﬂ>En
. (173)
x / LU (&) FN (50014 QyasR @) pars) T
and

Cr= [(‘*"—Vn)/'yab]sn .

These expressions depend nonlinearly on the mode
amplitudes E, because of saturation. However, since
we have already neglected the beat frequency pulsa-
tions of psa—psy Which lead to terms with A in the
denominator, it might not be consistent to keep any
terms in R which are off-resonance by more than about
lw—vu| ~ (vasd)2. ~

We will now consider only single-frequency operation,
for which our Eqs. (173)-(174) are essentially exact.
Then a single summand p=# contributes to R and we
find

(174)

2 L
Sn= _‘; @2h—l')’abEn/ dZI:Un(Z)]ZN<Z) I:'Yabz‘l" (w_‘Vn)z

0

v

Fv a2 (QE) Un(2) P/ (Pyaye) I

The integral may be easily calculated if N (z) is a slowly

(175)
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varying function of position, and we find
Sn=— @Iy aNL(w—r.) f@)E.,  (176)
where »
. w=[(QE.)?/ WPyavs) ya?L(w—rn)  (177)
an
fw)= (2/w)[1— (1+w)7]. (178)

If Eq. (175) for S, is expanded to third order in E,,
we obtain a result in agreement with that given by Egs.
(56), (72) for the single-frequency case with no atomic
motion. It should be noted that whether (175) is ex-
panded or not, the amplitude of oscillation has a maxi-
mum for resonant tuning and falls off monotonically
with detuning. There is no indication here that the
double maximum of Sec. 8 might be a spurious one which
arises from the neglect of fifth or higher order terms.

17. DISCUSSION OF DOPPLER BROADENING

The effect of atomic motion upon our equations is
rather curious and warrants discussion which, for sim-
plicity, will be given for single-frequency operation. As
we have seen in Sec. 16, the optical properties of the
medium may be described by a nonlinear susceptibility

X(“"—'Vn; En)=Pn/(€0En) . (179)

It would perhaps be plausible to hope that the following
simple recipe would take atomic motion into account.
Because an atom moving with velocity v sees a Doppler
shifted frequency, in the laboratory frame of reference
it effectively has its resonance frequency shifted by
wv/c. The effective susceptibility ought then to be

o= / W )x(—c(0/)— vy En), (180)

which can easily be expressed in terms of the Z({)
function which is disc ed in Sec. 6. The effective
damping constant becomes

Yal 14 (9Ew)?/ (Fyays) ]2

instead of v45, and when this is much smaller than the
Doppler parameter Ku, the line shape should be
Gaussian with a normal Doppler width.

The above prescription is incorrect except to the
first order in E, if standing waves rather than running
waves are involved in any way. This follows from a
study of Eq. (70) contributing to the third-order polari-
zation which involves a threefold integration over times
7, 7/, and 7/”. For single-frequency oscillation, the
integrand contains

U.(z—v7)Un(ag—vr' — o7’ ) Un(zg— o7’ — o7’ —v7'")"
Xexp[—i(w—va)7' ] exp[Filw—ra)7""].

Each of the U,’s is a standing wave which can be ex-

pressed as the sum of two running waves like

expti(Kz—u7’), etc. The physical interpretation is
that in order to contribute to P,® at time { an atom
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has to interact three times with the o.f. field: first at
{""=t—1"—7"—7"" then at {/’=t—7'—7", and finally
at #'=t—7'. At each of these interactions the atom has
a “choice” of interacting with one or the other of the
two running waves. The 7 dependence of a typical term
of the integrand of (71) is then

exp—Yap(7'+7"") —var" expi(va—w) (7' 7"") £iKvr’
:l:’iK?)(T’+ T,I)ﬂ:iKv(’r'—-}— 7‘”+'r'”) .

