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Polarization analysis of electrons extracted from a weak helium discharge in which the 2 S&

metastable atoms are spin oriented by optical pumping indicates that the reaction He(2 3S&)

+He(2 S&) He(1'So)+He'+e is the predominant source of ionization in the discharge. The
reaction conserves spin angular momentum and therefore produces polarized electrons. The
process has been exploited to produce continuous beams of electrons with polarization as high
as 10/o. For a source-gas pressure of 0. 035 torr, a continuous 4-pA beam with 8% spin po-
larization has been realized. Electrons extracted from the late afterglow of a pulsed discharge
have 17' polarization at an optimum pressure of 0. 1 torr.

I. INTRODUCTION

In the past there have been several studies, both
theoretical and experimental, which have attempted
to determine the specific ionization mechanisms
that occur in a helium discharge. ' These studies
have indicated that cumulative or multiple-step
ionization processes probably play a significant
role in maintaining both dc and high-frequency
discharges; however, the importance of cumulative
ionization in such discharges has never been directly
tested by experiment. In this paper we present di-
rect evidence of the importance of ionization pro-
cesses involving the metastable 2 Sq state in heli-
um; we also demonstrate that under certain condi-
tions the only ionization processes that produce
electrons at a rate sufficient to maintain the dis-
charge are cumulative. Moreover, as a result of
carrying out this investigation, we have developed
a method of producing an intense beam of polarized
electrons suitable for use in electron scattering ex-
periments.

In helium the first excited state 2 Sz is metasta-
ble with a typical lifetime in an active discharge
on the order of a fraction of a millisecond, limited
by collisions with other discharge products and/or
container walls. As a consequence, the 2'S&-state
population in the discharge (10 -10 ' cm s) is much
greater than that of other excited states. In the
discharge, several two-step ionization processes
involving atoms in this metastable state are pos-
sible, as well as is direct electron-impact ioniza-
tion of ground-state atoms. These cumulative pro-
cesses involve, first, the creation of a long-lived
metastable state by e].ectron-impact excitation, and
then subsequent ionization in a second reaction.
At the low gas pressures ( & 1 torr) with which we
are concerned, associative ionization processes3
and three-body reactions can be neglected.

The relative importance of cumulative ionization
processes can be determined by using spin polariza-

tion to "label" the electrons associated with the
metastable atoms. Previous experiments have
shown that optical pumping in a helium discharge
can produce a high degree of electron spin polariza-
tion in the triplet metastable atoms. " Ionization
reactions involving this optically pumped state will
yield polarized electrons if the reactions conserve
spin angular momentum. Thus by extracting the
electrons produced in such a discharge and mea-
suring their spin polarization, the importance of
cumulative ionization involving the 2 S& state can
be determined.

To perform these experiments we have used a
conventional helium optical-pumping apparatus;
this consists of a cell containing helium gas sub-
jected to electrical discharge, irradiated by po-
larized 1.08-p, 2 $-2 P resonance light. However,
we modify the cell by attaching a base plate with a
hole through which the electrons can be extracted
for subsequent analysis. The electron polarization
is measured by Mott scattering at 120-keV energy
from a thin gold foil.

The measurements show that the electrons ex-
tracted from an active helium discharge may have
a large polarization, indicating that cumulative
ionization processes play a substantial role. Elec-
trons extracted from the afterglow of a pulsed dis-
charge, where the electron production mechanisms
are known to be cumulative, show even higher po-
larizations. These measurements also provide
strong evidence that spin conservation holds for
the ionization reactions.

There has been great interest during recent years
in the use of polarized electron beams for atomic
and high-energy nuclear scattering experiments. '
The procedure described here can be used to pro-
duce an electron beam that has an intensity sub-
stantially greater than any other system yet de-
veloped. In addition, the source is easy to operate
and allows the electron spin direction to be easily
inverted without altering the beam trajectory. This
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method is technically simple, inexpensive, and
appears to be suitable for use in low-energy elec-
tron-atom collision experiments and with high-en-
ergy electron accelerators.

