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We have measured the hyperfine relaxation time of cesium vapor in the presence of

foreign gases.

We have therefore been able to measure the diffusion coefficient D; and

the cross section o¢g. §y of hyperfine relaxation due to the collisions with the foreign gas.
The values of D, for He, Ne, Ar, and N, are 0.204+0.04, 0.153+0.014, 0.134+0.02,
and 0.073+0.015 cm?/sec at 0°C and 760 Torr, respectively. The cross sections are
2.80+0.3, 9.27+0.9, 104+10, and 55.2+ 4.4 in units of 1023 cm? for He, Ne, Ar, and
N,, respectively. We have also improved on the measurement of the spin-exchange cross

section o, obtaining the value (2.18+0.12)x107 cm?,

%, We compare the problems arising

in the study of hyperfine and Zeeman relaxation and we discuss the results.

I. INTRODUCTION

After Franzen’s pioneering work! many experi-
mental and theoretical papers have been concerned
with the study of the relaxation of optically pumped
alkali vapors in the presence of foreign gases. The
problem is rather complicated by several interact-
ing phenomena. At the beginning, many of these ef-
fects were not known; therefore in many experi-
ments not all of the necessary parameters have been
controlled. Consequently only qualitative results
are available from many experimental data. These
experiments are essentially of two different kinds:
In a first case the atoms are oriented by means of
a light beam with circular polarization and one mea-
sures the relaxation of the observable (S,), that is
the orientation of the electron spin. In a second
case the atoms undergo hyperfine pumping by using
a filtered light whose spectrum contains a
single component in the hyperfine doublet of the res-
onance lines. Then the observable of interest is
(S.T) which, in the ground state of an alkali atom,
is linked to the difference of occupation numbers of
the two hyperfine sublevels.

Since the relaxation of (S,) is more easily mea-
sured, it has been studied for all of the alkali met-
als; however there are still unsolved problems in
this field. The study of the hyperfine relaxation is
usually more difficult because it requires a hyper-
fine filter for the resonance lines. However the
theoretical treatment of the results is simpler and
one can obtain some interesting information.

In this paper we report the results of the study of
the hyperfine relaxation of cesium in the presence
of different buffer gases. We have used two differ-
ent experimental apparatus as described in detail in
Sec. II and we have obtained a very effective hyper-
fine pumping for cesium vapors. 2 We have studied
the systems Cs-He, Cs-Ne, Cs-Ar, Cs-N,, and for
each of these pairs the results are (a) the cross-
section 0.7y for the process of destruction of the

4

hyperfine pumping and (b) the diffusion coefficient
D, of the Cs atoms in the buffer gas.

Preliminary results for the pair Cs-Ne have al-
ready been published. 3

The cross section o, for the spin-exchange pro-
cess between cesium atoms has been measured
again with increased statistical accuracy: This val-
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FIG. 1. Relaxation transients in a cell containing 74

Torr of Ne, recorded \gith Franzen’s method. The hy-
perfine relaxation (S+ I) is a single exponential, while
the Zeeman relaxation (S,) is the sum of two exponen-
tials within the experimental errors (the circles are the
difference between the signal and a single exponential).
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FIG. 2. Experimental apparatus for the continuous

recording of the hyperfine relaxation: pumping lamp
(PL), D, hyperfine filter (D, HF), linear polarizer (P),
interference filters (D, and D;), Wollaston prism (W);
photomultiplier tube (Ph), diaphragm (D), D; hyperfine
filter (Dy HF), and analysing lamp (AL).

ue is the result of the measurements on all of the
above-mentioned cesium-buffer-gas pairs.

II. EXPERIMENTAL APPARATUS

The measurements with He, Ne, and Ar as buffer
gases have been performed with the experimental
apparatus described in Refs. 2 and 4. The hyper-
fine pumping of cesium vapor is achieved by means
of the F =4 component in the D, resonance line.
Franzen's method is used to observe the relaxation
transients, and the light transmitted by the cell is
monitored with a silicon solar cell in order to mini-
mize the low-frequency transient response of the
detector. In Fig. 1 we show a typical result for the
hyperfine relaxation together with a transient of the
Zeeman relaxation showing the characteristic two-
exponential decay.

