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In an earlier paper, the problem of the optically pumped gas laser was treated within the
formalism of a modified Boltzmann equation and the equation of radiative transfer. The laser
cavity was tuned precisely to the center of the atomic lasing frequency and only one cavity mode
was excited above threshold. These restrictions are now removed and the effects on the laser
population inversion, gain, and power output are presented. In the limitthat Doppler broadening
dominates collisional broadening, it is found that the power output for the single-mode operation
increases as the laser cavity is detuned, until an optimum occurs when the cavity detuning is
equal to the collisional linewidth. In the limit that collisional broadening dominates Doppler
effects, power output is independent of detuning, until the detuning approaches the collisional
linewidth. For multimode operation, it is shown that power output increases approximately
linearly with the number of modes in oscillation, provided that the Doppler width is much larger
than the collisional width and mode interaction is not occurring. When collisional broadening
dominates, no increase in total power output is achieved by allowing more than one mode to go
into oscillation. Most of these results are well known, for low levels of lasing intensity,
through the semiclassical analysis of Lamb. However, the formulation here provides a more
quantitative evaluation of the relative roles of inhomogeneous and homogeneous broadening for

DECEMBER 1972

all collisional linewidths and high lasing intensities.

1. INTRODUCTION

Cipolla and Morse® have employed a modified
Boltzmann equation and the equation of radiative
transfer to describe in detail the interaction of
line radiation with a gas. These equations are
similar to, but more general than, the formula-
tion of Bibermann? and Holstein® and were applied
to the problem of the optically pumped gas laser
by Healy and Morse.? It was found there that one
could obtain a detailed solution for such quantities
as the population inversion, gain coefficient, and
output power in terms of the optical variables,
collision cross sections, and atomic parameters.
The analysis was restricted to the situation in
which the laser cavity was tuned exactly to the
center of the atomic lasing transition, and only one
cavity mode was allowed to be excited above
threshold. More general formulations involving
coupled kinetic and radiation equations exist, >®
but their complexity almost precludes their use in
seeking analytic solutions to problems where spa-
tial inhomogeneities or nonlinear phenomena ap-
pear. In the present paper, the formulation of
Ref. 4 is generalized to include cavity detuning
and multimode operation. In the following, the
formulation of the problem is briefly reviewed,
and then the case of a single detuned cavity mode
above threshold is considered. The situation in
which two modes are excited above threshold is
treated in detail, and some general conclusions
are drawn for more than two modes in operation.
Finally, comparisons are made, where appropri-
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ate, with the earlier work of Lamb.” It should be
noted that although this study is restricted to the
optically pumped gas laser, if one regards the ex-
citation rate as a parameter of the problem, the
results are then qualitatively applicable to any
type of gas laser.

II. THEORETICAL FORMULATION

Consider a Fabry-Perot cavity formed by two
plane mirrors of depth 2D and length 2L, as shown
schematically in Fig. 1. The lasing gas is con-
tained between the two mirrors by means of trans-
parent walls, and pumping radiation at approxi-
mately the resonance frequency vy, is supplied to
the laser through these walls., The lasing radia-
tion at frequency vy, propagates between the semi-
transparent mirrors, and the cavity dimension 2L
is such that one or more longitudinal cavity modes
lie within the Doppler width of the lasing gas at
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FIG. 1. Geometry of laser.
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FIG. 2. Description of atomic energy-level model.

Va1. The oscillation frequencies of the modes
which are excited above threshold will be approxi-
mately determined by the passive cavity, but fre-
quency -pulling effects cause the actual oscillation
to occur at frequencies slightly removed from
those of the passive cavity. ’

In the atomic model adopted here, a ground-
state level and two excited-state levels are pres-
ent, and for simplicity all degeneracies are as-
sumed to be unity. The levels are allowed
to have a collisional halfwidth €, €;, and €, (see
Fig. 2). For purposes of this work, these widths
correspond to the homogeneous broadening of the
energy levels caused by any process other than
Doppler shifting. For the optically pumped laser,
efficient utilization of the power source requires
that the atomic transition frequency vy corre-
sponds very closely with the frequency of the
pumping radiation externally supplied, and in ad-
dition, one or more cavity resonance frequencies
must be close to the atomic frequency vy . The
optically pumped laser is analyzed because the
complex collision phenomena associated with other
types of lasers are thereby avoided, and one can
obtain a self-contained solution for many of the
macroscopically observable quantities without
making any ad koc assumption regarding the rate
of excitation or the atomic velocity distribution
function. The best-known example of this type of
laser is Cs vapor pumped by a strong He emission
line.® In addition, the possibility of broad-band
pumping of a N,-CO, system by sunlight is cur-
rently under investigation.®

As discussed in Ref. 4, the governing kinetic
equations may be approximated by

Me g Q(Mwo —fo) 6o +4m(Agg fo+ Aso f1)

T, 0z
= Az Qafo
) ,
Ao A (1, ~f)or+ 474y - A o)
+An Qulfa-rf1), (1)
Mg 8fp

T, 0z = (ng ~f2)0z = 47(Agy fo+ Az f2)
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+ Az Qaofo — Azt Qar(fa —f1) -

Here f,;(n,, n,) is the velocity distribution function for
for atoms in energy level i, with normalization

n(@)=[" [ fie,n,,n)dn,dn, ;

z is the dimensionless separation of the transpar -
ent plates; T, is the mean time of flight for an
atom to traverse the distance D;

z=z'/D, -1=z=1; 7,=D/(2RT,)*?;

o0; denotes collision frequencies for processes
which tend to destroy the population inversion and
result from a relaxation model of the exact colli-
sion integral.* Finally, the terms @, , are source
and sink terms for atoms in levels w and % due to
emitted and absorbed radiation. If the collisional
linewidths of the m » transition are modeled as
indicated in Fig. 3, then it can be shown that?

