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Spin relaxation of optically pumped Rb® and Rb®" atoms colliding with light-noble-gas atoms is shown
to be strongly influenced by an anomalous relaxation process which we attribute to the formation and de-
struction of bound and quasibound Van der Waals molecules. The anomalous relaxation rate has been
measured and analyzed in Ne, complementing an earlier study in He. Relative rates of formation of
complexes in two- and three-body collisions have been determined. The correlation time for the quasi-
molecular interaction in Rb-Ne has been found to be 6.7x1071% ™! sec, where p is the Ne pressure in
Torr. Nuclear-spin-independent cross sections for the relaxation of ¢S,) in sudden binary collisions of
Rb atoms with noble~gas atoms have been measured to be (units of 102 cm?): ¢(Rb-He) =3.1, c(Rb-Ne)
=19, cRb-Ar) =630, 0(Rb-N,) =83. Relaxation in sudden binary collisions is shown to follow the theoret-
ically expected nuclear spin dynamics: two relaxation rates in the ratios 8:1 for Rb%? and 18:1 for Rb%
have been measured. Diffusion coefficients of Rb in the various buffer gases have been measured to be
(units of cm?/sec, at 305°K): Dy (Rb-He) =0.42, D, (Rb-Ne) =0.235, Dy (Rb-Ar) =0.16, Dy (Rb-N,) =0.16. Nu-
clear-spin-independent cross sections for the relaxation of (J,) in the 5 2P1 /2 state of Rb have been mea-
sured to be 3.4x1071¢ cm? for Rb-He, and 5.9x107!® cm? for Rb-Ne. Anomalies, disagreements, and
puzzles occurring in earlier measurements of ground-state relaxation in Rb are shown to be largely re-
solved when considered in the light of the new results.

1. INTRODUCTION

Even though many of the intricacies of spin re-
laxation in optically pumped alkali-metal-noble-
gas systems are well understood, these systems
continue to provide surprises which can be ex-
ploited in intriguing ways.' Recently, it has been
shown that the electronic spin-relaxation rate of
Rb in He appearstobe affected by the formation
and destruction of quasibound Rb-He molecules.?
The rate of relaxation attributed to molecular
formation is as much as an order of magnitude
greater than that arising from ordinary binary
collisions, just in the range of He pressures where
optical pumping experiments often have been per-
formed. This discovery both adds to our under-
standing of the causes of alkali-metal spin relaxa-
tion in He, and provides the opportunity for the
study of the Rb-He quasibound molecule, an entity
which exists in an otherwise unobservable con-
centration of 10° to 10* cm? in a typical experi-
mental cell. An optical pumping experiment has
yielded the relative rates of formation of Rb-He
quasibound molecules in two- and three-body col-
lisions, the cross sections for their collisional
breakup, and their lifetime against spontaneous
dissociation.

If quasimolecular interactions play such a sig-
nificant role in the spin relaxation of Rb in He, as
well as in the already well-known case of Rb in
Kr,**® then surely they should play a role also in
the relaxation of Rb in the remaining noble gases.
We show in the present paper that this appears tobe
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the case. We report the results of measurements
of spin-relaxation rates of Rb® and Rb®" in Ne,
Ar, and N, buffer gases, as well as an extension
of previous measurements in He. We determine
the nuclear-spin independent cross sections for
electron spin relaxation in sudden binary collisions
of Rb with atoms of each of these gases, together
with the Rb-buffer-gas mutual-diffusion coeffi-
cients. For He and Ne, where anomalous effects
are largest relative to normal relaxation pro-
cesses, we extract from experimental data those
portions of the relaxation rates which can be at-
tributed to the formation of bound and quasibound
molecules. From this information we evaluate
the relative rates of formation of Rb-Ne molecular
complexes in two- and three-body collisions, and
the correlation time of the collisional interaction.
We study the influence of the hyperfine interaction
on spin relaxation in quasibound molecules, and
find anomalous behavior which is not yet fully
understood. On the other hand, we show that the
nuclear spin dynamics generally expected to result
from sudden binary collisions do in fact obtain,
and that relaxation via quasimolecular formation
merges into this scheme at high buffer-gas pres-
sures. We utilize our ground-state pumping
transients to investigate the effects of collisional
relaxation within the Rb 5°P, ,, excited state. Fi-
nally, we correlate our results and analyses with
other studies on comparable systems, and show
that long-standing anomalies in relaxation mea-
surements are resolved when effects due to quasi-
molecular formation are taken into account.
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II. PUMPING EQUATIONS FOR Rb% AND Rb®” IN THE
WEAK-PUMPING LIMIT

Our experiment involves normal o*D, optical
pumping of separated isotopes of Rb®* and Rb®*,
with the observables of interest being the elec-
tronic spin polarization (S,), and the nuclear spin
polarization (I,), of the Rb atomic ground state.”
In this section we review the forms expected for
the optical pumping transients of these two iso-
topes. The customary definitions apply:

<Sz>g=zni<sz>g‘/zni (13.)
and
<I!>§=Zni<1z>gi/znia (lb)
i i

where »n, is the occupation probability of the ith
|F,m ) sublevel of the 25, ,, ground state, (S,),
and (I,),; are the expectation values of the elec-
tronic and nuclear spins in the 7th sublevel, and
we assume

Znizl. (2)

In some experiments, the observable (S 'Y>g is of
interest:

<§°i>g= Z n; <§'T>gi/z n. (3)

The magnitudes of (S,), and (I,), depend upon the
relative rates of pumping from the ground state,
collisional relaxation within the excited state,
self-spin exchange within the ground state, and
various processes of collisional relaxation within
the ground state. Since all of these processes
have been discussed in detail in other publications,
we shall review only the essential features here.

A. Relaxation in sudden binary collisions

A collision of an alkali-metal atom with a buffer-
gas atom subjects the electron spin of the alkali-~
metal atom to a randomly oriented transient local
magnetic field, an action which may induce relax-
ation of the electronic spin. Since the direct col-
lisional interaction is several orders of magnitude
stronger on the electronic spin than on the nuclear
spin, nuclear reorientation occurs mainly through
the hyperfine interaction of the nucleus with the
reoriented electron. In the case of alkali-metal
atoms, the hyperfine period is far longer than the
duration of a typical binary collision, hence little
nuclear reorientation occurs during the collision
itself. In effect, a collision suddenly throws an

atom from a well-defined |F,m ) sublevel into a
superposition of |F’,m ) sublevels, with (I,)
conserved: subsequent nuclear reorientation oc-
curs in the time between relaxing collisions. Ap-
propriate calculations based on this picture lead
to the “electron-randomization” model of spin re-
laxation first introduced by Bender.® A more-
general treatment for arbitrary correlation time
of the collisional interaction has been developed
by Bouchiat and co-workers, who have derived
the following equations for the rates of change of
(S, (I,),, and S 'T>g, of alkali-metal atoms sub-
ject to random static magnetic perturbations®!

(303, =- 0 (L2120 jam) cs,),

+ e JAWNL),, (t2)
3= g L) + HaMI),, (4D)
da-1),/at=-cj(aw) § -1),, (4c)

where j(w,) and j(AW) are the intensities of the
spectral density function for the perturbation at the
Zeeman frequency (AF=0,Am=x1), and at the
hyperfine frequency (AF =+1), respectively. C
represents the equivalent low-magnetic-field re-
laxation rate for a nuclear-spin zero atom. For
j(wp)=j(AaW), the equations reduce to those for
“electron randomization,” with R, the nuclear-
spin-independent rate for the relaxation of (S,),
being equal to Cj(w ;) =Cj(AW). In that case we
have Egs. (5a)-(5¢) and (6a)-(6c):

(S,),==R(S,), + & R(I,),, (5a)
(I)e== & R(L,),, (Rb®) (5b)
a§-D,/dt=-RE T); (5¢)
(S,),==R(S,),+ LR(I,),, (62)
(I)g== $R(L,),, (Rb®") (6b)
a§-1),/dt=-RE-T),. (6c)

The explicit form of R is given by
R =n400,1 /o> (M

where ¢ is the nuclear-spin-independent cross
section for electron spin relaxation in the %S, ,
state, v,,; is the mean relative velocity of Rb
atoms and buffer-gas atoms, n, is Loschmidt’s
number (2.69 X 10'® cm™) corrected to the temper-
ature of the experimental cell, p is the buffer-gas
pressure, and p, is atmospheric pressure.
Equations analogous to Egs. (5a)-(5¢) and (6a)-
(6¢) also apply to the collisional relaxation of (J,)
in the ?P, ,, excited state. The application of these
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equations to the description of collisional relaxa-
tion within the excited state, and its effect upon
the repopulation rates of (S,), and (/,),, has been
discussed in detail in Ref. 12. The repopulation
rates, whose explicit forms will be given in a
later section, are found to depend only upon 7,
the natural lifetime of the excited state, and upon
T}, the nuclear-spin-independent rate for the col-
lisional relaxation of (J,), where

FL =n001vrel p/po (8)

and o, is the nuclear-spin-independent cross sec-
tion for the collisional relaxation of (J,).

