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Rate equations for the optical pumping of »&~&i-metal vapors simultaneously subject to pumping,
relaxation in the excited state, and relaxation in the ground state are shown to yield analytic solutions
for the aHcali-metal electronic and nuclear-spin polarizations in the»fright of weak pumping. Nuclear-spin
and hyperfine-interaction effects are properly included. Analysis of the double-exponential form of the
pumping transient of the ground-state electronic-spin polarization is shown to yield new methods for
the measurement of cross sections for collisional relaxation in both the ground and excited states.
Formulas are derived that relate relaxation cross sections to experimentally measurable parameters.
Formulas describing the influence of nuclear spin on signals obtained from standard depolarization of
resonance-radiation experiments also are provided. Ambiguities in earlier optical-pumping experiments
and calculations arising from oversimplified descriptions of relaxation processes are discussed.

INTRODUCTION

Optical-pumping techniques have received wide-
spread application in the study of collisional re-
laxation among the Zeeman sublevels of various
atomic states. ' In this paper we derive analytic
expressions which describe the production and
destruction of electronic- and nuclear-spin polari-
zations in alkali-metal vapors subject to weak
optical pumping. We bring together previous work
to show how collisions of pumped atoms with the
walls of the experimental cell, simple binary
alkali-atom-buffer- gas-atom collisions, and
"sticky" alkali-atom-buffer-gas-atom collisions
which form van der Waals molecular dimers all
contribute to determining the shape of optical-
pumping transients. We include rigorous treat-
ments of the effect of the hyperfine interaction on
all collisional relaxation processes. We show that
in low magnetic fields the pumping transients of
the electronic-spin polarization are generally
represented by the sum of two exponentials, the
rate constants of which depend wholly on relaxation
processes in the ground state. We show that the
difference of the two rate constants depends only
upon the relaxation rate in binary collisions with
buffer-gas atoms, and is independent of pumping
rate, wall relaxation rate, and molecular forma-
tion rate. We further show the the relative con-
tributions of the two rates to the production of the
electronic-spin polarization are determined main-
ly by the degree of collisionaI relaxation which
occurs during the excited-state lifetime. We de-
rive analytic expressions involving the relaxation
rates and their relative amplitudes which can be
used to determine the cross section for the col-
lisional relaxation of (~,) within the '&,~, state

from experimentally measured ground-state pump-
ing transients. In the course of our calculations,
we derive expressions, including all nuclear-spin
effects, for the equilibrium values of (Z,) and

(I,) in the 'I', &, excited state, subject to simultan-
eous excitation, collisional relaxation, and spon-
taneous decay. These calculations provide the
bases for the analyses of standard depolarization
of resonance radiation experiments at low mag-
netic fields. Finally, we utilize our calculations
to show how incomplete knowledge of the mechan-
ics of nuclear-spin effects in collisional relaxa-
tion could have contributed to earlier misdeterm-
inations of some ground-state relaxation param-
eters such as the diffusion coefficients of alkalis
in the noble gases.

All of the calculations in this paper are based on
the assumption that "weak pumping" prevails,
that is, that pumping rates are considerably smal-
ler than ground-state relaxation rates. While such
a regime is foreign to that in which the majority
of past experiments and calculations have been
performed, it is ideally suited for the analysis of
optical-pumping transients encountered in experi-
ments utilizing "white-light" pumping sources. ' '
Appropriate white-light pumping experiments have
been in progress in our laboratory throughout the
past two years, and will be the subjects of forth-
coming publications. The experimental results
that we have obtained are consistent with the theo-
retical predictions of this paper.

PRODUCTION AND DESTRUCTION OF
SPIN POLARIZATION

We assume that the alkali-metal vapor to be
optically pumped is situated in a weak magnetic
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(S,) = g n, (S,),./g n, , (la)

(I,&,=g n, &I,&„/g n, . (lb)

field H, . The direction of H, defines the z axis of
the system. We further assume that F, the total
atomic angular momentum, and m~, the projection
of F upon Ho, are good quantum numbers both in
the 'S,~, ground state and in the 'Py/2 excited state.
We define n, to be the occupation probability of
the ith ~F, m~& sublevel of the ground state. If the
expectation values of the z components of the elec-
tronic spin S and the nuclear spin I for the ith
sublevel of the ground state are (S,)„and (I,)„,
respectively, then the ground-state electronic-
and nuclear-spin polarizations, (S,) and (I,)„of
the vapor are

where k, is the relative absorption probability of
the ith sublevel. For o'Dy pumping, k, can be
written in the following form:

k, = f [2 —(S,& ~&] .
Utilizing Eqs. (la), (3), and (4), we obtain

(4)

(5)=-3A(S,&
+ gAQ n, (S,), .