an(fv)aj dgmnf dgfl’
/a0 4r

o HOW = (G =1 D) H(W+ (g, =7°1))
2w ’
(2)

where

(e,+€,)C

W= = @RT )T

is the dimensionless collisional linewidth for the
m —n transition,

V=Vmp
)

C
gmn= (2RTw)1/2

mn

is the dimensionless frequency difference based

on atomic resonance frequency v,,,, H(X) is the
Heaviside unit step function, and f,,(T) is the photon
distribution function for photons propagating in
direction 1. A more realistic model for the line
shape could be used, but the evaluation of the

(a)
Ynm o s
FIG. 3. (a) True collisional
line shape. (b) Modeled colli-
(b) sional line shape.
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integrals involved would require numerical tech-
niques. The “box” model retains much of the es-
sential physics, and was chosen in the interest of
simplicity. The equation of radiative transfer can
be replaced by two simpler equations, if there is
no overlap between vy and vy, and written as fol-
lows*:

x o = Dhv gy Boy [3C a0 (f2) = fugg 3 20(fo —/f2) ]

73
(3a)
+ _8_'§;2L. =~ Lhvg By [3(: n(fz) +fv213C21(f2 —fl) ] .
(3b)

Here f, refers to photons whose frequency is close
to the mn resonance frequency, and emission pro-
files are given by*

x (f"EI v,,,,,(ZRT

H(W (§M—n 21[))[/)H(W+ (L;m TI 1)) f.() dn
@)
The three kinetic equations and the two radiative
equations comprise a set of five coupled integrodif-
ferential equations, as can be seen from the defini-
tions of @,, and H,,. The boundary conditions will
be made as simple as possible.
atoms leaving a solid surface after a collision are
characterized by a Maxwell-Boltzmann distribution
and that the pumping radiation at z=+1 is given by

Fop(2=21)= \,— s(1%1,) e, 5)

That is, the pumping radiation supplied to the laser
is highly collimated and is Gaussian in frequency.
The Doppler width of the lasing gas divided by the
bandwidth of the pumping radiation is defined as 8
and it is assumed that << 1. The lasing radia-
tion for the m modes which are excited above
threshold is written

Fup=2om L™8(£,) 6(11,) (62)

where L™ is related to the energy in the mth mode
and each L™ must be self-consistently determined
later in the analysis. The oscillation frequency of
the mth mode is ¢,,, and the frequency separation
between two adjacent longitudinal modes is given
by

c c _
Ent =Em™ 3T W—%. (6b)

where vy, is the frequency of the unbroadened
atomic lasing transition and L is the length of the
laser.

It is assumed that .

III. ITERATIVE SOLUTION FOR GOVERNING EQUATIONS
AND POPULATION INVERSION FOR SINGLE-MODE
OPERATION

As discussed in Ref. 4, an iterative solution to
the governing equations can be obtained which con-
verges very rapidly, provided

hvoy/RT > 1

and provided that the branching ratio for the upper
lasing level is such that

Am/20p Az << 1.

The temperature of the laser walls T, is assumed

to be uniform. The restriction on the branching
ratio is fulfilled when trapped radiation is not of
primary importance, a situation to be avoided in
a laser to prevent the formation of a “bottleneck”
in the terminal level.*

The iteration procedure has been discussed in
detail elsewhere** and involves iterating with Max-
well-Boltzmann values for the velocity distribution
functions in the governing equation for the propaga-
tion of pumping radiation. Using the boundary con-
ditions (5), the zeroth-order solution for fuy, is
then quickly found to be

0
f“”* L 8(1x1,) exp[- B2t% -S(1xz) " 2002,

(7
The + superscripts refer to pumping radiation
propagating in the + z and - z directions, respec-
tively, and S, the equilibrium optical depth, is
given by

S=NT,C3Ay/2VT v

This solution for £ together with (6) for f, o1 CAN
now be substituted into the definition (2) to find
Q& and Qi *:

Q‘o)—4~/~1°cosh(uz) e, (8)

where u=Se™z, and QE) is the number of photons
in the 2-0 line capable of being absorbed by an
atom with velocity n, . The case is now considered
in which only one mode is excited above threshold,
and the lasing frequency is not identical to the
cavity resonance. Equation (6a) may be rewritten

as
o) =L08(e3)0(121,) ; (92)
_ .1 - CAy
tn=8in¥¢, ¢= Va@RT,) , (9b)

and Av is the difference in frequency between the
center of the atomic transition and the actual lasing
frequency. Using (9a), the following result for

Q% is obtained:

Q= [H(b—l¢\ ~nJH@®+ || +n,)
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+H(b - | @ | +n,) H(b+ !¢, | -], (10) as the dimensionless collisional linewidth for the

. lasing transition. The expressions for @’ and @}’

with are now substituted into the kinetic equations (1)
b=(ey+€)C/ vy (2RT )" and the solution is found as in Ref. 4:

J

4\/_; Io Am Mwo e'"[477(A10 —Agl) + O‘l] COSh[.LZ
[47(Ag + Agy) + 03 |(4TA1 + 0y) + [47(Agg + Agy) + 01 + 03 ] A1 QSY

1 1) o
f()—{)*

2 (11)

An expression for the population inversion is found from (11) by integrating over velocity space, and the
result is

R R m e al G s
SRS, gl =s )
i A ey S (e o] went] -
erf(t¢|;l+))x;erf(|@"b) ) l¢| =6 (12b)
where

