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We have measured the cross section for depolarization of the 52P; ,, state of silver atoms by col-
lisions with helium atoms using the Hanle-effect technique. We find the nuclear-spin-independent
cross section to be 0= 1.2+0.15X 10~'¢ cm?, significantly smaller than the corresponding cross sec-
tions in rubidium and cesium. This is the first measurement of this quantity in any noble-metal

atom.

I. INTRODUCTION

Single-valence-electron atoms are a very important class
of atoms due to their simple spectra and the relative ease
with which they may be treated theoretically. Of all the
inelastic collision processes, collisional depolarization pro-
cess, i.e., mixing of various m; sublevels under the influ-
ence of a perturbing atom, is perhaps the simplest. Al-
though it is not an easy matter to deduce interatomic po-
tentials from the experimental cross sections, the experi-
mental cross sections can nevertheless be used to check
theoretical cross sections derived from different intera-
tomic potentials. The experimental cross sections also
contribute to our understanding of the role played by vari-
ous factors, such as nuclear spin, spin-orbit interaction,
etc., in these collisions. For this reason, extensive work,
both theoretical and experimental, on the depolarization
of alkali-metal atoms by inert gases has been done during
the last two decades.! However, no corresponding work
on noble-metal atoms (which are also single-valence-
electron atoms) has been done. In this paper we present
the results of our investigation of the depolarization of the
52P, ;, state of silver-107 by helium. We find this cross
section to be very small compared to that of alkali-metal
atoms. This is the first measurement of this quantity in
any noble-metal atom.

If the atoms are excited by polarized radiation, the ex-
cited state m; sublevels may be populated unequally. In
other words, the excited state may acquire a certain degree
of electronic polarization. Owing to collisions with inert-
gas atoms, the populations of different m; sublevels tend
to equalize or, equivalently, the excited state tends to get
depolarized. The aim of the experiments on alkali-metal
atoms has been to measure cross sections for these pro-
cesses. The population distribution among m; sublevels
can be expressed in terms of atomic multipoles,”? for ex-
ample, P, ,, population distribution can be expressed as a
sum of monopole (population) and dipole (orientation) dis-
tributions. Similarly, P;,, population distribution can be
expressed as a sum of monopole (population), dipole
(orientation), quadrupole (alignment), and octupole distri-
butions. The atomic multipolarity does not change for
isotropic collisions, and different multipoles relax at dif-
ferent rates. In order to obtain complete information on
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the collision process, one needs to measure all different
multipole relaxation cross sections. This is generally pos-
sible; however, octupole relaxation rate cannot be mea-
sured by using polarization of the radiation as a probe.”

The nuclear spin plays a very important role in these
collisions.> Owing to hyperfine coupling, part of the elec-
tronic polarization created by the polarized exciting light
is transferred to nuclear polarization. Since in most cases
investigated the hyperfine precession period is much
longer than the duration of the collision, the nuclear po-
larization is not affected by the collision. On the other
hand, the electronic angular momentum is randomized by
the collision. Since the nucleus can store large amounts of
angular momentum, it can regenerate the electronic polar-
ization via hyperfine coupling, making the observed depo-
larization cross sections appear too small.> These effects
can be quantitatively taken into account.®*

Almost all of the investigations in alkali-metal atoms
have been performed on the first excited P/, and P;3,,
states.! Several different techniques have been utilized for
these investigations. These include optical pumping,>®
Hanle effect’ and high-field level crossings,® and depolari-
ization of the fluorescence after selective Zeeman excita-
tion. Recently, individual cross sections for Jm;—J'm}
mixing have been measured by selective excitation of a
Jm; sublevel in a high magnetic field (up to 131 kG) and
observation of fluorescence from isolated J'm; sublev-
els.!®!! These measurements give the most complete in-
formation about the collisions. Some of the noteworthy
results of depolarization cross sections in alkali-metal
atoms are the following: The P,,, depolarization cross
sections are much smaller than the corresponding cross
sections in the P/, states of heavy-alkali atoms.!> Small
P, , state cross sections are understood”!'>!* as being due
to a selection rule that requires that the mixing proceed
via a virtual transition to a P,,, state. Also, a magnetic
field dependence of the P, cross sections is found'’
which, at least partially, may be due to the mixing of Py,
and P;, states in a strong magnetic field.

