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A spin-exchange optical pumping experiment to study collisions between cesium atoms and quasifree
electrons is reported. In this experiment, electrons in a weak magnetic Geld were polarized through spin-
exchange collisions with optically pumped cesium atoms. The cesium-electron collisions were the principal
source of the electron-resonance linewidth, and they also gave rise to a shift in the center frequency of the
electron resonance. The magnitudes of the linewidth and frequency shift depend upon the two-body scatter-
ing amplitude for elastic collisions, the cesium polarization, and the cesium density. From measurements of
the electron linewidth and the frequency shift, a value is derived for the electron-cesium spin-Rip cross sec-
tion. The spin-Qip cross section at 20 C is found to be approximately 3.5X10 "cm'. The expressions for the
Iinewidth and frequency shift due to spin-exchange collisions of electrons with alkali-metal atoms are
generalized to cover the case where there is a spin-orbit interaction between. the electron —alkali-metal-atom
systems.

INTRODUCTION

ECENTLY, interest in the scattering of low-

energy electrons from alkali atoms has increased.
This interest has resulted in the appearance in the
literature of new measurements of the momentum
transfer cross section for the scattering of low-energy
electrons by cesium atoms'' and theoretical calcula-
tions for the electron-cesium scattering phase shifts. ' 4

Values for the electron-cesium momentum transfer
cross section in the temperature range of 450 to 550'K
were obtained by Chen and Raether using microwave
techniques to measure the electrical conductivity' of a
cesium=electron plasma. Flavin and Meyerand used the
electron cyclotron resonance to measure the same cross
section in the temperature range of 650 to 975'K.
This paper reports a spin-exchange optical-pumping
experiment performed to study the elastic co)lisions of
electrons and cesium atoms at temperatures near 300'K.

In this experiment, cesium vapor in a magnetic field
is polarized by the absorption of circularly polarized
optical-resonance radiation incident along the direction
of the magnetic field. The polarization is Inonitored by
observing the transmission of the resonance radiation
through the Qask containing the cesium atoms. Free
electrons produced in the Qask by the ionizing radiation
of tritium or by a radio-frequency discharge are polar-
ized by spin-exchange collisions with the cesium atoms.
If a radio-frequency 6eld is adjusted so as to depo/arize
the electrons, the cesium atoms will also be partially
depolarized through the spin-exchange collisions with
the electrons, and the intensity of the light transmitted
through the Rask will decrease accordingly. Under suit-
able conditions, the electron-cesium collisions dominate
other electron spin relaxation mechanisms, such as
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collisions with the buffer gas, and are the principal
source of the width of the electron resonance signal.
They also give rise to a shift in the resonance frequency.
Both the frequency shift and the linewidth are functions
of the electron-cesium scattering phase shifts. If the
scattering is entirely s wave, measurements of the fre-
quency shift and of the linewidth in the limit of zero
radio-frequency field yield a value for the spin-Rip cross
section even if the number of cesium atoms in the Bask
is unknown.

In a recent paper a complete theoretical treatment of
spin-exchange optical-pumping experiments was given,
and an experimental study of rubidium-electron colli-
sions was reported. ' The experiments reported in the
present paper are similar to the experiments reported
in that paper. The agreement of the cesium-electron
measurements with the theory is not completely satis-
factory, however. One possible source of this dis-
crepancy could be a spin-orbit interaction in the elec-
tron-cesium system. The previous theory assumed there
was no spin-orbit interaction. In this paper the theo-
retical expressions for the electron linewidth and fre-
quency shift are generalized to cover the situation
where there is spin-orbit couplipg. The first part of this
paper summarizes and extends the theory; the second
part summarizes the measurements; the third part
compares the results of these measurements on the
electron-cesium system with the available theoretical
calculations and other measurements.