The physical consequence of the appearance of terms
involving 4 K7 in the exponent is that each interaction
involves a Doppler shift. Since we are interested in the
case of a large Doppler width K, such a shift can take
a given interaction very far from resonance even if
w=wv,. This is expressed by the destructive interference
of contributions to the integral at various value of 7/,
7"/, and 7"”’. The interference will be least when the
accumulated Doppler phase angle

+Kvr'+Ko(r'+7") £ Ko(+'+7"+7")

is zero. In order to obtain a nonvanishing spatial Fourier
projection (8) for P,®, the choices & can not be all
alike. The six remaining possibilities for the phase
angle are

Ko7'+ (77" — (""" ]= £ Ko(r — "),
L Ko7 — (/) () = £ Ko (7 41",

and

+ K[ — 74 () () ]=
F+Ko(7'+27"+7").

As seen in Sec. 7, only the first two possibilities are
able to lead to vanishing interference, and then only
when 7/=7"".

Physically, one may say that a dominant type of
process involves three interactions: first, one with a
right (left) running wave at ¢/, then one with a left
(right) running wave at ¢, and finally one with a left
(right) running wave at #, with the time intervals
obeying {—'=1"—1""" so that the accumulated Doppler

phase angle
+[Ko(t—¢)+Ko(t—t")—Ko(t—1")]

cancels out at time #.

The above cancellation of Doppler interference would
not occur if waves running in only one direction were
present. The nonlinear terms are much less broadened
and weakened by Doppler effect for a standing wave
maser oscillator than would be inferred from a study of
nonlinear propagation alone. The double peak in the
power as a function of tuning met in Sec. 8 can occur
only because B8, (saturation) is not as much Doppler
broadened as a, (linear gain profile).

WILLIS E. LAMB,

JR.

18. HOLE BURNING

In his discussion of maser action Bennett® has made
use of the notion of “hole burning.” Since it aids the
physical understanding of the rather complicated equa-
tions, we will now show how this phenomenon is de-
scribed in the present work. As Bennett’s treatment
does not bring in the population pulsations of Sec. 15,
we will base our discussion on the simplified theory of
Sec. 16 in which pulsations of population were neglected.

In Sec. 16 the atoms had zero velocity. It is possible
to generalize the discussion for the case of atoms having
a velocity distribution W (») at the cost of further fairly
plausible assumptions which are no worse than approxi-
mations already made. We deal first with those atoms
which have a definite velocity » and which were excited
at zp at time #o. The perturbation experienced by such
an atom is

V()= — (/1) Z EuUu(aot2(t—10)) cos(vid+¢,) (181)

so that instead of seeing fields at frequencies v, the
moving atom sees fields at twice as many frequencies,
i.e., »,==Kv. The rate concept approach of Sec. 16 can
not be used since the atoms characterized by different
values of 2, and #, experience different perturbations,
i.e., the phases are not the same for the various members
of the ensemble of atoms arriving at z at time #. It is
plausible, however, to estimate the effect of saturation
on the population difference paa(v,)—pss(2,¢) by using
an equation like (171) with a perturbation V(¢) given
by (181) but with the terms involving z; and £, omitted.
The replacement for the velocity-dependent rate con-
stant R(v) is then plausibly

R =%valp/1)? Y EL,—w+Ko)
F+Lu—w—Kv)].

If »=0, this reduces to the space average of Eq. (170).
The corresponding population difference for atoms hav-
ing velocity v is then

(182)

Paa (v:t)-pbb(v’t)
= T’V('U)[(Aa/ya)_ (Ab/yb)]
X[14+2vaR(0)/ (vave) 1. (183)

A plot of (183) against v would show the assumed ve-
locity distribution with “holes” burned into it due to
o.f. saturation effects. These holes would be appreciable
whenever R(v) became comparable to v.vs/ (Ya+7vs)
which could occur near Kv= (v,—w), so that two
holes could be burned for each cavity mode in oscilla-
tion. At a resonance, where v,=w, the two holes for
the nth mode would merge and reinforce one another.
The holes in the velocity distribution would have been

% W. R. Bennett, Jr., Appl. Opt. Suppl. 1, 24-61 (1962),
especially pp. 58-59. It should be noted that the holes are in first
instance burned in the curve of population difference versus ve-
locity, and only indirectly in a curve of gain versus frequency.
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seen in Sec. 15 if the integration over velocities had not
been carried out so soon.

