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Electronic and nuclear spin relaxation of optically pumped K atoms has been measured

in the presence of He and Ne gases. The nuclear-spin-independent cross sections for the
destruction of electronic spin polarization in the 4'S l&2 ground state of K are
tr[y(S N)](K-He)=8. 0X10 ' cm and cr[y(S.N)](K-Ne)=141)&10 ' cm'. The dif-

fusion coefficients of K in He and Ne, corrected to 273 K, are Do(K-He) = 0.35 cm' sec
and Do(K-Ne)=0. 19 cm sec '. All measurements have an estimated uncertainty of
+10%. The relaxation of K is shown to be strongly affected by an anomalous process
which is attributed to the modification of the K hyperfine interaction induced by the for-
mation of K-He and K-Ne van der Waals complexes.

I. INTRODUCTION

The best known cause of electronic spin relaxa-
tion in sudden binary collisions of alkali-metal
atoms with noble-gas atoms is the effective spin-
orbit interaction y(S N), induced between S, the
spin of the valence electron of the alkali-metal
atom, and N, the angular momentum of the alkali-
metal atom and the noble-gas atom around each
other. ' The y(S N) interaction is important both
in sudden binary collisions and in molecule-forming
or "sticky" collisions. In the case of Rb in

moderate pressures of He and Ne, however, the
dominant mode of relaxation has been shown to be
an anomalous process, attributed to the modifica-
tion of the Rb hyperfine interaction in the forma-
tion of Rb-He and Rb-Ne van der Waals mole-

cules. Recent measurements of the relaxation of
Rb and Rb at high magnetic fields confirm the

importance of this anomalous effect, and lend sup-

port to its molecular interpretation.
We have used low magnetic field white light opti-

cal pumping to measure the electronic and nuclear-

spin relaxation of the 4 S&~2 state of K. Our pri-

mary interest lay in determining the degree to
which anomalous relaxation might exist in an alkali

metal with a significantly smaller hyperfine interac-
tion than Rb. A secondary interest was that spin-
relaxation rates for potassium had been measured

previously only in He, and had been evaluated at a
time when the influence of nuclear-spin mechanics
on optical pumping transients was not fully appre-
ciated. There was the promise, therefore, also of
gaining new information on the y(S N) cross sec-

tions for K.
We report here measurements of the spin relaxa-

tion of the 4 S~~2 state of K in He and Ne buffer
gases at pressures ranging from 1 to 600 Torr. We
determine the relevant diffusion coefficients and
cross sections for y(S.N) relaxation. We find that
anomalous relaxation is present for K in He and
Ne, although to a smaller degree than for Rb in

these gases.

II MEASUREMENTS OF (S*)s
PUMPING TRANSIENTS

Our experiment involves cr+ D& white light opti-
cal pumping of K. We made measurements using
the relatively standard transmission monitoring op-
tical pumping apparatus described in Ref. 10; only
the features relevant for K are described here. As
usual, the optical pumping transient monitored the
evolution of (S, )s, the ground-state electronic spin
polarization of the alkali-metal vapor.

A. Pumping cell

The optical pumping cell was a pyrex cylinder of
inner dimensions 6.90 cm in diameter and 8.25 cm
in length, situated in a magnetic field of 0.21 G.
The all-metal and glass-gas handling system initial-

ly was baked at 360'C for a minimum of 12 h: The
ultimate vacuum obtained was 1.0 )& 10 Torr.
Following bakeout, dry nitrogen was admitted to
the system and the chloride of the appropriate K
isotope plus calcium shavings were placed in a
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sidearm. After resealing and several subsequent
hours of pumping, the K was distilled under vacu-

um into the cell, and the sidearm was drawn off.
The cell was surrounded by a thermally insulated

box, with optical access provided by two 3-in. diam-

eter holes into which evacuated pyrex cylinders
were sealed. The cell was heated by a noninductive
element and was maintained to within +0.1'C by a
temperature controller.