We now invoke the assumption of "weak pumping";
that is, we assume that the pumping rate is much
smaller than the ground-state relaxation rate.
This assumption assures us that the second term
on the right-hand side of Eq. (5) remains constant
at all stages of the optical-pumping process. ' By
explicit calculation we obtain Eqs. (6a)-(6d) for
nuclear spins I= 0, 2, —,', ~2.

All of our calculations will be concerned with the
normal o'D, ('S», -'P», ) optical-pumping tech-
nique first introduced by Dehmelt and Franzen
and Emslie. ~' As usual, we shall normalize the
occupation probabilities, and shall assume that
the pumping rate is very much smaller than the
inverse lifetime of the excited state, ensuring the
validity of Eq. (2) at all times:

d(S,)"~ = ——,'A(S,
&

+ SA (I=0),

'&~= —gA&S,&
+ —,6A

"&„;& =--.'A&S.&,+~A (I=-,'),

(6a)

(6b)

(6c)

(6d)

nf 1 (2)

dna

dt
-Ak n, , (3)

We shall consider the following contributions to
the production and destruction of spin polariza-
tions: depopulation pumping due to excitation of
atoms out of the ground state owing to the absorp-
tion of light, relaxation within the 'P, &, excited
state due to collisions of alkali-metal atoms with

buffer-gas atoms, repopulation pumping due to
spontaneous emission from the excited state, and

relaxation within the ground state due to collisions
of alkali-metal atoms both with buffer-gas atoms
and with the walls of the experimental cell. We

shall neglect effects due to spin exchange and

effects due to strong absorption of the pumping
light as it traverses the experimental cell: We
thus assume low alkali densities.

a. Depopulation pumping. We shall assume that
the pumping light is of equal intensity in all hyper-
fine components of the alkali absorption line, and

that the light is broad band ("white") over all such
components at all buffer-gas pressures. We shall
neglect all interference terms in excitation and
spontaneous emission, an excellent approximation
for v'D, pumping. '' If A represents the pumping
rate, then the rate of change of n, due to depopula-
tion pumping alone is

In a similar manner we obtain an equation for the
rate of change of the nuclear spin polarization:

A(I,) + —',A g— n, (S,),(I,), .
i

Again, by explicit calculation, we obtain Eqs.
(6a)-(Sc):

= —SA(I,) +~+ (I=~), (Sa)

gA&I ) +gag A (I 2) (6b)

d(I 5' "~=-SA(I,
&

+~~A (I=+~). (8c)

(I,)„=expectation value of I, for the kth

~F, m~) sublevel,

N=g N, «l,
(9c)

(lo)

b. Repopulation pumping and excited-state
relaxation. We define the following quantities for
the '&,~, excited state:

N~ =occupation probability of the kth ~F, mz&

subleve1, (9a)

&J,&„=expectation value of J, for the kth

~F, m~& sublevel, (9b)
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g IIa&I.&ma

(lla)

(lib)

Explicit calculation shows that the repopulation
pumping of the ground-state electronic-spin polar-
ization due to spontaneous emission from the ex-
cited state can be written in the following forms":

where I', =s,o;v„,p/P, . n, is I oschmidt's number,

o, is the cross section for the destruction of
(J,&„v„,is the mean relative velocity of alkali
atoms and buffer-gas atoms, P, is 760 Torr, and

p is the actual buffer-gas pressure in Torr. As-
suming excitation with o' light under the conditions
specified above, we have calculated the following
quasiequilibrium values of (J,), subject to exci-
tation, collisional relaxation, and spontaneous
decay'9:

d&S,) -N( J',),
6V 37

d&Sg&t
[&I & 2&J & ]

(I=0), (12a) (J,), = —,'(1+r,r) '

&J,&, =-,'(3+r,~)(l+r,T)-'

x (8+r,T) '

(I =0),

(I=2),

(15a)

[2(I.&.—8&J.&.] (I=-,'), (12c)

&J.&, =/19+3r, ~)(1+r,~)-'

&& (18+r,r)-' (I=~2), (15c)

[(I.&, —8(J.),] (I=&}.

d(I,), 5II
dt 67

d&I ) 25N
dt 2Vr

(I= a),

The repopulation rates of the ground-state nuclear-
spin polarization are (16a)

(16b)

(16c)

Similar equations for &I,&,~yieM

&I.&. =-', (8+r,T)-' (I=-.'),
(I,&,„=~18+r,7)-' (I= —.'),
&I.&, =~(32+r,v)-' (I=~).