WA21L0[47T(A10 +Azo) + 01+ 02 ]
b[4m(Agg + Agy) + 02)(dmA g + 0q)

The following observations on the population inversions should be noted:

lim (2 = n®) = lsﬁe'lilgAzoN[%(Am —Agy) +0y] coshz
LO;O S(2 ].IIS) % [47T(A20+A21+0'z](47TA10+0'1)

This expression is independent of both detuning and collisional broadening and is identical to the expression
one obtains for an optically pumped slab of gas without end mirrors. For zero collisional linewidth,

Xo =

(13a)

) 16Vme ™ 1°A 5 N[47(A g~ A,y) +0, ] coshz

lim ({t —ni)= . 13b
b~0,meo( .M S(21nS) F[4n(A 4o+ A gy) + 05)(4TA 1 +0y) (130)
[
Thus, regardless of detuning, the lasing frequency much larger than either the Doppler width or the
is unable to interact effectively with the excited collisional width of the lasing transition, then there
atoms if there is no broadening of the lasing tran- is no effective cavity feedback, and the population
sition. * inversion again approaches that for an optically
Finally, the following may be obtained: pumped gas slab of zero collisional width.
. W W . ® W IV. GAIN. LASING INTENSITY, AND OUTPUT POWER FOR
, lmg , (ng?? - n{ )=b lomi , (ng" -niV).  (13c) SINGLE-MODE OPERATION
T ®, 0>b, 0,0
b#0
_ From Eqgs. (3b) and (4), the gain of the laser for
This shows that if the detuning of the cavity is very l,=+1 may be defined as follows:

|

41°A,)NLC3, [4n1(A - Agy) +0y] [ P

GM(Egy, 2) = Lhvg Byy Koy (fo —f1) = 20 vam(ZRTw>° . odﬂzCOShliZe Ye e
y ” d'n,,H(b+§21-n,,)H(b—{21+nx)e"’x2

o [81(A 50 +A,) +0,](41A 1+ 0)) +A,5, Q3 [4T(A 3o+ A o) + 04+ 0]

[
Using Eqs. (9b) and (10), the following symmetry G(l,=+1; £y)=GU,=~1; = &3y,
properties are easily proved for the gain:

G(9)=G(-¢), G(&y)=G(-&y), G(2)=G(-2). (15)

(14)
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Thus, in evaluating the integrals in (14) only /=1,
0< &y <o, and 0< ¢ <= need be considered. All
other cases can be found from (15).

The integration over 7, has been treated else-
where."* The integral over 7, is complicated by
the fact that it can take on a large number of ana-
lytical forms, depending on the relative magnitude
of b, ¢, and &{py. The results will be presented
only for the cases of greatest physical interest.

2erf(b- 19

erf(b - lp 1)
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A detailed example of the evaluation of the integral
in one particular case is given in the Appendix.
A normalized gain is defined as follows:

G V(&5 L% b; ¢)
G™(0;0;0;¢)
After a large amount of tedious but elementary

manipulation similar to that in the Appendix, the
following results are obtained:

G=

(16)

G- (erf(b +8y) +erf(d = &,) -
2erfd (1 +x,)

erf(b — £n) +erf(b - |o |)+ erf(b+1¢1)

G-._.

+ erfb(1+2xo))’ 0< L] <o

—erf(b - |¢>|)

(17a)

2erfd (1+2x,) 2erfd (1+xy)

erf(b +&,) —erf(b + 4)))
2erfd !

G= 2 erfd (1 +x;)

erf(b + §y) +erf(b

G= 2erfd

(
( erf(b +¢>)+e!‘f(b £21) +
(

ng)) , 2+ |¢] <Epyso.

Equations (17a)-(17d) all apply to the case |¢|<b.
Similar sets of formulas are found for the cases
b<|¢|<2band 2b< |¢p| <. The expressions for
the latter two cases are given in the Appendix. The
physical content of these expressions is shown in
Figs. 4- 8. As L°-~0 (no lasing action), the gain
always becomes independent of detuning. For a
given lasing intensity and collisional linewidth much
less than the Doppler width (b << 1), the gain has a
“hole” which is centered on the actual lasing fre-
quency |&,|=¢. Thus, as ¢ increases from zero,
the hole moves out from the center of the gain
curve (£,,=0). Eventually, for ¢ > 1 the hole is
far out in the tail of the gain curve, and lasing
action will cease. For collisional width much
larger than the Doppler width (5> 1), the hole dis-
appears, and for a given lasing intensity, the value
of ¢ is immaterial, provided ¢ <b (see Fig. 8).

The physical reason for the behavioris clear when
one recalls that the “hole” is caused by the fact that
only atoms with a limited velocity range can inter-
act with the lasing radiation when b << 1, while all
atoms can interact when 5> 1.* Thus when b« 1,

f(b+¢ b+ o]
_— alz)ersb et )’ |op| < |txu|<20-]0|
(17b)
26~ || <tu<2b+[9] (17¢)
(174)

[
detuning the cavity causes the frequency difference
between the cavity resonance and the atomic reso-
nance tobecome larger, the region of velocity space
with which atoms can interact is shifted, and the
hole moves toward the wings of the gain curve.

For b>1, all atoms can interact with the lasing
radiation, unless ¢ becomes so large that the
lasing frequency corresponds to the tail of the gain.
For ¢ <b, however, the gain will be insensitive

to ¢.