B. Relaxation in quasimolecular collisions

The simplest physically reasonable model that
can be used to describe the effect of quasimole-
cular collisions is to assume that during such a
collision the Rb electronic spin is subjected to a
randomly oriented additional magnetic field #,
which we assume lasts for an average time 7, the
correlation time for the collisional interaction.
We include in this term the effective magnetic
interactions during the creation and destruction
of the molecule, plus the perturbation which
exists during the lifetime of the molecule. One
then calculates the effective relaxation rate for
an ensemble of atoms subject to such randomly
occurring perturbations. The calculation closely
parallels an example provided by Slichter.!?
Bouchiat, Bouchiat, and Pottier have provided an
equivalent derivation.* One obtains

R*=A*T3(1 +w372), 9

where w, is the resonant frequency for the elec-
tron spin polarization, and A is a factor directly

proportional to the rate of formation of complexes.

In our case we expect A* to be of the form
A*=Bp+Cp?, (10)

where Bp is proportional to the formation rate of
quasibound complexes in two body collisions, and
Cp® is proportional to the formation rate of quasi-
bound plus bound complexes in three body colli-
sions.

In the case of Rb-He, using Mahan’s formula-
tion!* and Baylis’s potential parameters'® we have
calculated that there should be one bound state

J

(twofold degenerate), and one quasibound state
(sixfold degenerate). This result has been con-
firmed independently by Kiehl.!® In this very
special case, then, Rb-He collisions are more
apt to form molecules which are quasibound than
those which are truly bound. Moreover, since
there is only one quasibound state, a unique life-
time against dissociation by tunneling through the
centrifugal barrier can be attributed to it. In the
more-general case in other buffer gases we ex-
pect a division of about % states bound, 3 quasi-
bound, with a wide distribution of dissociative
lifetimes for the quasibound states.!”

As an initial approximation we assume that Egs.
(4a)-(4c) should describe the nuclear-spin effects
in relaxation via formation and destruction of
bound and quasibound Rb-light-noble-gas Van der
Waals molecules. We define R* as the analog,
for quasimolecular collisions, of the relaxation
rate R, which applies to sudden binary collisions.
There is no expectation that j*(AW) and j*(wy)
should be equal in the quasimolecular case. The
relative magnitudes of these two quantities will
depend upon the correlation time for the quasi-
molecular interaction, probably upon the effective
lifetime of the quasibound complex. Since this
lifetime depends upon the collisional breakup rate,
we anticipate that both the absolute and relative
magnitudes of j*(AW) and j*(wz) will depend to
some degree upon buffer-gas pressure, in con-
tradistinction to the case for simple binary col-
lisions. These parameters also will be influenced
by the lifetime of the complex against spontaneous
dissociation.

C. Relaxation due to electronic spin exchange

Spin exchange would play no role in changing the
magnitude of (S, ), if the nuclear spin were zero.
In practice, however, the presence of the hyper-
fine interaction allows spin exchange to influence
observed relaxation rates through an interconver-
sion of nuclear and electronic spin polarizations.
Spin exchange phenomena have been studied by
many persons, only a few of whom we reference
here.!8-20 A particularly useful formulation was
presented by Gibbs, who showed that in the limit
of very small polarization, the case in the present
experiment, the following equations apply®':

(§,>g == (i,>g =— R(S,) [+ 21(21 - 1)21 +21(21 - 1)2 + (21 + 2)(21 +3)21| [3(2I + 1)*]*
+R (1), |- 21(21 - 1)+ (21 +2)(21 +3) |[3(20 +1)*|*, (11)

where

R =nOUsURb-Rprb/p0' (12)

n, is Loschmidt’s number corrected to the tem-

rpera.ture of the cell, o, is the nuclear-spin-in-
dependent cross section for Rb electronic spin ex-
change, vg,_g, 1S the mean relative velocity of Rb
atoms, and py, is the Rb partial pressure.
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D. Relaxation at the walls of the cell

A rigorous treatment of the effects of relaxa-
tion at the walls of the optical-pumping cell re-
quires both an adequate description of the effect
of the hyperfine interaction on a single relaxation
event, and the solution of an appropriate diffusion
equation. Franzen originally suggested that a
possible model for relaxation might be to assume
that every lF,m #» sublevel of the alkali-metal
atom ground state can be reached with equal prob-
ability in a single relaxation event.?? While this
approximation of “uniform relaxation” does not
describe the effects of collisions of alkali-metal
atoms with buffer-gas atoms, nor with coated cell
walls, it appears to describe reasonably well the
effect of collisions of alkali-metal atoms with
bare Pyrex cell walls, the experimental situation
in the present work. Franzen also proposed the
approximation that only the lowest-order term
of the full series solution to the diffusion equation
be retained. It since has been shown that when
the spin polarization is very low, that is, when
pumping rates are small compared to relaxation
rates, Franzen’s approximation is accurate to a
degree better than customary experimental un-
centainties.?®2?* The assumption of the uniform
model for wall relaxation, taken with the reten-
tion of only the lowest order term of the solution
of the diffusion equation, leads to the following
relaxation equations for (S,), and (I,),, due to
wall collisions alone:

(8,),==R'(S,),, (132)

(1),==R1,),, (13b)
where, for a cylindrical cell,

=[(n/L)?+(2.405/%)| D, po/p- (14)

L and 7 are the length and radius of the experi-
mental cell, D, is the diffusion coefficient of Rb
in the buffer gas at the temperature of the cell,
Do is atmospheric pressure, and p is the pressure
of the buffer gas. An equation of the same form
as Egs. (13a) and (13b) also describes the relaxa-
tion of (§ -T)g.

E. Generalized pumping equations

If the pumping rate is small compared to the
relaxation rate of (S,),, then the contributions of
all pumping and relaxation processes mentioned
so far can be combined in equations of the follow-
ing form?2%:26;

(8,),=B, = By(S,),+By(I,) (15a)
(1)¢=Cy = Co(,), +Ci(S,) (15b)
The explicit forms of the B, and C, for Rb® and

z/g?

z/g*

Rb® are as follows:
Rb® (I=3):
B, =A[% +2-(431,7-101)(1+ I, 1) (18 + ', 7)

(16a)
B,=3A+R+R' +ER_+R*, (16b)
B,=X(R+R +R¥), (16¢)
C,=A[Z +E3(18+1,7), (16d)
C,=5A+AR+R'+ARs+LR*, (16e)
C,=ER,; (16£)
Rb®" (I=3):
B, =Al+& (B0, 7-1)(1+ I, 7)™ (8+ I, 1),
(17a)
=$A+R+R’'+3Rs+R*, (17b)
B, =l(R+R +R*), (17c)
C,=A[Z+EB+I,1)"], (174d)
C,=3A+gR+R'+§R  +3R*, (17e)
C3=%Rs’ (171)

where A is the pumping rate, and we tentatively
have assumed that j*(w;)=j*(A W) for R*. The
other parameters are defined in earlier sections.

Assuming the initial conditions that (S,),(t =0)
=(1,),(t=0)=0, Eqs. (15a) and (15b) yield the fol-
lowing solution for (S,),:

(8,0, =Dy (1 - e ?1%) + Dy(1 - e~%2¢). (18)
The rate constants Z, and Z, are given by

Zl=%{[B2+CzJ" [Bz— C‘zJ

X [1+4B,C,(B, - C,)2]*/?}, (19a)
Z,=3{[B,+C,+[B,- C,]
X [1+4B,C,(B, - C,)2*/2}. (19b)

Under the conditions of our experiment (relatively
low spin-exchange rate), Eqs. (20a) and (20b) ap-
proximate the rate constants to an accuracy of
better than 97%:

Zl =C2_B3C3(B2_ Cz)-l, (203)
Z,=B, +B,C4(B, - C,)™. (20b)

The exact solution for the ratio of the amplitudes
of the two exponential terms in Eq. (18) is
D, —-B3C,Z,—-B,C2Z;+B,B,C,— B,B3Cs

_5;:-BleCz+BlBaca+330121+310221 ) (21)

For spin-exchange rates of the order of the (S,)
relaxation rate or less, Eq. (21) reduces to Eq.
(22):
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= B2B3C1(By = C3) = B5C5(BsC, +B,B,)

-&:
D2

There are several points relating to Egs. (18)-
(21) which bear special emphasis.

(a) While Eq. (11) conserves total polarization
(S, +(1,),), it conserves (S,), alone only under
special circumstances. As a result, the (S, De
transient usually is affected by spin exchange: al-
though spin exchange has virtually no effect on the
“slow” rate constant Z, it can have a strong effect
both on the “fast” rate constant Z,, and on the
ratio of amplitudes D,/D,.