The equilibrium value of N is the same for all
nuclear spins, including I=0, and is

d(I,)~ 23K
df 24' (I=~2). (13c) (1V)

d( J,),=-r,
&J,&, +2r, (2I+1)-'&I,&, (14a)

"&„;& = -2r, (2I+1)-'&I.&., (14b)

In order to complete the calculation of the repop-
ulation pumping rates, we must calculate the quasi-
equilibrium values of (J,), and (I,), which exist
at any time during the optical-pumping cycle. We
shall assume that the rates of excitation of (J,),
and (I,), in the excited state do not change during
the optical-pumping process, an excellent approx-
imation for small &8,& and (I,)~. We also shall
assume that the standard model of "randomization
of J" coupled with nuclear decoupling-recoupling
describes collisional relaxation among the Zee-
man sublevels of the 'I', g, state. "-' This approx-
imation should hold as long as the relaxation rate
is less than the inverse of the hyperfine period.
If I y is the relaxation rate for the destruction of
"orientation, " i.e., of (J,)„within the 'P, ~, state
of the nuclear-spin-zero atom, then the relaxation
rates for (J',), and for (I,)„ taking all nuclear-
spin effects into account, are~

Equations (15b)-(15d) have significance consid-
erably beyond that of their utilization in the cal-
culations of this paper. These equations provide
the bases for the correct extraction of cross sec-
tions for collisional relaxation of (J,), from ex-
periments measuring depolarization of resonance
radiation in 1ow magnetic fieMs. 20 For atoms with

Iw0 they are the analogs of the Stern-Vollmer
equation. They have not been calculated previous-
ly. A fit of the appropriate member of this set of
equations to the pressure dependence of (I, + -I, )
in fluorescence yields a cross section for the re-
laxation of (J,), within the 'P, &, state, corrected
for nuclear-spin effects. We plot Eqs. (15b)-(15d)
in Fig. 1 as a function of I.',7 and observe that the
main effect of nuclear spin is the lowering of the
value of (J,), (r,T =0) from 0.5 for atoms of I=0,
to approximately 0.25 for atoms of I w0. Such an
effect would not be observed in a typical depolari-
zation experiment since measurements normally
are made in terms of re1ative rather than absolute
units of light intensity. A straightforward fit of
the Stern-Vollmer equationP P,(i+r, r) ' to
experimental data would yield a value of 0, only
about 20 to 25% larger than the correct value that
would be deduced from Eqs. (15b)-(15d). Nuclear
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(I =0), (18a)
dt

11 + I' T) '(8 + I',T)' '= —'A(3r, r —l)(1+I',T36dt

I= 2), (1sb)

'(18+I',T) '—101 (1+I',T'& ~ =~A(43r, r —10486

I =-,'), (1Sc)

-1-8 r )-'(32+r,T-—O'I 1+I',T'& ~ =~A(13I',T —8 I'
144

(I =~2) (lsd)

-1'&'& =~A(s. r,.)-dt
I= —.'), (19a)

-1' '-ss A(18+ r,T)-
dt 486 I= a), (19b)

A(32r+, T) '
dt

I =~2) . (19c)
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dt

& ' ~=-~R(I )

(20d)

(21a)

(21b)

available evidence points to the fact that the re-
laxation of an alkali atom on a glass surface is
"uniform, " that is, that all transitions between
Zeeman sublevels are equally probable in a single
relaxation event. The combination of these two
facts leads to the following equations, valid for all
nuclear spins, which describe the relaxation of
(S,), and (I,), due to collisions of pumped atoms
with the walls of the experimental cell:

& ~)~= ~R(I )dt
(I= 2) . (21c) d& s&g

dt (24a)

(22a)

(22b)

where R' is the relaxation rate due to molecular
formation and destruction. 8' depends upon nu-
clear spin, as given by Eq. (23):

R'(I) =R'(I=O)[2(2I+1) ] '. (23)

It is not necessary for our present purposes to
display the dependence of R' upon buffer-gas pres-
sure.

