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2s state, 7, is the radiative lifetime of the cascading
p state, ~« is the p-state density where n«= FpQ«7«
x(1 —e~~~«), Q« is the cross section for producing
the p state, and B is the branching ratio which is
given by B=A7'~, where A is the transition proba-
bility for p- 2s. The rate equation for the produc-
tion of t.'ie 2s state outside the cell on.the exit side
of the cell is Eq. (1) with p= 0. The solution to
these equations for a cell length i. gives the density.
for the 2s atoms at a distance of x from the exit

aperture,

(2)

For L «vv', and vr««x«v7'„Eq. (2) becomes
n, = FpQL (1+BQ«/Q)/v. Thus the cascade fraction
is just BQ«/Q.
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The effect of the hyperfine interaction on collisional relaxation among Zeeman sublevels
is evaluated for a J= & state coupled to nuclear spins of 2, ~, and ~. Standard depolarization
experiments, performed on atoms with hyperfine structure, are discussed in terms of re-
laxation-probability matrices parametrized in terms of the relative collisional-transition
probabilities for a nuclear-spin-zero atom. Experimental results involving D~ optical pump-
ing of 8 Rb and Rb are shown to support the approximation of nuclear decoupling. in collision-
al relaxation. The cross sections for electronic collisional relaxation, assuming a van der
Waals model for the collisional interaction, are, in units of 10 cm, 1.19 { Rb-He),
1.09 ( 5Rb-Ne), 2. 44 ( Rb-Ar), 1.13 ( Rb-He), 1.03 ( Rb-Ne), and 2.26 ( Rb-Ar).

INTRODUCTION

The experimental study of collisional relaxation
among the Zeeman sublevels of atomic states has
roots as far back as Wood's classic experiments
on depolarization of resonance radiation. .

' Modern
optical-pumping and level-crossing techniques have
provided both motivation and means for more, re-

cent work. The principal areas of current interest
involve measurement of relative probabilities for
collisionally induced transitions (relaxation) among
the Zeeman sublevels of atomic states, and the
extraction of.information on the nature of the col-
lisional interaction from such measurements.
Experiments have a simple elegance when per-
formed on atomic states possessing electronic
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angular momenta of J= —,
' or J =-1, where relaxation

rates among the two or three Zeeman sublevels
involved can be relatively easily measured and in-
terpreted. ~ Complications arise in extensions
of work to states of higher angular momenta, and
to atoms possessing nuclear spin and hyperfine
structure. Relaxation within the P, & ~ first excited
states of the alkali-metal atoms, which is particu-
larly interesting from the optical-pumping point
of view, presents intriguing complexity through
the coupling of these J = —,

' states to nuclear spins
of I=-,', —,', and 2.

As far as we are aware, the earliest modern
work on collisional relaxation among the Zeeman
sublevels of the excited states of alkali-metal
atoms, including the effects of the hyperfine inter-
action, was performed by Bender. Bender intro-
duced a particularly useful approximation, nuclear
decoupling, that in many cases allows a separation
of the effects of the collisional interaction itself
from effects of the hyperfine interaction. In this
approximation it is assumed that if the duration of
the collision is considerably shorter than the hy-
perfine period, the direct collisional interaction
reorients only the (decoupled) electronic moment.
Subsequent reorientation of the nuclear and elec-
tronic moments occurs through the hyperfine in-
teraction, provided that the hyperfine peri'od is
shorter than the mean time between collisions.
Such an approximation has been used with great
success to describe collisional relaxation within
the S&&~ alkali-metal ground state' '; it also
formed the basis for calculations describing col-
lisional relaxation with the Pq& z and P, & z alkali-
metal excited states, subject to the assumption of
particular models for the relaxation of J. ' In the
present work, we extend and generalize the calcu-
lations of Ref. 10 to include any possible model for
the relaxation of J, coupled to nuclear spins of 2,
—,', and y. We parametrize all calculations in terms
of o, the cross section for electronic (J) collision-
al relaxation, that is, the cross section which would
be measured in the absence of nuclear spin. We
examine in detail significant changes in interpreta-
tion of standard depolarization experiments that
occur when they are performed on atoms possess-
ing nuclear spin, and we report results from an
experiment involving D& optical pumping of Bb
and Rb. Similar independent work has been re-
ported recently by Okunevich and Perel, " and by
Zhitnikov, Kuleshov, Okunevich, and Sevast'yanov.

k„+k)+k,+k, = 1,
kg+kp+kg+kg= I .

