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The spin-exchange rates due to binary collisions and due to the formation of van der Waals mole-
cules between **Kr nuclei and optically pumped rubidium-metal vapor have been determined using
a technique that relies on the simultaneous observation of frequency shifts of nuclear magnetic reso-
nance lines of noble-gas atoms and corresponding frequency shifts of electron paramagnetic reso-
nance lines of alkali-metal atoms. In contrast, earlier studies have relied on the observation of the
spin-relaxation rate of either the alkali-metal atoms or the noble-gas atoms.

I. INTRODUCTION

The nuclei of noble-gas can be polarized by spin ex-
change with optically pumped alkali-metal vapor."? This
technique has become increasingly popular due to its sim-
plicity and the long spin-relaxation times associated with
nuclear polarized noble gases. In atomic physics, experi-
ments utilizing spin exchange in alkali-metal-noble-gas
systems have included studies of quadrupolar-wall in-
teractions,® tests of local Lorentz invariance,* and
searches for permanent electric-dipole moments in
atoms.’ In nuclear physics, applications of spin exchange
have included the measurement of the magnetic moments
of a wide variety of radioactive noble-gas isotopes,® and
the production of polarized targets.” Other novel appli-
cations of spin exchange have included using a sample of
polarized *He as a “spin filter” to polarize epithermal
neutrons for the study of parity-violating neutron absorp-
tion resonances,® and a recent proposal to stop unpolar-
ized negative muons in polarized noble gases in an effort
to create polarized muonic atoms.’ Clearly, in addition
to being interesting to study for its own sake, spin ex-
change in alkali-metal-noble-gas systems has become in-
creasingly useful in a variety of contexts, making the
characterization of spin-exchange processes quite in-
teresting.

We report here the first measurement of the spin-
exchange rates due to binary collisions and due to the for-
mation of van der Waals molecules between **Kr nuclei
(which have a nuclear spin K =3) and optically pumped
rubidium-metal vapor. We have used a technique for our
studies that is based on the observation of frequency
shifts of the nuclear magnetic resonance (NMR) lines of
the noble-gas nuclei and the electron paramagnetic reso-
nance (EPR) lines of the alkali-metal atoms. As was first
shown by Grover,'° the spin-polarized nuclei of noble-gas
atoms causes a shift in the EPR frequency of the alkali-
metal atoms when both types of atoms are in the same
gaseous sample. Similarly, the spin-polarized valence
electrons of the alkali-metal atoms causes a shift of the
NMR frequency of noble gases. These shifts have been
described extensively by Schaefer et al. in an earlier pa-
per.!! Prior to this work, the study of spin-relaxation
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times has provided the primary means of investigating
spin exchange in alkali-metal-noble-gas systems. How-
ever, because of the **Kr nucleus interacts so weakly with
the Rb atom, the Rb-induced nuclear relaxation rate of
8Kr is quite small compared to the wall-induced relaxa-
tion rate at the highest Rb vapor pressures for which our
optical probing methods can be used. Furthermore, the
wall relaxation rate is temperature dependent, thus com-
plicating measurements in which the Rb vapor pressure
is temperature controlled. It is consequently very
difficult to use studies of ®*Kr nuclear spin-relaxation
rates to determine the basic spin interaction coupling
constants of the Rb-33Kr system while still employing op-
tical probing of the nuclear polarization. We have there-
fore used the new frequency-shift method described
below to determine the coupling constants. The walls
have no influence on the frequency shift, except indirect-
ly, in that wall-induced relaxation limits the ultimate po-
larization that can be produced in the sample. By mak-
ing our measurements at a single temperature, the effect
of the walls on the 33Kr polarization was held constant.
The technique of frequency shifts has the advantage that
frequencies can be measured quite accurately. Also, it
has the advantage that systematic errors associated with
knowing accurately the alkali-metal number density are
suppressed. The disadvantage of the technique is that in-
terpreting the data requires prior knowledge of k,, an
enhancement parameter, previously measured'! by
Schaefer et al., that appears in the equations that de-
scribe the frequency shifts [see Eq. (29), for instance].
Fortunately, the dependence of our data on k; is
suppressed, as will be discussed later.