With the above approximate expression for p,.(v)
—pw(v) we may use Egs. (25) to calculate a pseudo-
first-order value of p.s(2,9,¢) and P(z,,t) in the manner
of Sec. 16. The result will be the same as before, but
with a velocity dependent reduction factor

[14+2vaR(®)/ (vavs) T

to express the effect of saturation, where R(v) is given
by (182). There are similar reductions in the related
functions S,(v) and C,(v). The coefficients .S, and C,
which enter the equations of self-consistency [ (13),(14)]
result from integration of these quantities over velocity.
Thus

Sy=— @2h_1N7,,bEnf AW (2) & (w—v,~+Kv)

X[ 1427 R (v)/ (vars) T

For single-mode operation, the rate R(v) in the de-
nominator of (184) contains the two terms given by
Eq. (182). If an expansion is made to first order in
R(v) the integration over v can be done easily for a
Mazxwellian velocity distribution in the limit of large
Doppler width K#, and one gets results equivalent to
those of Sec. 8. The possible dip in output power as a
function of cavity tuning in single-mode operation can
be interpreted as a consequence of the merging of the
two holes at Kv==4 (v,—w) — 0.

For multimode operation a similar calculation can
be made with the complete expression (183) for R(v).
This will give the dominant terms of the equations of
Sec. 9 for a Maxwellian velocity distribution and large
Doppler width. However, the frequency locking terms
involving ¢ will be missing.

For two-mode oscillation, (184) leads to especially
strong mode competition attributable to hole burning
when Kv=yp;—w=w—ry, i.e., the traveling wave along
~+2z for mode 2 and the traveling wave along —2z for
mode 1 are both in approximate resonance with the
atomic transition frequency for an atom having ve-
locity v. This effect can be correlated with the peak in
6 for w=v;5 mentioned in Sec. 10.

(184)

19. APPROXIMATE HIGHER ORDER THEORY
FOR SINGLE MODE OPERATION

It would be possible, but quite tedious, to extend the
calculations of the text to fifth and higher order for the
single-frequency case. The simpler approximate pro-
cedure outlined below may serve in the absence of such
calculations. It was mentioned above that an expansion
of (184) to first order in R(v) reproduces the equations
of single-mode operation correct to third order in E,.
If this expansion is not made one may hope to have
equations which are valid for stronger signals. The v
integration is complicated, and we will content our-
selves here with two special cases (a) K> |va—w|[>vas
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and (b) vn=w, Ku>>vqs. In the former case, one finds
approximately

Sa=—m2@NE,/

(RKu)[ 143 (9En)*/ (Pyav) 2, (185)
while at resonance, when v,=uw,
Sp=—72@NE,/

(WEKw)[ 145 (9En)/ (#Pyave) ]2,  (186)

and the merging of the two holes shows up in a simple
manner through the doubling of the term expressing
the effects of saturation. It will be remembered that a
similar doubling of the coefficient 8. took place in
Sec. 8 and was responsible for the possible dip in maser
output versus cavity tuning. Although the more general
behavior of output versus tuning implied by Egs.
(185)-(186) should be qualitatively correct, it must be
remembered that rather uncontrolled approximations
have been made in their derivation.

20. EXCITATION OF LOWER MASER LEVEL BY
SPONTANEOUS DECAY OF UPPER
MASER STATE

It was mentioned in Sec. 6 that the lower maser level
could, at least in part, be excited by spontaneous emis-
sion from the upper. For the present this complication
will be treated only in an approximation in which the
rate concept is valid. For simplicity we ignore atomic
motion, although the work of Secs. 16 and 19 suggests
how this could be allowed for approximately. We write
rate equations like (168)

ﬁaaz _"Yapaa+R<Pbb"‘Paa)+Aa )
po5=—Ypss+ R(paa—pov) +Av+ fYaPaa,

where the extra source term fyp,. describes the effects
of radiative cascade excitation of & from @ assuming
that a fraction f of the decays from ¢ are to &. The A’s
describe the uncorrelated excitation of the two levels.
In a steady state one finds a population density
difference

paa—p6p= [ (Aa/va) (1= f(va/75))— (As/73)]
X[A+R{ya(1=f)+ve}/ (vavs) T,  (188)

which should be compared to Eq. (171). It will be seen
that the effect of a nonvanishing branching ratio f is
merely to change the unsaturated population difference
(obtained for R=0), and also to modify the value of R
for which a given degree of saturation would be ob-
tained. The saturation parameter of Sec. 8 will be
modified in an obvious fashion. Thus if f=0, a value
of rate R=3v.ys/ves would cause 509}, saturation,
while if f=1 the value would be R=+,. It should be
recalled that the dominant part of the third-order
terms S,® and C,® are direct manifestations of satura-
tion phenomena. At the present state of maser art, the
decay constants vy, and v, are not well enough known

(187)
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for the effect of a nonvanishing value of f to be easily
seen.