(ia)

(ib)

The relative transition probabilities k are related
to the relaxation rates (= transition rates = collision
numbers, in other terminology) Z by the relation

~n = &a & Urei no P~Po ~

where o is the cross section for collisionally in-
duced electronic relaxation, v„,is the mean rela-
tive velocity of an alkali-atom-buffer-gas-atom
pair. np is Loschmidt's number, p is the buffer-
gas pressure in Torr, and pp is V60 Torr.

Using the definitions above, we can write down
rate equations describing the relaxation of any given
distribution of population throughout the m~ sub-
levels of the P,~o state. If n(m~) represents the
relative population of the m& sublevel, then, for
example,

TABLE I. Definition of relative probabilities for
collisionally induced transitions among the m& sublevels
of J = 2 atomic state.

relaxation among the m& Zeeman sublevels of a
J= —, atomic state induced by collisions with foreign
(buffer) gas atoms. We assume that such colli-
sions cause only transitions between m J sublevels:
Transitions out of the J state are assumed not to
occur. Examples of systems satisfying this cri-
terion are the P, /p first excited states of Rb and
Cs, and the P3&3 ground states of In and Tl suffer-
ing collisions with noble-gas atoms. We restrict
our discussion to experiments in which only diagonal
elements of the density matrix are excited: We
therefore shall discuss some common experiments
that measure changes of populations of m~ sublevels,
but shall not touch upon Hanle-effect or level-cross-
ing work, which involve coherence effects.

In Table I we define the set of relative probabil-
ities for collisionally induced transitions among the
four m& sublevels of a J = —,

' atomic state. k& and
k& represent the relative probabilities of transitions
for which the initial and final states are the same,
(mJ -m~, mz=m ).JThe rest of the k represent
relative probabilities for transitions between sub-
levels of different m~(m~-m~, m~4m~). The k
are normalized to unity by

COLLISIONAL RELAXATION IN j=
~ STATE IN ABSENCE

OF NUCLEAR SPIN

It is helpful to begin by reviewing some aspects
of collisional relaxation in the absence of hyperfine
structure: We assume the nuclear spin (T ) to be
zero. We are interested in the particular case of
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d8(3/ 2) '~ov i [( ~1 ~2 ~3) +(3/ 2) +~1~(1/2)

+ ~8 +(-1/ 2) + 3+(-3/2) ] (3)

where n, = (npp/pp) The set of four equations sim-
ilar to Eq. (3) yields time-dependent solutions for
the n(mz) that are sums of exponentials:

n(m, ) =Z(A, e "&', (4)

where the coefficients A, are determined by the
initial distribution of population, and the decay
constants y, are linear functions of the k&, and are
proportional to o and v

The set of equations similar to Eq. (3), represents
the decay of the diagonal elements of the excited-
state density matrix in terms of the decay of pop-
ulations of individual m J states. The basis vectors
of the system are [1,0,0, 0], [0, 1,0, 0], [0, 0, 1, 0],
and [0, 0, 0, 1], where the ordering of m& states is
(+-'„+—,', ——,', ——,'). We are not restricted to such
a representation. We could just as easily expand
a diagonal density matrix in terms of diagonal
matrices proportional to [1,1, 1, 1], [3, 1, —1, —3],
[1, —1, —1,1], and [1, —3, 3, —1]. Such a basis is
thatof the diagonal components To, x =0, 1, 2, 3, of the
irreducible tensor representation. O'Yakanov and
Perel and Omont have shown how the irreducible
tensor representation can be utilized to effect an
enormous simplification of the study of atomic col-
lisional relaxation. In contrast to the multiple-ex-
ponential relaxation of individual n(mz)'s, each
linear combination of the n(mz) constituting a Tp

component decays with a single rate constant I"„
given by

x (FPlVre1 ~

y is the analog, for the To representation, of
. o, n, and v„,remain as defined in Eq. (2).
Representations of the decay of state populations

in terms of the n(m ~) basis or of the Tp basis must
be equivalent. In the absence of an anisotropic in-
teraction, transformation equations relating the
transition probabilities y„to the transition prob-

abilities k are derived by transforming Eqs. (3)
for dn(mq)/dt to d Tp/dt, yielding

k = ~(yg —Sy . Qy ),i (Ga)

(Gb)/, = &(-3y, + Gy, +3y,),
u, = m (3yg+Gy, + —3y,),i

~, =-(9y, -», y,).i
(Gc)

(Gd)

Sk, -4ki+4k, —3k, =0 .
We now relate the decay rates 1"„to experimental
observables, The To" components can be repre-
sented in terms of angular momentum operators,
as indicated in Table II. If the actual number of
atoms in the jth sublevel is zj, the occupation
probability of that sublevel is n//N, where N = &,/n/.
We define

(~.& =E...«.&, /N,

Q, '& =Q/n, (Z, '&//N,

(Ga)

(Gb)

where (8,& is the dipole moment, or "orientation, "
and (J, ) is the quadrupole moment, or "align-
ment, " of the excited state. It is clear from ref-
erence to Table II and the preceding equations that
I'i, the decay rate of To, is the decay rate of

The y„appearing in Eqs. (Ga)-(Gd) are identical to
the y; of Eq. (4).