In this paper we present results of the first measure-
ment of depolarization cross section in a different class of
single-valence-electron atoms—noble-metal atoms. In
particular, we have measured the disorientation cross sec-
tions for the 5°P;,, state of silver atoms for collisions
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FIG. 1. Schematic illustration of the experiment. Circularly
polarized silver resonance radiation from an rf discharge lamp,
propagating along the x axis, is absorbed by silver vapor.
Fluorescent light, filtered by a 40-A bandwidth filter, and
analyzed for circular polarization is observed along the y axis.
When observed as a function of an external magnetic field in the
z direction, collision broadened Hanle-effect signal, as sketched
in the box, is obtained.

with helium atoms using the Hanle-effect technique.

The experiment is shown schematxcally in Fig. 1. Cir-
cularly polarized 3382.9 A (52 P, ,,—5%S ,) resonance ra-
diation from an rf excited silver lamp is incident, let us
say, along the x direction on a quartz cell containing
separated isotope of silver-107. The cell is heated to about
1000 K to get enough vapor pressure of silver. 3382.9 A
fluorescent radiation, after passing through a circular po-
larization analyzer, is detected in the y direction by a pho-
tomultipler tube. A dc magnetic field is applied in the z
direction. The fluorescent light is observed as a function
of the magnetic field. Circularly polarized exciting light
produces atomic orientation in the x direction, which
precesses in the magnetic field. The observed fluorescent
light has a magnetic field dependence as sketched in Fig. 1
(Hanle effect).'!” The width of the Hanle curve depends
on the radiative lifetime and g; value of the excited state.
When inert gas is introduced into the cell, the width of the

R 2L 42 __7’_
J,)=—"—0|T?|3I + (4I°4-4I +3)+ +o?
) 3[1]2 + [1] (1]
where
[I]1=2I +1, (4)
® is the Larmor frequency,
2] 1

and R is the mean excitation rate. In Eq. (3), '=r"lis
the radiative decay rate and ¥ is the electronic depolariza-
tion rate given by
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curve increases due to collisional depolarization of the
P,,, state. The depolarization cross section is deduced
from a measurement of the broadening of the Hanle curve
as a function of the inert-gas pressure.

Results of the theory of Hanle effect in the pressure of
a buffer gas, including the effects of nuclear spin,® are
given in Sec. II. The experiment is described in Sec. III
and the results are discussed in Sec. IV.

II. THEORY

The theory of the Hanle effect in the presence of depo-
larizing collisions is given by Bulos and Happer (BH).3
The effects of nuclear spin are explicitly taken into ac-
count in this theory. Theoretical results of BH apply to
our case exactly. Therefore, we will quote their results
without rederiving them.

Consider the experimental situation outlined in Fig. 1,
i.e., circularly polarized resonance radiation propagating
along the positive x axis excites the atoms. An external
magnetic field defines the z axis, and circularly polarized
fluorescent radiation is detected along the positive y axis.
The intensity of the fluorescent light AI observed in a
small solid angle AQ is given by (see BH)

AT
E—C(1+2 T, (1)

where C is a constant (which depends on the oscillator
strength of the transition), § is the mean spin of the
detected photons, and (7 ). is the expectation value of the
electronic angular momentum. For our experimental situ-
ation, Eq. (1) reduces to

AT
g =C1+2(J,)) )

depending on whether right or left circularly polarized
light is observed. Equation (2) predicts that the observed
intensity is proportional to the transverse electronic polar-
ization (J, ). BH have derived an expression for (J,, ),

2
3 Zzwz
3I r+-—=X lr ,
+2 y /{ + [1]2 (T+y)+0?| + 7 ]
(3)
r
Y =nvo , (6)

where n is the density of inert-gas atoms, U is the relative
velocity of the collision partners, and o is the depolariza-
tion cross section.