The third and final contribution to relaxation in
the ground state which we shall consider arises
from collisions of pumped atoms with the walls of
the optical-pumping cell. This effect was first
analyzed by Franzen, "and has been the subject
of several subsequent publications. "' A rigor-
ous treatment yields a diffusion equation describ-
ing the relaxation of polarization of an optically
pumped vapor: An infinite number of relaxation
rates in principle are involved. Recently, how-
ever, it has been verified through extensive com-
puter calculations that the relaxation can be ac-
curately described by a single effective relaxation
rate, close in magnitude to that given by the low-
est-order diffusion mode. " We also note that all

In the presence of some rare gases, bound
alkali-rare-gas molecules can form as the result
of three-body collisions. ' " Such molecules tend
to live until struck again by a rare-gas atom. In
a pressure regime such that the average lifetime
of such a molecule is much longer than the hyper-
fine period of the alkali atom, i.e., at low pres-
sures, the intensity of the spectral density func-
tion of the collisional interaction is negligible at
the hyperfine frequency. The appropriate model
for the relative relaxation probabilities then is
equivalent to those for electron randomization, but
with the Ec0 transitions removed: Magnetic di-
pole relaxation in this case occurs only among the
~F, mr) sublevels of a given hyperfine state Such.

a model yields equal relaxation rates for (S,)
and (I,),:

d(Is& g
dt (24b)

GENERALIZED RATE EQUATIONS FOR
WEAK OPTICAL PUMPING

In the most general case of weak optical pump-
ing, all of the relaxation mechanisms that we have
discussed in the preceding sections are operative
simultaneously. We therefore must consider
solutions to equations for the rates of change of
(S,), and (I,) which include appropriate contri-
butions from Eqs. (6), (8), (18), (19), (20)-(22),
(24). We note that for all nonzero nuclear spine
these generalized rate equations are of the form
of Eqs. (26a) and (26b):

(26a)

(26b)

The general solutions to Eqs. (26a) and (26b), as-
suming B, o C» B, w 0, and (l,&,(I = 0) = (S,&,(I = 0}
=0, are

(S,) =D,(l —e "')+D,(1 —e '2') (2Va)

where

D, =BC,[C (R —C)] '

and

(2Vb)

(28a)

where

R "= (D P0/P ) [(v/L) + (2.045/r)' ] .
D, is the "effective" diffusion coefficient, P0 is 760
Torr, L is the length of the cell, and r is the ra-
dius of the cell. The use of the single-exponen-
tial approximation for wall relaxation requires a
small correction to the buffer-gas relaxation
cross section o. The appropriate correction fac-
tors have been calculated elsewhere. "
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Dm = B,/B —(B,C,)[C2(B,—Cm) j '+ (BSC,/B Cm) .
(28b)

The rate constants z, and z, are

by Eqs. (32a} and (32b):

z, = 3A+8R+R'+R",

z2 = 3A+R+R'+R".

(32a)

(32b}

z, =-C2

z2=

(29a)

(29b)

The quantity (D,z,/D, z, ) will prove to be of special
significance; we give its form in Eq. (30):

D,z,/Dmzm = B~C,(B,B —B,,C2 —BSC,) (30)

Examples of the generalized pumping/relaxation
equations are given below for I = &.

( ')~=~48A+IA(8+F, v') ' —(I,) (SA+8 R+R'+R"),

(31a)

d~S, 4
,', A+—~A(3FT 1)(1-+F,7)-'(8+ F,T)-'

.80

.60
ce

N
OI

O

N
O

.40—

—(S,) (3A+R+R'+R")+(I,) (—', R). (31b)

Equations (3 la) and (31b) are wholly compatible
with Eqs. (26a) and (26b). The optical-pumping
transient for (S,), therefore consists of the sum
of two exponentials whose rate constants are given

(z. —z, ) = 8(~.c~,gP/0, )

(z2 —zl) z8 (novvrelPIPo)

(z2 —z,) =~ (no&~red /po)

(I =-',),
(I=2),

(I=, )

(33a)

(33b)

(33c)

The only unknown parameter to be determined
from application of Eqs. (31a)-(31c)to experimen-
tal data is o, the cross section for electron-spin
relaxation in the 'Sy/2 ground state.

While the ground-state relaxation rates zy and

z, depend only upon ground-state relaxation pro-
cesses, their relative contributions, D, and D„
to the transient of (S,), depend also upon the de-
gree of collisional relaxation in the excited state.
D, and D, are rather complicated functions of all
relaxation rates; we shall not bother to write
down the explicit forms. An enormous simplifica-
tion occurs, however, in the quantity (D,z,/D, z, ).
This may be seen by substitution of appropriate
terms from Eqs. (3la) and (31b) into Eq. (30). We

obtain, for I= &, and from similar calculations for
I= ,' and ~2, Eqs. (3-4a)-(34c):