Since we started with six k, subject to two nor-
malization equations [Eqs. (la) and (1b)], one might
expect that four independent k should remain:
Let us take these to be the four k for which

Pl J ~sl J In te rms of the To" basis yo, which rep-
resents the collisional decay of the total population
of the J state, must be zero to satisfy our initial
assumption of no transitions out of the J state.
Only three nonzero y„remain, i.e. , yi, y2, and

y3. Thus we are left with four k that can be ex-
pressed in terms of three y„;the four k cannot

be linearly independent, a fact first pointed out

by Gallagher. " The equation displaying the depen-
dence of the k comes out of the calculation re-
ferred to above, and is

TABLE II. Representation of the diagonal irreducible tensor operators for J= 2.

Tensor
component

T 0

Tp

Tp

T3
0

Physical
signif icance

Total population of
all ~J states

"orientation"
(dipole moment)

"alignment"
(quadrupole moment)

octupole moment

Representation in
terms of angular

momentum operators

J2

Jz

3J 2 J2

5Jg +Jg-3J

Decay rate

rp=O
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TABLE III. Expectation values of J, and J,2 for the ~z
sublevels the P3/2 alkali excited state, with correspond-
ing intensities of Zeeman components of the D&( P3/2

S(]p) resonance line (5=0).

+ 3
2

(~.&, (~.'&,

9
7

k

1 I

(g, +) f (ll 00)
1

y, —),(llH, )

1
6

(r,),(x 0,)
I

1

6

1

6

(t.), ( X a0)

3 3 0

(8, &, and I'a, the decay rate of To, is the decay
rate of Q', ).

Nonzero (4,) can be produced in the 'P,
& a state

by the absorption of circularly polarized (o'' or
o ) resonance radiation propagating a,long the direc-
tion of the. magnetic field (IIO). In equilibrium,
and assuming equal populations of ground-state sub-
levels, ,

(Z, &= 4(i I+", r) ',
where 7 is the lifetime of the excited state. (&,)
can be monitored by measurement of the degree. of
circular polarization of the resonance fluorescence,
as reference to TaMe III shows:

sublevel. (S,), is dependent on the degree of re-
laxation that occurs during the lifetime of an atom
pumped to the I', /~ excited state. At low buffer-
gas pressures, (S,&~ is positive, while at buffer
pressures of several Torr, (S,&, is negative. By
measuring the pressure at which (S,), = 0, the cross
section for collisional relaxation of (4, & in the

P3 / 2 state can be determined.
For o' D& pumping of a nuclear-spin-zero atom,

the excitation rates out of the ground-state sublevels
are 3An(+-,') and An(- —,'), where A is a constant
proportional to the incident light intensity. The rate
of change of (S, &, then can be written

In equilibrium we find

&~, &=(2&S, &,+ —')(1 I' ) '(1+&S.&,) ',
N= 2A7(i+(S, &,),

(16)

1Vleasurement of p„the buffer-gas pressure at which

(S,&g
= 0, thus yields unique determination of (y~ o)

through the relation

(I,+ I;)=Z-~n;(I, + I;)q /N-

=Z, n, (Z, &, /3N= «, )./3. (10)

~ = rI'g = rno (y~ (x)v„iPs/Po ~

EFFECT OF NUCLEAR SPIN

(17)

For either mode of excitation, measurement of
(I, I,) vs buffer-gas —pressure yields (y~o).

Collisional relaxation in the I'3/ p state also can
be studied by using circularly polarized D& light
to optically pump the Sq & a ground state. (S,&„the
electronic spin polarization of the ground state,
is defined by

(S,}=Z;n; &S,);/Z;n;, g;n;=1 (12)

where n& is the occupation probability of the ith
ground-state sublevel, and (S,&, is the expectation
value of the z component of electron spin for that

Measurement of (I + -I;) vs buffer-gas pressure
thus yields (yz v).

Nonzero (4, & can be created through the absorp-
tion of o' or o light propagating along. HO, or by
the absorption of o or n light propagating in a direc-
tion perpendicular to IIO. g, ) can be inonitored
by measuring the degree of linear polarization of
the resonance fluorescence emitted perpendicular
to Ho.'