In this paper we first discuss the significant
electron production mechanisms in the discharge
and compare their relative efficiencies. We then
review the optical-pumping process and outline a
method by which the magnetic sublevel population
distribution of the optically pumped 2 Sq state can
be computed; from a knowledge of this population
distribution, the polarization of the electrons pro-
duced by cumulative ionization processes can be
determined. Finally we present experimental re-
sults, which show the electron polarization in the
active discharge as a function of discharge inten-
sity, gas pressure, base-plate material, and base-
plate geometry. Other measurements show the
polarization of electrons extracted from the after-
glow of a pulsed discharge as a function of gas
pressure and of time in the afterglow.

II. DISCHARGE PROCESSES

In this section the relative importance of com-
peting ionization me'chanisms in an active discharge
will be considered. Under steady-state conditions
these mechanisms can be analyzed by balancing the
electron production rate against the rate of elec-
tron loss. The importance of cumulative ionization
processes in high-frequency helium discharges can
be emphasized by reviewing the mechanics of a
radio-frequency discharge. A free electron in the
gas is set into oscillation by the external electric
field; in the absence of collisions its velocity is out
of phase with the applied field and no net power is
absorbed during the cycle. Collisions with ground-
state atoms alter the momentum of the oscillating
electron so that there arises a velocity component
perpendicular to the applied field. Since the aver-
age energy accumulated in each collision is very
small, ~ many such randomizing collisions are re-
quired before the electron reaches the first excita-
tion threshold of 19.8 eV. As the energy of the
electron increases above this value, more and
more excited states become accessible, so that the
effective electron deexcitation cross section in-
creases rapidly with increasing energy. In the dis-
charge, therefore, the number of electrons with
energy above 1S.8 eV should be a rapidly decreas-
ing function of energy. This qualitative picture is
consistent with quantitative calculations of the elec-
tron energy distribution in a high-frequency dis-
charge.

collisions between electrons and ground-state he-
lium atoms, provided the energy of the incoming
electron is greater than 24. 5 eV, the ionization
threshold. The production rate for this process
can be written

= o q v N n, ( & 24. 5!,(dn,
I, dt

where 0& =3&&10 "cm is the cross section aver-
aged over the distribution of electron velocities,
v is the average relative velocity of the two parti-
cles, N is the ground-state helium density, and

n, (& 24. 5) is the density of electrons with energy
greater than 24. 5 eV.

2. Cumulative Ionization

Cumulative processes involving the 2 Sq and 2 So
metastable states will predominate because of their
high populations compared to other excited states.
The relative populations of these two states in a
typical discharge is measured by optical absorption
of the 2 S 2 P and 2 S- 2 P lines to be approxi-
mately in the ratio of their statistical weights
(3:1). The electron production rate from electron-
impact ionization of these metastable atoms is cal-
culated just as for the direct case. The reaction
is

He" + e - He'+ 2e,
where M denotes either the triplet (T) or singlet
(S) metastable state, with densities Nr and N~,
respectively.

The electron production rates are

'
i

= oz v, Nr n, ( & 4. 7)
dn, b

dt &

for 2 S and 2 So metastables, respectively. The
average cross section o& = o3-—6~ 10 cm will be
used for both reactions.

The only other important production mechanism
in a low -density helium discharge is the collision
between two metastable atoms

He" + He" - He(1 So) + He'+ e

For this mechanism

A. Electron Production and Loss in an Active Discharge

1. Di sect Ionization

Electron-impact ionization can occur directly in

where N~ = N~+ N~ is the total metastable density.
The cross section for this reaction is about 10
cm2, yielding, for an average relative velocity at
thermal energies of about 2~ 10' cm sec
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dn

dt
' =2x10-'(Z )'

(dir ect),

(6)

= 3. 2 x 103n,( & 4. 7)
dt

(e -triplet MS),

(7)

(e-singlet MS),

(8)

= 1. 3x 10 ' (metastable-metastable).(dn,
I, dt

3. Elects'on Ioss

We have investigated discharges in the pressure
range from 0. 035 to 1.0 torr. At these low pres-
sures, bulk recombination of electrons and ions
can be neglected, and electron loss occurs pre-
dominately through ambipolar diffusion to the cell
walls, where recombination occurs. For the 100-
cm spherical cells used in these experiments the
characteristic diffusion length for the lowest mode
is Ap= 0. V8 cm. By neglecting higher diffusion
modes, a lower limit on the electron loss rate is
established as

dn ~n

&p

where so= A~ /D0, is the characteristic decay time
of the lowest diffusion mode.