(b) At very low buffer-gas pressures, the wall
relaxation rate R’ becomes dominant in B, and
C,. In that case Z, and Z, approach common
values, and the (S,), and (I,), transients effective-
ly become single exponentials, with equal time
constants. We exploit this behavior in the present
paper to measure the diffusion coefficients of Rb
in the various buffer gases.

(c) When the spin-exchange rate is very high,
the (S, ), transient becomes single exponential. In
that case Eq. (19a) yields the same result as that
predicted in the limit of the “spin temperature
equilibrium, ” namely, that the nuclear-spin-in-
dependent rate for electron randomization relaxa-
tion is “slowed” by the factor 0.079 for Rb®, and
by the factor 0.167 for Rb®.»?" At very-low buf-
fer-gas pressures, where uniform relaxation
rather than electron randomization relaxation is
dominant, the single exponential relaxation rate
is determined by the wall relaxation rate, un-
changed from its normal value.

III. MEASUREMENTS OF (S,), PUMPING TRANSIENTS

We made our measurements using a relatively
standard optical-pumping rig adapted for Rb. A
full description appears in Ref. 26. The optical-
pumping-cell-gas handling system was all metal
and glass, and was baked out prior to use. After
bakeout (vacuum about 107 Torr), dry N, was ad-
mitted to the system, calcium shavings and the
chloride of the appropriate separated isotope were
added to a side arm of the optical pumping cell,
and the system was pumped out. After several
hours the Rb was distilled into the optical pumping
cell, and the side arm was drawn off. During the
experiment the cell (internal length 7.4 cm, inter-
nal radius 3.45 cm) was electrically heated by a
noninductive element, and was thermostatically
maintained at a temperature of 305.0°C +0.1°C.

The pumping light was filtered white light ob-
tained from a current-regulated tungsten pro-
jector lamp. The light entering the optical-pump-
ing cell was filtered to a band width of 50 A at

(B,~ C,)(= B,B,C, +B,B,C, +B,C,C, +B,C2) — B,C,(B,C, +B,C,)’ (22)

r

7950 A. After passing through the cell, the light
was further filtered to a bandwidth of 3 A before
impinging on the photodetector.

Optical-pumping transients were measured by
observing the response of the system after saturat-
ing the ground-state Zeeman resonance. Signal-
averaging techniques were used, with generally
between 10'° to 10'® sweeps of the signal being
made. The appropriate theoretical function, either
one or two exponentials, was then fit to the aver-
aged transient. At least five such measurements
were made at each buffer-gas pressure reported.

Since we shall utilize the Rb-He and Rb-Ne ex-
perimental data for a rather wide variety of pur-
poses', we record it first in tabular form in Tables
I-IV. Large values of D,/D, reflect a relatively
small amplitude of the “fast” exponential in the
pumping transient. The result is that Z, generally
is less well determined for Rb® than for Rb®®. We
therefore have based most of our primary analyses
on the Rb®® data.

IV. ANALYSES AND DISCUSSION

A. Nuclear-spin-independent cross sections for the relaxation of
(S,), in sudden binary collisions of Rb atoms with noble-gas atoms

The nuclear-spin-independent cross sections for
the collisional relaxation of (Se>g in binary colli-
sions of Rb atoms with noble-gas atoms (o) can
be determined from measurements of the differ-
ence between the two relaxation rates, Z, and Z,,
which make up the (S, ), pumping transient. From
Egs. (20a) and (20b) we obtain

(Zy=Z,)=By— Cy+2B,C,(B,~ Cy)™. (23)
For all R>R_, the term 2B,C,(B,~ C,)™ varies

TABLE I. Parameters evaluated from fits of Eq. (18)
to measured optical-pumping transients. The error
estimates are one standard deviation of at least five
measurements. Z; and Z, are the rate constants and
D,/D, is the ratio of the amplitudes of the two exponen-
tials. Pumping transient parameters for Rb¥ in He.

He p (Torr) 7, (sec™) Z, (sec™) D/D,
527 1.89+0.04 21.7+1.5 2.51+0.15
409 1.98+0.03 20.9+£0.7 2.40+0.03
270 2.17+0.13 18.9+1.5 2.21+0.10
164 2.59+0.17 18.5+1.5 1.97+0.13
100 3.66+0.26 22.6+1.5 2.24+0.28
60.0 4,69+ 0.10 22.4+1.9 1.88+0.23
35.1 6.65+0.57 22.6+1.3 1.35£0.17
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TABLE II. Parameters evaluated from fits of Eq. (18)
to measured optical-pumping transients. The error
estimates are one standard deviation of at least five
measurements. Z; and Z, are the rate constants and
D,/D, is the ratio of the amplitudes of the two exponen-
tials. Pumping transient parameters for Rb% in He.

He p (Torr)  Z; (sec™))  Z, (sec™) D,/D,
391 2.58+0.06 20.2+1.9 4.74+0.22
390 2.68+0.06 21.9+£1.6 4.99+0.43
125 3.15%0.08 20.6+1.1 5.20+0.50

60 4.40+0.33 20.4+3.2 4.02+0.86
30 7.54+0.17 20.7+1.0 2.89+0.33

from approximately 0.05R, to 0.04R for Rb®, and
from approximately 0.11R to 0.09R for Rb*". It
therefore is both relatively small and constant at
high buffer-gas pressures. R*, as we shall see,
also is essentially constant at high buffer-gas
pressures. We therefore may take the slopes of
(Z,- Z,) vs p at high buffer-gas pressure to be
given by Eqgs. (24a) and (24b) the cumulative un-
certainty of which we estimate to be less than 5%:

d(Zz - Zl) =17
d‘b 18

= 5004 /Dy ([=3). (24b)

In Figs. 1, 2, and 3 we plot the measured values
of (Z,—- Z,) for Rb® and Rb*" in Ne, Ar, and N,.
The solid line in each case is a least-mean-
squares linear fit to the Rb®® data. Insertion of
the evaluated slope into Eq. (24b) provides a de-
termination of 0. We summarize the results in
Table V along with the results for Rb-He from
Ref. 2.

We also display (Z, - Z,) data for Rb®" in Figs.
1-3. The dashed lines are projections of the Rb®’

N0V, /Py I=3) (24a)

TABLE III. Parameters evaluated from fits of Eq. (18)
to measured optical-pumping transients. The error esti-
mates are one standard deviation of at least five mea-
surements. Z; and Z, are the rate constants and D,/D,
is the ratio of the amplitudes of the two exponentials.
Pumping transient parameters for Rb® in Ne.

Ne p (Torr) Z; (sec™))  Z, (sec™) D,/D,
535 3.20+0.15 37.1£0.2 2.29+£0.08
400 2.72+0.07 32.0+£0.6 2.62+0.01
300 2.49+0.08 28.0+2.0 2.66+0.13
200 2.31+0.08 24.5+2.4 2.88+0.19
100 2.26+0.02 20.4+0.7 2.82+0.04
65.0 2.73+0.08 21.3+0.9 3.07+0.20
40.4 3.80+£0.06 23.7+0.5 2.97+0.14
25.1 5.25+0.45 27.9+£5.0 2.569+0.69
18.0 7.36+£0.59 26.3+3.6 2.49+0.82
13.0 9.92+£0.53 27.1+1.7 2.17+0.07

TABLE IV. Parameters evaluated from fits of Eq. (18)
to measured optical-pumping transients. The error
estimates are one standard deviation of at least five
measurements. Z; and Z, are the rate constants and
D,/D, is the ratio of the amplitudes of the two exponen-
tials. Pumping transient parameters for Rb¥ in Ne.

Ne p (Torr) Z (sec™)) Z, (sec™) D,/D,
485 4.42+0.28 37.6+6.0 3.87+£0.46
484 4.58+0.27 35.8+4.3 3.79+0.36
349 3.76+0.24 29.3+2.7 4.18+0.37
175 2.91+0.05 25.1+1.7 5.66+0.30
120 2.79+0.05 22.1+2.7 6.57+0.26

results which would be predicted on the basis of
the determination of ¢ from the Rb®* data, and on
the assumption that the same degree of anomalous
relaxation exists for Rb®” as for Rb®®. The cross
sections evaluated for the relaxation of (S,), in-
deed are seen to be nuclear spin independent: the
correlations between measurements for Rb® and
Rb®” are excellent.