Recently a new type of cesium hyperfine filter has
been set up® and we have used it for the pair Cs-N,
in a more refined experimental apparatus (Fig. 2).
A high-efficiency hyperfine filter for the D, line is
used on the pumping light beam. A second light
beam passes through the cell in the opposite direction
along its axis. This detection light is prepared by
means of a low-field magnetic filter.® After the i
plate the hyperfine components F =3 and F =4 of the
D, line have orthogonal linear polarization states.
Therefore, they canbe splitinto twobeamsby means
of a Wollaston prism and they are detected sepa-
rately with two different photomultipliers. When the
cesium vapor undergoes hyperfine pumping, because
of the different absorption of the two hyperfine com-
ponents, the two photomultipliers produce signals of
opposite sign which are fed into a dc coupled differ-
ential amplifier. So the output signal is doubled and
the noise from the lamp intensity fluctuations is
greatly reduced. The stray pumping light (D, line)
reflected or diffused by the cell walls is eliminated
by means of an interference filter for the D, line,
placed before the Wollaston prism.

As the relaxation transient can be recorded con-
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tinuously when the pumping lamp is turned off

(Fig. 3), it is possible to use a digital averager in
order to increase the signal-to-noise ratio. The
starting pulse for the measurement cycle is a gate
pulse from the averager. This signal triggers a
monostable multivibrator that turns off the pumping
light supply; the switching time is less than 1 msec.
After a preset time—determined by the multivibra-
tor time constant—the lamp is turned on again. If
necessary, up to a few thousands of transients can
be averaged without any trouble. With this method
we were able to measure relaxation times shorter
than 1072 sec with good precision.

The absorption cells of cylindrical shape are
made outof Pyrex glass with an inside diameter of
5.5 cm and a length of about 7.5 cm; they are
placed in a Perspex box in which thermostatized
water circulates. The precision in the temperature
reading is about + 0.1 deg and the stability in the
temperature of the cell is definitely better than
this. The temperature range for the measurements
of the hyperfine relaxation time lies between 5 and
32°C.

III. RESULTS

From the relaxation time 7, which is actually ob-
served, one can deduce the relaxation rate 1/7, for
collisions against the buffer gas and the walls by ex-
trapolation to zero alkali density.

One can, in fact, assume that

1/7=1/70+1/Tey, 1)

where 1/7,, accounts for the spin-exchange relaxa-
tion. In Fig. 4 we show a typical extrapolation line
and, for comparison purposes, also the density de-
pendence of the relaxation of (S,) when measured in
similar conditions. It is worth noting that, while

the relaxation rate 1/7 for (8- 1) is rapidly chang-

ing, 1/7 for (S,) is almost constant. This result,
©
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FIG. 3. Experimental recording of the hyperfine re-

laxation of cesium with 22.4 Torr of N, as a buffer gas.
The temperature of the cell is 17.3°C and the total
sweep time 200 msec.
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FIG. 4. Relaxation rate for (§. f) and (S,) vscesium
density.

as already discussed in Ref. 2, proves that the
temperature dependence of the diffusion process is
negligible in the pressure and temperature range
we used. )

A. Spin-Exchange Cross Section

In the extrapolation of the measured relaxation
time to zero alkali density, one obtains two kinds of
data: the intercept 1/7,, from which o(g.;y and D,
are determined, and the slope 8(1/7)/8 N, which is
linked to the cross section o4 for spin exchange
Cs-Cs. Therefore for every buffer gas and every
pressure value one obtains a measurement of o
The result we obtained as a mean of 21 measure-
ments is

or=(2.18+0.12)x107* cm?®. (2)

We have assumed that the temperature dependence
of the diffusion process is negligible in comparison
with the stronger temperature dependence caused by
spin-exchange collisions. This assumption is in
agreement with experimental data always showing
straight lines for the curves of the relaxation rate
versus Cs density (except in two less reliable cases
which have been discarded).