8. Detection of the transient pumping signal

The pumping beam was similar to that described
in Ref. 10, with K D&-pass (7699- A) filters replac-

ing the corresponding Cs filters. Changes in the
transmitted light intensity were monitored by ob-

serving the voltage drop across a 500-kQ resistor of
the current from an unbiased PIN 10D photodiode.
The monitoring signal was fed into one input of a
PAR 113 ultralow-noise dc preamplifier. A balanc-

ing voltage from a mercury-cell potentiometer was

fed into the other input. Optical pumping tran-
sients ranged from a few parts in 10 to a few parts
in 10 of the intensity of light incident upon the
photodetector.

The differentially amplified signal was fed into
the dc input of a signal averager. The timing of the
experiment was controlled by the signal averager.
At the end of each sweep the averager produced a
synchronous pulse which triggered a single cycle of
a low-frequency square wave from a function gen-

erator. The square wave gated another function
generator which throughout the initial half cycle

supplied sinusoidal rf power (137 kHz for the K
isotopes) to a modified Helmholtz coil mounted on
the optical pumping cell, saturating the ground-
state Zeeman resonance in both the F=2 and F=1
hyperfine sublevels. The sweep of the signal
averager thus provided an initial baseline (rf power
on) followed by the optical pumping transient (rf
off). Depending on the signal size, between 2" and
2' sweeps were averaged.

We used the low-frequency roll off (0.03 Hz) on
the PAR preamplifier to block small drifts in the dc
light level. Since no single sweep time was longer
than 2.0 sec, no discernable distortion of the signal
was introduced by this procedure. The ambient
room temperature was controlled during the experi-
mental run in order to ensure constancy of filter
transmission and degree of light polarization. Be-
fore each run the circular polarization of the pump-
ing beam was checked by placing a linear polarizer
in the beam. Adjustments of circular polarization
were made until rotation of the linear polarizer pro-
duced an intensity change of l%%uo or less.

C. Extraction and analysis of the experimental data

The signal averager stored and averaged the
pumping signal in 1000 digitized channels. Data
acquired from each run was punched onto paper
tape, read into the computer, and fit by Eq. (2). In
addition to normal statistical analyses, a plot of the
theoretical fit was plotted on top of the experimen-
tal data for each run to provide a visual check of
the "goodness" of the fit.

III. RESULTS AND DISCUSSION
A. Pumping equations

The most important interactions contributing to relaxation of optically pumped alkali-metal vapors are
various kinds of collisions of pumped atoms with the walls of the cell, with buffer gas atoms, and with un-

pumped atoms (spin exchange). Collisions may be binary and sudden in nature, or may be "sticky" or multi-

ple body resulting in the formation of quasimolecular complexes. Interactions both in the ground state and in

the excited state influence the course of optical pumping.
It has been shown in earlier work that if the optical pumping rate is small compared to typical relaxation

rates (weak pumping limit), then the rate of change of the electronic and nuclear-spin polarizations of the va-

por, (S, )s and (I, )s, are governed by the following equations7:

d(S, ),
dt

=B)— pB( )S+sB( 3)I, s (la)

d(I, ),
dt

=C) C2(I, )s+C3(S, )s, — (1b)

where the B; and C; are functions of the various relaxation rates and of the pumping rate. The coupling be-
tween Eqs. (1a) and (1b) is caused by nuclear-spin mechanics pertinent to certain types of collisions.
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The solution to Eqs. (la) and (lb) for (S, )s, the optical pumping transient observed in this experiment, is

(S, )s =D~ [1—exp( —Z& t)]+D2(1 —exp( —Z2t)],
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assuming that (S, )s (t =0)= (I, )s(t =0)=0. The solutions for the rate constants Z~ and Z2 are

1 2 [ (B2+C2) (B2 C2)[ + B3C3(B2 C2) l

Z2 2 j [B2+C2)+(B2 C2)[ + B3C3(B2 C2) ] j

(3a)

(3b)

The solutions for the parameters D& and D2 are
given in Ref. 7.

Summaries of the contributions of all relevant re-
laxation mechanisms to the optical pumping tran-
sient have been published in Refs. 7 and 8. We use
these results extensively in the present experiment.
For both of the isotopes studied in the present ex-

periment, K and 'K, the results for I= —, apply.
We list below the relaxation mechanisms relevant to
the present experiment and indicate their approxi-
mate contributions to Z& and Z2 the "slow" and
"fast" rate constants, respectively.