Many previous measurements of alkali spin re-
laxation have been analyzed on the mistaken as-
sumption that the “uniform” model of relaxation
correctly described relaxation in alkali-atom-—

n
[e]

(Z,-Z,) (sec™)

| 1 1 1 1 |
0 100 200 300 400 500 600
Neon pressure (Torr)

FIG. 1. Plots of measured differences of rate con-
stants (Z,—Z;) from double exponential fits to optical-
pumping transients of Rb% and Rb® in high pressures
of Ne at 32°C.
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100
Argon Pressure (Torr)

FIG. 2. Plots of measured differences of rate con-
stants (Z,-Z,) from double-exponential fits to optical-
pumping transients of Rb% and Rb® in high pressures of
Ar at 32°C.

buffer-gas-atom collisions, and in ignorance of
important contributions of anomalous relaxation
due to molecular formation. As a result, many
previously reported cross sections are seriously

in error, some by an order of magnitude or more.

Toward the end of this paper we shall show that

S 8

(Z,-2,) (sec")
»
o

1

1
[o] 100 200 300

Nitrogen Pressure (Torr)

FIG. 3. Plot of measured differences of rate con-
stants (Z,— Z,) from double exponential fits to optical-
pumping transients of Rb% in high pressures of N, at 32
°C.

the true cross sections listed in Table V, taken
with the diffusion coefficients listed in Sec. IVB
and the measured degrees of anomalous relaxa-
tion, in fact explain most all previously published
relevant data.

B. Diffusion coefficients of Rb in He, Ne, Ar, and N,

At very-low buffer-gas pressures relaxation
arises primarily from collisions of pumped atoms
with the walls of the experimental cell. The term
R’ then dominates in Eqgs. (13b) and (14b), and Z,
and Z, approach values which differ mainly in dif-
ferent contributions by spin exchange. Under these
circumstances the (S,), transient effectively be-
comes a single exponential. It has been shown that
when Z,<1.5Z,, the following equations approxi-
mate the true double exponential to an accuracy
of better than 97%:

(S,),=D;(1 - exp(~ Z4t)), (25a)
where

D,=D,+D, (25b)
and

Z,=(D,Z,+D,Z,)D,+D,)™, (25¢)

and D, Z,, D,, and Z, remain as defined by Egs.
(16a), (16b), (17a), and (17b).

The situation can be complicated by the presence
of contributions to relaxation rates from the for-
mation of Van der Waals molecules.*® Two ef-
fects are possible. Either one, if not properly ac-
counted for, can lead to spuriously high deter-
minations of the diffusion coefficient. The first
case is that studied by Bouchiat, Brossel, and
co-workers, where Rb relaxation via molecular
formation at low Kr pressures proceeds essential-
ly according to Eqs. (4a) and (4b), with j*(aw)=0.
This effect, if present, makes a greater contribu-
tion to Rb®? than to Rb®® due to the (2I+1)2 factor
in Egs. (4a) and(4b). The second case is where
the formation of bound or quasibound molecular

TABLE V. Slopes and intercepts of least-squares
linear fits to data in Figs. 1-3 and in Ref. 2. The evalu-
ated nuclear-spin-independent cross sections for the
collisional relaxation of (S, ), are listed in column 3.

a(Zy,— Zl)/d[) (Zy— Z)(p=0) (T(Sz),
(sec Torr)™! (sec™) (10"*4cm?)
He 0.01208 14.0 3.1
Ne 0.0355 15.0 19
Ar 0.9146 17.0 630
N, 0.1372 17.3 83
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complexes yields an appreciable rate of relaxa-
tion R* at the hyperfine frequency [j*(A W)#0]. In
this case one expects a greater contribution of R*
to Rb® than to Rb®” due to the smaller hyperfine
separation of Rb®®, that is, w?(Rb®®)<«Z(Rb%) in
Eq. (9).

The data presented in Figs. 4 and 5 are obtained
from single exponential fits to pumping transients
of Rb®® and Rb®” in low pressures of Ne and Ar.
Comparison of the Rb® and Rb® results show
molecular-relaxation effects to be relatively

small, but far from negligible, at these pressures.

The fact that Z,(Rb%) is generally greater than
Z,(Rb®) indicates the presence of R* relaxation

at the hyperfine frequency. To determine the
diffusion coefficients, we fit Eq. (25c) to the Rb®’
data, which was least affected by R*, allowing

D, to be the only variable parameter. The re-
sultant fits are represented by the solid lines in
Figs. 4 and 5. In the case of N,, deexcitation from
the Rb excited state occurs via quenching as well
as via spontaneous emission. Since the relative

80+

20

1 1 1 1 |
0 2 4 6 8 10 12
Neon pressure (Torr)

FIG. 4. Fit of Eq. (25) to measured effective single-
exponential rate constants of optical-pumping transients
of Rb¥ in low pressures of Ne at 32°C. The evaluated
diffusion coefficient is Dy(Rb-Ne)=0.235. The Rb® data
falls above that of Rb®? due to the presence of quasi-
molecular interactions, as discussed in the text.
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1

FIG. 5. Fit of Eq. (25) to measured effective single-
exponential rate constants of optical-pumping transients
of Rb®7 in low pressures of Ar at 32°C. The evaluated
diffusion coefficient is Dy(Rb-Ar)=0.16. The Rb%® data
falls above that of Rb%" due to the presence of quasi-
molecular interactions, as discussed in the text.

probabilities for quenching transitions between

Rb Zeeman sublevels are unknown, D, and D, can-
not be calculated, and Eq. (25¢) cannot be used in
the determination of D,. For N,, therefore, we
have fit the expression Z,~ 3(Z, + Z,) to the data.
Application of this less-accurate approximation

to the other noble gases would change evaluated
values of D, by less than 5%. We summarize the
determinations of D, for Rb in He, Ne, Ar, and
N, in Table VI.

TABLE VI. Diffusion coefficients (at p=1 atm) for
Rb in various buffer gases evaluated at 32 °C, and extra-
polated to 0°C assuming a T3/? dependence.

D, (32°C) D, (273°K)

(cm?sec™) (cm?2sec™)
Rb-He 0.42 0.36
Rb-Ne 0.235 0.20
Rb-Ar 0.16 0.14
Rb-N, 0.16 0.14




C. Anomalous contributions to relaxation rates arising from the
formation and destruction of bound and quasibound Rb-atom-
buffer-gas-atom molecular complexes

Equation (23) predicts the following extrapolated
intercepts of (Z,~ Z,) at zero buffer-gas pres-
sure:

(Z,-Z,)(p=0)=0.59R +2 B,C,(B, - C,)™* (I=%)
(26a)

=0.50R, +2B,C,(B, - C,)™" (I=3).

(26b)

In our experiment the calculated value of R, was
7.7 sec™ (see Ref. 2). The calculated values of
the term 2 B,C,(B, - C,) at buffer-gas pressures
above 100 Torr were approximately 1.6 sec™ for
Rb® and 0.7 sec™ for Rb®. We, therefore, would
expect that the extrapolated intercepts of the (Z,

- Z,) data should occur at approximately 5.4 sec™
for Rb® and at 5.2 sec™ for Rb®. In fact, however,
the values of these intercepts listed in Table V,
and displayed in Figs. 1-3, range from 14.0 to
17.3 sec™, about three times the anticipated val-
ues. We have argued in previous publications that
such anomalous contributions to relaxation rates
arise from the formation and destruction of bound
and quasibound Van der Waals molecular com-
plexes.** Since D,, ¢, and R_ are now known, we
can investigate this possibility further by calculat-
ing how much anomalous relaxation R* must exist
at any particular buffer-gas pressure to produce
the observed value of Z, or Z,. The results for
Rb®5 and Rb® in He have already been published.
The results for Ne are displayed in Fig. 6. The
larger uncertainties attached to measurements of
Z, in Ar and N, prevent us from performing a
similar reduction of data in these gases.

o) S S G S N

N
10 100 1000
Neon pressure (Torr)

FIG. 6. Evaluated anomalous relaxation R* in Rb%
as a function of Ne pressure, with a fit of Eqs. (9),
(10), and (16) to the data. The evaluated parameters
are listed in Table VII.
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It is not possible to explain R* on the basis of
any conventional relaxation processes. Since R*
becomes constant at high buffer-gas pressures it
cannot arise from relaxation in simple alkali-
metal-atom-buffer-gas-atom collisions: an effect
arising from this source would be proportional to
buffer-gas pressure. R*’s constancy at high buf-
fer-gas pressure, the very small wall relaxation
rates at these pressures, and the expectation of
minimal contributions from higher-order diffusion
modes under conditions of weak pumping, all argue
strongly against the possibility of R* arising from
diffusion effects. R*’s fall to zero at low buffer-
gas pressures rules out the possibility that spin
exchange might be its cause: an anomalous con-
tribution from spin exchange would remain constant
at all buffer-gas pressures. Moreover, in an ex-
periment on Cs it was shown that relaxation rates
scaled with the spin-exchange rate about as ex-
pected.*® Since R* is generally larger than R in
the experiments performed, other less probable
interactions involving two alkali- metal atoms, such
as the formation of alkali dimers, can be ruled
out as a possible cause of R*.>®*** Finally, R* can-
not be attributed to idiosyncrasies of particular
experimental techniques: reanalysis of data taken
in fully independent experiments confirm the
existence of the effect. We discuss examples later
in the paper.