To illustrate the technique, a representative measure-
ment is shown in Fig. 1. Each data point represents a
measurement of the nuclear polarization of a 3*Kr sample
that has been polarized by spin exchange with optically
pumped Rb vapor. The ¥*Kr polarization is measured by
observing the shift it causes in the EPR frequency of the
Rb vapor. An oscillating magnetic field, near the Larmor
frequency of ¥3Kr, is applied to the sample while it is be-
ing polarized. When the frequency is near resonance, the
buildup of polarization is inhibited. By observing the
final 8Kr polarization as a function of the frequency of
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the oscillating magnetic field, the NMR lines shown in
Fig. 1 are obtained. The upper and lower NMR lines
correspond to the Rb vapor being polarized antiparallel
and parallel to the magnetic field, respectively. The shift
between the two NMR lines is due to the effective mag-
netic field created by the polarized Rb vapor. More de-
tails concerning Fig. 1 appear in the experimental sec-
tion.

At pressures below about 150 Torr, spin exchange in
the Rb-Kr system takes place mostly in loosely bound
van der Waals molecules that are formed during col-
lisions between a Rb atom, a Kr atom, and a third
body.">!2 The simplest spin Hamiltonian for the Rb-Kr
system consistent with presently known experimental
data is

H=AI'S+'}’N‘S+aK'S+gsl,LB'S+ Y (1)

where AI-S is the hyperfine interaction between the
alkali-metal valence electron spin S and its own nuclear
spin I, yN-S is the spin-rotation interaction between S
and the rotational angular momentum N of the Rb-Kr
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FIG. 1. Nuclear magnetic resonance (NMR) scan for #*Kr.
For the lower resonance curve, {S,) and (K, ) are parallel to
the external magnetic field B, and for the upper curve (S, ) and
(K,) are antiparallel to the external field. The nuclear reso-
nance appears as a shift of the electron paramagnetic resonance
(EPR) frequency. As discussed in the text, the EPR frequency
shift is directly proportional to the nuclear spin polarization of
the Kr atoms. The scale for the krypton polarization (defined
here as (K, ) /K) is subject to a 33% uncertainty in the Rb po-
larization. The width of the curves is dominated by the small
splitting of the 83Kr spin sublevels by the interaction of the nu-
clear quadrupole moment with an electric field gradient, which
acts on the nucleus while the Kr atom is close to the surface of
the sample cell.
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system, aK-S is the Fermi contact interaction between S
and the nuclear spin K of the Kr, and g,uzB-S is the
largest of the Zeeman terms. We note that the term
aK-S is responsible for spin exchange in the Rb-Kr sys-
tem. The spin-rotation interaction yN-S is the primary
cause of the spin relaxation of optically pumped Rb va-
por in the Rb-Kr system, and has been measured previ-
ously by Bouchiat, Brossel, and Pottier.!> A full deter-
mination of the Rb-Kr, system requires an understanding
of each of the terms in (1). Also, one must characterize
the formation and breakup rates of the van der Waals
molecules, and their mean molecular lifetime 7.

Three quantities are measured in our experiment: the
85Rb EPR shift Av(3*Rb), the *Kr NMR shift Av(¥*Kr),
and the longitudinal relaxation rate of the %*Kr nuclear
polarization I', due largely to wall collisions. Represen-
tative examples of the raw data obtained in our experi-
ment are shown in Figs. 1 and 2. The ¥Kr NMR shift is
one-half of the splitting between the two NMR lines that
appear in Fig. 1. A measurement of the longitudinal
spin-relaxation rate I' is shown in Fig. 2, in which the
EPR shift is graphed as a function of time, illustrating
the exponential decay of the Rb EPR shift which is pro-
portional to {K,). The measurement of Av(**Rb), that
appears in (2) below, is illustrated in both Figs. 1 and 2.
The quantity Av(®*Rb) is defined here as the maximum
EPR shift that is obtained when a cell is pumped with a
given laser power for a set length of time. In Fig. 2, it is
the initial EPR shift that occurs before the 3’Kr polariza-
tion begins to decay. In Fig. 1, it corresponds to the base
line of the NMR lines, that is, the EPR shift that is ob-
tained when the applied oscillating magnetic field is
sufficiently far from resonance that the buildup of Kr po-
larization is not inhibited. We will show that the product
of the ratio of the frequency shifts and I" can be written
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FIG. 2. The ®Rb EPR shift, which is proportional to (K, ),
is plotted as a function of time. Data of this sort are used to ex-
tract the longitudinal spin-relaxation times of the ®*Kr nuclei
for the four cells studied. This measurement was made using
cell 3.
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T Av(®*Rb) _ 11 Pr 1