When population pulsations are taking place there
will be a correlated time-dependent excitation of the
lower level by cascade. It is possible that more interest-
ing consequences than those obtained would result, and
it is hoped to explore this possibility in a later paper.

21. OTHER SOURCES OF BROADENING

For some kinds of line broadening, especially in
certain solid-state optical masers, one could adopt the
recipe proposed in Sec. 17, and rejected for the case of
Doppler broadening. If the effect of environment could
be described by a distribution function for the atomic

LAMB,

JR.

resonance frequencies w, an averaged nonlinear suscepti-
bility could be used. This could also be done for the
case of isotopic mixtures of the active atoms in gaseous
masers.

Although v, and v, were introduced into our equa-
tions to describe spontaneous radiative decay of the
states ¢ and b, it is plausible that such phenomeno-
logical decay constants might also describe certain kinds
of collision broadening. In that case, the 4’s would be
functions of the pressure.’? A more detailed discussion
of collision broadening for a gaseous optical maser will
be given in another paper.

% Evidence for such a dependence has recently been obtained
by Javan and Szoke, Ref. 16.
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In a previous paper a set of coupled equations was derived for the ground-state wave function and energy
of a finite system of interacting Fermions. The equations are now modified so as to be more applicable to
systems in which the number of particles becomes large. The resulting equations are shown to be equivalent
to those obtained from many-body perturbation theory.

I. LINKED CLUSTERS

IN a previous paper,! a set of coupled equations was
derived for the ground-state wave function and
energy of a finite system of interacting Fermions. The
wave function was expanded in terms of multiple-
particle excitations on an uncorrelated zero-order state.
The total energy E of the system appeared in the result-
ing equations and it was pointed out that this restricts
the application of these equations to finite systems; in
general, the restriction is to systems of small V. In the
equations, the amplitudes for one-particle excitations
are coupled to those for two-particle and three-particle
excitations. The two-particle amplitudes are coupled to
those for one-particle, three-particle, and four-particle
excitations, and similarly for higher particle excitations.
It was mentioned in I that it might be reasonable to
approximate four-particle excitation terms, for example,
as products of independent two-particle excitations.

It is shown here that four-particle terms involving
two independently propagating pairs enter the equa-
tions in such a way as to eliminate the dependence of
the two-particle excitation equations on the total

* Work supported in part by the U. S. Atomic Energy Com-
mission. :

1 H. P. Kelly and A. M. Sessler, Phys. Rev. 132, 2091 (1963),
hereafter referred to as I.

energy E, and similarly for the other excitations.?
Explicit inclusion of products of independent excitations
yields the equations of the linked cluster expansion.
The resulting equations are shown to be the same as
those obtained from many-body perturbation theory as
formulated by Brueckner? and by Goldstone.*

In I, the ground-state wave function is expanded as

)= [<I>o>+zkf(k; a)nitna| Do)

+ X fRE; aB)netnr tognal oyt - . (1)

a,B.k k'

The unperturbed solution |®o) is a determinant com-
posed of the N single-particle states which are lowest
in energy.

Equations are then derived for f(k; «) and f(k%'; af)
by inserting |¢) from Eq. (1) into
H\Y)=E), )

where H is written in the usual second-quantized form.

2T am indebted to Dr. A. M. Sessler for stressing the desirability
of including products of independent pair excitations in the four-
particle excitations, so as to make the resulting equations more
applicable to systems of large N.

3K. A. Brueckner, in The Many Body Problem, edited by
C. DeWitt (John Wiley & Sons, Inc., New York, 1958).

4 7. Goldstone, Proc. Roy. Soc. (London) A239, 267 (1957).