1. y(S N) relaxation in sudden binary collisions

ofground state K a-toms with He or Ne atoms makes
a full contribution R, to Z2, but only R/g to Z, .
The explicit form of R is

I

and Z&. The explicit form of R' is

R'=[(m/L +(2.405/r) ]DoPO/p ~ (7)

d(S, )s
dt
' '= —R'(S, ), ,

d(I, ),
dt

R'(I, ),—.

(8a)

(8b)

4. K-K spin exchange R„makes a strong contri-
bution to Z2, but essentially no contribution to Z&.
The explicit form of R, is

where L and r are the length and radius of the cell,
and Dp is the diffusion coefficient of K in the
buffer gas at atmospheric pressure and at the tem-
perature of the cell. The nuclear-spin mechanics of
R' are

P
R =1Vpcrv„)

Pp
(4) pre

Rg =noosv x —z
po

d(S, )s
dt

d(I, )I = —(R/8)(Is)s .
dt

=—R (S,)s+(R/8)(I, )s, (sa)

(5b)

2. Anomalous relaxation R*, in the K ground
state makes a full contribution to Z2, but no contri
bution to Z~. The postulated and apparent
nuclear-spin mechanics of R* are

«S.),* ' = —R (S,),+(R /S)(I, ), ,
dt

d(I, )s (R~/5)(I, )s+R*—(S, )s .
dt

(6a)

(6b)

3. Relaxation resulting from diffusion ofK to the
walls of the cell R ', makes equal contributions to Z2

where Np is I.oschmidt's number at the temperature
of the experimental cell, a is the nuclear-spin in-

dependent cross section for the destruction of
(S, )s, v t is the mean relative velocity of K atoms
and buffer gas atoms, p is the pressure of the buffer
gas, and po is atmospheric pressure.

The nuclear-spin mechanics of R are of the form

where cr, is the nuclear-spin independent cross sec-
tion for spin exchange in K-K collisions, v z z is
the mean relative velocity of colliding K atoms, and

pz is the vapor pressure of K. The nuclear-spin
mechanics of R, are

d(S, ),
dt

= —(5/8)R, (Ss )s+ (R, /8)(I, )s, (10a)

d(I, ),
dt

(Rs/8)(IZ )e+—(5/8)Rs (Ss )s . (10b)

where A& is the nuclear-spin independent cross sec-
tion for the destruction of orientation in the P~~2
state.

6. The pumping rate A /3, makes equal contribu-

5. Collisional relaxation of K atoms within the

P&&2 excited state affects only B, and C& and hence
plays a role only in determining the ratio of ampli
tudes D, /D2, in the (S, )z transient The im.por-
tant parameters are the rate of collisional relaxation
within the P~~2 state r~, and the mean lifetime of
the P &&2 state w. We have

r, =noA2v I (11)
po
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B2 ——A /3+R +R'+5R, /8+R*, (12b)

tions to Z& and Z2. For the sake of completeness
and convenience, we summarize the contributions
of these various relaxation mechanisms to the B;
and C; of Eqs. (1a) and (1b) (Refs. 7, 8, and 10):

B,=A [—, +—„(31,r—1)(1+I',r) '(8+I,r) '],
(12a)

p I

I4—
I 3-
l2—

IO-
4l

9—
8—

O 7-
O

O 5—
O

4—
E

p 0

oZ,
ssK-He

~ z (

B3—R /8+R, /8+R */5,

C, =2 [—„+—„(8+1,r) '],
(12c)

(13a)
IOO 200 300 400

He pressure (Torr)

500

C2 ——A /3+R /8+R'+R, /8+R ~/5,

C, =5R, /8+R* .

(13b)

(13c)

B. Determination of relaxation parameters for K in He

FIG. 1. Measured relaxation rates Z] and Z2, for ' K
in He. Each data point represents the average of three to
five separate measurements. The standard deviations are
less than 5% for the Z] data, and less than 10% for the

Z2 data. The solid curves are calculations of Zl and Z2
ignoring anomalous relaxation, as discussed in the text.