=5 N e T

—— +2[Kr]{veo)
2 Av(®Kr) 8 [Kr}{vo

(2)

where v, defined by (22) and (23), is a characteristic
spin-relaxation rate due to van der Waals molecules, f is
the isotopic fraction of 83Kr, [Kr] is the number density
of Kr, Py is the Rb hyperfine polarization defined in (9),
Py is the Rb electronic polarization defined in (11), Np is
a normalization factor defined in (10), and {vo ) is the
velocity averaged binary-spin-exchange cross section
defined by (5). Our samples contain mixtures of both Kr
and N,, either of which can act as a third body during
molecular formation. The factor 1/(1+br) in (2) ac-
counts for the relative importance of N, and Kr as third
bodies, where r =P(N,)/P(Kr) is the ratio of the N,
pressure P(N,) to the Kr pressure P(Kr). The coefficient
b =P,(Kr)/P,(N,), where P,(Kr) and Py(N,) are the
characteristic pressures at which the molecular breakup
rate 7~ ! is equal to the spin-rotation frequency yN /h in
the limit where only one gas, either the Kr or the N,, is
responsible for the formation and breakup of the van der
Waals molecules. The characteristic pressures are
defined in (19).

The first term in (2) arises from van der Waals mole-
cules, while the second term arises from binary collisions.
The pressure dependence of the two terms is quite
different; the first term is proportional to 1/(1+br),
whereas the second term is proportional to [Kr]. By
studying cells that are characterized by various different
values of » and [Kr], and fitting our data to (2), we can ex-

tract three quantities of interest: y,, (vo), and
]

—(K >——2f

Ty &7 | +1)ﬁ

+[RbJ{vo )(2(S,)(R?—K2)—(K,))

where 1/T is the formation rate of van der Waals mole-
cules per noble-gas atom, and we have introduced the
operator F, the total angular momentum of the Rb atom.
Also, we have introduced the notation F>=F-F. The
sum in the first term contains two terms corresponding to
the two naturally occurring isotopes of rubidium, ®Rb
(I;=%) and ¥Rb (I,=1), that occur with isotopic frac-
tions f,=0.7215 and f,=0.2785, respectively. The first
term on the right-hand side of (5) describes spin exchange
that takes place in van der Waals molecules, the second
term describes spin exchange that takes place during
binary collisions, and the last term describes spin relaxa-
tion due to wall collisions and perhaps magnetic field in-
homogeneities.

Under our experimental conditions we expect the Zee-
man sublevel populations of the Kr atoms to be in spin
temperature equilibrium, so the relative population p(m)
of sublevels with azimuthal quantum number m will be
proportional to ePX?™ where B(Kr) is the spin-
temperature parameter. The wall relaxation rate I'’ is al-
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b =P,(Kr)/Py(N,). Measurements of Av(’Rb),
Av(¥*Kr), and T were made on each of four cells. The
new results reported here, together with earlier measure-
ments by Bouchiat, Brossel, and Pottier,'? make the spin
interaction of the Rb-Kr system the most completely
characterized of all the alkali-metal-noble-gas atom
pairs.