THEORY

In this section we will be primarily concerned with
summarizi'ng the theoretical expressions for the electron
linewidth and frequency shift and generalizing them to
the case where there is spin-orbit coupling. %e shall
assume that the alkali metal or cesium atom has no
nuclear spin. The basic problem in this calculation is to
determine the rate of change of the cesium and
electron spin-space density matrices due to spin-
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exchange collisions. For a more complete treatment of
the theory the reader should refer to the previous paper. '

To describe the electron-cesium scattering, it is con-
venient to employ the center-of-mass system and to
use the coordinates of the electron relative to the
cesium atom. The incoming wave for the electron-
cesium scattering problem can be written in the form

exp(ikp r) )sp),I 3/2

where s0 is the initial electron-cesium atom spin state
and the normalization is such that we have one electron
in the box. The scattered wave will be

P(r, k,s)

(ei'IcF

exp(ikp r) )sp)+( M„,(k; kp) (sp), (2)I 3/2 r

where M„p(k; kp) is a function of the angle between k
and kp and is in general a matrix in spin space which
allows for the possibility of changes in spin states during
a collision. In the earlier paper it was shown that in
terms of the M matrix the time rate of change of the
electron density matrix due to spin-exchange collisions
with the alkali-metal atom 3 was

In terms of the triplet and singlet phase shifts, the
scattering amplitudes are

fp= (1/2ik) Q(2l+1) (e"'"—1)P~(cosg),
I,=O

dp(e)

P(A) —P(e)

2T-

1+i~P (A)
p»(e)

~ee

1—izP (A)
»p(e)

~ee
(9)

P(e)-P(A)

2T"

where P(A) and P(e) are the electron polarization and
the alkali-atom electronic polarization given by the
equations

and
P(e) =pn(e) —ppp(e),

P(A) =pgg(A) —ppp(A),

(10)

f&= (1/2ik) Q(21+1)(e"P"—1)P~(cosg).
0

It was further shown that if the alkali metal atom was
replaced by an equivalent spin-~ system, the time de-
pendence of the electron density matrix was given by
the expression

dp(e)/dt=v, ~lV~ Tr~ (2vi/k)PI(8=0, p=0)p(e, A) and the spin-exchange relaxation time is given by the
equation

—p(e,A)Mt(8=0, &=0)j 1/T„= v,~E~o sF. (12)

In terms of the phase shifts, the spin-Rip cross section

+ dQM(g p)p(e A)Mt(g p) (3) o'sF and the frequency shift parameter ~ are given by
the equations

Here v,A is the relative velocity of the electrons and the
alkali-metal atoms, EA is the number of alkali atoms
per cm', TrA stands for the trace over the alkali-atom
spin coordinates, p(e, A) is the electron-alkali atom spin-
space density matrix, M(8,&) is an abbreviation for
M„,(k; kp), and 8, g are the polar coordinates of the
vector k with respect to kp. An analogous expression
for the time-rate change of the alkali-meta1. atom can be
derived by interchanging A and e. In the earlier paper
it was assumed that there was no spin-orbit coupling
and that M could be written in the form

osp= (v/k') Q(2l+1) sin'(bP —bg'),
L=O

(13)

g= (1/o sF) (~/2k') P (2l+1) sin2(gP —h~') . (14)
l=O

P(e) —P(A)

The corresponding equations for the time rat'e of
change of the alkali-atom density matrix are

M= fp(8)Pp+ f,(8)Pg, (4) (15)
P (A) —P (e)

where E3 and I'j are the projection operators for the
triplet and singlet electronic states, fp and f~ are the
triplet and singlet scattering amplitudes. In terms of
the Pauli spin matrices the projection operators are

where
2~eA

1/T, g = v,~IV,a sF . (16)

Ps=4(3+~. ~~),

P) ———,
' (1—e eg) . (6)

In this paper we wish to derive the generalization of
these expressions when there is a/so spin-orbit coupling.
We shall assume that the potential which describes the
interaction between the electron and the alkali atom
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can be vrritten in the form

V(r)+V~(r)S L,

where I is the orbital angular momentum of the elec-
tron with respect to the rubidium atom and ~l, l ~) (21)

the projection operators for the states of total angular
mornerntum j derived from a total spin state s and an
angular-momentum state i by coupling S and L to-
gether in various fashions can be written in the form

S= —,
' (~.+~~) .