The ambipolar diffusion coefficient D, is related
to the free-ion diffusion coefficient D, by the rela-
tion D, = D,(1+ T, /T, ), where T, and T. are the

The density of metastable atoms in the discharge
can be computed from a measurement of the frac-
tional absorption of the 1.08-p, resonance radiation
used to optically pump the atoms in the 2'S& state. '
This calculation indicates that at the discharge
intensity at which we measured maximum electron
polarization (see Sec. V) the density of the atoms
in the 2 Sq state is about 6& 10 cm, and we use
this value below for computing representative elec-
tron production rates. However, the error in this
number could be rather large because of uncertain-
ties in the spectral profile of the lamp (see the
Appendix) and in the distribution of metastables
throughout the source gas.

In estimating electron-impact production rates
we substitute a velocity which corresponds to an
energy just above the threshold for each process,
yielding production rates for direct and cumulative
processes:

"temperatures" which characterize the average en-
ergy of the electrons and ions in the cell. ' For the
calculations reported here we have used the re-
sults of Oskam's ' measurements of the effective
He' mobility' p, and the Einstein relation D, = kT'/
p,,e to determine the value of D, .

In this laboratory the electron temperature 7'. ,
in the discharge has not been measured, but is
known always to be a few eV on the basis of other
experiments. ' Using the above procedures we
calculate that at 0. 1 torr (the pressure at which
maximum electron polarization was observed) the
value of D, is about 2. 3&&10' cm sec . Estimating
the average electron energy as about 2. 5 eV we
compute that D, = 2. 3& 10' cm sec; therefore in
an active discharge Tp & 3&&10 sec, and the elec-
tron loss rate is

dna

dt
~ 3~10 n sec (10)

It is immediately apparent that steady-state elec-
tron production by electron-impact ionization of
2 So and 2 S metastable atoms [Eqs. (7) and (8)]
cannot possibly support the much larger loss rate
computed above. Furthermore, if direct ionization
[Eq. (6)] is to be significant at the 0. 1-torr
(-3.5x10 atoms/cm ) gas pressure under con-
sideration, then approximately 10% of the electrons
in the discharge must have energy greater than the
24. 5-eV threshold. This would appear to be an
improbably large percentage of high-energy elec-
trons in a weak discharge in view of the earlier
discussion of discharge mechanics. Thus, meta-
stable-metastable collisions [Eq. (9)] remain as
the most likely source of electrons in the dis-
charge. Equating the loss rate to the electron pro-
duction rate by metastable-metastable reactions
yields a steady-state electron density of about
4&&10 cm . This is in good agreement, in view
of uncertainties in calculations of metastable den-
sity and electron loss rate, with a directly mea-
sured value of 7x 10' electrons/cm for a discharge
operated in this laboratory under experimental
conditions very similar to those of the present ex-
periment.

B. Afterglow Electron Production and Loss Mechanisms

Ionization reactions involving electron impact do
not occur in the afterglow since the electrons rapid-
ly come to thermal equilibrium with the gas atoms
after the source of excitation is removed. How-
ever, the metastable-metastable reaction continues
to produce electrons for as long as the metastables
exist in significant concentrations. The metastable
lifetime, which is limited only by the diffusion time
to the walls, is on the order of 10 to 10 sec for
the experimental conditions reported here. ~~'~P
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FIG. 1. Helium energy-level diagram (not to scale).
The three components of the pumping light are labeled
Do, D&, and D2. The optical pumping cycle tends to in-
crease the population of the m=+1 sublevel of the 2 S~
state (for right circularly polarized light) or the m=-1
sublevel (for left circularly polarized light).

The population distribution in the optically pumped
2 S~ state can, in principle, be determined from
measurements of absorption of the 1.08-p. pumping
radiation by the sample. In these experiments,
helium gas is contained in a 100-cm spherical
Pyrex bulb at pressures ranging from 0. 035 to
1.0 torr. A weak rf discharge produces a steady-
state 2 S& population in the range 10 —10 cm
Because of their short radiative lifetimes, other
excited states are populated to a much lesser ex-
tent, with the exception, of course, of the 2 So
state. Circularly polarized 1.08-p. resonance ra-

Furthermore, since the electrons come to thermal
equilibrium with the gas atoms the ambipolar dif-
fusion coefficient is greatly reduced. Under these
conditions the loss rate may be on the order of 100
times smaller than in the active discharge. " Late
in the afterglow any free electrons must certainly
have been produced by metastable-metastable re-
actions.