II. THEORY

To derive (2), we consider the high-pressure short-
molecular-lifetime limit defined by

L +0m | < )

where I; is the nuclear spin of one of the two naturally
occurring isotopes of Rb. We note that the mean molec-
ular lifetime 7 varies inversely with pressure. In this lim-
it, the ratio of the frequency-shift equations (2) and (3) of
Ref. 11 have the simple form

Av®Rb) _ 1 (KD [¥Kr]
Av(®Kr) (2I;+1) (S,) [Rb] ’

where [3°Kr] is the number density of 3*Kr, [Rb] is the
number density of rubidium, and I ,=% is the nuclear
spin of the isotope 3°Rb whose EPR frequency is detect-
ed.

Next we must derive an expression for (K,). We be-
gin with the rate equation governing the time evolution
of (K, ), which in the limit (3), is given by Eq. (109) of
Ref. 1 which we have generalized to include the effects of
binary collisions and wall relaxation:

(4)

)(kz K2)(F,)—(F2—F2)(K,))

-TI(K,), (5)

f

ways so great compared to the spin-exchange rate of the
Kr nuclei with the Rb vapor that B(Kr) <<1. For small
values of B(Kr) one can readily show that

(R*—K2)=1K (K +1)+O(BXKr)) , (6)

where O(B*Kr)) represents terms of order 52. Using (6),
we can write the equilibrium solution of (5) as

i<Fiz>
(k,)== |1 |er _f__2
T |Tx | # | <@L+
+2[Rb](ua>(sz>]§K(K+1), (7
where

r=r'+[Rb]<va>

Zf, <i~‘2 F2) . (8)

(21, +1)ﬁ
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Physically, T is the relaxation rate of (K,) due to both
wall collisions and the Rb vapor, and is measured by tak-
ing data of the sort shown in Fig. 2. We note that I" has
a slightly different value when the Kr is being polarized
than it does when the Kr polarization is allowed to decay
as it is in Fig. 2. This is because I" depends on the Rb po-
larization through the last term of (8). In our experimen-
tal conditions, however, the second two terms of (8) are at
most about 2% of the size of I''. This follows from the
fact that (K, ) is never great than about 2% of its max-
imum possible value. For instance, of cell 1, we mea-
sured I'= -1 sec, and the second two terms of (8) can be
computed to be i sec for the case of low Rb polariza-
tion. (The second two terms are even smaller for high Rb
polarization.) Noting that the second two terms of (8)
change by less than a factor of 2 between high and low
Rb polarization, we conclude that approximating I' as
being independent of the Rb polarization results in less
than a 1% error.

To simplify (7), it is convenient to introduce a
hyperfine polarization P defined by

1 2fi(Fiz>

- ) 9)
Np < (21, +1)?

Pp
where the hyperfine polarization normalization factor Np
is defined by

fi
Np=3—7"7—. 10
F 2 (21,+1) 1o
For natural Rb, N, =0.1899. From the definition of Py
it is clear that —1= P, <1. Similarly, we define an elec-
tronic polarization Pg where

Pg=2(S,) . (11

In the limit of high polarization, |Pz|=|Pg¢|=1. The po-
larization of the Rb vapor, like the Kr polarization, can
be described by a single spin-temperature parameter
B(Rb). Consequently, both Pp and Pg are well-defined
functions of B(Rb) and one can use some of the argu-
ments presented in Ref. 1 to show that

— .=1.887,  (12)
Np < (2L+1)? f

li P./P.=
ARE) 0 r/Ps

where the numerical value is for natural Rb. Thus the ra-
tio Pr/Pg is bounded between 1 and 1.887, which is im-

portant for the interpretation of our experimental results.
In terms of Pr, Pg, and Np, we can write (K, ) as

2
11 |ar |,
<Kz> F TK ﬁ 2NPPF
+[Rb]{vo)Ps | 2K (K +1) . (13)

Our experimental samples contain both Kr and N,,
and either gas can act as a third body during the forma-
tion and breakup of the van der Waals molecules. In or-
der to most simply take this fact into account, we notice
that in Eq. (5), the molecular contribution to spin ex-
change is proportional to 72/Tk. In chemical equilibri-
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um the breakup rate of molecules per unit volume must
equal the formation rate per unit volume and we must
therefore have