The quoted error is partly statistical and includes
an estimate of possible systematic errors from the
Cs density formula as discussed in Sec. IV.

B. Density Problems

Both o, and 7, (i.e., D and 0(3.{,) depend on
which function is assumed in order to compute cesi-
um-vapor density at the different temperatures.

All the above quoted results have been obtained with
use of the Taylor-Langmuir® formula which has been
experimentally checked by Rozwadowski and
Lipworth” in the low-temperature interval.

Important errors are possible if the cesium pres-
sure in the cell is different from the saturated vapor
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pressure at the temperature of operation. In order
to minimize these errors we have used a large
amount of cesium metal in the cells and we have
carefully controlled the operating conditions. A
further test comes from the comparison between the
zero-density extrapolation for the relaxation proba-
bilities of (S,) and (S.I). A correct formula for
cesium density must, in fact, give equal limit val-
ues for the two probabilities at low buffer-gaspres-
sure (see Fig. 4) because the diffusion process is
the same in the two cases and the relaxation here is
almost completely caused by wall collisions.

The error in the density of saturated vapor com-
puted for an exact temperature value by Taylor-
Langmuir formula is about 3% (see Ref. 7); a fur-
ther error in the density is caused by the tempera-
ture indetermination and it is of the order of 1. 59%.
The effect of these fluctuations on the measurement
of 0., is of the order of 3.5% as we have tested by
changing the density curve by this amount.

C. Diffusion and Hyperfine Relaxation

The extrapolated relaxation times 7, depend on
the two parameters Dy and 0(§.fy. A theoretical ex-
pression for the relaxation signal A(t) versus time
is obtained from the solution of a diffusion equa-
tion!’® with boundary conditions according to the
geometry of the system. The result for completely
disorienting wall collisions is the following func-
tion®'8:

A(t)=08o2 By, et/ miv (3)
iv

where 7;, are the “relaxation times” of the different
diffusion modes and the weights B;, depend mainly
on the geometry of the system as discussed below.
Detailed formulas are given in the Appendix. The
theoretical relaxation time ¢, is defined by the equa-
tion

A(t,)=(1/e)A(t=0). (4)

TABLE I. Diffusion coefficient D, (in units of cm?/sec)
and hyperfine cross section o¢g. 3, (in units of 102 cm?)
for all of the buffer gases studied in this paper. For
comparison purpose we report also the D, value obtained
with Zeeman relaxation studies by different authors and
the theoretical results from gas kinetic data.

D, D, D, Dy
Gas oGE. D This paper Ref. 14 Ref. 15 Theoret®
He 2.80+ 0.30 0.204+0.04 0.37 0.29
Ne 9.27+ 0.90 0.153+0.014 0.40 0.24 0.13
Ar 104 +10 0.134+0.02 0.23 0.19 0,086
N, 55.2 + 4.4 0.073+0.015 0.22

2p. Violino (private communication).
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FIG. 5. Hyperfine relaxation time 7, of Cs vs He *
pressure. The points are experimental results and the

continuous line is the theoretical fit.

The results obtained from the solution of this equa-
tion must be compared with the experimental mea-
surements of 7,. A best fit for the parameters D,
and 0.7y is not a trivial problem because of the
complicated structure of Eqs. (3) and (4)—see also
(A1) and (A2) in the Appendix. However we have
developed an efficient computer program that
searches the best parameter values with an itera-
tive method by linear approximation of the function
(3). With reasonable starting values for the param-
eters the method is rapidly convergent and typically
only four or five steps are usually necessary. The
best values for Dy and ¢ 3., for each cesium~-buffer-
gas pair are listed in Table I. The theoretical
curves obtained with these values are compared
with experimental data in Figs. 5-8.