Consider now the effect of detuning on power
output for single-mode operation. First, the
self-consistent value of the lasing intensity L° will
be investigated by requiring that steady-state gain
equal steady-state loss, at the lasing freugency
given by £,=¢.° Thus

G(§21=¢)E%f) (18)
where e is the fraction of photons which survive
one trip along the laser axis in one direction, when
no amplifying medium is present. From (14), (17a),
and (18) the following results may be obtained:

f_ 2me A, [4m(A g - Ayy) + 04 L (veo)’(exf(b+ 191)—erf(d - |¢!), 2erf(d ~ ¢) L] <
2 b(21nS)V¥[4n(Ay +A ) +0,](47A 15+ 0,) D \vy 1+x, 1+2x, o] <o
(19a)
f_ 2me YA, [41(Ay - Ay) +04) L (vg\® erf(b+ ¢ |)+erf(b—1¢1) - 19b
2~ 5(21nS) 2[4 (A4 + A 5) + 05)(4TA 1o+ 04) D \v, 1+x, » lelzo. (19b)
From either of these equations, the threshold pumping intensity I * may be obtained by setting x,=0 and

solving for I°. For a specific value of ¢ the pumping intensity at which lasing action can begin is given by

I*. Thus (for z=0),
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£5(21nS)Y 2[4m(A 0+ Ayy) + 0,1 (4740 +0,)

D (vy\3
dre A, [4n(A 0 - Ay) +oyllerf(® + [p 1) +erf(d— (¢ )] (7:) ’ (20)

As ¢ - = with b fixed, the threshold pumping intensity also increases without bound showing that if the cavity

resonance is far removed from the atomic resonance, lasing action is essentially impossible.

As ¢ -0,

Eq. (20) reduces to the corresponding expression in Ref. 4. From (19) and (20), the self-consistent lasing

intensity may be obtained as

0. b[4m(A sy +Ag) +0,)(47A g+ 0y) (‘

41A 5, [47(A 1o+ A 5) + 04 +05)

b[4m(A sy +Ay) +0,](474 g+ 0y)
9= 20+ A )+ 0, 1010y
7rA21]411(A10+A20)+01+02T

(m=-1), ¢=b

where m=1°/I*, m> 1, and m is dependent on both
b and ¢.

Knowing the self-consistent value of L the ex-
pression for the'coherent power output per unit
area at each cavity mirror can now be written?

Gout=4Thv3 (2RT )V 2TLY/C? (22)

where T is the fractional transmission at each
mirror. The effect of cavity detuning on output
power can be investigated with the aid of (21) and
(22). For ¢ =0, using (21a) it may be shown that

bl4m(A,+A,) +0,l(47A g +0y)

. LO: -—
1:?11) 277A21[41T(A10_A20)+01+02] m=1,
(23a)
while from (21b),
A 0 [47T(A20 +A21) + Oz](4ﬂA 10 + 01) -1
1:13»1 L= A 5 [41(A g+ A 5) +04+0, tm =1
(23p)

Thus, if the pumping intensity I° is appropriately
adjusted to maintain m fixed, the power output from
the laser always increases as the laser is detuned
from the line center, until ¢=b. Further detuning
will then cause the output power to decrease, as
can be seen from (21b) and (20).

For fixed I°, the analytical expression for the
variation of L as ¢ is varied is cumbersome and
the behavior is illustrated on Fig. 9. All curves
in Fig. 9 are arbitrarily normalized with respect
to the power output at b=5 and ¢ =0. Figure 9
also shows that for a fixed I°, there exists an op-
timum value of the collisional linewidth b, and
this optimum is dependent on both I° and ¢. For
¢ =0, the optimum value of b has been derived
elsewhere.? For small values of b, I* is essential-
ly independent of ¢ and there is almost doubling of
power output as ¢ is varied from O to b. For
b>1, power output is essentially independent of ¢
until ¢ =b. For intermediate values of b, the power
will increase with detuning provided (I°/I*) lo=0>1.

_ 2merf(b+ |p 1) )
erf(b+ |¢l)+erf(b- 1)

x{—1+[1+8(m-1) (3

2merf(b+ |0 1) 2]1/2 _
" erf(b+ o) +erf(d — ¢)> o ®SD (21a)

(21b)

I

For (I%/I*)|,.= 1, detuning will cause I* to in-
crease and this will tend to hold the power output
constant as ¢ is increased.

These predictions are essentially the “Lamb
dip,” " * although in the present case the theory
is valid for all values of the collisional linewidth,
whereas Lamb’s theory is limited to situations in
which the only source of broadening is radiation
damping, which is normally much less significant
than either Doppler or collisional broadening.

V. POPULATION INVERSION AND GAIN FOR BIMODAL
OPERATION

In general, if I%I*> 1, and if either the Dop-
pler or collisional width is larger than the fre -
quency separation between longitudinal modes,
it is possible that more than one cavity mode
may go into oscillation. This will be discussed
in detail for two cavity modes in oscillation, and
the situation when three or more modes oscillate
will be qualitatively described.

For two modes above threshold the location of
the lasing frequencies, neglecting frequency-

o -
® o
T
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6" (L,,,L%b)/6"™0;0,b)
o
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T

o
~
T
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FIG. 4. Normalized gain for 5=0.2; ¢=0.0;
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FIG. 5. Normalized gain for 6=0.2; ¢=0.1.

pulling effects, will be as shown in Fig. 10. As
before, £, =0 defines the center of the atomic
resonance line. In general, the two lasing modes
will be displaced from the center at { = ¢, and
{xn=—¢;as shown, with ¢,= pg+¢;. The separa-
tion between the two lasing modes is given by

Eq. (6b). From Eq. (6a) for the bimodal opera-
tion, f,,21 becomes

Fog =[LO8ER+L 8% )]0 £1,)
=[LO8(ty —~po)+ L 0L n+ 9] 0L 21) 5 (24)
substituting (24) into (2) yields

@ _ 1L’ - -
QR = 5= [HO + | 00| =) HO = |0] +n.)