[Rb-Kr] _ [Kr] _ [Rb]
T Tk Ty’

(14)

where [Rb-Kr] is the number density of van der Waals
molecules, and 1/T is the formation rate of van der
Waals molecules per alkali-metal atom. From (14) we
have that

TLF=[Kr]KT—‘, 15)
where « is the chemical equilibrium constant:
(= LRb-Kr] (16)
[Rb][KTr]

From (15) it follows that
2

=[Kr]l«kr

2
1

Ty

aT

#i

a

7 (17)

The molecular breakup rate 1/7 can be written as the
sum of two terms corresponding to breakup due to col-
lisions with Kr atoms and N, molecules, respectively.
Thus

1

T

+
Kr

(18)

T

N,
The characteristic pressure P is defined by the equation

P

from which it follows that

P(Kr)
Po(Kr)

1_yN
T #

_+_
PoN,) |~ % Pykr) 1T

P(N,) ]=M P(Kr)

(20)

where b and r were defined earlier. Substituting (20) into
(17) we get that

2 2
1 ar | g B0 1 e
Tp | # YN P(Kr) 1+br | #
—yy—— 1)
VM
where
) 2
. ar
= l —_— | ==
Yu P(nglﬂoTF #i @2)

From the ideal-gas law we know that P(Kr)=[Kr]kyT,
which when substituted into (21) allows us to express

_ KAPy(Kr) (4 |’

a
yNkyT , (23)

147 #

which is independent of Kr pressure, and is thus funda-
mental to the Rb-Kr system. Physically, y,, is the spin-
relaxation rate of hypothetical rubidium atoms with nu-
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clear spin I =0, due to the interaction aK-S in Rb-Kr
van der Waals molecules when the Rb atoms are in pure
8Kr gas at sufficiently high pressure that the molecular
contributions to Rb spin-relaxation rate have saturated.

We note that y,, is related in a simple way to the
quantity @*, which Bouchiat defined as the high-pressure
low-magnetic-field limit of the slowest spin-relaxation
rate of alkali-metal atoms due to alkali-metal—noble-gas
van der Waals molecules.!? Bouchiat showed that

21 1

_2 1 YNt
'3 Tp (2L +1)

#i

) (24)

where the subscript i refers to the specific isotope of Rb
whose spin relaxation is being studied. We note that this
expression ignored the Rb spin relaxation due to nonzero
noble-gas nuclear spin, which in Bouchiat’s measurement
was a small effect. Bouchiat’s measurements were made
with samples that contained alkali-metal atoms and
noble-gas atoms, without the presence of N, as in our
measurements. We can relate @; to y,, through the
quantity

x=yN/a, (25)

the ratio of the strength of the spin-rotation interaction
to the Fermi-contact interaction. The quantity x has
been discussed extensively elsewhere,? and is very useful
for characterizing alkali-metal-noble-gas systems. Later,
we will extract a value for x from our measurements. Us-
ing (22) and (25) we have that

M= al . (26)

1
2
3L+ 1=

Returning to our derivation, we express the factor
(1/Tx )ar/#)?, which depends on both the Kr pressure
and the N, pressure, in terms of y,, with the help of (14)
and (21):

2
1 Jar | _[Rb] | |ar
Ty | # [Kr] Ty | #
_ [Rb] 1
[Ke] ™™ | T+or | @7
Substituting (27) into (13) we obtain
_1|[Rb] 1
(K)=+ TR
+[RbJ{vo )Ps | 2K (K +1) . (28)

Substituting (28) into (4), and inserting the numerical
values I, =3 and K =, we arrive finally at (2).

III. EXPERIMENT

A schematic of some of the key components of the ex-
perimental apparatus is shown in Fig. 3. Measurements
are made on sealed Pyrex cells that contain krypton, iso-
topically enriched to a fraction of 0.70+0.01 3Kr, nitro-
gen, and several milligrams of natural rubidium. The
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cells are contained in an oven and heated to a tempera-
ture of 90°C to achieve a Rb number density of about
3X 102 cm 3. A static magnetic field of 0.11 G is pro-
duced by a solenoid. Magnetic shielding is used to
reduce magnetic noise to less than 1 mG, and a Cs mag-
netometer not shown in Fig. 3 is used to sense the magni-
tude of the field. Any fluctuations in the field are can-
celed by feedback of current into the compensating coils
shown in Fig. 3.