IV. ERROR ANALYSIS

We have considered the following causes as pos-
sible sources of error:

a. Systematic evvors caused by an incovrvect
computation of cesium density. These errors are
important in the measurement of o, while they are
practically negligible for 7.

b. Influence of an extevnal magnetic field on the
value of 7y. No measurable effect of the magnetic
field H, has been observed; it is worth noting that
a dependence of Zeeman relaxation on H, has been
observed® in the case of Kr as a buffer gas while 7,
in the same cells and under similar conditions does
not change with H. ’

c. Possible lowering of pumping efficiency at
high buffer pressures caused by collisional broaden-
ing of the optical lines. The available data'® on the
pressure broadening of Cs resonance lines are not
in agreement with each other and one cannot there-
fore exclude such an effect. However in our mea-
surements of Zeeman relaxation we have observed,
for each buffer gas, a decrease in the pumping rate
starting from pressures 1.5 or 2 times greater than
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the maximum value used for hyperfine measure-
ments.

d. Detection-beam problems. The intensity of
the detection light beam is so small that it cannot
cause any appreciable change in the observed relax-
ation time. The different geometry of a narrow de-
tection beam is taken into account by suitable for-
mulas as explained in the Appendix. This method of
analysis has been checked in the following way: The
results for D, and 0.7y obtained by Franzen’s meth-
od in the case Cs-Ne have been used to compute the
relaxation time one should observe in given condi-
tions with a narrow detection beam. The agreement
between this computation and the time experimental-
ly measured is always within 2-3%. Such a small
deviation shows that the method is reliable and that
the errors for D, and 0.7y quoted in Table I are
perhaps overestimated.

e. Spatial distvibution of the initial population
diffevence. We have computed the spatial distribu-
tion of the observable {S- f) at the beginning of the
relaxation transient with the method described in
Ref. 8. We assume that the effect of the pumping
light is equivalent to a distribution of sources that,
at every point of the cell, create a population differ-
ence proportional to the pumping light intensity at
that point. This source distribution is assumed to
be uniform within the cylinder defined by the pump-
ing light beam and zero outside. In the temperature
range of the measurements the cell is optically thin;
the approximation of small optical thickness (i.e.,
constant pumping light intensity) becomes certainly
good when the results are extrapolated to zero cesi-
um density. So we think that the assumption of a
uniform distribution of pumping sources cannot
cause any significant error in the quoted values of
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FIG. 6. Hyperfine relaxation time 7 of Cs vs Ne
pressure. The points are experimental results and the
continuous line is the theoretical fit.
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FIG. 7. Hyperfine relaxation time 7y of Cs vs Ar

pressure. The points are experimental results and the

continuous line is the theoretical fit.

Dyand 03.fy. The parameter, to which these values
are more sensitive, is the pumping beam radius
R,. As the collimation of the pumping light cannot
be perfect and its radial distribution is not exactly
a step function, the dependence of Dy and 0(3.t) on
the R, value must be tested. We have performed
this test by changing the input parameter R, in the
computer program; the errors quoted in Table I
take into account the effect of possible R, fluctua-
tions.

V. DISCUSSION

Let us compare the results and the meaning of the
hyperfine relaxation study with the results of Zee-
man relaxation in cesium. It is experimentally ob-
served that the relaxation transient for (S-I) is a
single-exponential function and, therefore, the re-
laxation time is unequivocally defined. For (S,) the
decay has a more complicated shape'*’*? and in most
cases one can describe it, within experimental er-
rors, as the sum of two exponential functions of dif-
ferent amplitudes: One can therefore define two
phenomenological time constants 7, and 7,. This
is not a surprising result insofar as because
of the nuclear spin effect, the number of sublevels
involved in Zeeman relaxation is 2(27+1) while it
is practically only 2 for hyperfine relaxation.