I
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FIG. 6. Normalized gain for 5=0.2; ¢ =0.8.

+H(b + | do! +n) HB = | 0| —n.)]

1
+ B 1 = |61] =1 HG + | 94 +n,)

+Hb = |p1] +n)HB + | ¢1] =n)], (25)

where Q4 is given by Eq. (8), and the solution

for (f3V =) is given as before by Eq. (11),
with (25) replacing the earlier Eq. (10). When
the distribution functions are integrated over
velocity space, there are three independent pa-
rameters to be considered, ¢, ¢c, and b. The
analytic expressions for (u’ —»;!’) for all rela-
tive magnitudes are too lengthy to be given here,
and only some of the most significant cases are
considered:

&%) 1) _ IGﬁe'IIOAmN[417(Am+A£)+ OI]COSh(Z)

ng” =Ny =

where I is given by
erf(b+1¢gyl) —erf(b+¢,)

[47(A 50+ A 3) + 0,](474 1+ 07)S(2 InS)T7 2 L (26)

. erf(b+|¢,l) —erf(p = dy1)

I=erfc(b+ |[¢o|)+ 1+xg

. erf(b — | ¢,1) —erf(b = | ¢gl) +erf(b =l ¢ql)

1+ xp+ %1

1+x9+2x;

26a
Tromoroy, ' 0505t 0<|égl<b  (262)

I=erfc(b+|¢o|)+ -
- Xg

. erf(b — | ¢, 1) +erf(b — 1 ¢gl) _ erf(b —Iggl)

erf(b+ | ¢gl) —erf(d+1¢,1) . erf(b+ |¢y1) —erf(d =1 ¢41)
1-

1+x9+ %

1+xg+ 2%y
erf(b — | ¢41) erf(b + 1 ¢,1) —erf(b =1 ¢41)
I= +
1+ 2x 1+x;
erf(116 = | ¢,1) —erf(9b =1 ¢41)
+ 1+xo
where
Xy = ﬂAmL1[4ﬂ(A10+A20)+01+02]
1=

bl4m(A +Az) + 0a] (47410 + 0y)

, b<d,<2b, b<|pg|<2b (26Db)

1 +X1

+erf(9b — | ¢ |) —erf(d + | ¢4])

+erfc(l1b - |¢4]), ¢.=10b, ¢o<¢s, 0< ¢1<b (26c)

and x, has been defined earlier. In all cases, the
expressions for n,—n; reduce to Eq. (13a) as
L%and L! both go to zero. Similar expressions
for other values of ¢, ¢;, and b can easily be
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FIG. 7. Normalized gain for 56=1.0; ¢=0.4.
XH([) +§21 _nx)dnxdns ’ (27)

found by constructing diagrams as in the Appen- and, as before, a normalized gain coefficient is

dix. defined

From Eqs. (14) and (25), the gain for the bi- @ o1
modal operation can be determined. Again re- G= ¢ (5) ;L7 L5 o5 ¢150) ) (28)
sults are given only for the more significant G™(0;0; 0; pg; d15B)
cases: First consider the situation where the collisional
Gu)(gm ;L% LY bo; d1; D) linewidth is larger than the frequency separation

A LC of cavity resonances (b > ¢¢). As an example of
w A —f)H(p - this situation we choose ¢1=0; o= pc; ¢c < b.
%% (2R T, (fo=f)H®B =Ly +n,) Thor 1=0;¢00=¢¢; ¢
1

~ _ erf(p) +erf(b —¢y) ~2erf(d — ¢¢) 2erf(b - d¢) erf(b +¢n) —erfd
C= T perth (L+ 7o+ 2x1) ¥ Zerib (1+2xg+ 2x;) *  2erfb(l+xg) ° OSbas<¢e
~_erf(b—¢o)+rerf(b —ty) erfd —erf(d —¢c) erf(d+¢c)—erfy erf(b+ Ly )—erf(b + o)
G= 2erfb (1+2x,+2x,) T Zerfb (1+xg+ 2x,)  2erfb (L+xg) 2erfh » PcSEu 20~ ¢,
~_erfbrerf(b—¢,) erf(b+¢c)—erfd erf(b+Ln)—erf(b+ec) <r <

= — —_— — 29
C= Serth Q+xgr 2%y * 2ertb (l+xg) 2erfh » 2b=deila=2b (20)
=_erf(b+g¢c)+erf(d —&y) erf(b+8y)—erf(d+g) <, <
G= 2erfd (1+x,) * 2erfb » 205La22b+¢c

_erf(b+&y)+erf(d —&y)
- 2erfb ’

()]

2b+¢c_<.§31§°° .

Equations (29) are plotted in Fig. 11 for 5> 1.

Since all atoms are capable of interaction with the 5 10 [\V/\
lasing radiation, there are no distinct holes, and a
the two lasing frequencies are competing for the 80.8L b=5
same excited atoms. In Fig. 12, Eqgs. (29) are g
plotted for 5=0.4, and since not all atoms are now o6} bx1.0
capable of interaction with the lasing radiation, g b=0.2
hole burning is evident. However, the holes over- Joal
lap since ¢ <45, and the two lasing frequencies z
are still in competition for the same atoms. E

Consider now the situation in which ¢.>4b, and
as an example let ¢; =0, ¢y=¢c. For this case the L ! A L ) o I
following may be shown: . e 2 g 2 4 6
G- erfb +erf(p — £gi + erf(b + Qa) —erfd FIG. 9. Normalized power output vs detuning for