We now show that R* represents relaxation at
the hyperfine frequency, A W, rather than at the
Zeeman frequency, w,. From Egs. (4a) and (4b)
we obtain

20+12 -1, .. .
Zz-Zl'“"*(W[LJ(AWHC*]*(AW)J.
(27

For simplicity we have omitted terms involving

R, [see Egs. (26a) and (26b)]. The term in Eq. (27)
involving Cj(A W) is just R, the binary relaxation
rate, modified by a nuclear-spin factor. The re-
maining term, the contribution of anomalous re-
laxation to Z,— Z,, depends only upon C*j*(A W).
Z,~ Z, therefore depends only upon the strength

of anomalous relaxation at the hyperfine frequency.
Evaluation of the experimental data, based on Eq.
(27), rather than on our analyses of Z, alone,
yields values of R* within 3% of those displayed

in Fig. 6.

Since R* involves relaxation at the hyperfine
frequency, its effects also should be seen in the
relaxation of (§ °'i>. We confirm this expectation
in later sections through reconsideration of pre-
viously published data.

Calculations based on Refs. 14 and 15 show that
Rb-atom-light-noble-gas-atom Van der Waals
molecules form with sufficient frequency to pro-
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duce the observed anomalous relaxation, provided
that the probability for relaxation in such a mole-
cular formation is relatively high, of the order

of 10”2, We have already written Egs. (9) and (10),
which should describe the effects of relaxation
in quasimolecular collisions. We expect the cor-
relation time 7, to be related to the rate of col-
lisions of a molecular complex with buffer-gas
atoms, and, in some cases, to the natural life-
time of a quasibound state. We thus have

1/7,21/T4+ 10 01 b/ Po> (28)

where o, is an effective cross section associated
with the collisional correlation time. Taken to-
gether, Egs. (9), (20), and (28) predict a rather

special dependence of R* upon buffer-gas pressure:

zero at low pressure, arise to a maximum at in-
termediate pressure, and a retreat to a constant
value at high pressure. In Ref. 2 we published
computer fits of these equations to the R* data
for Rb®-He and Rb*¥-He. In Fig. 6 we display the
fit for Rb® in Ne. We summarize the evaluated
parameters for all three fits in Table VII.

We pointed out earlier that the Rb-He and the
Rb-Ne systems differ significantly in the relative
numbers of bound and quasibound states. For
Rb-Ne and most noble-gas-atom-alkali-metal-
atom pairs there are roughly twice as many bound
states as quasibound states. For the special case
of Rb-He, however, there is one twofold degener-
ate bound state, and one sixfold degenerate quasi-
bound state. For Rb-He, therefore, relative con-
tributions to R* from the formation of quasibound
molecules should be greater than in Rb-Ne. This
expectation is borne out by comparison of the fitted
B/C ratios for the two systems. Also, since there
is only one quasibound state for Rb-He, we expect
to be able to assign a unique lifetime against dis-
sociative tunneling. Our computer analysis yields
6% 10710 sec for the Rb®® data, and 3 X 1071° sec for
the Rb®" data in reasonable agreement with the
theoretical value of 3.6 X 107° sec calculated by
Kiehl.}* We have explained in Sec. III that the Rb®
data is inherently less reliable than that for Rb%".
There also are fewer R* data points for Rb®? than
for Rb®.2 We believe that the differences in R*

TABLE VII. Parameters evaluated from fits of Egs.
(9) and (10) to R * data for Rb® and Rb¥ in He and Ne.
See Fig. 3, Ref. 2, and Fig. 7 of this paper.

B/C (0050 g1/ Do) 7

(Torr) (10° sec™! Torr™) (1071 sec)
Rb%®-He 95 1.5 5.6
Rb%"-He 61 0.51 2.7
Rb%_Ne 20 1.5

relaxation parameters evaluated for the two iso-
topes primarily reflect uncertainties in the Rb®
results, rather than a physically interesting ef-
fect. In the Rb-Ne case, relatively few of the
quasibound states have lifetimes shorter than the
inverse of the collisional rate of breakup. We
therefore would expect to find no natural lifetime
effect in Rb-Ne, within the accuracy of our data.
Our computer analysis for Rb-Ne yields this re-
sult.

Finally, we note that if the measured values for
(70 gVce1 /o) listed in Table VII are converted into
cross sections, we obtain values of the order of
107'3 ¢cm?, several times higher than the geometric
cross sections (~107!* ¢m?). It appears that in
these cases the inverse of the correlation time is
significantly greater than the quasimolecular
breakup rate. We have no present explanation for
this effect. (See Nole added in proof.)

D. Examination of nuclear-spin effects in collisional relaxation:
Studies of the “slow” relaxation rate Z, of Rb% and Rb®” in
various buffer gases

The experimental analyses presented so far have
been applied to measurements of the “fast” relaxa-
tion rate Z,, or to measurements of the effective
single exponential relaxation rate Z,. Nuclear-
spin effects in these cases are rather small: con-
tributions of the various relaxation processes to
Z, in particular are largely unmodified by nuclear-
spin factors. The situation is different in the case
of the “slow” relaxation rate Z,, where nuclear-
spin effects play a substantial role. Now that we
have independent determinations of all relevant
relaxation parameters, we can investigate how
well Egs. (19a), (16a)-(16f), and (17a)-(17f) actu-
ally predict the dependence of Z, upon buffer-gas
pressure.

Before proceeding, we briefly review the anti-
cipated contributions of the various relaxation
processes to Z,. The pumping rate A, and the
wall relaxation rate R’, are independent of nuclear
spin and make the same contribution to Z, that
they make to Z,. The contribution of the spin-ex-
change rate to Z, is small: the spin-exchange
term R [2(2/+1)[" in C, is nearly canceled by the
term B,C,(B,~ C,)™'. The contribution of the rate
for relaxation in simple binary collisions of Rb
atoms with buffer-gas atoms R, is modified by the
factor [2(27+1)]™" for normal electron randomiza-
tion relaxation [j(wz)=j(aW)]. This “slowing”
factor amounts to 3 for Rb®, and & for Rb®s.
Finally, up to this point we have assumed that the
contribution of R*, the anomalous relaxation rate,
to Z, also should be describable by equations of
the form of Egs. (4a)-(4c). We want to test the
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validity of that approximation.

At high buffer-gas pressures the behavior of R*
should become similar to that of R: as the mole-
cular breakup rate increases, the effect of short-
lived Rb-buffer-gas molecules upon relaxation
should approach the limit provided by simple binary
collisions. In addition, the binary relaxation rate
itself becomes large compared to the pumping
rate, the spin-exchange rate, and the wall relaxa-
tion rate. We thus expect that at high buffer-gas
pressures the ratios of the relaxation rates,
Z,/Z,, should approach asymptotic values cor-
responding to those for electron randomization
relaxation, 8:1 for Rb®, and 18:1 for Rb®®. In
Figs. 7 and 8 we display the measured ratios
Z,/Z, for Rb® and Rb? in a variety of buffer
gases. The experimental data are compatible with
the anticipated asymptotic values. The agreement
is demonstrated more dramatically by subtracting
the contributions of the pumping, spin-exchange,
and wall relaxation rates from the measured Z, /Z,
ratios. The results for high pressures of the vari-
ous buffer gases are summarized below, where
we list the modified Z,/Z, ratios and the pressures
(in parentheses, in Torr) at which they were mea-
sured. The Rb®® results cluster about the ratio
18:1, while the Rb® cluster about 8:1, as pre-
dicted. The ratio of Rb®’-He is anomalously high
only because the breakup rate at that pressure is
not yet sufficiently high to ensure that the nuclear-
spin effects of R* follow those of sudden binary
collisions (we shall touch upon this point again in
the discussion to follow):

Rb85-He: 20 (164), 18.5 (270), 19.6 (409),
20 (527);

18F
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FIG. 7. Measured ratios of rate constants Z,/Z, for
Rb% as a function of buffer-gas pressure. The ratios
at high pressures approach 18:1 when pumping, wall
relaxation, and spin-exchange rates are subtracted out
(see text).
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FIG. 8. Measured ratios of rate constants Z,/Z for
Rb% as a function of buffer-gas pressure. The ratios
at high pressures approach 8:1 when pumping, wall re-
laxation, and spin-exchange rates are subtracted out
(see text),

Rb®*-Ne: 16.8 (200), 17.0 (300), 18.2 (400),
18.3 (500);

Rb%®-N,: 18.8 (100), 16.3 (200), 18.4 (250),
17.1 (300);

Rb%%-Ar: 17.0 (81), 17.2 (150);

Rb®-He: 13.9 (391);

Rb%-Ne: 9.43 (349), 8.3 (485);

Rb7-N,: 9.7 (100);

Rb®-Ar: 7.7 (80), 7.2 (150).