(I, I,) =Zq n;(I, I—,);/N-

All real alkali-metal atoms have nonzero nuclear
spin. In weak magnetic fields, the nuclear spin
I and the electronic angular momentum J couple
through the h jperfine interaction to form the total
atomic angular momentum F. The existence of
the hyyerfine interaction adds complexity both to
the relaxation process itself and to its experimental
investigatiori. Omont, for example, has shown that
collisional relaxation in the presence of hyyerfine
structure is governed by (&+1) (21+ 1) decay con-
stants. It is desirable to separate the effects of
the collisional intera, ction itself, which acts pri-
marily on the' electronic system, from effects
caused by the hyperfine interaction of the electronic
system with the nucleus. The goal, in essence,
is to obtain measurements of (y„a)that are inde-
pendent of nuclear spin, that is, to obtain the

(y„o)for an I=O atom from measurements on an
atom with I4 0.

The nuclear-decoupling approximation affords
great simplification of the problem of collisional
relaxation in the presence of hyperfine structure.
Detailed discussions can be found in Hefs. 4, 10,
and 22-25. The main Point is that if the duration
of the collision is much shorter than the hyperfine
period, the nuclear and electronic systems are de-
coupled, and the nucleus remains "stationary"
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during the collision. In the time between collisions,
the hyperfine interaction acts to reorient the nu-
cleus. If relative probabilities for collisional tran-
sitions I J,m & )- I

J', m & ) are known, application of
the nuclear-decoupling approximation allows cal-
culation of the relative collisional-transition prob-
abilities I E, m~) - I

E', m~ &. This approximation
reduces the number of "free" parameters to the
(2J+1) decay constants of the nuclear-spin-zero
atom.

Previous calculations of the probabilities I E, m~&-
I E,m~) have been made assuming various

I J,m~ &- IJ,rn~& models, permitting the extraction
of cross sections for electronic collisional interac-
tions, independent of nuclear spin, from experi-
mental data. Assumption of a model for the elec-
tronic interaction clearly is an undesirable approach
if the experimental data are to be used to gain de-
tailed information on the nature of the interaction
itself. There thus has been an important contrast
in work on atoms with and without hyperfine struc-
ture. In the absence of hyperfine structure, decay
rates I"& and I'& have been measured, and the cor-
responding cross sections (y& o) and (yzo) extracted,
independent of the model. ~ '~ The ratio yq/y2
is of value in the determination of the correct form
of the interaction. In the presence of hyperfine
structure, the analysis of experimental data has
required the assumption of some model for the col-
lisional interaction, thereby arbitrarily fixing the
ratio y~/y~. All that can be determined in that case
is the strength of the interaction as measured by
the magnitude of the cross section 0, withthisde-
ter mination being model dependent.

An important exception to the above discussion
exists in the work of Faroux. ~ Faroux has shown
that certain linear combinations of the parameters
(T I& exist which have simple relaxation charac-
teristics, and which involve only (yq o) or (yz&r)

The expectation value (J 1& within a hyperfine (E)
state is essentially the total population of that E
state, summed over all m+ sublevels. By making
selective excitation of hyperfine states and mon-
itoring collisionally induced transitions to other E
states, Faroux was able to determine yqo and yea
for collisional relaxation in the Pz state of Hg
in the presence of hyperfine structure. Such an
approach unfortunately is not applicable to the alkali
metals. Whereas the hyperfine splittings in Hg~'
are of the order of 10 MHz, easily resolvable by
standard optical techniques, hyperfine splittings
in the P3/2 states of the alkali metals are of the
order of the Doppler width or less, ruling out
selective excitation and monitoring of particular
hyperfine states. It appears that if we are to work
at low magnetic fields, and restrict ourselves to
depolarization experiments, we must use classic
experiments, which are easy to perform but dif-

ficult to analyze.
It is easy to show by explicit calculation that even

in the presence of the hyperfine interaction,
(I,+ I,-)(-tl Ho) still monitors «, &, and (I, I,-) (J.HO)

still monitors (J, ):
(18a)

where (J, & and (J, ) remain defined by Kqs. (8a)
and (8b) with the summation now being made over
all (E, rn~) sublevels. We have yet to show how the
hyperfine interaction affects the relaxation of (J,)
and of (J, ), and how measurement of this relaxa-
tion can be related to the (y, o) and (y, v) of the
nuclear-spin-zero atom. We have attacked this
problem by generalizing the calculations of Ref.
1, assuming that the nuclear decoupling approx-
imation is valid, but making no particular assump-
tion of model for the electronic collisional inter-
action. Similar calculations have been performed
recently by Okunevitch and Perel. The transi-
tion-probability matrix that results from this cal-
culation is presented in Appendix A for the case
of I=—', . Similar matrices for I= —', and $ are pub-
lished elsewhere. ' These matrices, together
with the transformation equations [Eqs. (6a)—
(Gd)], permit the calculation of the decay of ex-
pectation values of angular momentum operators
in terms of yz, y~, y„and v of the nuclear-spin-
zero atom.