2erfo (1+2x,) 2erfd ’ fixed I, (I%/I%)g 0, pa5=10.
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FIG. 10. Location of lasing frequencies for bimodal
operation.
SLn<2b
~_erf(b +Eqy)+erf(®d —£u) P
G= 2erih , 2b58nS¢c—-20b
G erf(¢pc —b) +erf(ph - gaﬂ erf(b +£4) —erf(¢e —b),
2erfb 2erfh (1+x,)
dc=2b2tndc
&= erf(pe +b)+erf(d ~ 521_) erf(b+&y) —erf(pc+ b)
2erfb (1 +x,) 2erfd
dc2las ¢pc+2b
G-extlrtglrertb=ta) oy, 4 < cw, (30)

2erfd ’

Equations (30) are plotted on Fig. 13 for 5 <1, The
holes due to the two lasing lines are now distinct,
since each lasing frequency is interacting with a
different group of atoms. For »>1, Eq. (30) be-
comes identical to Eq. .(17) for ¢ =0. This is be-
cause for ¢ 25 and b > 1, the lasing line at £, = ¢¢
is far out in the wings of the gain curve, where the
gain is very close to zero even with no lasing.

Thus for practical purposes, bimodal operation is
not possible for ¢o>b with 5> 1,

VI. POWER OUTPUT FOR BIMODAL OPERATION

The self-consistent lasing intensity is found as
" before by equating the saturated gain at each lasing

1.00
X0=%,=0

075
[4

050

0.25 Xg = X 422

_-»/1 I 1 I 1 1
-80 -60 -40 -20 O 20 40 60 80
21—
FIG. 11. Bimodal normalized gain; 5=6.0; ¢;=0;

$.=1.0; xp=x;=2.
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FIG. 12. Bimodal normalized gain; 5=0.4; ¢1=0;
¢c=0-4; x0=x1=2.

frequency to the cavity losses at that frequency. In
situations in which ¢, = 4b, there is no interaction
between the lasing lines, and the intensity of each
line is independent of all the others. From Eqs.
(30), for example,

[ 4me’'I’Ay[4n(A - Ay) +0y]
2 b(21nS)7[4n(A 0 +Ay) + 0, ](41A 0+ 0y)

L {vy\% erfd
= =2
XD(Ugl) 1 +2x1 (313)

with one line at {,,=0, and

[ 2melAy[an(4;,-Ay) +oy]
2 5(21nS) 1/2[47T(A30+Az1)+‘72](4"A10+01)

X£<m)3erf(¢>c+b)— erf(¢gc - )

D \vy 1+x (31b)

with the other line at £, = ¢.. The solutions for

L% and L?! are then identical to Eqs. (21) where the
appropriate value of m is fixed by the location of
the lasing lines. However, if 4b < ¢.< 1, then

L° and 2L are essentially equal, and the total ener-
gy stored in the lasing modes is almost triple the
amount stored for single-mode operation at £,,=0
Thus the output power will also be approximately
tripled in this case. Figure 14 illustrates the sit-

4b
1.00 |-
075 -
G
0.50 |-
0.25-
! 1 L A It Il I 1
-20 -5 -0 -05 O 05 10 15 20 25
Lo~
FIG. 13. Bimodal normalized gain; 5=0.1; ¢;=0;

¢c=0.6; Xo=x1=2.
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uation where b < 1 and two modes are detuned so
that they are as close together as possible without
being in competition. This situation would yield
the maximum power output for bimodal separation
(with b << 1) and the total power is almost double
that for a single detuned mode with the same value

HEALY AND T. F. MORSE
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dition for nonoverlapping holes.

The situation when ¢, < 80 is more complex since
now there is always some degree of competition
between the lasing modes for the same excited
atoms, or in terms of hole burning, the holes par-
tially overlap. Using (29) as an example, we find

of b. ¢.=> 8b is a necessary but not sufficient con- (pcsb):
J
f 2me™PA 5 [41(A g - Ay) + 0] L (vy\*(2ertb - 2erf(b - ¢o)  2erf(b - ¢.)
= 1T = + (32a)
2~ 5(2InS)2[4n(A 4y +A ) +0,](4TA ;g +0,) D \pgy 1+x0+2x, 1+ 2 + 2,
at £,,=0, and
f_ 2meA,[4m(A,-A,) +0y] L (m)s(z erf(b—¢c) erfb—erf(b—¢c) , erf(b+oo)- erfb)
2~ 5(21nS) 7 F 4n(A 4y +A g1) +05)(4TA 1o+ 01) D \vyy 1+2xq+ 22, 1+x9+2x, 1+x,
32b)
at £5;=¢¢c. The solution of these simultaneous equation leads, in general, to a quadratic for x, or x;. (
Defining m =I°/I*, where I* is given by (20), Eqs. (32) may be written
2erfb—2erf(b - o)  2erf(b—odo) erf(b+do)+erf(d—o¢.) _
1+xg+2x, * 1+2x5+2%, m » En=0 (332)
erfb —erf(b— o) 2erf(b-oc) R erf(b + ¢s) — erfd _ erf(b+¢c)+erf(b - o) . Cn=d0 . (33b)
1+x9+ 2% 1+2x0+2x, 1+x m
[
For ¢ < b, Egs. (33) reduce to xem, x=m-—1 (pc=0).
Xo+x = 3m=1) . (34) Thus the detuned mode will tend to extinguish the

Taking the same limit as in Eq. (21a) one finds, for
single-mode operation, that

Xo=sm—-1) .

Thus when ¢ << b, the total power output from two
oscillating modes is equal to the power from a sin-
gle mode. This is physically reasonable, since in
this limit there is strong competition between the
two modes for all of the available excited atoms,
and practically no further excited atoms are brought
into play if the second mode goes into oscillation.
For ¢o=b, Egs. (33) reduce to

2erfd erf2b _
= , £=0
1+x5+2% m
/(35)
erfd erf2b ~erfd - erf2p

y Sa=¢c.