The frequency shifts of the alkali-metal EPR lines are
measured by using a feedback system to actively lock a
voltage-controlled oscillator (VCO) to the 100th harmon-
ic of the EPR frequency of ¥®Rb. The EPR frequency is
determined by measuring the VCO frequency with a gat-
ed counter. This technique is described in greater detail
in Ref. 11. A measurement of Av(®*Rb) consists of three
phases. In the first phase the cell is subjected to a strong
inhomogeneous oscillating magnetic field at the Larmor
frequency of the krypton. This ensures that no polariza-
tion exists in the krypton.'>!'* During the next phase, the
Rb atoms in the vapor phase are maintained at high po-
larization by optical pumping with several hundred mil-
liwatts of circularly polarized 794.8-nm light from a cw
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FIG. 3. Schematic diagram of the experimental apparatus
emphasizing the components used for locking to the EPR fre-
quency of the Rb. An error signal from the lock-in amplifier is
fed through a proportional and integral (P.I.) feedback circuit
and a summing circuit to lock the voltage-controlled oscillator
(VCO) onto the 100th harmonic of the Rb EPR line. Not
shown are the coils used to produce the oscillating field used
during the NMR scans, or the Cs magnetometer and other com-
ponents used to lock the magnetic field.
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dye laser, pumped by a krypton-ion laser. During the
pumping phase, angular momentum is transferred from
the spin-polarized Rb atoms to the nuclear spins of the
8Kr atoms in spin-exchange collisions and in van der
Waals molecules. The final phase consists of observing
the EPR frequency shift in the Rb metal due to the nu-
clear polarization of the krypton. The EPR shift decays
with time, thereby providing a measure of the longitudi-
nal spin-relaxation rate I', as is illustrated in Fig. 2.

The determination of Av(3*Kr) relies on techniques
identical to those used for the measurement of Av(3°Rb)
except that during the pumping phase an oscillating mag-
netic field is applied to the #*Kr. When the frequency of
the oscillating field is near the Larmor frequency of the
krypton atoms, the buildup of polarization is inhibited
because of the precession of the krypton atoms. The shift
of the Rb EPR frequency at the end of the pumping
phase is proportional to the polarization that has built up
in the krypton. An NMR line is measured by making a
series of measurements of Av(¥Rb), each of which corre-
sponds to a different frequency of the oscillating field that
is applied during the pump-up phase. A representative
measurement of the frequency shift of the NMR lines of
the krypton is shown in Fig. 1. Both NMR lines corre-
spond to the ground-state Zeeman splitting in ®Kr.
Measured in the presence of polarized alkali vapor, the
two NMR lines correspond to the alkali spin oriented
parallel and antiparallel to the external magnetic field.
The separation of the two NMR lines is equal to
2Av(¥Kr).

Measurements were made on four sample cells. The
contents of each cell, together with the measured values
for Av(¥*Rb), Av(®*Kr), and T, are given in Table I. A
least-squares fit of the data of Table I to Eq. (2) is illus-
trated in Fig. 4. The upper curve corresponds to a kryp-
ton pressure of 25 Torr, and the bottom curve corre-
sponds to a krypton pressure of 15 Torr. The base line
that is drawn is the fitted binary contribution to the data
corresponding to a krypton pressure of 15 Torr, and is
thus the asymptote for the lower curve. Three quantities
can be extracted from the fit of our data to (2): the
velocity-averaged binary spin-exchange cross section
(vo ), the characteristic molecular spin-relaxation rate
¥ m» and the ratio Py(Kr)/Py(N,), shown as items (1)-(3)
in Table II.