We now wish to compare the predicted and mea-
sured values of Z, throughout the entire range of
buffer-gas pressures over which we have measured
double exponential pumping transients. In order
to do this, we must know the value of the effective
pumping rate, 3A, at each particular buffer-gas
pressure. Reference to Eqs. (16a)-(16f) and (20a)
indicates that 3A can be determined conveniently
through measurement of Z, as a function of rela-
tive intensity of pumping light. We have made
many such measurements, both for Rb®® and for
Rb®7. All of the analyses which follow include ap-
propriate determinations or interpolations of 3A.
We thus have fixed all contributions to Z,, with the
exception of that of R*, the anomalous relaxation
rate.

From the curves in Fig. 6 of the present paper
and Fig. 3 of Ref. 2 we know the value of R* at all
pressures of He or Ne. Reference to Egs. (4a)
and (4b) and our previous discussion indicate that
when 7, <7, jlwy)~ j(AW), and R* should make
a contribution of R* [2(2+1)]™ to C,. As 7. be-
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comes longer, j*(wz)>j*(AW), and the relative
contribution to C, should grow. In terms of the
present model of nuclear-spin-hyperfine-interac-
tion effects, the ratio of the contribution of R* to
Z,, relative to its contribution to Z,, should be
bounded by the limits [2(27+1)]™ and 1.0.

The experimental data provides surprises. In
many cases the contribution of R*to Z, is sub-
stantially less than the minimum projected in the
preceeding paragraph. We provide full particulars
in Figs. 9-12, which display the experimental
measurements of Z, together with theoretical pre-
dictions based on the measurements already dis-
cussed. For Rb® in high pressures of He and Ne
there is excellent agreement between the mea-
sured values of Z, and those predicted on the as-
sumption that j*(wy)=j*(AW) for R*. At pres-
sures below about 100 Torr, however, the mea-
sured values of Z, fall below the predicted values.
If we make the assumption that j*(w,)=0 for R*
in this pressure range, good agreement is re-
stored. For Rb®He (Fig. 10), the data generally
fall between predictions based on j*(w)=j*(AW),
and j*(wp)=0. For Rb® in He and Ne (Figs. 11 and
12), we see that at all pressures studied even the
assumption that j*(wz)=0 is insufficient to secure
agreement between theory and experiment. In
fact, for the intermediate pressure range, it ap-
pears that the assumption that R* makes a zero
contribution to Z, would be consistent with the
data. These results are curious indeed, but are
not without precedent: similar behavior for Rb
in He has been measured by Aymar, Bouchiat,
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FIG. 9. Measured values of Z, for Rb® in Ne. The
solid and dashed lines are projections based on values
of R, R’, R*, Rg, and A independently determined.
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FIG. 10. Measured values of Z, for Rb% in He. The
solid and dashed lines are projections based on values
of R, R’, R*, R, and A independently determined.

and Brossel.’® We, as they, have been unsuccess-
ful at constructing a physically reasonable model
which provides the required enhancement of the
spectral density function at AW, with suppression
at w,. However, we believe that the present data
provides additional keys to the resolution of this
question. Figures 9-12 show that the major
discrepancies between theory and experiment
begin to occur at about 100 Torr. It is just in this
pressure range that 2rA W7, ~1. We speculate
that approximations inherent in the simple nuclear
decoupling-recoupling scheme, particularly those
related to the treatment of phases, may break
down when the correlation time of the collisional
perturbation is of the same order of magnitude
as the hyperfine period of the free atom.

Aside from the unexpectedly small contribution
of R* to Z, at intermediate buffer-gas pressures,
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FIG. 11. Measured values of Z, for Rb® in Ne. The
solid and dashed lines are projections based on values
of R, R’, R*, R, and A independently determined.
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FIG. 12. Measured values of Z, for Rb% in He. The
solid and dashed lines are projections based on values
of R, R’, R*, R, and A independently determined.

the anticipated dependence of Z, upon buffer-gas
pressure is in excellent agreement with the exper-
imental results. Figures 9 and 10, in particular,
confirm our determinations of diffusion coef-
ficients and nuclear-spin-independent cross sec-
tions for collisional relaxation in Rb-atom-buffer-
gas-atom binary collisions.

E. Collisional relaxation within the 5%P,,, states of Rb% and Rb*’

The rate constants Z, and Z, of the (S,), trans-
ient are functions of B,, B,, C,, and C, of Egs.
(16a)-(16f) and (17a)-(17f), and therefore depend
only upon relaxation processes in the Rb ground
state. D,/D,, the ratio of the amplitudes of the
two exponentials, however, depends also upon B,
and C,, the pumping-repopulation rates, and
therefore is influenced by relaxation processes
within the excited state. In particular, D,/D, de-
pends upon I';, the nuclear-spin-independent rate
for the relaxation of (J,) in the 2P, ,, excited state.
Measurements of D,/D, previously have been
utilized in determinations of I} for relaxation in
the 6P, ,, state of Cs induced by collisions with
He and Ne atoms.?®

The existence of different nuclear spins in Rb®®
and Rb® provides opportunities for checks of the
D,/D, method of measurement of excited state
relaxation and for additional cross checks of the
validity of the treatment of nuclear-spin effects
in collisional relaxation. In particular, inspection
of Tables I-IV shows that under otherwise similar
conditions the D,/D, ratios for the two isotopes
can differ markedly. According to theory, these
differences should be wholly attributable to nu-
clear-spin effects. We now wish to determine
whether unique cross sections o,(Rb-He) and
0,(Rb-Ne) can be found which yield the observed

TABLE VIII. Values of I'jT (relaxation rate times
natural lifetime) and oy (nuclear-spin-independent cross
section for the relaxation of (J;) in the Rb 5°P; , state)
as determined from analyses of the D,/D, ratio for the
(S,), optical-pumping transients of Rb® in He.

p(He)(Torr) Ty oy (10716 cm?)

Rb%_He 164 7.0 3.4
Rb%_He 270 11.0 3.3
Rb%_He 409 18 3.5

dependence of D,/D, on buffer-gas pressure for
both Rb isotopes.

While Eq. (22), which describes D,/D,, is a

cumbersome function of all relaxation parameters,
in fact all of these parameters, save I',7, now are
fixed by the measurements and analyses we al-
ready have discussed. We therefore are con-
cerned with a one-parameter fit. In order to
minimize the cumulative uncertainty in analyzing
D,/D,, we use directly measured quantities
wherever possible. For example, since the term
B,C4(B, - C,)™* turns out to be essentially constant
for all (high) buffer-gas pressures (= 0.33 for Rb®
and =~ 0.80 for Rb?"), we can use Egs. (20a) and
(20b) to evaluate B, and C, directly from Z, and
Z,. We thus avoid the necessity of knowing the
exact value of the pumping rate. Moreover, since
either the term B, or C, appears once in every
term of the numerator and denominator of Eq.
(22), all other dependence of D,/D, on the magni-
tude of the pumping rate cancels out. The value
of C, is fixed entirely by the spin-exchange rate.
The only remaining difficulty is that because the
nuclear-spin effects associated with R* are not
yet fully understood, we may not know the correct
contribution of R* to B;,. Such ambiguities should
disappear at buffer-gas pressures high enough to
ensure rapid breakup of molecular complexes.
We therefore hope for consistent determinations
of I', at high pressures of He and Ne, but do not
expect meaningful results at intermediate pres-
sures where Z, is imprecisely predicted.

TABLE IX. Values of I'y7 (relaxation rate times na-
tural lifetime) and o, (nuclear-spin-independent cross
section for the relaxation of (J,) in the Rb 5%P; , state)
as determined from analyses of the D,/D, ratio for the
(S,), optical-pumping transients of Rb® and Rb¥ in Ne.

p(Ne) (Torr) It o (107 cm?)

Rb¥_Ne 200 5 4.2
Rb85_Ne 300 10 5.6
Rb%_Ne 400 16 6.7
Rb¥_Ne 535 22 6.9
Rb%_Ne 349 10 4.8
Rb#_Ne 485 15 5.2
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In Table VIII we summarize the values of I'; T
determined from measurements of D,/D, for Rb®®
in He, which yield an average value of 3.4 X 1076
cm? for ¢,(Rb-He) in the 5°P, ,, state of Rb. Ref-
erence to Fig. 12 and the discussion above sug-
gests that our analysis is not well suited to the
Rb®-He data: even at 391 Torr, and even with
the assumption that j(w,)=0, the value of Z, is
not predicted as accurately as desired.