It would be quite surprising if the generalized
equations describing the relaxation of (J,) and

(J, ) in a J=-', state would continue to yield simple
exponential relaxation in the presence of hyperfine
structure. We are already familiar with the anal-
ogous effect of nuclear spin on collisional relaxa-
tion in the S&~ & ground state. ' Only in special
cases is the relaxation of (S,& simple exponential:
In general it involves the sum of two exponentials.
Nevertheless, for I=-,' and J= —,', the relaxation of
(J, & does in fact remain simple exponential, with
the decay rate related to the cross section for the
destruction of orientation in an J= 0 atom yq o as

d(J, & = —2(yacc)nv„, «, & .
Gt

Measurement of [I;-I,- ] vs buffer-gas pressure
in this case thus yields —,'(yq o). The only effect of
hyperfine structure is to decrease the depolariza-
tion rate, compared to an I=O atom, by a factor
of 2. This is a very special case, which does not
obtain for atoms of I0 ', . The relaxati—on of (J,~&,

even for I= —,', is not simple exponential, and is not
dependent on yz alone: Its relaxation involves all
three y„.

The Da optical-pumping technique is similarly
complicated when applied to an alkali-metal atom
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possessing hyperfine structure. In the calculation
for an I=O atom in which we related (y& o) to p,
[Eqs. (12)-(1V)], we were able to express both the
depopulation rate of (S,), in the ground state and the
excitation rate of g, & in the excited state in terms
of (S,&~. We do not obtain such a simple relation
for an alkali-metal atom of I&0. For I=-,' the rate
of change of (S,), due to excitation out of the ground
state is

The rate of excitation of (8,& in the excited state
cannot be expressed in terms of (S,), and (S, &, .
This fact makes it necessary to solve the problem
in terms of individual ground-state sublevel popula-
tions rather than in terms of (S,), . Such a compli-
cation requires analytic inversion of the generalized
16&&16 excited-state relaxation matrix, a, task be-
yond the scope of the present, or any contemplated,
work. Still, we can show that for I= -,' the D2 op-
tical-pumping signal is dependent only on (y~ g).
For I= ~, the repopulation rate of (S,) due to decay
from the excited state is given by

dt
=iv(»)-'(«. &, +-,' «.&,+-,'«.),) . (21)

& = Tno'v„& . (22)

g, )~ is the expectation value of t, within the E
hyperfine state. The three expectation values of
(J', &~ above can be shown to decay with the same
rate, which is proportional to (y, o). The passage
of (S,) through zero at p, is thus dependent on

(y~ o) only. However, without the explicit solution
referred to above, we cannot determine the value
of the numerical factor analogous to the —', in Eq.
(1V) that would allow us to extract a model inde-
pendent (y, a). For atoms of I+-„the other y„
also influences the passage of (S,), through zero.

%e have seen that the three common methods of
measuring the relaxation of (J,& and (J, ) continue
to monitor the relaxation of these parameters in
the presence of hyperfine structure. The hyperfine
interaction, however, alters the relaxation process:
In general it mixes all y„into the relaxation of any
one observable. Although the three experiments
described above cannot, alone, be used to determine
all k and 0, still they can be used to obtain neces-
sary, but not sufficient, conditions for the validity
of a particular collisional model. The assumption
of a particular model fixes the values of all ele-
ments of the appropriate relaxation matrix. The
only remaining unknown is the cross section 0.
All depolarization experiments thus can be param-
etrized in terms of a, the ratio of collision rate
to rate of spontaneous decay:

The recent calculation of Okunevitch and Perel, "
which is based on the van der Waals interaction,
serves an example. Okunevitch and Perel have
calculated the following relative probabilities:
Ko=-0. 22, E)=0.30, Kg=0. 2V, K3=0.18, Kg
=0. 25, and K& = 0. 21. Inserting these values into
the appropriate relaxation matrices, and perform-
ing the necessary computer calculations, we find
the following values for no, the value of e for which

(Sg, passes through zero for D2 optical pumping: n,
(I=-,')=1.97, ~, (I= ,')=2. -O7, a d n, =(I= —,)=1.97,
We also can calculate the dependence of a,ny de-
polarization experiment on n. As an example,
we show in Fig. 1 the dependence of (I, I,)/-
(I, +I,) on n for I= ,', -', an-d-~g. Similar calculations
can be performed for any other observable. Ex-
perimental measurements, fitted to the theoretical
predictions, scale e to the actual buffer-gas pres-
sure, yielding the value of o. All experiments per-
formed on a given atom must yield the same value
of 0. If they do not, the model for the collisional
interaction is incorrect.