+
1+ x5+ 2%, 1+x, m

Solving for x, and x;, the following results may be
obtained:

x,=m(2erfb —erf2b)/erf2b,
%o=2m[erf2b —erfb]/erf2d —1.

(36a)
(36D)
For b>1, these become

x=m, x=—-1 (pc=b).

Thus for ¢.=b, bimodal operation is impossible
when b > 1. For b <1, Eqs. (36) become

mode at the line center when b <1 and ¢o—b.

For more than two modes in oscillation the fol-
lowing conclusions can now be drawn: When ¢ 2 8b,
b <1, each mode may interact with a separate
group of excited atoms, and the power in each
mode is then equal to the power which would be
available if that mode alone were in oscillation.
When ¢ <8b, there is always some degree of in-
teraction between the oscillating modes, and for
n modes the total power is less than that for » non-
interacting modes. Furthermore, when ¢.=8b
there are situations in which the equations corre-
sponding to (32) indicate that multimode operation

4b
1.0 - '“1
08~
g
0.6
0.4
ol
o2k $c
1 I I 1 I I
(¢} X

1 1
-20 -15 -1.0 -05

FIG. 14. Normalized gain; 5=0.05; ¢,=2b; ¢y=6b;
x0=1.7; x1=2.0.
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is impossible due to mode competition effects. An
exhaustive study for any given combination of b,
¢¢, and ¢ would require the evaluation of the in-
tegrals for the gain. The gain would subsequently
be equated at each lasing frequency to the cavity
losses. For n modes this generates, in general,
an nth-order algebraic equation whose solution
will indicate under which circumstances two or
more modes can simultaneously oscillate. The
present work has attempted to illustrate some of
the more significant cases.

VII. CONCLUSIONS AND COMPARISON WITH WORK
OF LAMB
It is of interest to compare the results of the
present study with an earlier work of Lamb,” Al-
though both papers deal with detuning and multi-

mode operation, there are considerable differences

in formulation and method of solution, so that di-
rect comparison in some cases is impossible. In
Lamb’s work the analysis is not restricted to an
optically pumped system, but the rate of excitation
is an unknown parameter of the problem. The
only source of line broadening is radiation damping
and the validity of the results are restricted to low
levels of lasing intensity. Finally, the role of
atomic motion is incorporated in an ad hoc fashion
since the velocity distribution is not part of the
self -consistent solution of the problem. On the
other hand, by retaining the phase of the electro-
magnetic field, and by introducing a quantum-
mechanical treatment of the excited population,
Lamb’s treatment is capable of making rather re-
fined predictions on a number of important phenom-
ena, which are intrinsically unobtainable here
(frequency pulling and mode locking, for example).

The situation which Lamb refers to as the Doppler

limit is essentially the case in which the line
broadening due to radiation damping is much less
than the Doppler width, Most of Lamb’s results
apply to this situation, and the corresponding limit
in the present work is b < 1.

In this limit for single-mode operation, both
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approaches predict that the threshold for the onset
of oscillation increases with cavity detuning in
proportion to e®? I addition, both find that the
power output passes through a local minimum
when the cavity is tuned to the center of the atomic
resonance, and that this effect will disappear as b
becomes larger.

For multimode operation, Lamb distinguishes
between two possible situations: “weak coupling”
and “strong coupling.” For weak coupling two or
more modes can coexist in stable oscillation, while
for strong coupling there is a tendency for one
mode to suppress the other. Weak coupling is
favored in the Doppler limit. Again, a similar
picture emerges from the present work. For
b<<1and ¢.-28b, two or more modes usually in-
teract with separate excited populations and will
not interfere with each other. For ¢.<4b, some
degree of mode competition will always occur, and
there are situations in which one mode will suppress
the other entirely. Thus the situation ¢-28b,

b <1, and nonoverlapping holes may be identified
with the weak-coupling case, and ¢-<8b or b>1
with strong coupling.

In the present work, the neglect of the phase of
the radiation means that frequency-pulling or fre-
quency-locking phenomena cannot be treated.
However, the frequency pulling could be found to a
good approximation by first assuming that oscilla-
tion occurred at the cavity resonance. One would
then evaluate the gain as has been done here, and
use the Kramers—Kronig relations to calculate the
phase shifts introduced by the active medium, as
was done by Bennett. 1o

In conclusion, it seems that using kinetic equa-
tions and the equation of radiative transfer to de-
scribe the gas laser is conceptually and mathe-
matically simpler than the semi-quantum-mechan-
ical self-consistent field approaches and provides
similar results within its domain of applicability.
Further, the method is not restricted to low levels
of lasing intensity and provides a clear description
of effects due to line broadening and atomic mo-
tion, through the velocity distribution function.
Ultimately, however, the kinetic approach may be
most fruitful in applications in which a flow pro-
cess is intrinsic to the lasing activity, as, for
example, in gas dynamic and chemical lasers.
The kinetic description seems particularly ap-
propriate here, and this type of problem will be
treated in a forthcoming paper.
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APPENDIX: EVALUATION OF SYSTEM GAIN

We are interested in the behavior of the integral over #, in Eq. (14) of the text. Thus, we have

0

I= dan(b+§21 —nx)H(b _§21+77x )e-nx
L4m(Agg+Ag)+02)(4nA 10+ 01) + A QP [4n (A g+ A1) + 01 + 05 ]

L (A1)

HI

QLY [HO - |¢|=n)H b+ | ¢ | +0) +HO ~ | ¢ |+n)H b+ | ¢ | =m,)].