Our conclusion, then, is that under the conditions
of the present experiment, metastable-metastable
reactions are the primary source of electrons in
the active discharge, just as in the afterglow. As
will be shown in Sec. III, the electrons produced in
this way will be spin oriented if the metastable
atoms are optically pumped and spin conservation
holds for the reactions.

III. OPTICAL PUMPING IN HELIUM

diation from a helium discharge lamp is then used
to excite the 2 Sg-2 Pp g p transitions (see Fig. 1).
This imposes the selection rule ~m =+ 1 for right
circular polarization (or —1 for left circular po-
larization). Spontaneous decay to the 2 Sq level
obeys the selection rule ~m = +1 or 0. This cycle
tends to increase the magnetic quantum number rn

of a typical metastable atom (for right circularly
polarized light). In other words, angular momen-
tum from the pumping light is transferred to the
atomic electrons.

This process of p. eferential population of the
magnetic sublevels must compete with any thermal-
izing process which tends to restore the normal
Boltzmann distribution. Pumped metastables are
lost by diffusion to the walls; they are replaced by
unpolarized metastables produced by electron-im-
pact processes. At pressures above 0. 5 torr col-
lisional mixing in the 2 P states prior to decay
reduces the effectiveness of the optical-pumping
process.

Following Schearer, ' the rate equations that de-
scribe the sublevel population changes in the 2'S&
state during the pumping process for an optically
thin sample are

= -FN( Q B)~+F + Bq~A~qN)+dt

where E, which is proportional to the pumping light
intensity, characterizes the rate of absorption of
the pumping radiation; N, is the population density
of the ith metastable sublevel, and N=gP qN, ; B„
is the relative absorption probability between the
ith 2'S, sublevel and the kth 2'P sublevel; A~,
is the relative spontaneous transition probability
between the kth 2'P and ith 2'S sublevels; and
r is the characteristic lifetime due to thermaliza-
tion processes of an atom in a particular 2'S sub-
level.

The spectrum of the 2'Sz-2'P resonance radia-
tion actually consists of three lines labeled Do,
B&, and D&, corresponding to transitions from the
three separate P sublevels. The Dj and D2 transi-
tions, however, are not resolvable. The precise
intensity of these lines in the pumping radiation,
relative to their corresponding absorption lines,
is not well known because of slight pressure- and
intensity-dependence of the spectral-line positions
and shapes; therefore parameters K and L are
introduced, so that the intensities of pumping radi-
ation exciting Do, D» and Dz transitions are in the
ratio K:L: 1 (see the Appendix). The population
for each level N, can then be evaluated by substitut-
ing the appropriate values of B,~ and A~& from
Tables I and II into the rate equations and then im-
posing the steady-state condition dN,. /dt = 0. This
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TABLE I. Relative absorption probabilities for pump-
ing-radiation intensity distribution characterized by
Do.' D j.' Dg =K; L; 1,

2 3S)

&~a

+1 6 0
0 0 3

—1 0 0

2 P
0 —1 —2

0 0 0
0 0 0
1 0 0

2 3P(

+1 0 -1
0 0 0
3L 0 0
0 3L 0

2 Pp

0
0
2K

yields

N, = (2N/a) [1+2rF(8+ 12L+ 4K)

+ —(rF) (1+L)(5+9L+ 8K)],

No (2N /6)[——l+ & rF(3+ 3L+ 4K)],

N = (2N/~)[1+ —,'~E(3+ 3L)],
where

6, = —'(TE)~(l+ L)(5+ 9I, + 8K)

(12)

+ q F(14+ 18L+8K) + 8 . (13)

The pumping process can be characterized ex-
perimentally by the intensity of the 1.08-p, light
which passes through the discharge cell. The op-
tical signal LU is determined by subtracting the
light intensity transmitted through pumped meta-
stables from the transmitted intensity when the
metastables are depumped. The metastables are
depumped by saturation of the &m = +1 magnetic
dipole transitions with an externally imposed reso-
nant rf magnetic field.