In the derivation of Eq. (3) the following assumptions
have been made: (1) The spectral profile of the exciting
light is effectively flat over the absorption width of the
atoms. (2) The external magnetic field is sufficiently
small that linear Zeeman effect is a good assumption. (3)
The hyperfine precession frequency is much larger than
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the natural decay rate, i.e., A >>I" /27 where A is the mag-
netic dipole coupling constant. All of the above condi-
tions are approximately valid in our experiment.

Equation (3) predicts that the electronic polarization
(J, ) is zero at zero magnetic field, increases to a max-
imum value for some value of the magnetic field B, and
falls gradually for still higher magnetic fields as sketched
in Fig. 1. In the absence of depolarization collisions, Eq.
(3) reduces to the usual Hanle-effect signal given by

o
(M +0?)
with a width

X const (7)

®

o= r >
where

MHp 1

7 [_I]_Bo . 9

In the presence of depolarizing collisions (y540), the ef-
fective width of the signal can be approximated by

Do=8s

wo=(4aly+byH'?, (10)
where

a= 3;]2 (412441 43) (1)
and

b=ﬁ . (12)

An inspection of Eqs. (10—(12) reveals that the effective
width in the absence of nuclear spin (I =0) is

as expected. However, the width is reduced in the pres-
ence of nuclear spin, as given by Eq. (10). For example, in
the case of '”7Ag (I =), the effective width is given by

wo=T+1y . (14)

The physical reason for reduction in the width is the nu-
clear “flywheel effect.” When the circularly polarized
light creates electronic polarization, due to hyperfine cou-
pling, part of the polarization is transferred to the nu-
cleus. The nucleus, being massive, can absorb a large
amount of angular momentum. During the collision, elec-
tronic polarization is destroyed. However, since the nu-
clear precession time (>107!% sec) is much larger than
the duration of the collision (>107'* sec), the nucleus
does not “feel” the effect of the collision and it remains
essentially inert during collisional depolarization of the
electronic angular momentum. After the collision is over,
the nucleus regenerates part of the electronic angular
momentum, reducing the effective depolarization rate.

III. EXPERIMENT

Details of the experimental setup are shown schemati-
cally in Fig. 2. Resonance radiation from an rf excited
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FIG. 2. Details of the experimental arrangement.

silver lamp is chopped at 85 Hz with a mechanical
chopper, circularly polarized using a Polaroid HNPB po-
larizer and a mica quarter-wave retarder, and is focused
on the absorption cell containing silver-107 by quartz
lenses. The cell is placed in an oven capable of heating the
cell to about 1000 K. The 3383-A fluorescent radiation,
spectrally filtered by a 40-A bandwidth interference filter,
and analyzed for circular polarization, is observed by an
EMI 9658B photomultiplier tube. In addition, a broad-
band interference filter is used to further suppress the
blackbody radiation from the oven. A phase-sensitive
detection using a Princeton Applied Research (PAR)
HR-8 lock-in amplifier is done with the reference signal
supplied by the chopper. The output of the lock-in am-
plifier is fed to a Tracor-Northern NS-570 signal averager.
A ramp voltage derived from the time base of the signal
averager is used to sweep the magnetic field at the cell us-
ing a pair of Helmholtz coils. Two additional Helmholtz
coil pairs are used to compensate the earth’s magnetic
field. The averaged signal is viewed on the oscilloscope
screen of the signal averager and transferred to a Commo-
dore PET (Personal Electronic Transactor) microcomput-
er for fitting and storing on a magnetic tape. The 3383-A
radiation transmitted through the cell is also monitored
using a 1P28 photomultiplier tube, and this information is
used in estimating the temperature of the silver vapor.
Considerable effort was spent in designing a good silver
resonance lamp. Several designs were tried including a
hollow cathode design. A successful design, which was fi-
nally used in our experiment, is similar to that described
by Moe,!® and it is shown in Fig. 2. Two brass plugs are
sealed to a pyrex cell by black wax as shown. Silver in-
serts are soldered on the brass plugs. Ar flows through
the cell to keep the silver vapor from depositing on the
front window. A couple of turns of wire are wrapped on
the cell and connected to a ~70-W Hartley oscillator.!®
An rf discharge is produced in Ar which is quite intense
in the region between the two silver electrodes. Silver
sputters out of the electrodes due to ion bombardment and
silver resonance lines are emitted. The electrodes get very
hot and have to be water cooled. In addition air has to be
blown on the cell to keep it from getting too hot. We have
determined that this lamp is not self-reversed to any sig-
nificant degree in the following way: We have observed
the transmission of the 3383-A resonance light through
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the silver absorption cell. As the cell was heated, we
found that the resonance light was absorbed according to
Beer’s law and about 70% absorption was observed at the
highest temperature of the absorption cell that could be
conveniently obtained. This upper limit was imposed by
the highest temperature that could be attained in our oven,
and we saw no evidence of the flattening of absorption
curve which would have been indicative of the self-
reversal. This behavior was observed even when the lamp
was run with maximum rf power from our Hartley oscil-
lator. Our normal operating conditions correspond to rf
power much less than the maximum, because the lamp
was more stable at lower rf powers. Moreover, it was dif-
ficult to keep the silver electrodes from melting at high rf
powers.