We obtain from Eqs. (32a) and (32b) the impor-
tant result that while each of the rate constants
z, and z, depends upon all ground-state relaxation
processes, including the pumping rate, the dif-
ference between them, (z, -z,), depends only upon
the relaxation rate of the electronic-spin polari-
zation. The measurement of (z, —z,) therefore
provides a useful new method for the determination
of ground-state relaxation cross sections, unin-

fluenced by the complicating factors present in
many earlier experiments. Specifically, for the
various nuclear spins, we obtain

.20
I*5/2

I.7/2

(D,z, /D z ) =~(44+SF,r)(1+F,r)(8+I', T) '

x (2 + SF,r)-' (I = -.'), (34a)

(D,z,/D, z, ) =@(104+SF,r)(1+ F,~)(18+I',T)

x(2+SI',T) ' (I=-,'), (34b)

I

4
I

10

FIG. 3. Plots of (D&z&/D2~2) vs I'&v for nuclear spine
3/2, 5/2, and 7/2. c~ is the "slow" ground-state relaxa-
tion rate, and D& its amplitude; z2 is the "fast" relaxa-
tion rate and D2 is its amplitude. These plots provide
the bases for the determination of the relaxation rate
1& in the P&g2 excited state through measurement of
ground-state pumping transients.

(D,z,/D, z, ) =~ (188+ SF,T)(1+F,T)(32+ F,r) '

x(2+SF,r) ' (I=&). (34c)

Equations (34a)-(34c) depend only upon I'„ the re-
laxation rate of (J,), in the excited state, and T,
the excited-state lifetime. Within the approxima-
tions of this paper, they are independent of the
pump rate and independent of all ground-state re-
laxation processes. D„D„z„z,are all experi-
mentally measurable parameters. Eqs. (34a)-
(34c) therefore provide a useful new method for
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measuring o„ the cross section for the destruction
of (4,), within the 'P, &, excited state .We provide
plots of Eqs. (34a)-(34c) as a function of I',7 in
Fig. 3.

In deriving Eqs. (34a)-(34c) and Eqs. (15b)-(15c),
(16a) and (16b) we have assumed the particular
model of electron randomization to describe col-
lisional relaxation within the 'P,~, excited state.
While that model should provide an excellent de-
scription of the relaxation process throughout the
range of buffer-gas pressures most commonly
encountered in optical-pumping experiments, it
certainly will fail at buffer-gas pressures high
enough that dW/h « I'„where nW is the energy
separation between hyperfine states in the 'P»,
state. In such a case little coQisional reorienta-
tion of the nuclear spin would occur during the
excited-state lifetime, and the repopulation rates
of (8,), and (I,), would be modified. Modifications
also would arise if relaxation within the 'P, &,
state were dominated by the formation of molecu-
lar complexes rather than by binary collisions.
The effects of both processes on optical-pumping
transients are easily calculated, but lie outside
the scope of this paper.

DISCUSSION

Many earlier discussions of optical-pumping
rate equations have provided theoretical and ex-
perimental bases from which the analytic solutions
presented in this paper have evolved. "'"'"'~'~'
Our main contribution in the present paper has
been the proper inclusion of the effect of excited-
state interactions on determining the shape of
ground-state pumping transients The a.nalytic
forms we find for the pumping transients are con-
sistent with the general forms of relaxation tran-
sients observed and evaluated by Bouchiat, Gibbs,
and others ' ' ""' ~ ' Extensive comparisons
of the present work with other earlier work are of
limited interest, however. Some earlier papers
made use of convenient assumptions which we now

realize do not correspond to physical reality: The
approximation of "uniform*' relaxation in alkali-
buffer-gas collisions is an example. In other
cases, rate equations were solved numerically
only in the limit of large pumping-rate-to-relax-
ation-rate ratios, the regime the opposite of that
in which our calculations are valid. Even in those
cases where the mechanics of ground-state relax-
ation were correctly treated and where small
pumping-rate-to-relaxation-rate ratios were con-
sidered, calculations generally were performed
only in the limits of zero or complete mixing in
the excited state.

There is previous work on optical-pumping tran-

si.ents that merits special attention. In 1965
Marrus and Yellin measured double-exponential
transients in the optical pumping of Rb" and Cs"'
in the presence of buffer gases. 4~'44 They also
performed extensive computer evaluations of the
pumping equations. Our weak-pumping calcula-
tions do not apply to the experiment performed by
Marrus and Yellin. Marrus and Yellin worked in
the strong-pumping regime: They were concerned
with pumping rates generally one to two orders of
magnitude greater than ground-state relaxabon
rates. Moreover, the cause of the double-exponen-
tial behavior of the pumping transients in the
strong-pumping limit postulated by Marrus and
Yellin is fundamentally different from the cause
for the double-exponential behavior in the weak-
pumping limit. %'e shall expand on this point be-
low.