In Table IX we summarize the values of I'|7
determined from measurements of D,/D, for Rb®®
in Ne at pressures of 200 Torr and more. Figure
9 suggests that nuclear-spin effects in this case
are described quite well by Eqgs. (4a) and (4b),
with j*(wp) =j*(AW) for R*. This system there-
fore should be a good candidate for D,/D, analy-
ses. In fact, we find excellent consistency
throughout determinations for Ne pressures, with
an average value of 5.9 X 107*® cm? for ¢,(Rb-Ne).
In the case of Rb® in Ne, Fig. 11 shows that best
agreement between theoretical and experimental
values of Z, are obtained under the assumption
that j(wr)=0. The average of the values of o,
evaluated on this basis listed in Table VIII is
5.0 x107*® ¢m?, in reasonable agreement with the
determinations from the Rb®® data.

The values for o, reported above are several
times smaller than those found in level crossing
experiments by Gallagher® and by Bulos and
Happer.®® The discrepancy merits further investi-
gation. There is a difficulty with our experiment
which should be borne in mind, however. Although
by making measurements at high buffer-gas pres-
sures we minimize uncertainties due to R* effects,
we also work in a region where the D,/D, ratio is
a rather insensitive function of I';7. Our confi-
dence in the final values of o, which we report
comes mainly from the reproducibility of results
obtained over a relatively wide range of buffer-
gas pressures, and from the agreement between
the values for Rb®® and Rb®’. On the other hand,
we are aware of no nuclear-spin-dependent—popu-
lation-monitoring experiment, other than the
present one, which provides a cross comparison
with the Gallagher—Bulos-Happer results. Mea-
surement of the collisional depolarization of reso-
nance radiation at low magnetic fields would be of
considerable interest in this regard. The appro-
priate nuclear spin corrections for such an exper-
iment have been provided in Ref. 25.

V. COMPARISONS WITH OTHER EXPERIMENTS
A. Measurements of the relaxation of (S) in the presence of

rapid spin exchange

In 1965, Franz measured relaxation rates of
natural Rb (72% Rb®5, 28% Rb®") in the noble gases

at a temperature of 67°C, corresponding to a
spin-exchange rate of approximately 168 sec™.33
Equation (19b) shows that Z, therefore was always
greater than 100 sec™, corresponding to a relaxa-
tion time of less than 10 msec. Since this time
was shorter than the shutter risetime, and since
the fastest relaxation time measured was longer
than 50 msec, it is clear that a superposition of
the Z,’s for the two isotopes actually was mea-
sured. We have calculated the Z,’s expected for
RDb®5 and Rb®" in He and Ne in that experiment on
the basis of our present results. We have assumed
that ¢ remains constant from 32 to 67°C, and that
the diffusion coefficients are proportional to T°%/2.
We also have assumed that at any particular buf-
fer-gas pressure R* makes approximately the
same contributions to Z, and Z, as indicated ex-
perimentally in the present work. Finally, having
found that the Z,’s thus calculated for Rb® and
RDb®" at any particular buffer-gas pressure turn
out to differ by a factor of 1.5 or less, we have
approximated the relaxation rate for natural Rb
as the weighted average of the Z,’s for the two
isotopes. The results of these calculations, along
with the relevant 1965 data at high and low pres-
sures of He and Ne, are listed in Table X. The
agreement for Ne is well within the bounds of this
rather rough calculation: the 1965 measurements
are predicted to within 10%. The agreement for
He is less impressive, probably because the very
small relaxation rates predicted in this buffer gas
are influenced to a relatively greater degree by
errors in extrapolation from quite different exper-
imental conditions. The cross sections quoted in
Franz’s paper, 3.3 X1072° ¢m? for Rb-He, and
3.3 x1072* ¢m?® for Rb-Ne, were obtained from data
analyses in which the then customary, but incor-
rect, assumption of “uniform relaxation” was
applied to alkali-atom-buffer-gas-atom collisions.
The correct values, which as we have shown ac-
curately describe the 1965 results, are the nu-
clear spin independent cross sections reported
in the present paper.

Additional comparisons with previous measure-

TABLE X. Comparison of representative relaxation
rates measured for natural Rb at 67 °C (Ref. 33) with
calculations of these rates based on the relaxation pa-
rameters determined in the present paper.

P Z meas. Z calc.
(Torr) (sec™?) (sec™) % difference
Rb-Ne 29.4 6.85+0.23 6.42 7%
Rb-Ne 250 2.44+0.10 2.53 4%
Rb-He 88 3.60+0.21 4.12 14%
Rb-He 236 1.69+0.14 2.15 27%
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ments of (S,), relaxation can be made. In 1962,
Bernheim measured rates for the relaxation of
natural Rb in He at a temperature of 50°C, with
techniques and analyses similar to those described
in the preceding paragraphs.®* Since uniform re-
laxation was assumed, Bernheim’s reported cross
section, o(Rb-He)=6.2x107%% ¢m?, is unreliable.
Bernheim’s data, however, are reproduced quite
well when calculated on the basis of the present
relaxation parameters. At 87 Torr, Bernheim
measured approximately 3.1 sec™ for Z,: we
calculate 3.1 sec™. At 300 Torr, Bernheim mea-
sured approximately 1.5 sec™ for Z,: we calcu-
late 1.4 sec™.

We also have reexamined the Rb-Ne and Rb-Ar
data from Franzen’s 1959 experiment.?? We find
that the relaxation transients under the conditions
of that experiment should have contained a mixture
of significantly different Z,’s and Z,’s for both
isotopes. Since the reported data were obtained
from single exponential fits, which in this case
should have yielded rather severely distorted re-
sults, we are unable to provide meaningful com-
parisons with the present work.

B. Previous measurement of the relaxation of (S,), in He

In 1969, Aymar, Bouchiat, and Brossel (ABB)
measured relaxation rates of Rb®® and Rb®” in He*
and He® buffer gases, at pressures from 16 to 700
Torr.?° Their experimental technique was very
similar to ours: it differed mainly in the fact that
strong rather than weak pumping was employed.
ABB reported a value of 0.42 for D,(Rb-He?) at
300K, the same value found by us. They re-
ported a value of 8.2 x107** cm? for o,(=0), which
corresponds to our own value of 3.1 Xx102¢. They
also reported ratios o,/0,(Rb*’-He) ~18, and
0,/0,(Rb®*-He) ~30. The o,/0, ratios are equiv-
alent to the Z,/Z, ratios in our experiment, calcu-
lated with R, R’, and 3A contributions removed.
As we have seen, we obtain Z,/Z,(Rb®-He)~ 8,
and Z,/Z,(Rb%*-He)~ 18. We now shall show that
the apparent disagreements between ABB’s re-
sults and ours disappear when ABB’s data is re-
considered in the light of present knowledge.

The main difficulty with ABB’s analysis is that
they considered neither the effects of spin ex-
change, nor the anomalous relaxation rate R* on
the fast relaxation rate in (S,) relaxation. The
data in ABB’s Fig. 6, therefore, contains contri-
butions from relaxation mechanisms other than
just wall relaxation and simple buffer-gas relaxa-
tion, but was not analyzed for them. In order to
make up for these contributions, the evaluated o,
turned out to be spuriously high. One can get a
rough idea of the “true” cross section by estimat-

ing the slope of the relaxation rate at He pres-
sures above 200 Torr: one finds a value of o,
roughly half of that quoted by ABB. Even this
value is probably somewhat high, however, due

to the fact that ABB’s measurements were made
over a fairly broad range of vapor pressures,

and therefore over a range of spin-exchange rates.
Since the highest vapor pressures were employed
at the highest buffer-gas pressures, spin-exchange
contributions would not be constant, but would
make a positive contribution to the slope, and thus
artificially inflate the evaluated ¢,. It seems clear
that the “true” value of o, in ABB’s experiment

is not the 8.2 x 107** ¢cm? quoted, but rather is
reasonably close to our value of 3.1 x107%* ¢m?.

We have noted in an earlier section that while
the fast relaxation rate is affected by spin ex-
change, the slow relaxation rate is not. Further-
more, we have seen in Fig. 12 that for Rb®-He
in particular, R* makes a far smaller contribu-
tion than anticipated to the “long” relaxation rate
Z,. We expect, then, that ABB’s measurements
of the long relaxation rate of Rb®” in He should be
relatively unaffected by R* and R, and therefore
should be determined almost entirely by wall re-
laxation and electron randomization relaxation in
Rb-He binary collisions, the latter being modified
by the expected nuclear-spin factor [3(27+1)?],
We therefore would expect that for ¢,(Rb%-He)
ABB should obtain our value of ¢, divided by 8,
or 0.39 x1072* cm?. In fact ABB found 0.47 X 10724
cm?®. More-careful calculations show that this
small difference is caused by residual contribu-
tions to ABB’s result from R*. ABB’s long-re-
laxation-rate data for Rb®-He is similarly ex-
plained by the results presented here.