One of the most difficult technical problems in this ex-
periment was the design of an oven which could heat the
silver absorption cell to over 1000 K and meet the
stringent requirements of a spectroscopy experiment. For
example, it should be made of nonmagnetic materials, the
heater current should produce negligible magnetic fields,
it should have appropriate windows, thermal gradients in
the cell should be such that silver does not condense near
the windows, heater black-body radiation should be
minimum, etc. After considerable experimentation, we
made our oven out of graphite. The heating wire has a
coaxial geometry, therefore produces no magnetic field.
The oven is placed inside a water-cooled brass vessel
which is evacuated to provide good insulation. Details of
the oven may be found elsewhere.?”

The absorption cell itself, about 1-in. diam by 2-in. long,
was made of quartz with hard-sealed windows. The cell
was evacuated and baked under a vacuum at 1325 K for
at least 24 h, sparked by a Tesla coil, and rebaked for
another 24 h. Separated isotope of '’Ag was distilled in
the cell at a residual pressure of about 107 Torr. Helium
(Matheson research purity grade) was introduced in the
cell and the cell was sealed. Helium pressure was read by
a Matheson dial gauge just before sealing the cell.

IV. RESULTS

Figure 3 shows some of our typical data. Figure 3(a)
shows the Hanle-effect data with 125 Torr of helium
(pressure measured at the seal off temperature of 375 K,
see below) while Fig. 3(b) shows the corresponding data
without any buffer gas for comparison. Crosses are the
experimental data points and the solid lines are the
theoretical fits to these data. The theoretical curves were
computed using Eq. (3) and were least-squares fitted to the
experimental data for several values of y. Since we do not
measure absolute intensities, the two parameters used in
these fits were the vertical scale factor and the zero offset.
The residues were plotted against ¥, and the value of y
corresponding to the smallest value of the residue was tak-
en to be the best fitted value of y. Similar data were taken
for several different buffer-gas densities.