For an interaction of this form there will be a different
phase shift for each of the total angular-momentum
states derived by coupling S to L. If we introduce the
total angular momentum,

J= S+L,
then in terms of the notation

~l, l+1—
(S L+1)(S L+l+1)

(1+1)(21+1)

(h—S L)(S L+i+1)

l(3+1)

(S L—l)(S L+1)

i (2l+1)

(22)

(23)

(24)

P .28+1
) (20) In terms of these projection operators the M matrix is

M(8$)= (1/k)([P(21+1)e"""sinh~q'Pt(cos8))~(1 —o, e~)+[e"&&'sinhoP+g(2l+1)(e'"'+" sinh~„~PP~ t+,'

+e'" "sinh~, PP~, P+e'"'-"sinh~, ~ PP~, ~ P)P~(cos8))4(3+v. .c~)). (25)

If this expression is inserted into Eq. (3) and we retain only states of orbital angular momentum 0 and 1, the
following expression is obtained for the time rate of change of the electron density matrix:

where

~~(e)

dI

P(A) P(e) P(A-)+P(e)

2T-1 2T-3

1+i~gP (A)
— -u»(e)

TP82 2Teel 2 T883

1—isgP (A)
V io(e)

-Tee2

P(e)—P(A) P(A)+P(e)

1/T y=o ~kg(ol/k )[sin (bol hoo )+2 sin'(hio' —hei')+sin'(&io' —hei')),

1/T „o——o,~&Vg (or/k') [3 sin'(hgo' —hing')),

(»)
(28)

1/T„o=o,pe~(or/k )[sin ,(hoi &oo')+o[sin (hqo —hqq')+sin (bqq —5qq'))+sin (hxP —h~o )+o sin (&io —&ii )), (29)

1 = o,~N~ (or/2k') [sin2 (hoP —hoo')+ o [sin2 (h~o' —6q~')+sin2 (hn' —hqq'))
Tee2

+sin2(hgoo —h, o')+2 sin2(h„' —5„')). (30)

These expressions are considerably more complicated than the corresponding expressions [Eq. (9)) when there is
no spin-orbit coupling. The relaxation time for the off-diagonal elements of the electron density matrix is no longer
simply related to the relaxation time for the diagonal elements. The expression for the ratio of the frequency shifts
to the linewidth is more complicated. The corresponding expression for the time rate of change of the alkali-atom
density matrix is

'P (e) P(A) P (A)+P (—e)

2T eA. ]. 2TeA3

P(A) —P(e) P(A)+P(e)

Here
1/T, g, (Ã,/Ã~) (1./T„, ), and 1——/T, ,g (oiV,/Sg) (1/ .,T). o
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H we now use the phenomenological equations

and

d. (e)

dp(A)

dt

2
—p»(e)

Tle

p»(e)

T2e

,(A)

p21(A)

T2A.

P12(e)

~2e

2
—p»(e)

Tle

p12(A)

~2A

2
—p»(A)

(32)

(33)

to represent the other relaxation mechanisms, we can use the procedure of the previous paper to derive an ex-
pression for the change in light transmitted by the absorption Qask when there is a radio-frequency field which
can depolarize the electrons. If we assume that there is a static magnetic field Hp along the direction of the light
beam and a radio-frequency field 2H& costi perpendicular to the light beam, the change in transmitted light is)

00 l 7
—1

SEE AA (s)—— I(v,O)dv
i

P e -r +TeA1 +TeA3 +T1A

Here

My 7]7g2

(34)X
T '+ T '+—T '1+o—11'—r,r3+ (r2)'(pip gaol p pp)'— —

~eA1 7eA3

—TlA +TeAl +TeA3 (TeAl TeA3 )((Teel 2 ee3 )/(Teel + leep +Tie ))—

r +TlA +TeAl +TeA3

(r +T A +T Al +TeA3 ) (Tle +Teel +Tees ) (2 eA1 TeA3 ) (Teel Teep )
(35)

and
r2 T2e +Tee2 (36)

l5olp= E(A) (K /T12) .