Z3 =-(D]Zi +D2Z2)(D] +D2) (14)

In Fig. 2 we display measurements of effective sin-

gle exponential relaxation rates of K and 'K in
low pressures of He. The solid curve in Fig. 2 is a
fit of Eq. (14) to the data, with the following values
taken for various relaxation parameters:

o.,=1.45)& 10 ' cm, (Ref. 11)

p(K)=2.9X10 Torr at 325 K, (Ref. 12)

A&(4 P&&2,K—He) =24&(10 ' cm, (Ref. 13)

In Fig. 1 we display measurements of the slow
and fast relaxation rates Z& and Z2, for optically
pumped K in He over the range of He pressures
from 30 to 550 Torr. R, the binary y(S N) relaxa-
tion rate, already small for K-He, makes almost
negligible contributions to Z& over the range of
pressures studied, being reduced by the nuclear-spin
"slowing factor" 1/8. Z& therefore reflects mainly
the wall relaxation rate R', and the pumping rate
A/3. Z2 reflects R' and A/3, and, in addition, con-
tains full contributions from R and R2. A "hump"
in the Z2 data between 100 and 300 Torr is prom-
inent: This maximum is similar to that observed
for R~ of Rb in He, and has the properties of
anomalous relaxation, that is, a strong contribution
to Z2, but no discernable contribution to Z&.

Wall relaxation is the dominant mode of relaxa-
tion at low buffer pressures, and Z] and Z2 ap-
proach a common value. It has been shown that in
this case the double exponential (S, )s transient can
be approximated very well by a single exponential
with rate constant Z3, where'

~{4P]&2,K)=2.77)(10 sec, (Ref. 14)

A/3=0. 45 sec

The only parameter unspecified was the wall relaxa-
tion rate R'. The fit yielded R'=(232/p) Torr
sec ', implying that

Do(K —He, 325'K) =0.45 cm sec

Assuming a T dependence of Do, we obtain

Do(K —He, 273'K) =0.35 cm sec

Extraction of a y(S N) cross section from the Z2
data is complicated by the considerably greater
strength of anomalous relaxation compared to nor-
mal y(S.N) relaxation at moderate pressures of He.
Z& data, in which R* contributions are absent, ap-
pear to be a better choice for such an analysis.
Within the range of He pressures available to us,
however, R/8 is small compared to other relaxation
rates, making a determination of o [y(S.N)] uncer-
tain also in this case. For K-He therefore, we uti-
lize high-pressure data from another experiment to
determine o.[y(S N)] and demonstrate compatibility
of that value with the present measurements.

In 1965, Bernheim and Korte (BK) measured
rates of relaxation of K in He at pressures ranging

up to 1900 Torr, and reported a cross section o (K-
He) of 1.1 )& 10 cm . ' The higher pressures at
which BK worked make their data more sensitive to
o. than are ours, and hence their data should lead to
a more reliable determination of this cross section.
BK did not consider nuclear-spin effects in their
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higher vapor pressures, optical pumping occurs pri-
marily near the front of the cell rather than uni-
formly throughout it. Analyses have shown that
spuriously high determinations of Do result from
measurements of relaxation transients under such
conditions. '

50-
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C. Determination relaxation parameters for K in Ne

He pressure (Torr)

FIG. 2. Measured effective single exponential relaxa-

tion rates Z3, for ' K and 'K in low pressures of He.

The solid curve is a fit of Eq. (14) to the data, as dis-

cussed in the text.

analysis, however, so the evaluation of their data
must be reconsidered. It is important, first, to make
clear exactly what observable BK measured.