In order to determine y,, we must know, for each cell,
the ratio of the Rb hyperfine polarization to the Rb elec-
tronic polarization Py /Pg. The noble-gas NMR frequen-
cy shift is given by
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I Av(®Rb) 10+
2 Av(®3Kr)

Y

(sec”

0.0 0.5 1.0 1.5 2.0 2.5
r=P(N,)/P(Krn)

FIG. 4. The data contained in Table I are graphed as a func-
tion of r =P(N,)/P(Kr), together with a fit to Eq. (2). Three
quantities are extracted from the fit: the velocity-averaged
binary spin-exchange cross section (vo), the ratio
b=Py(Kr)/Py(N,), and the characteristic spin-relaxation rate
¥ u due to van der Waals molecules. The fitted values for (vo ),
Yu, and b are shown as items (1), (2), and (3) of Table 1. The
upper curve corresponds to cells 3 and 4, each of which contains
25 Torr of Kr. The lower curve corresponds to cells 1 and 2,
each of which contains 15 Torr of Kr. The displacement of the
two curves yields a measure of (vo ).

Ikl
2A|W(BKr)| = —iﬂ‘—g—;’—pagsxo[kb]Ps .29

where py, is the magnetic moment of 33Kr, pujp is the
Bohr magneton, gg is the Landé g factor, and
Kp=270%95 is an enhancement factor, specific to the
Rb-Kr system, that has been measured previously by
Schaefer et al.'"'> The knowledge of k, provides a cali-
bration enabling us to use (29) to relate Av(3’Kr) to the
Rb electronic polarization Pg for each cell measured. Be-
cause of the spin-temperature equilibrium in the Rb va-
por, a determination of Py is equivalent to a determina-
tion of the spin-temperature parameter SB(Rb), from
which P and Pr/Pg can be computed. As discussed in
connection with (12), the ratio P /Py is constrained to lie
between 1 at high polarization and 1.887 at low polariza-
tion. While Pg is only known absolutely to about 33%
because of uncertainties in «,, the bounded ratio P /Py is
known much better. For the four cells measured, P
ranged between 0.57 and 0.74, and the ratio Pp/Pg
ranged between 1.15 and 1.28. The average value of
Pr/Pg for the four cells used in our measurements was

TABLE I. Experimental measurements.

85 T'Av(®*Rb)
P(Kr) P(N,) 1/ Av(®°Rb) 2Av(Kr) —__ZAV(83Kr)
Cell No. (torr) (torr) (sec) (Hz) (mHz) (sec™!)
1 15 20 733+5 494+1.0 11.48+0.10 5.87+0.13
2 15 35 872+5 48.5+1.0 12.82+0.10 4.34+0.11
3 25 10 466+3 52.942.0 9.85+0.10 11.52+0.46
4 25 25 605+4 59.9+1.5 12.34£0.15 8.02+0.22
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TABLE II. Summary of results.

(1) (vo) (2.14£0.5)X107'"® cm?sec™! fitted

() Ym 63+12 sec™! fitted

3) Po(Kr)/Py(N,) 1.90+0. 54 fitted

@) TP? (1.06£0.05) X 1072 sec Torr? Ref. 12

(5) TP (5.69+0.17) X 10~ sec Torr Ref. 12

(6) YN /h 26.85+0.78 MHz Ref. 12

(7) Py(Kr) 9.60+0.40 Torr Ref. 12

1t (/T )k, (20.8+1.6)X 107 !* sec From items (4) and (5),
adjusted for temperature.

9) a/h 2.77+£0.27 MHz From items (2) and (8).

(10) x=yN/a 9.68+0.95 From items (6) and (8).

(11) Py(N,) 5.1x1.4 Torr From items (3) and (10).

1.20+0.12, which is used in the plot shown in Fig. 4. In
deriving the fitted value of y,, that is quoted as item (2)
of Table II, we have taken into account the small cell-to-
cell variations of P /Ps.