EXPERIMENTAL PROCEDURE AND RESULTS

(3&)

The apparatus used in this experiment is described
in the previous paper on the rubidium-electron system.
The experiments were carried out in a magnetic field
of 50 mG. The magnetic field was su%ciently homo-
geneous that the full width at half-maximum of the

e The corresponding equations in Ref. 5 t Eqs. (7'I) and (79)j
contain a misprint. The expression T«/(T«+Tm) should read
T„/(T„+Tx,).

In these equations r is the pumping time, A is the cross-
sectional area of the cylindrical absorption flask, A (s)
is a function which gives the fraction of the incident
light absorbed by the flask, I(v,O) is the intensity per
unit frequency range of the circularly polarized Dj light
incident on the absorption Rask, coi is the resonance fre-
quency of the electrons in the field H~, cop is the reso-
nance frequency of the electrons in the field Hp, and
b~p is the frequency shift due to spin exchange colli-
sions. ' In terms of the phase shifts

cesium Zeeman transitions (350 cps/mG) was 40 cps.
The resonance signal was measured by amplitude
modulating the radio-frequency field with a mercury
relay and observing the demodulated absorption signal
with a lock-in detector. The temperatures of the ab-
sorption Basks were measured with a copper-constantan
thermocouple which was attached to the side of the
bulb. Solid carbon dioxide was employed to reach
temperatures below 20'C.

Two types of absorption bulbs were used. The first

type was a 500-cm' spherical fiask containing cesium,
4j.&1mm Hg of a helium buGer gas, and 2 C of tritium.
The free electrons were produced through ionization by
the tritium beta rays. The second type of absorption
bulb consisted of a 300-cm' Qask which was connected
by a neck j. cm in diameter and 1 cm long to a 25-cm'
bulb. The 25-cm' bulb was constructed with two glass-
covered tungsten electrodes, and contained 40.6 mm

Hg of a helium buRer gas. A continuous radio-frequency

discharge between these two electrodes provided a
source of free electrons. The electrons then diffused

through the connecting neck into the main absorption
Qask. This second type of Qask was constructed pri-

marily to ensure that the measurements were made on
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Tritium-helium
Tritium-helium
Tritium-helium
Tritium-helium
Tritium-helium
Helium -discharge

Temperature
in 'C

12.5
16
20
24
30
30

T2 ln
sec

14.2 X10 '
9.6 X10 '
5.8 X10 '
3.')4X10 '
2.15X10 5

2.15X10 '

r, (20'C)
in sec

6.5X10 '
6.3X10 5

5.8X10 '
5.5X10 '
5.8X10 '
5.8X10 '

(rut/2s)' for various bulb temperatures. The slopes of
the lines indicate that

Tmx,z I. The values of v 2 obtained for various bulb tempera-
tures. The values of v2 referred to 20'C were obtained from the
equation r~(20')/r2(T) =Nc, (2')/No (20 ). Here No (T) is the
number of cesium atoms per cm' at temperature T.

thermal electrons. j:dentical results were obtained with
both types of bulbs. Since there was less background
light with the tritium bulbs, they were used for most
of the measurements.

The first measurements were directed toward a deter-
mination of 71 and 7.2 as a function of temperature.
According to Eq. (34) the amplitude of the electron
resonance signal is described by the equation

%1 T1T2
BIr——(const) . (3g)

1+oot rrrs+ (~o—~~o—oo) (rs)

This equation indicates a method for determining T1

and v2. A plot of the square of the full width at half-
maximum of the electron line versus (cot/2s. )' should
yield a straight line with a slope of 4r&/rs and with a
zero radio-frequency intercept of (1/s'res). In order to
determine these two relaxation times, measurements
were made of the electron linewidth as a function of
the strength of the radio-frequency held. Runs were
made at various temperatures using both the tritium
and the discharge bulbs. The radio-frequency field
strength co1 was obtained by keeping the radio-fre-
quency oscillator set at the electron frequency and
increasing the magnetic field Ho until the cesium signal
was visible on the oscilloscope. The cesium signal was
then photographed. This signal showed the character-
istic modulation of the pumping light due to the nuta-
tion of the cesium moment. Since the magnetic moment
of the electron is approximately eight times the atomic
moment of the cesium atom (nuclear spin equals —,'),
co1 was obtained from the relationship

cot= 16x v(cesium) . (39)