We stress one final point. In using the nuclear-
decoupling approximation, we have assumed that
there is sufficient time between collisions for the
hyperfine interaction to reorient the nuclear spin.
The characteristic times involved are 7„„the in-
verse of the energy difference between adjacent
hyperfine states, and w„ the mean time between
collisions. If 7, is considerably shorter than w„„
the nucleus experiences only random torques of
short duration, which average to zero. We expect
nuclear decoupling to be a reasonable approxirna-
tion as long as w, &-,'v'„,. The smallest hyperfine
intervals in the five P3&zstates of 'Rb and 'Rb
are about 50 MHz. Taking the lifetime of the Pz«
state to be 2. '7&&10 sec, we find, for the smallest

.l9

t J
0 ( 2 5 4 5

(= No 0 Vr (
T P Po )

FIG. 1. Calculated dependence of the observable
Q~-I~)/'g, +l~) on collision rate for a Psg2 state coupled
to nuclear spins of 2, 2, and p. A van der Waals model
of the collisional interaction has been assumed.
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TABLE IV. Values of ao ( =vsov~&) at which Q~) =0 in D~ optical pumping of Rb and 'Rb, based on several collisional
models.

Model

h, ~&xandom (Ref. 10)
ypzq+-age (Refs. 30 and 31)
van der Waals (Ref. 11)

& ( Rb)(I=2)

1, 90
2. 89
2. 07

~,("Rb)(I=-,')

1.80
2. 77
1.97

0. ("Rb)/~("Rb)

0.95
0. 95
0.95

hyperfine interval, that w, =w„„for n= 2, the ap-
proximate collision number at which we expect
(S,) in Ds pumping to pass through zero. At buffer
pressures more than a few Torr, that is, beyond
the (S,) = 0 point, the nuclear-decoupling approxi-
mation should break down.

EXPERIMENTAL TEST OF NUCLEAR-DECOUPLING
APPROXIMATION

We have used Ds optical pumpingof ssRb (I = —', ) and
s7Rb (I = —,') to test the validity of the nuclear-decou-
pling approximation in collisional relaxation. Al-
though the nuclear spin and hyperfine structure
are different in the two isotopes, the electronic
collisional interaction should be the same. We
therefore should be able to use the nuclear-decou-
pling approximation and the calculations referred
to above to predict the ratios of pressure at which

(S,) should pass through zero for BSRb and svRb

in any particular buffer gas. We cannot make these
calculations in complete generality for the reasons
stated in the preceding section. We have made
calculations, however, in the three special cases
of random reorientation of J, ' random reorienta-
tion of J restricted by the selection rule m'&

g -mz, &
' and a model based on the van der Waals

interaction. ' The results are displayed in Table
IV. Different models yield different values for n,
a fact already well known. However, the ratio
n, ("Rb)/o.', ("Rb) turns out to be approximately
0.95 in all cases, and hence is essentially indepen-
dent of the model assumed for the electronic re-
laxation. Since the average relative velocities of
s'Rb and Bb with any particular buffer gas differ
by considerably less than 1%, we draw the conclu-
sion that if the nuclear decoupling approximation
is valid, D& optical-pumping experiments on "Rb
and ~Rb for a particular buffer gas should yield a
ratio of p, ( Rb)/p, (s Rb) approximately equal to
0.95, independent of the exact form of the elec-
tronic collisional interaction. An experiment on
the Da optical pumping of the Bb isotopes already
has been performed by Zhitnikov, Kuleshov, and
Okunevitch. 3 Their results yield values of

p,( Rb)/p, (s'Rb) that range from 1.29 to 1.20 and
differ by as muchas 35% from our predictions,
throwing the validity of the nuclear decoupling ap-
proximation into question. We have measured
p, for Rb and Rb in He, Ne, and Ar buffer gases,

using the technique to be described below. In con-
trast to Zhitnikov et a/. , we find good agreement
with the nuclear-decoupling approximation.