Using Eqs. (3a), (3b), and (12a) through (13c)
above and Eq. (21) of Ref. 7, it is not difficult to
show that when R, becomes large, Z2 becomes
large, Z& remains essentially unaffected, and the
D&/D2 ratio approaches inf&nity. The relaxation
transient then becomes effectively a single exponen-
tial, with a rate constant equal to Z&. BK's experi-
ment was performed at 85 C, at which temperature
we estimate the K-K spin exchange rate R„ to be
approximately 140 sec '. ' We calculate that the

D) /D2 ratio must have been about 64. Z) therefore
is the parameter that BK actually measured. R for
K-He does not make a full contribution to Z~, how-

ever; it is reduced by the nuclear-spin factor. The
cross section reported by BK, therefore, corre-
sponds not to tr[y(S.N)], but rather to
tr[y(S N)]/8. A more careful evaluation indicates
that a value of tr[y(S.N)]=8.0X10 cm best
fits BK's high-pressure data. This value is con-
sistent also with our own data, as we show in Fig. 1.
The solid curves through the Zi and Z2 data in Fig.
1 are calculated from Eqs. (3a) and (3b), based on
the relaxation parameters listed above and taking
cr[y(S N)] to be 8.0 X 10 2s cm2.

The present data provide the best determination
of the diffusion coefficient, however. The value of
Do(K-He) found by Bernheim and Korte was 1.2
cm /sec, or 0.80 cm /sec extrapolated to 273' K,
much higher than the value that we report. The
difference almost certainly is due to the higher tem-
perature and thus higher vapor pressure at which
BK worked, 85'C compared to 52'C in the present
experiment. The vapor pressure of K changes by a
factor of almost 20 over this temperature range. At

In Fig. 3 we display measurements of Z& and Z2
for 'K in Ne. As was thecasefor Kin He, thereis
a pronounced anomalous effect in the Z2 data,
making this data unsuitable for an accurate deter-
mination of o[y(S N)]. This cross section for K-
Ne, however, is considerably larger than the corre-
sponding cross section for K-He; its influence on
Z& is substantial at high Ne pressures. As a conse-
quence we can fit Eq. (3a} to the Z~ data, ultimately
determining both tr[y(S.N)] (K-Ne) and D&&(K-Ne).

These values are summarized in Table I. The solid
curves in Fig. 3 represent the result of the fit to the
Z~ data, and the result of calculation of Z2 with all
relaxation parameters now fixed. Anomalous relax-
ation has been neglected in these calculations.

The low-pressure effective single exponential
transients [Eq. (14)] were used as a check of the
determination of the diffusion coefficient. The data
and the calculations are displayed in Fig. 4. For
these calculations we used At(K-He}(2P)rt)=21
)&10 ' cm .' The average pumping rate A/3 for
the Ne measurements was 0.50 sec

D. Anomalous relaxation

Having determined values of Do and cr[y(S N)]
for K in He and K in Ne, it is possible to extract

O
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100 200 300 400 500
Neon pressure (Torr)

FIG. 3. Measured relaxation rates Zl and Z2, for 'K
in Ne. Each data point represents the average of three to
five separate measurements. The standard deviations are
less than 5% for the Zl data, and less than 10% for the

Z2 data. The solid curves are calculations of Zl and Z2
ignoring anomalous relaxation, as discussed in the text.
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TABLE I. Nuclear-spin independent relaxation cross
sections and diffusion coefficients for optically pumped
K in He and Ne.
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FIG. 4. Measured effective single exponential relaxa-
tion rates Z3 for 'K in Ne. Low pressures of Ne. The
solid curve is a fit of Eq. (14) to the data, as discussed in
the text.

values of the rate of anomalous relaxation R*, by
determining those values of R* required to bring
the calculated values of Zz [Eq. (3b)] into coin-
cidence with the measured values. The nuclear-spin
mechanics of R* are of critical importance, of
course, since they must be such as to provide a con-
tribution to Z2, but no contribution to Z&. As in
Ref. 8, we have taken the interaction to be of the
type 5a(S. I ), with nuclear-spin mechanics of the
form given in Eqs. (6a) and (6b). The results of
these calculations are presented in Figs. 5 and 6.