The presence of two (or more) time constants
makes the diffusion problem rather complicated: A
satisfactory method for dealing with the two time
constants 7, and 7, together with the soluticn of a
diffusion equation is not available.

In principle one might use the method proposed in
Ref. 13 but it is difficult to decide whether the two
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observed time constants 7, and 7, are caused

by different diffusion modes or by different observ-
ables; usually an intermediate situation is encoun-

tered. Sothe fitting problem is not well defined and
the results become unreliable.

Experimental works about electron relaxation of
cesium in the presence of Ne, Ar, and N, have been
published by Franz and Liischer™ and for Ne, He,
and Ar by Legowski.!® Franz and Liischer have
considered only the longest time constant'® and
compared it with the decay time of the first diffu-
sion mode. Fegowski on the contrary has ascribed
the two time constants to the first and the second
diffusion mode and he has assumed that the Cs-
buffer interaction is described by a single relaxation
time. Both of these methods are not completely
satisfactory on the basis of an oversimplified data
interpretation and of a reduction of the number of
parameters and they are acceptable only as a first
approximation. The values of Dy from Refs. 14 and
15 are listed in Table I for comparison purposes.
They are larger than both the results of present pa-
per and the theoretical values. A tentative explana-
tion is the following: The measurements have been
performed at a temperature (44 °C, Ref. 14) where
diffusion modes higher than the first are important.
The coefficient of Dy in the expression of the time
constants 7;, of the higher modes increases rapidly
with mode number [see Appendix, Eq. (Al)], so
that an artificially large D, value is necessary to
compensate for an imposed low value for the geo-
metrical factor when only the first mode is used.
With Legowski’s method the values of Dy are obvi-
ously smaller, but here the cesium-buffer-gas in-
teraction is described by a single time constant. In

sec)
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FIG. 8. Hyperfine relaxation time 7, of Cs vs N,
pressure. The points are experimental results and the
continuous line is the theoretical fit.
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conclusion it seems reasonable that the D, value ob-
tained from hyperfine relaxation measurements is
more reliable than that obtained from Zeeman re-
laxation studies, because the situation is simpler

at least from a phenomenological point of view. A
further interest in the measurements of Dj and
0.7y is the hope that an accurate knowledge of these
parameters together with (S,) relaxation data may
be useful in the understanding of the relaxation
mechanism.
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APPENDIX

In this appendix we give a few detailed formulas
which are useful in the computation of the relaxation
times. We shall use the following notations: R and
L are the radius and length of the cell, R, and R,
are the radius of the pumping and detection light
beams (they are supposed < R), J,(x) is the Bessel
function of order n, K; is the ith zero of Jy(x), p is
the buffer-gas pressure, p, is the reference pres-
sure (760 Torr), N is the Loschmidt number, and
U1 is the mean relative cesium-buffer velocity.

The time constants 7;, of the different diffusion
modes for a cylindrical shape are defined by*'®

1 ﬂz(2V+ 1)2 ulz p _
T <-—LZ— + ET)DO _p_o +Vre10¢8.1) p% Ng.

(A1)
The weights of the different modes are given by

Jl(MiRp/R)J1(/~LiRa /R)
[mie;(20 +1) Iy (1) PP

B w=Ti (AZ)
Equations (Al) and (A2) are obtained by solving the
diffusion equation®3

-

% (8-1y=DVv¥S-1)-K(S-1),

with the boundary condition that (§-f} is zero on the
cell walls. It is also assumed that the spatial dis-
tribution of (§- f) at the instant £=0, the beginning
of the relaxation transient, is the one obtained with
constant pumping rate within the cylinder, defined
by the pumping light beam, and zero outside.® This
assumption is reasonable in conditions of low cesi-
um density as it is always the case.'? Equations
(Al) and (A2) show that a different pressure value
modifies both the time constants 7;, and the coeffi-
cients B;,. This is one of the reasons that make
the fitting problem complicated so that a computer
is required: It is not possible to decide whether a
single diffusion mode is predominant for all pres-
sure values.
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