Our D2 optical-pumping system consisted of an
isotopic light source, customary lenses, polarizers,
agd filters, a cylindrical wax-coated cell connected
to a gas handling manifold, and a photodetector.
The optical-pumping cell was a Pyrex cylinder
7.6 cm in diameter, 6.8 cm long, coated with
dotriacontane, and contained natural Rb (72%
"Rb, 28'/o 'VRb) in a separate reservoir. Natural
Rb rather than a separated isotope was used pri-
marily for an economic reason; wax-coated cells
tend to absorb alkali-metal vapors. ' We found
that the most reproducible results were obtained
if several hundred mg of the metal was available
in the sidearm. A cost of more than one dollar
per mg thus militates against the use of separated
isotopes. With natural Rb in the cell, it is essen-
tial that the presence of one isotope not influence
the optical pumping of the other. In particular,
all types of spin exchange, 'Rb- Rb, Rb- VRb,
85Rb 87Rb, must be avoided. For thj.s reason we
enclosed the cell in Styrofoam insulation through
which we passed cooled N2 gas. The light path
was kept clear and condensation free by using
evacuated cylinders as windows. At the operating
temperature of 17'C, the vapor pressure of Rb
is 1&10 Torr, indicating a characteristic time
for spin exchange of more than 1 sec. Because of
combination of the alkali-metal with the wax sur-
face, the actual number density of Rb atoms ac-
tually present in the cell may have been less than
that indicated by the vapor pressure. The measured
relaxation time of the evacuated cell was about
410 msec for 'Bb.

The optical-pumping cell was situated in a mag-
netic field of 0. 595 G. At this field, the Zeeman
resonances of the two Rb isotopes are well enough
separated (277 and 417 kHz) to permit saturation
of the ground-state resonance of one isotope with-
out affecting the spin polarization of the other.
We observed transient pumping signals by monitor-
ing the intensity of the D~ pumping beam as rf at
the resonant frequency was pulsed on and off. '
The optical-pumping experiment on each isotope
was performed using the corresponding isotopic
lamp. 36' 37

The signal of interest for the present work is
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(a) (b)

(c)

FIG. 2. Sample D& optical-pumping transient signals for
Rb as a function of He buffer-gas pressure. (a) 0. 51

Torr, (b) 1.25 Torr, (c) 1.50 Torr, (d) 5. 01 Torr. P~
the pressure at which (S~) passes through zero was found
to be 1.52 Torr. The rf is pulsed off at the left of the
transient, and pulsed on at the midpoint.

' not the shape of the transient signal, but rather the
difference in equilibrium values for the light ab-
sorption with rf on ((S,) =0) and with rf off ((S,)
=(S,)„).At the buffer pressure p„(S,) is equal
to zero both at the start of optical pumping (t =0),
and in the optically pumped equilibrium state
(t= ~), even though the actual distributions of pop-
ulation throughout the Zeeman sublevels are quite
different in the two cases. Thus, although the ini-
tial and final levels of the transient signal must
be equal at p„the s ignal itself does not vanish.
Sample transient signals for the D2 optical pumping
of Rb at buffer-gas pressures both above and below

p, are shown in Fig. 2.
Our detection system included a biased Schottky

Barrier photodiode, a PAR113 dc preamplifier,
and a Hewlett-Packard signal averager. The sweep
of the signal averager was triggered synchronously
with a 0.495-Hz square wave modulation of the rf
power. Generally 1024 sweeps of the transient
signal were made at pressures near p, . At least
three separate determinations of p, were made for
each isotope in each buffer gas. Our measured
values of p, for "Rb and "Rb in He, Ne and Ar are
given in Table V.

A probable source of the discrepancy of the pre-

We thank T. Marshall for his assistance in various
phases of this experiment. We are grateful to
Professor G. Emery and Professor J. R. Franz
for helpful discussions.

APPENDIX A: GENERALIZED RELAXATION MATRICES
FOR j=- I=- ——~ 3 35'7

2' 2'2'2

In Table VII we list the generalized relaxation

TABLE V. Measured values of p~, the buffer-gas
pressure at which (S~) = 0 in D& optical pumping for Rb
and Rb in He, Ne, and Ar. The ratio p~( Rb)/p~( Rb)
should be 0. 95, according to the nuclear-decoupling ap-
proximation.

Buffer gas p~( 5Rb) (&o»)

He
Ne
Ar

1.52 + 0. 04
3.44+ 0. 07
1.99+0.05

p, ("Rb) (To»)

1.53+0.04
3.47+0. 05
2. 06 +0. 06

p ("Rb)
p ("'Rb)

1.00
1.01
1.03

viously reported results of Zhitnikov et al. with
both our theoretical predictions and experimental
measurements lies in their use of unsaturated, un-
resolved, overlapping Zeeman resonance signals
to monitor the ground-state spin polarization, a
method of questionable validity. ' Their definition
of p, as the pressure at which derivative signals
in the upper and lower hyperfine levels are of the
same strength is arbitrary. In contrast to the re-
sults of Zhitnikov et a/. , we find consistency with
the nuclear-decoupling approximation to within 6/o.