In Fig. 4 we have plotted y as a function of the buffer-
gas density. The error bars on y represent one standard
deviation in statistical spread of the data, contribution of
uncertainty in the radiative lifetime of the 5P, state,
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FIG. 3. Hanle-effect signal in the 5%P,, state of !’Ag, (a) in
the presence of 3.2 10'® atoms per cm® helium, and (b) without
any buffer gas. Crosses are the experimental data points and
solid lines are the least-squares-fitted theoretical curves comput-
ed from Eq. (3).

and uncertainty in the calibration of the magnetic field.
Standard deviations are based on four independent data
sets for each buffer-gas pressure. The radiative lifetime
was measured by the Hanle effect using a cell without
buffer gas to be 7=7.56(22) nsec.?! This lifetime mea-
surement is in good agreement with the value 7=7.5(4)
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FIG. 4. Electronic depolarization rate y is plotted against the
density of helium gas. Depolarization cross section o is ob-
tained from the slope of this curve.
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nsec obtained by Cunningham and Link?? using phase-
shift method. The error bar in 7 was taken into account
in determining the error bars on y. The magnetic field
was calibrated using a F.W. Bell, Inc. Model 640 Hall-
effect Gaussmeter. The Gaussmeter has a stated calibra-
tion accuracy of 1%, therefore we have allowed for 2%
uncertainty due to magnetic field measurements. No oth-
er source of systematic error could be identified. The data
were taken at sufficiently low vapor density of silver
(< 10" cm™3) that no significant coherence narrowing
should be present. - The vapor density was_ determined
from the measured absorption of the 3383-A resonance
light by silver vapor at the operating temperature. All of
our data, including the zero-buffer-gas data, were taken at
the same temperature. An evidence that our data does not
have significant coherence narrowing is that our result at
zero-buffer-gas pressure (radiative lifetime measurement)
is in excellent agreement with that of Cunningham and
Link?? obtained by phase-shift method.

The error bars on the buffer-gas density are primarily
due to uncertainty in our knowledge of the temperature at
which the cells were sealed off. During the process of
sealing off, the cell temperature was raised and the aver-
age temperature of the cell at seal off was estimated from
the observed increase in the pressure on the dial gauge and
the volume ratio of the gas handling system and the cell.
However, there was a large uncertainty in this measure-
ment and we have taken the average temperature of the
cell at seal off to be 375+50 K.

The value of the cross section o was deduced using Eq.
(6) and the measured slope, ¥ /n, from Fig. 4. The error
bar in, ¥ /n was determined by visual observation of the
plot. In the calculation of o, the average relative velocity
of the collision partners (Ag-He) at 1025 K was used. The
temperature of the vapor was determined from the mea-
sured vapor density of silver at the operating temperature
(see above) and the published vapor-pressure data.”> Since
the vapor-pressure data for silver have large uncertainties,
an error bar of +75 K was assigned to the temperature
measurement. Corresponding uncertainty in the average
relative velocity is about +4%. Using the above pro-
cedure, we obtain for the nuclear-spin-independent depo-
larization cross section of the silver 5*P; /, state by helium

0=1.240.15x10"1% cm? .
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TABLE 1. Comparison of the fine-structure intervals and the
cross sections for depolarization of P;,, states by He for several
single-valence-electron atoms.

Fine-structure Depolarization
interval AE cross section
Element (state) (cm™Y) (cm?) o(AE)?
Rb(5%P, 5) 237 241016 1.35x 10710
Cs(6%P, 5) 554 6.1x10-16°  1.87x10-1
Ag(5*Py ) 921 12x1071%  1,02x10"1°
T 6%P, ) 7793 6x10~1% 0.36x10~1°

*Reference 3.
PReference 7, corrected according to Ref. 3.

°This work.
dReference 24.

The above cross section is more than an order of magni-
tude smaller than the corresponding cross section in the
5P, ,, state of Rb (0=24Xx10"1% cm?).3 Anomalously
small cross section for silver is perhaps understandable if
the depolarization takes place predominantly due to elec-
trostatic interaction.>” 131424 In that case the depolari-
zation proceeds via virtual transition to the 5%P;,, state.
Therefore the P,,, state depolarization cross section
should be inversely proportional to the square of fine-
structure interval AE. Since the fine-structure interval in
Ag is 921 cm~! while it is only 237 cm~! in Rb, we ex-
pect the cross section in Ag to be smaller by a factor of 15
due to this reason alone. In Table I we have listed the
depolarization cross sections for P;,, states of several
single-valence-electron atoms. Included in this table is the
depolarization cross section of T1,2* which has a very large
fine-structure interval in the ground 6P state. The last
column of the table lists o(AE)? and they are found to be
within an order of magnitude of each other, in accord
with our expectations.