Figure 1 shows several plots of (linewidth)' versus

0 20 40 60 80 IOO l20 I40 l60 I80 200 220 240 260
SQUARE OF THE R F FIELO STRENGTH IN kc/sec

FIG. i. The square of the full width at half-maximum of the
electron line in kc/sec plotted versus the square of the rf field
strength in kc/sec for three different temperatures. The slope of
these lines is equal to 4r&/rm, the intercept of the lines is (1/s.rs)'.
The measurements were made in a tritium-helium bulb.

rt/re= 1.0&0.1

for all the measured temperatures. Table I summarizes
the values of v-~ determined from the zero radio-fre-
quency field intercepts.

Figure 2 shows a plot of 1/burrs as a function of tem-
perature. According to Eqs. (36) and (29)

1/7 s
——1/Ts, +1/T„s,

and

T 882

1 p(Cs)
o. Eg~,g—n

P2 g3/2
(40)

)00 ! I I I I I I I I I

CS

N
10—

C

/

I I I I I I I I t l I

0 $0 20 50 40 50 60
TEMPERATURE IN OEGREES GENTICRAOE

Fro. 2, A plot of 1/s'rs as a function of temperature. The values
of 1/sro were obtained at each temperature by measuring the
zero rf field intercepts of straight line plots such as those shown
in Fig. 1. The dashed curve represents the temperature depend-
ence of the function, p(cesium)T 'a. This is the temperature
dependence one expects for 1/mrs if spin-exchange collisions are
the principal source of the linewidth.

where p(Cs) is the cesium vapor pressure. The dashed
curve is a plot of P(Cs)T s~' versus temperature and
it has been normalized to fit the data in the middle of
the temperature range. Table I shows in another fashion
the agreement between the measured temperature de-
dependence of the linewidth and the temperature de-
pendence expected if the linewidth is due entirely to
spin-exchange collisions. We conclude that r2= T„2 in
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TABLE II. The measured values of the frequency shift Bv0 at
various temperatures. Also listed are the corresponding values of
P(Cs)g obtained from the relation P(Cs)~, =2vT, .&Svp=2Svp/hv.
Here P(Cs) is the electronic polarization of the cesium and nv is
the full width at half-maximum of the electron resonance.

10—ll

1 I

Bulb type

Tritium-helium
Tritium-helium
Tritium-helium
Tritium-helium
Discharge-helium

Temperature Bv0
in 'C (cps)

11 10
17 23
20 55
24.5 65
30 190

P (Cs)rc,

—0.011—0.012—0.021—0.014—0.025

CA

I
10

5 ~

v(left) —v (right)
Bpp=

2
(41)

the temperature range investigated and that the elec-
tron relaxation is dominated by spin-exchange collisions.

The frequency shift due to electron-cesium collisions
was measured by first observing the electron resonance
frequency with left circularly polarized light and then
with right circularly polarized light. This operation
changed the sign of the cesium polarization and conse-
quently the direction of the frequency shift. The shift
was determined from the equation

10
0

I I l I I

5 10 15 20 25

TEIIIPERATURE IN DEGREES CENTIGRADE

l

30

FIG. 4. Plots of the cesium density as a function of temperature.
Curve A is derived from the equation (Ref. 7)

loglOP(Cs) = (—4041/T)+11.053—1.35 log&pT,

where p(Cs) is the vapor pressure of cesium in mm Hg and T is
the temperature in degrees Kelvin. Curve B is derived from the
equation (Ref. 8)

logiop (Cs) = (—40'/5/T)+11. 38—1.45 loglpT.

P(Cs)~t ——2z-T„s(bvp) = 2bvp/hv, (42)

1000
I l I I il l I l I I I

During measurements of the frequency shift, measure-
ments of the cesium Zeeman frequency were inter-
spersed to correct for drifting of the magnetic field.
The electron resonance frequency was higher when left
circularly polarized light was incident on the absorption
Qask and the cesium polarization was positive. Table II
summarizes the measured values of the frequency shift.
Table II also lists the value of P(Cs)zt computed from
the measured linewidths and frequency shifts by using
the equation

where hv is the full width at half-maximum of the
electron line. The computed values indicate that
2bvp/Av varies slowly with temperature. Figure 3
shows a plot of the measured frequency shifts versus
the bulb temperature. Figure 3 also shows the expected
temperature dependence if the frequency shift depends
only on spin-exchange collisions with the cesium atoms.