After completion of this work, we learned of a
more recent experiment of Zhitnikov, Kuleshov,
Okunevitch and Sevast'yanov, in which D2 optical
pumping has been used to measure (S,)r passing
through zero for the upper hyperfine level alone.
These measurements yield ratios of ct ( Rb)/
n (a5Rb) equal to 0.70 for He, 0. 63 for Ne, and
0.64 for Ar, where n (Rb) is the collisional num-
ber at which (S,) is equal to zero in the upper hy-
perfine level. The new experiment is free of the
difficulties mentioned in the preceding paragraph.
We have performed the relevant calculations to find
predicted values at n (a~Rb)/o. ("Rb) for the three
models that we have discussed, and find a value of
0.64 in all cases. The new results of Zhitnikov
et al. for Ne and Ar thus also areinexcellentagree-
ment with the nuclear -decoupling approximation,
indePendent of the model of electronic relaxation.

The assumption of a model describing the elec-
tronic relaxation allows us to extract relaxation
cross sections from the data in Table V. Taking
the van der Waals model of Okunevitch and Perel, "
we find the cross-section values listed in Table
VI. The model of J random reorientation would
yield values about 8% smaller.

ACKNOWLEDGMENTS
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He
Ne
Ar

i metal

1.19
1.09
2. 44

8'Rb

1, 13
l. 03
2. 26

TABLE VI. Cross sections for collisional relaxation of
58b and ~Rb in He, Ne, and Ar, evaluated from the pres-

ent experimental data, subject to the assumption of the
van der Waals model for the electric collisional inter-
action (Ref. 11). All cross sections are in units of 10 '

cm . The experimental uncertainties are estimated to be
less than 10/o.
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where n is defined by Eq. (18) and E is the unit
matrix.

matrix M(J, I) for J'=
~ andI= —,', which, subject to

the nuclear-decoupling approximation, connects
(&, mt ) sublevels in a single collision. The k's
refer to relative transition probabilities for a nu-
clear-spin-zero atom (Table I). For convenience
of display, all elements have been multiplied by
200. Matrices for 4 =-,' and I=-', and 2 also have
been calculated, and are available elsewhere. '

The relaxation matrix M* summed over all col-
lisions is given by
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APPENDIX B: TRANSITION PROBABILITIES BETWEEN

mJ STATES

Equations (6a)-(6d) and (7) yield some informative
'restrictions on transition probabilities between rn ~
states.

(a) J reorientation restricted by a selection
rule' &m&=0, +2 is not a physically possible
model. Such a selection rule requires ko = kq = ka
=0, which, through Eq. (7), requires that ka also
be zero'. No relaxation can occur, a conclusion
clearly contradicted by the large cross sections
for relaxation in the 'P, /& state that have been mea-
sured.

(b) Reorientation of. J restricted by the selection
rule &' m~$-m J (&0=&3=0) is not ruled out by
Eqs. (6). If such a rule were rigorously valid, it
would imply y2= 2y&. It 'is interesting to note that
Gallagher reports almost exactly this result ir. the
I 3 / g state of Rb. " It is not clear, however, that

Gallagher's Hanle -effect measurements in the
presence of the hyperfine interaction actually yield
(r o) and (r2o) ."

(c) r3 is measurable only if fluorescence from
different m& sublevels can be resolved in energy:
y3 is not measurable at low magnetic fields. Never-.
theless, Eqs. (6a)-(6d) provide upper and lower
bounds on y3 in terms of yq and y2, through the
trivial assumption that all relaxation rates must
be greater than or equal to zero. %e obtain the
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following inequalities:

5ys+gy], + 9 y3 t

y3~ y~ —Wya ~

5

ys& yz+ Tyz i
5

y, & -9y, +5y, .

(ala)

(alh)

(alc)

(aid)

If, for example, y2= 2y» the relations above imply
that y& & y3 & ~~~ y~.

(d) Although m J g- m J almost certainly is not
strong selection rule for relaxation within the
P, &2 state, still in every theoretical calculation of

yg & Gyp —5yz

2 5
y3& rye+3 ya ~

3 5
y3 & —~yg+ gy2 p

a 5
ys & syi+ 6y2 ~

(a2a)

(a2h)

(a2c)

(aM)

In the example 2&~=@2, Eq. (a2d) would further
restrict the possible range of y, to y& & y, & —", y, .

which we are aware, transitions in which m J-
fQ J are found to be' ""' ' 4' of the ].owe st

probability. If, accordingly, we make the assump-.
tions k, &As, k~ &Q, k2&k3, and kz&ko, the follow-

ing inequalities result:
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