Several quantities of interest can be obtained by com-
paring our measurements with the measurements, de-
scribed in Ref. 12, that were made by Bouchiat, Brossel,
and Pottier. The strength of the Fermi contact interac-
tion a can be deduced from our determination of y,, if
we know 72/Tp. We use Bouchiat’s measurements of
TrP? and 7P, which are listed in Table II as items (4) and
(5), to derive 77 /Tr=30.54X 10" sec. Bouchiat’s mea-
surements were made in the absence of N,, at 27°C. Our
measurements were performed at 90°C, so we must scale
7 /Tg to account for the temperature difference. We as-
sume that 1/7< T'2 where T is the temperature. This
follows if we assume that the breakup cross section is
nearly velocity independent. The temperature depen-
dence of 1/Ty follows from considering (15). If we as-
sume that the van der Waals potential is shallow enough
that the Boltzmann factor e~ ¥/*T does not vary much
from unity, then k< T 3’2 because of the temperature
dependence of the phase space of an ideal gas. Since
1/Tgx<kr™!, it follows that 1/Tf«1/T. We conclude
that 72/T < 1/T? which we have used to arrive at the
temperature scaled value that is listed as item (8) in Table
II. Using /Ty and our measured value of y,,, we ar-
rive at the value of a/h that is listed as item (9).

Another quantity of interest is the ratio x =y N /a.
Using Bouchiat’s measurement of YN, we can calculate
the ratio x =y N /a, which is given as item (10) in Table
II. It is important to note that ¥ N is expected to vary by
less than 1% in the temperature range spanned by
Bouchiat’'s measurements and ours.!® The physical
reason for this is due primarily to two things. Firstly, the
population distribution of the angular momentum states
of the van der Waals molecules depends only weakly on
temperature. Secondly, the spin-rotation coupling con-
stant ¥ depends only weakly on temperature. The tem-
perature dependence of the spin-rotation coupling con-
stant y arises from the dependence of ¥ on the interatom-
ic distance R (see Ref. 17). The positions of the minima
of the effective potential curves for the van der Waals
molecules determine R, and the minima change only

slightly as a function of N. Thus the fact that N depends
only slightly on temperature greatly suppresses any tem-
perature dependence that ¥ might have.

Finally, using Bouchiat’s measurement of Py(Kr), we
can use our measured value of Py(Kr)/P,(N,) to calcu-
late Py(N,), which is given as item (11). We note that
from (19), P, depends on the product 7y N. Since YN is
largely independent of temperature, and 7« T2 we
expect Py« T~!/2. Bouchiat’s measurements of Py(Kr)
were made at 27 °C, and we have not applied any temper-
ature scaling, so our quoted value of Py(N,) is for a tem-
perature of 27 °C.

IV. CONCLUSIONS

We can summarize our results as follows.

(1) We have determined, for the first time, the parame-
ters that govern the polarization of **Kr nuclei through
their interaction with optically pumped Rb vapor.

(2) It is interesting to compare some of the experimen-
tally determined parameters that are summarized in
Table II with some recent estimates that have been calcu-
lated by Walker.'® As is shown in Table III, the agree-
ment is quite good, particularly given the fact that
Walker’s estimates were not meant to be extremely pre-
cise.

(3) The study of the ratio of frequency shifts is an im-
portant new technique for studying spin-exchange param-
eters in alkali-metal—noble-gas systems. It is particularly
useful when temperature-dependent wall relaxation
effects complicate measurements in which the Rb number
density is temperature controlled.

(4) At high pressures, where spin exchange is dominat-
ed by binary collisions, the ratio of frequency shifts does
not depend on the Rb polarization, and the binary spin-

TABLE III. Comparison with calculations.

Quantity Calculated (Ref. 16) Experimental (See Table II)

o 7.1x1077 A’ 4.9+1.2)x10°7 A’
yN /h 21 MHz 26.85+0.78 MHz
a/h 1.8 MHz 2.77+0.27 MHz

x=yN/a 11.7 9.68+0.95
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exchange cross section could be measured with an accu-
racy of several percent or less. Also, as the enhancement
parameters k, for various different alkali-metal—noble-gas
pairs are determined with better precision, the use of fre-
quency shifts at lower pressures will yield more accurate
results.
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