In the weak-pumping limit we have obtained—
rigorously, within the stated approximations—
analytic forms for the pumping transients, and
have shown-that double-exponential transients oc-
cur only if at least some degree of electron ran-
domization relaxation occurs in the ground state.
While excited-state interactions inQuence the rela-
tive contributions of the two exponentials to the

pumping transient, they do not in themselves in-
duce the double-exponential behavior. In the
strong-pumping limit the pumping transients, even
in the absence of a buffer gas, are only acciden-
tally and fortuitously approximated by a simple
analytic function; the rigorous solutions are sums
of exponentials. 4' The complexity of the problem
in the strong-pumping limit can be appreciated by
reference to Eqs. (5) and (7). For weak optical
pumping the magnitudes of the terms AQ, n, (S,)2«

and Ag, n, (8,)«(f, )«remain essential+ constant
throughout the pumping process. In the strong-
pumping regime the magnitudes of these terms
change markedly as the spin polarization of the
vapor approaches the optically pumped equilibrium:
The pump rate itself varies as a function of time.
Calculations in the latter situation obviously can be
carried out only numerically with the aid of a com-
puter. Marrus and YeLlin performed such calcula-
&ions and attributed the appearance of a second
effective exponential to modifications of optical-
pumping probabilities induced by coQisional re-
laxation in the excited state. They obtained this
result even with the assumption of uniform relax-
ation in the ground state. Marrus and Yellin thus
predicted a cause for the appearance of double-
exponential pumping transients which is quite
different from that demonstrated by us. The two
predictions are not necessarily contradictory, how-

ever, since they describe two quite different pump-
ing regimes.
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The analytic solutions that we have derived pro-
vide insight into the shape of the pumping tran-
sients at low buffer-gas pressure, i.e., in the
regime where wall relaxation dominates other re-
laxation processes. They help to explain why many
earlier measurements of the collisional relaxation
of (S,) in the alkalis resulted in misleading de-
terminations of cross sections and diffusion co-
efficients. ""At low buffer-gas pressures the two
relaxation rates z, and z, approach a common val-
ue. The pumping transient then can be approxi-
mated by a single exponential. It is not clear, how-
ever, without reference to the analytic solutions,
to what degree the residual buffer-gas relaxation
contributes to this "effective" single-exponential
relaxation rate. Equations (34a)-(34c) and Fig. 3

show that, in fact, the "fast" buffer-gas relax-
ation rate R rather than the "slow" relaxation rate
2R/(2I+ 1}'predominates in this pressure regime.
At low pressures, therefore, the nuclear spin has
virtually no "slowing" effect on the ground-state
collisional relaxation rate. The effective single-
exponential relaxation rate measured at low pres-
sures thus is z„consisting of a major contribution
from the fast relaxation rate in alkali-buffer-gas
binary collisions. "Sticky" collisions also may
contribute. At high pressures, of course, both
slow and fast relaxation rates arising from binary
collisions are much in evidence through the appear-

ance of the double-exponential nature of the tran-
sient. Considering the relatively sluggish shutters
used in the early experiments, it seems clear that
at high pressures only the slow relaxation rate z,
was measured, with z, being neglected. At inter-
mediate pressures the measured relaxation rate
was an effective average of z, and z, . The early
analyses thus not only neglected nuclear-spin ef-
fects, but also suffered from the then unknown fact
that the very nature of the relaxation transient
changed as a function of buffer-gas pressure. The
result was the determination of anomalously high
values for diffusion coefficients and values for
relaxation cross sections that were neither as
large as the nuclear-spin-independent cross sec-
tion o nor as small as 2o/(2I+ 1)'. Difficulties such
as these can be overcome either through utiliza-
tion of techniques such as those discussed in this
paper, or by measurements of the single-exponen-
tial relaxation of (S.I) such as those performed by
Beverini et al."