In summary, when spin exchange and R* effects
are taken into account, ABB’s data is compatible
with the nuclear-spin-independent cross section
for (S,) relaxation in binary collisions determined
in the present experiment, o(Rb-He)=3.1 x 1072
cm?®. Their total measured relaxation rates are
strongly affected by R*, as are ours. When only
contributions from binary Rb-atom-buffer-gas-
atom collisions are considered, ABB’s data is
consistent with the theoretical ratios 8:1 for
0,/0,(Rb®-He) and 18:1 for o, /0,(Rb*-He), rather
than the values 18:1 and 30:1 originally quoted.

C. Measurements of the longitudinal and transverse relaxation
of (S-I) of Rb® and Rb* in various buffer gases

In 1974, Vanier, Simard, and Boulanger (VSB)
used a Rb maser to measure the relaxation of Rb®
in He, Ne, Ar, and N, buffer gases, at pressures
up to about 70 Torr.®® In order to determine the
diffusion coefficients and relaxation cross sections,
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TABLE XI. Rough estimations of possible anomalous
relaxation effects in (§ . f} relaxation data. “Const.”
represents the constant additive term necessary to re-
produce the fitted curves of Vanier etal. (Ref. 35) R
is our estimate of the maximum value of the spin-ex-
change rate in their experiment. The difference,

R*@- 1) is compared with R*(S,), as determined in the
present experiment. All units are sec™.

Const. R r*E- D  R*(S,)
He 15.6 4.5 1.1 9.5
Ne 9.8 4.5 5.3 11.5
Ar 16 4.5 11.5 12.5
N, 12.1 4.5 7.6 12.8

VSB fit the following equation to their data:

T2\ b - P
ACRIE <—2>D0—°+noo<§-i> Vi —+Rs. (29)

r b bo
By allowing the spin-exchange rate R, to be a vari-
able parameter, VSB’s analysis would have ob-
scured the presence of anomalous relaxation. We
give a rough idea of this possibility in Table XI,
where we estimate the value of the constant addi-
tive term necessary to reproduce VSB’s fits, and
compare it to our own estimate of the actual spin-
exchange rate in their experiment. The results of
a more careful analysis for Rb®*-He have been
published in Ref. 2, where it has been shown that
the anomalous relaxation rates extracted from
VSB’s data follow quite well the R* values extrac-
ted from the (S,) data.

Due to the relatively small contributions to re-
laxation rates from Rb-He and Rb-Ne binary col-
lisions at low He or Ne pressures, VSB were able
to determine relaxation cross sections only for Rb
colliding with Ar and N,. We compare their results
with ours in Table XII. Since VSB’s technique of
curve fitting effectively places most of the high-
pressure contributions of R* into the fitted R, and
since the rates for relaxation in binary Rb-Ar or
Rb-N, collisions are large relative to contribu-
tions from other sources, VSB’s determinations
of o(S 1) for Ar and N, should be reasonably accu-

TABLE XII. Comparison of cross section for the re-
laxation of (§° f>g (Ref. 35) with the cross sections for
the relaxation of (S,), reported in the present paper.
Theory predicts the two cross sections should be equal.

o@-7) a(S,)

(1074 cm?) (10724 cm?)
Rb-Ar 490 630
Rb-N, 80 83

TABLE XIII. Comparison of diffusion coefficients de-
termined by measurement of (a) relaxation of (§- f)
(Ref. 35); (b) relaxation of coherence of (S-1) (Ref. 35);
(c) relaxation of (Sz)g (Ref. 2); (d) present work. All
units are cm?/sec.

D, (27 °C) D, (32°C)
Rb-He 0.322 0.42¢
0.42° 0.42°¢
Rb-Ne g:;g: 0.23¢
Rb-Ar gi;: 0.16¢
Rb-N; gig: 0.16¢

rate. We have estimated that if only the slope of
their higher-pressure Ar data were used to evalu-
ate 0(3-T), the new value would be only about 10%
higher, nevertheless significantly closer to our
own determination of 0(S,). We recall that for
sudden binary collisions [j(wz)=j(AW)], theory
predicts that o(3-T) should be equal to o¢S,). The
results in Table X confirm this expectation.

VSB also determined diffusion coefficients for
Rb in the various buffer gases. In our analysis of
(S.) data, we found that the anomalous relaxation
rate decreases at low buffer-gas pressures. In
VSB’s analysis, however, a constant (anomalous)
rate is subtracted off at all buffer-gas pressures.
As a result, VSB attribute somewhat less of mea-
sured relaxation rates at low buffer-gas pressures
to wall relaxation than we do. The effective diffu-
sion coefficients evaluated by VSB therefore may
be expected to be slightly smaller than ours. We
compare the results of the two experiments in
Table XTII.

In 1964, Arditi and Carver measured relaxation
rates of (§-1), of Rb® in 14 Torr of He, in 10 and
50 Torr of Ne, and in 5 and 30 Torr of Ar, from
which they deduced values of D, for Rb in He, Ne,
and Ar, and values of ¢(3-T) for Rb in Ne and Ar.?®
These diffusion coefficients and cross sections
should be equal to those found in the present ex-

TABLE XIV. Rates of relaxation of (S- 1) as mea-
sured in Ref. 36, compared to values calculated on the
basis of results reported in the present paper.

(1/Ty) meas. (1/7Ty) cale.

Buffer gas (sec™!) (sec™)
14-Torr He 32 37
10-Torr Ne 23 23
50-Torr Ne 23 19

30-Torr Ar 42 45
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periment. In fact, however, the apparent discrep-
ancies are large. For example, whereas we have
measured 19x10-2* ¢m? for o(Rb-Ne), Arditi and
Carver’s analysis yields a value of 1600x 10-2¢
cm?®! This spectacular disagreement disappears
when R* effects are taken into account. We have
calculated the values of (1/7,) that would be expec-
ted in Arditi and Carver’s experiment on the basis
of the results in the present paper. Since their re-
sults were extrapolated to zero rate of spin ex-
change, we have

1/T,=R +R'+R*, (30)

where R, R’, and R* are defined in Egs. (7), (14),
and (9), respectively. In Table XIV we display the
striking agreement between the newly calculated
values and the experimental results.

VI. SUMMARY

The results of this experiment clarify our under-
standing of electronic and nuclear-spin relaxation
within the ground state of an alkali-metal atom.
By measuring optical-pumping transients at very
high buffer-gas pressures, we have determined
accurate cross sections for (S, relaxation in
simple binary Rb-atom-buffer-gas-atom colli-
sions. By measuring transients in the limit of
very-low buffer-gas pressures, we have found the
diffusion coefficients for Rb in the various buffer
gases. Utilizing these results, we have analyzed
measurements at intermediate buffer-gas pres-
sures, extracting those contributions to relaxation
rates arising from the formation of Van der Waals
molecular complexes. At He and Ne pressures of
less than 100 Torr, the quasimolecular relaxation
rate has been shown to be as much as an order of
magnitude greater than the normal binary relaxa-
tion rate. This discovery has led to the resolu-
tion of many apparent puzzles and anomalies in
earlier experiments. When binary relaxation,
quasimolecular relaxation, wall relaxation, and
spin exchange are properly taken into account, the

electronic spin relaxation of Rb has been shown to
be described well over a wide range of circum-
stances.

Note added in proof. We noted in Sec. IV C that
the cross sections evaluated for 7, in R* relaxa-
tion are significantly larger than the geometric
values. The corresponding factors B and C in Eq.
10 for Rb*-He, for example, are B=1,8x10%

Hz Torr™!, and C=1.9x10' Hz® Torr™2. Since B
and C can be represented by (2/3)(Aw)*(Ts)7,°

one can calculate from either parameter the
strength of the collisional perturbation Aw if the
appropriate formation rate (Tz)™' is known. From
Baylis’ Rb—He potential parameters, we have
€,=1.84x107" erg, and R, ="7.36x107% cm.'®
Using Mahan’s formulation,' we calculate (T)7},
the rate of complex formation in three-body col-
lisions, to be 0.70 )%, assuming the breakup cross
section to be 1xX107! cm® Noting that R*~8 sec™*
at high p, we obtain Aw~2x10° Hz. We have used
the same potertial parameters, along with the cal-
culations of Kiehl,' to estimate the rate of forma-
tion of complexes in two-body collisions, (7).
We obtain (Tf)"'=40p, which, taken with the value
of B above, yields (Aw)= 2.6x10° Hz. While the
two values of (Aw) thus determined are consistent,
they also are rather large. The high-pressure
measurements alone yield results that appear more
reasonable. Considering the high-pressure limit
of R* in Rb-He to be 8 sec™, for example, and
taking 0,=0,=1x10"" cm?, we obtain (Aw) ~174
MHz, based on the (Tf)”! given above. We con-
clude that more sophisticated analyses of R* data
may provide substantially different values of B,

C, and g,. We hope that the initial results may
stimulate a more definitive theoretical attack on
this problem.
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