Measurements of the relative amplitudes of the
cesium Zeeman transitions in a magnetic field suffi-

ciently strong to separate them indicated that the
cesium electronic polarization at 20'C was greater
than 0.25. This measurement is subject to a systematic
error since it is based on a measurement of relative
signal amplitudes andnot of the absolute signal strength.
It is felt that the value 0.25 is a lower limit.

INTERPRETATION

Fm. 3. A plot of
the frequency shift
bv0 aS a funCtiOn
of temperature. The
dashed line repre-
sents the observed
temperature depend-
ence of (1/srp) One
expects the shift to
have this same tem-
perature dependence.

100—

Clk

10

CiO

/

~/

/

In this section we wish to see what the measurements
indicate concerning the cesium electron spin-Rip cross
section. First let us assume that the scattering is pre-
dominantly s wave and that there is no spin-orbit
coupling. In this case we can use Eqs. (13) and (14) and
the values of the ratio of frequency shift to the line-
width listed in Table II to determine (bos —bo'). At
20'C we find that

0.02~0.01
cot(bp' —bp') =—

P(Cs)

I I I I I I- l I I I l

0 10 20 30 40 50 60

TEMPERATURE IN DEGREES CENTIGRADE

If we assume that P(Cs) &0.25, then

—0.01 &cot(bp' —bp') & —0.12,
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If one extrapolates this function to 20'C, one finds that
Q =1.9X10 " cm'. Q is by definition related to the
ordinary differential cross section I(8) for elastic scatter-
ing by the equation

Q = dQ(1 —cos8)I(8), (4g)

(49)

If one assumes that the scattering at room temperature
is exclusively s wave, then one obtains

Q g (~/$2)$3 sjn2$~8+ sjn2$ 1j
=3.16X10 ' $3 sin'8 '+sin'8 'j (50)

In any situation, however,

3 sin'6 '+ sin'6o' &4

Hence one would conclude that there is a large p-wave
contribution present. The momentum-transfer cross
sections measured by Flavin and Meyerand do not
overlap the data of Chen and Raether. The results of
Flavin and Meyerand indicate that the momentum-
transfer cross section decreases with decreasing tem-
perature; the measurements of Chen and Raether show

predict a spin-Rip cross section of 1.58)(10 '4 cm' and a
value for the shift parameter ~ of —0.2.

Chen and Raether find that their data for the mo-
mentum-transfer cross section in the temperature range
of 450 to 550 K can be 6tted by the equation

1.61.)&10 '0 9.63)&10 "
+2.03X10 "cm'. (47)

Pl/2

an increase of the cross section with decreasing tem-
perature. There may be a sharp bend in the cross sec-
tion's dependence on the temperature; in either case,
however, one is reluctant to trust an extrapolation of
Chen and Raether's data down to 20'C.

CONCLUSIONS

This experiment indicates that there is still some

difhculty in understanding the magnitude of the elec-
tron —alkali-metal-atom spin-Rip cross sections and of
the electron frequency shifts due to spin-exchange colli-
sions. It is not clear whether there is some incomplete-
ness in the theory of the frequency shift or whether
some of the measurements are in error. For both
rubidium and cesium the spin-Aip cross sections are
large and the frequency shifts are small. In both
rubidium and cesium the s-wave part of the scattering
seems to be near the unitary limit and

i
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i
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It is not easy to understand this relationship. It is in
general dificult to calculate the spin-Rip cross section.
Most of the scattering depends upon the polarization
potential which is the same in both singlet and triplet
states. The spin-Rip cross section, however, depends
upon the difference of the phase shifts and thus possibly
upon the diGerence of two large numbers. It is interest-
ing that the frequency shifts for electron-cesium colli-
sions have the opposite sign from those for electron-
rubidium collisions.
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