As an example we will consider the case where |¢1<p and 051515 1¢|. The behavior of the various
Heaviside functions in this particular case is shown in Fig. 15, Thus for 051£,121¢1<b, we have

=(b-0)
dnges
I:
J’.(b_g >[47T(A20+A21)+02](4WA10+01)+(WAglLo/b)[4n(A20+Am)+01+02]

"o an e
X
+Lb_o) [47(A s+ A )+ 05 ](4nA g+ 0y) +(2nA 4 LY/B) [47(Agg+ALg) + 01+ 05

b€ g d')'] e
+j;_0 [47(A g+ Az) + 02147410+ 01) + (1AH LO/B) [4n(A g+ A1g) + 01 + 05 ]

v (erf(b+§21)+erf(b £a1) —2erf(b - ¢) 2erf(b—¢))

2[4n(Ay+Ay) +0,] (41A 0+ 0y) 1+x 1+2«x (42)

where

0 b
= TAnL’  4n(Ayg+Agzg)+ 01+ 0y and erbe%I o2

b [4n(Ag+As) +05](474 10+ 0y)
For L°=0and {5 =0, (A2) reduces to

Vrn2erfdb
2[4n(A 20+Az1) + 0y ](41TA10+ 01) °

From (A2), (A3), and the definition (16), we can then write

é_erf(b +E&q)+erf(p —&y) —2erf(b — o) N erf(p —¢)
- 2erfd (1 +x) erfb (1+2x)°’

ILy=0; £5=0)= (A3)

058y =¢=b

which is Eq. (17a) of the text. The evaluation for all other values of £, ¢, and b proceeds in a similar
fashion.
For b= ¢ <20, we find

_erf(d +£y) +erf(d —£5) —2ertf(¢ —b) erf(qb b)

G <¢. $9p —

¢ 2erfb (1+x) ortp 0 0TtaS26-9¢

~ erf(b+iy)—erf(p —b) erf(p —b)+erf(p - 521) < <

G= 2erfd (1+x) * 2erfh 2b-¢=ta=¢

= erf(b+¢) —erf(ly —b) erf(p+&y)—erf(b+¢)

O ertb L+x) ¥ 2erfd o 9FEa=2b49

~_erf(Cy+b) —erf(ty - ) <r. Sw

¢= 2erfh A e
For ¢ 22b, we find

~ erf(b+&y) ~ erf(gm—b) <r <4

G= 2erfb 058a=¢ =20

~ _erf(£,+b) —erf(¢p —b) erf(¢ b) —erf(¢ - b) Cl<r <

O pertb(1+x) 2erih |20 -¢[StaZs

~ _erf(b+¢)—erf(t —b) Lerf(b+8y) —ert(b+¢) <<

O ertb (1+x) Zerfd » $2L-20+4¢

é:erf(b+§z1) erf(égl—b) %0+ <t<w

2erfb
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The low-temperature behavior of the third-quantum-cluster coefficient is investigated using

the multiple-scattering form of the binary-collision expansion.

mann statistics we find

For hard spheres and Boltz-

b3=2@/N = FV2 1a/N® =L (47 - 3V3) (/N In(a/N) +O((a/ Y,

where a is the sphere diameter and A is the thermal wavelength. The first two terms were
obtained some time ago by Lee and Yang and by Pais and Uhlenbeck. The occurrence of a
term of the form A~%1n) was predicted recently by Adhikari and Amado. The expansion is
also given for Bose—Einstein and Fermi—Dirac statistics, and for the case of an intermolecu-
lar potential without bound states. The limitations of such low-temperature expansions are

discussed.

1. INTRODUCTION

For a classical gas, the cluster coefficients b,
(and hence the virial coefficients) can be expressed
as integrals over functions of the two-body poten-
tial. Thus their evaluation involves a series of
quadratures.

In the quantum case, the connection between the
cluster coefficients and the intermolecular poten-
tial is not nearly so direct. Only for the second
coefficient b, is there available an exact expres-
sion! which allows its computation over a wide
temperature range. There exist formal expres-
sions for the third®*~* and higher®-® coefficients,
but these have not as yet been used for any exten-
sive calculations.

The limiting case of low temperatures has been
studied using the binary-collision expansion® and
the related pseudopotential method.!® For the hard-
sphere gas Lee and Yang!! evaluated b, as a series
in powers of a/) as far as the term in (a/2)?. [a
is the sphere diameter and A= (217%/mkT)Y? is the
thermal wavelength.] Pais and Uhlenbeck!? ex-
tended this to the term in (a/2)® for b;. From this

it might appear that we have the leading terms of
an expansion for b, in powers of (a/x).5 However,
Adhikari and Amado®* have recently shown that the
low-temperature expansions of cluster coefficients
higher than the second!® involve Inx as well as
powers of A. In particular, the third-cluster coef-
ficient (for Boltzmann statistics) has the expansion

by=c1 /2% + ¢y /2% + cg(In)/2% +O(17Y) (1)

where the ¢; depend only on the hard-sphere diam-
eter, or more generally on the two-body s-wave
scattering length. The coefficient ¢3 can be found
from the leading terms of the binary-collision ex-
pansion, and we shall present its explicit calcula-
tion below. However this is as far as we can go by
present methods. The evaluation of the coefficient
of the A™* term involves a solution of the full three-
body problem, and this is a calculation of a higher
order of difficulty.

It should be mentioned that other quantities re-
lating to many-particle systems have logarithmic

-terms in their expansions. In particular, the low-

density expansion of the ground-state energy of a
system of bosons'® or of fermions!”!® contains a