ACKNOWLEDGMENTS

This work was supported in part by the Research Cor-
poration, and in part through the dual funding of NSF-
EPSCOR and the state of Arkansas, Grant No. ISP-

8011447.

*Present address: Department of Physics, Texas A&M Univer-
sity, College Station, TX 77843.

IFor an excellent review, see, for example, W. E. Baylis, in Pro-
gress in Atomic Spectroscopy, Part B, edited by W. Hanle and
H. Kleinpoppen (Plenum, New York, 1978).

2W. Happer, Rev. Mod. Phys. 44, 169 (1972).

3B. R. Bulos and W. Happer, Phys. Rev. A 4, 849 (1971).

4E. L. Lewis and C. S. Wheeler, J. Phys. B 10, 911 (1977).

5J. Fricke, J. Haas, E. Liischer, and F. A. Franz, Phys. Rev.
163, 45 (1967).

SF. A. Franz and C. E. Sooriamoorthi, Phys. Rev. A 8, 2390
(1973).

7A. Gallagher, Phys. Rev. 157, 68 (1967).

8M. Lukaszewski and A. Sieradzan, Phys. Lett.
(1973); M. Lukaszewski, ibid. 51A, 481 (1975).

43A, 227

9W. Berdowski, T. Shiner, and L. Krause, Phys. Rev. A 4, 984
(1971).

I0R. Boggy and F. A. Franz, Phys. Rev. A 25, 1887 (1982).

1P, Skalinski and L. Krause, Phys. Rev. A 26, 3338 (1982).

12See, for example, B. Niewitecka and L. Krause, Can. J. Phys.
53, 1499 (1975).

13A. Gallagher, Phys. Rev. 163, 206 (1967).

14F. A. Franz, G. Leutert, and R. T. Shuey, Helv. Phys. Acta
40, 778 (1967).

135J. Guiry and L. Krause, Phys. Rev. A 12, 2407 (1975); Ref. 10.

16W. Hanle, Z. Phys. 30, 93 (1924). Application of Hanle effect
to a J = state was first described by A. Gallagher and A.
Lurio, Phys. Rev. Lett. 10, 25 (1963).

7For a recent review of the technique, see W. Happer and R.



29 MEASUREMENT OF THE COLLISIONAL DEPOLARIZATION . ..

Gupta, in Progress in Atomic Spectroscopy, edited by W.
Hanle and H. Kleinpoppen (Plenum, New York, 1978).

18G. Moe, Ph.D. thesis, University of Washington, 1974 (unpub-
lished).

198. Budick, R. Novick, and A. Lurio, Appl. Opt. 4, 229 (1965).

20M. Soltanolkotabi and R. Gupta, Rev. Sci. Instrum. 52, 476
(1981).

21M. Soltanolkotabi and R. Gupta, Phys. Lett. 96A, 399 (1983).

22P, T. Cunningham and J. K. Link, J. Opt. Soc. Am. 57, 1000
(1967). There have been few other lifetime measurements in
the 5P, ,, state of Ag; however, to our knowledge, above is
the only measurement by a vapor-pressure-independent

1837

method. The measurements by vapor-pressure-dependent
methods are subject to large errors due to large uncertainties
in the vapor-pressure data of silver (Ref. 23). Therefore, we
chose to compare our results only with those of Cunningham
and Link.

23R. C. Paule and J. Mandel, in Analysis of Interlaboratory Mea-
surements on the Vapor Pressures of Cadmium and Silver,
Natl. Bur. Stand. (U.S.) Spec. Publ. No. 260-211 (U.S. GPO,
Washington, D.C., 1971).

24H. M. Gibbs, G. G. Churchill, T. R. Marshall, J. F. Papp, and
F. A. Franz, Phys. Rev. Lett. 25, 263 (1970).