Finally, we wish to show that earlier computer
calculations of ground-state occupation probabili-
ties made in particular limits of weak optical
pumping are consistent with the analytic solutions
obtained in this paper. '4 The analytic solutions for
(S,) are obtained directly from the formulas
derived in the previous sections. For the specific
case of I=-'we obtain Eq. (35):

(S,) ={[~A+~A(31' t l)(1+-I' r) '(8+I' r) '] [—A+~R+R'+R"]+(~R)[~A+/A(8+I', r} ]}

x (3A+R+R'+R'} '(~A+~SR+R'+R" } ' (35}

Equation (35) is a cumbersome expression which
depends upon all possible relaxation processes.
We shall discuss two limiting cases. Consider
first the case in which R, the rate for electron
randomization relaxation, dominates all other re-
laxation processes. In this limit we obtain Eq. (36):

(S,), =(A/R)[~+~(24+281', T) '(8+r, r) '].
(36)

We have plotted Eq. (36), together with similar ex-
pressions for I= —,

' and I=, in Fig. 4 as a function
of I'yT thus displaying, for fixed pumping-rate-
to- groundwtate-relaxation-rate ratio, the depen-
dence of (S,) upon relaxation rate in the excited
state. The ratio of the spin polarizations obtained
in the limits of zero and complete excited-state
mixing, for I= —,', in this case is 1.50. In the upper
half of Table I we present extrapolated values of
equilibrium- state populations, calculated earlier
by computer, "for the same combination of pump-
ing and relaxation mechanisms. The ratio of the
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FIG. 4. Dependence of the ground-state equilibrium
electron-spin polarization ($g) on relaxation rate .

within the excited state. Electron randomization relaxa-
tion in the ground state has been assumed and, for the
purpose of this plot, has been assumed to be of equal
magnitude at all values of I'&T.

spin polarizations obtained in the limits of zero
and complete excited-state mixing in this computer
ca1culation yields the identical result of 1.50, As
a second example, consider the case in which R',
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TABLE I. Numerically calculated excess populations (s& —
~8) for ground state ~I, mr) sub-

levels of I=f alkali-metal atoms subject to weak optical pumping plus electron randomization
relaxation (E-R) or in&form relaxation (U) inthe ground state (Ref. 14). I'& =0 corresponds to no
mixing in the excited state; I'& =~ corresponds to complete mixing. The computer-generated re-
sults summarized here are fully consistent with the analytic solutions for (Sg)~ obtained in
the present paper (see text).

12, I) 12, 0) I2. -» 12 -» II») ll, o)

E-R, I') =0
E-R, F~ =~
U, r, =o
U, r, =

24
1.2 b,
2.34LV

2 ~1

b,
0.66
1.174'

~1

-2E
-1.2 b,
-2.344'
-2 b,'

1.4E
0.66
O.17''

Ql

-1.44
-0.66

O.17''
+I

uniform relaxation, is dominant. Equation (35)
then reduces to Eq. (37):

(S,) = (A/R')[-h+ ~(3F 7 l)(1 -I+', )v'(8 +F,r) '] .

(37)

The ratio of limiting values of (S,) r for zero and
complete excited-state mixing in this case is 0.95.
Extrapolations of the computer calculations of the
equilibrium-state populations for uniform ground-
state relaxation subject to zero or complete ex-
cited-state mixing are listed in the lower half of
Table I. These values yield 0.95 for the ratio of
the electronic-spin polarizations in the limits of
zero and complete excited-state mixing, wholly
in agreement with the predictions of the analytic
solutions .

EXPERIMENTAL RESULTS

We have measured and analyzed several hundred
transient optical-pumping signals in Cs"', utiliz-
ing filtered white light as the pumping source.
Our measurements span a range of buffer-gas
pressures from 0.5 to 500 Torr, and have been
made at Cs vapor pressures as low as 2 x 10 '
Torr. In a future publication we shall give a com-
plete description of our experimental method and
results, together with an extension of the present
calculations to include effects due to spin exchange.
Here we give a brief descriptiqn of the experi-
mental technique and two specific examples of data
in order to demonstrate experimentally the validity
of our calculations and the utility of the techniques
we have proposed.

gd, 4a, Isa.~ .
.~r r II&

)sal, J=

p"'fll

FIG. 5. Experimental
optical-pumping transient
and double-exponential fit
for Cs~33 in 400 Torr of He
at 8 C from white-light op-
tical pumping. The hori-
zontal axis is 1.0 sec full
scale.
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Aside from our use of white light as the pumping
source, our experimental technique is similar to
that employed by Marrus and Yellin. " We induce
pumping transients by pulsing off rf power reso-
nant at the Cs Zeeman frequency. We observe the
transients by monitoring the light transmitted
through an uncoated cylindrical optical-pumping
cell (length V.4 cm, diameter 8.9 cm) incident on
a photodetector connected through a preamplifier
to a synchronously triggered Hewlett Packard sig-
nal averager. Since the transient is of the order
of 10~ to 10 ' of the total transmitted light inten-
sity, many sweeps, typically 2" to 2", of the ex-
perimental signal are necessary to achieve optimur.
reduction of noise. The experimental signals that
we display in Figs. 5 and 6 are among the poorer
ones that we have obtained. We have chosen to
discuss them because they lie at the extremes of
very low and very high buffer-gas pressures and
because by virtue of their relatively high relax-
ation rates they are least affected by spin exchange.