The influence of anomalous relaxation is mir-
rored also in the observable Di/D2, as we show in

Figs. 7 and 8. The triangles in these figures
represent calculations of Di/D2, using Eq. (21) of
Ref. 7. We have taken the low magnetic field cross
sections for relaxation within the P&&2 state of K to
be as measured by Niewitecka and Krause (see
above), and the ground-state relaxation parameters
as measured in this paper. There are no variable
parameters in these calculations. '

Figures 5 and 6 make clear that anomalous relax-
ation plays important roles in K-He and K-Ne. For
K-He, R* at 200 Torr is about 3 sec ' whereas

K-He
K-Ne

8.0
141

0.35
0.19

7.0

R [y(S.N)] is about 0.66 sec '. At that pressure of
He R* is about 4.5 times greater than R. Similarly,
at 100 Torr of Ne, R» is about 3 sec ', whereas
R [y(S.N)] is about 4 sec ', the contributions from
the two relaxation processes are comparable. R» is
considerably less from the two relaxation processes
are comparable. R» is considerably less significant
in K than in Rb, however, where the dominance of
R~ over R [y(S N)] can be by as much as a factor
of 40. '

The R» data for K-He and for K-Ne display
marked maxima, but are too uncertain to yield ac-
curate equilibrium values of R* at high pressure.
Figure 5 suggests that R~(K-He) at high He pres-
sure is about 0.5 sec ', but a value of zero cannot
be excluded. Similarly, there appears that there
could be a second maximum of R*(K-Ne) in Fig. 6,
but this apparent peak could equally well, within
experimental uncertainty, be a rise of R» to a con-
stant value.

The data in Figs. 5 and 6 nevertheless are con-
sistent with the attribution of R* to van der Waals
molecular formation. As explained in Refs. 6, 7,
and 8, the most likely cause of maxima in R» are
contributions arising from the formation of quasi-

5.0 5.0- 4'K-Ne

»K-He cP 4Q-
4l

3.0-
4J

3.0- o

2.0-

I Q—

200 300
He pressure (Torr)

t Ir
IOO 400 550

2.0-

I.O —„
I

0 100

o

200 300
Ne pressure (Torr)

I I

400 5

FIG. 5. Anomalous relaxation R» for K in He,
evaluated from Z2 data, as described in the text.

FIG. 6. Anomalous relaxation R», for 'K in Ne,
evaluated from Z2 data, as described in the text.
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II20-
»K-He

I.O- I.O-

100 200 300
He pressure (Torr)

400 " 550 100 200 300
Neon pressure (Torr)

400 500

FIG. 7. Measured ratios of the two exponential contri-
butions to the (S,)s transient DI /D2, for optically

pumped K in He. The triangles represent calculated
values, as discussed in the text.

FIG. 8. Measured ratios of the two exponential contri-
butions to the (S, )s transient D, /D2, for optically
pumped 'K in Ne. The triangles represent calculated
values, as discussed in the text.

bound van der %aals molecules in two-body col-
lisions. At low pressure the R ~ relaxation rate is ef-
fectively proportional to the formation rate of com-

plexes, thus proportional to p in the two-body case
and to p in the three-body case. At higher pres-
sures the destruction rate determines the value of
the correlation time r, . Reference to Eq. (3) of Ref.
8 shows that as p~ 00, R* should approach zero as

(1/p) in the two-body case, but should approach a
constant value in the three-body case. The rnax-

imum in the K-He data in Fig. 5, therefore, sug-

gests a strong contribution from quasibound mole-

cules formed in two-body collisions. This possibili-

ty is supported by calculations based on the Baylis
potential parameters which indicate that for K-He
there should be a single quasibound state with six-
fold degeneracy, and one bound state with two-fold

degeneracy. '

A pressure dependence of R~ similar to that ob-
served for K-Ne, a peak and a subsequent rise to a
constant value, or two peaks, could be explained if
the break-up cross sections for K-Ne rnolecules

were substantially different for the various vibra-

tional states of the molecule. Different cross sec-
tions would yield different values for r„resulting in

contributions to R~ which would differ in depen-

dence upon pressure. Differences in cross sections
could come about in the following way. For mole-

cules in bound states, the break-up process must
add energy in order to free the alkali-metal atom
and noble-gas atom. The energies of quasibound
states, however, are greater than zero. In that case
a modest relatively long-range distortion of the in-

teratomic potential may free the atoms, or may in-

crease the probability for dissociation via tunneling.
Breakup then should be represented by cross sec-
tions substantially larger than the cross section for
breakup of bound-state molecules. More work obvi-

ously is necessary, however, if these speculations are
to be confirmed.
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