We have shown in earlier sections that in the
weak-pumping limit optical-pumping transients
should in general consist of the sum of two expo-
nentials. At high buffer-gas pressures, where
electron randomization relaxation is dominant,
the double-exponential behavior should be quite
pronounced. In Fig. 5 we display an actual ex-
perimental measurement of a pumping transient
for Cs in 400 Torr of He at 8 C, as reproduced
from digitized data by a Calcomp plotter. For

clarity of display the contents of the 1000 data
channels have been connected serially by straight
lines rather than plotted as points. The horizontal
axis corresponds to 1.0 sec full scale. The solid
curve represents a computer- generated least-
squares fit of a double-exponential function, Eq.
(2Va), to the experimental data. For this particular
curve the following values of parameters have been
evaluated: z, =2.88 sec ', z, =39.9 sec ', D,/D,
=1.20. The averages and standard deviations of
five such determinations yield the following re-
sults: z, -z, =41.7a5.7 sec ', and D,z,/D~,
=0.094 +0.006. In our calculations in this paper
we have ignored effects arising from spin exchange
and rapid destruction of possible molecular com-
plexes, and we shall continue to do so for the pur-
pose of this demonstration: At 400 Torr of He and
at 8'C such effects are relatively minor. Utilizing
Eq. (33c) and the experimental value for z, —z,
given above, we find that the nuclear-spin-indepen-
dent cross section for the collisional relaxation
of (S,) in the 'S,~ ground state of Cs is 2.8 x 10-"
cm', in good agreement with the measurement of
2.8x10 ' cm reported by Beverini et al. ' for
the relaxation of (5 3) . These two cross sections
should be equal, according to theory. A more
complete analysis of the data including the effects
which we have ignored reduces the value of our
cross section somewhat. The experimental value
of 0.094 for D,z,/D~„ through Eq. (34c), leads to
the determination of I', v. =40 at 400 Torr of He.

FIG. 6. Experimental op-
tical-pumping transient and
single-exponential fit for
Cs~s~ in 1.00 Torr of He at
15 C from white-light opti-
cal pumping. The horizon-
tal axis is 50 msec full
scale.
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Taking r to be 3.4 & 10 ' sec, "we find o„ the nu-
clear-spin-independent cross section for the de-
struction of (J,) in the 'P», state of Cs, to be
7 x 10-"cm'. This measurement may be com-
pared with the value of 11.8 & 10 ' cm' determined
by Guiry and Krause4' using a Zeeman scanning
technique at 10 kG and the value of 6.1 x 10 "cm'
reported by Bulos and Happer" reanalyzing
Gallagher's low-magnetic-field Hanle-effect mea-
surement. " We consider our determination of Q'y

to be quite rough at the present time: More data
is required for a firm determination of this pa-
rameter by our technique.

Our calculations predict that at low buffer-gas
pressures, where uniform relaxation is dominant,
the relaxation rates of the two exponentials in the
optical-pumping transient should approach equal-
ity, with the pumping transient becoming effective-
ly a single exponential. We demonstrate this ef-
fect experimentally in Fig. 6, where we present
data taken at 15'e, 1.00 Torr of He. The horizon-
tal axis is 50 msec full scale. The evaluated re-
laxation rate of the fitted single-exponential curve
is 166 sec '. The average and standard deviation

of four such measurements is 171+4 sec '. Uti-
lizing Franzen's approximation, ""we obtain a
value of Do 0.33 for Cs in He at 15 C. Assuming
a quadratic dependence of Dp upon temperature,
we obtain a value of 0.30 at O'C. Measurements
at 8'e and at other low pressures lead to essen-
tially the same result. These determinations may
be compared to the value of 0.21 reported by
Beverini et al."

In summary, the analytic expressions derived in
this paper constitute the most complete description
of the mechanics of the optical pumping of alkali-
metal vapors presently available. They include to
a high degree of accuracy the effects of all im-
portant relaxation mechanisms both in the ground
and excited states. They provide new metnods for
the determination of relevant cross sections for
collisional relaxation. Coupled with the utilization
of white-light optical-pumping techniques, they
provide a means for unraveling or bypassing many
earlier ambiguities which have obscured a full and
accurate understanding of the collisional relaxation
of electronic-spin polarization.
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