The optical signal b.I/I„ornmalized to the in-
tensity of the incident light can be written as

~I/I, =Q, ~I"'/&, I',"=&, (I"& I'J')/I, , (-14)

where I"' and I p" represent the total light absorbed
by the D, component in the unpumped and pumped
conditions, respectively, and Q, IP'=ID, Since the
fractional absorption of each component is propor-
tional to the absorption probability for the level
times the level population, the resulting terms for
I"' and I "' arep

(»)
dna 1 2-2Ns+NpNs+2NsN +2NpN +N N + pNp.

1 2

dt

The free-electron polarization is defined as

E,= (n„—n, )/(n„+n, ) . (18)

Substituting the values from the above equations we

get

2(NO+ N~) (N, —N )
(N~+N, +No+N ) —N, —N (19)

(A similar calculation for electron-metastable col-
lisions shows that there should be little difference
in the polarization of electrons produced by the two
reactions. )

From the measured values of. DI/Io, we have
computed the metastable sublevel populations for
the range of reasonable values of K and L. The
results of this computation are shown in Fig. 2

along with the measured AI/Io values, for K:L: 1

2~E+ 3(~E)' (1+L)
8+TF(14+ 18L+8K)+ ~ (7'E) (1+L) (5+9L+8K)

(lo)
The experimentally accessible quantity is 6 I/Io.
Thus, (7E) and then the level population ratios
N, : No: N can be computed from Eqs. (15) and (12),
for selected values of the parameters K and L (see
the Appendix for a discussion of the range of pos-
sible values of these parameters).

Finally, these values of the sublevel population
distribution can be used to compute the expected
electron polarization from spin-conserving ioniza-
tion reactions involving the 23S state. In particu-
lar, we are interested in electrons produced by
metastable-metastable collisions. Our calculation
includes the contribution from the unpumped singlet
(2 So) metastable atoms (labeled N, below). As-
suming equal cross sections for all processes ex-
cept those not allowed by spin angular momentum
conservation, ' the total production rates for elec-
trons with spin projections "up" (n„) and "down"

(n,) are, respectively,

dn„ 1 2pNs+NpNs+2Ns N +2N Np+N N +gAp &

1

dt

I'0 '- (2K)~N,

I,"'- (OI, )-,'N,

Io ' (10)gN, -

I"'- (2K)N;

I -3L(NO+N );
I"'-6N, +3Np+N .

(15)

Using the previously calculated values for N, the
total observed signal is

6 I K(5+ 9L+ 8K)
Ip 10+ 6L + 2K

2 3S) 0

23P

2 1 0 —1 —2

6 3 1 0 0
0 3 4 3 0
0 0 1 3 6

2 Pf
+1 0 —1

3 3 0
3 0 3
0 3 3

2 P
0

TABLE II. Relative 2 Po & 2 2 S~ spontaneous transi-
tion probabilities.
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tron lifetime of & 3&'10 sec computed earlier.
Furthermore, it is unlikely that the large thermal-
energy value of o,„persists at the higher (-2.5 eV)
energies of these experiments, so that w,„is in all
likelihood underestimated. Finally, the electrons
actually spin analyzed are extracted from a small
volume very near the exit canal, where their aver-
age dwell time is substantially less (probably by
a factor of about 100) than the average lifetime of
electrons in the cell. '

IV. EXPERIMENTAL APPARATUS

I I I I

8 12 16 20 24 28 32

Percent Absorption

FIG. 2. Calculated values of the relative populations
N„NO, and N of the 2 S~ magnetic sublevels m =+1, 0,
—1, respectively. The abscissa is the relative absorption
of the l. 08-p pumping light which characterizes the dis-
charge intensity and from which the 2 S~ density can be
estimated. The dashed curve shows the measured opti-
cal-pumping signal ~/Io The population distribution is
computed using Eqs. (12) and (17) and using K:L: 1
=0.4:1.3:1, the best estimate.

= 0. 4: 1.3:1. The anticipated electron polariza-
tions determined for the entire range of K and L
values are shown in Fig. 3. The uncertainty in the
A and L values is about a 30% (see the Appendix).
In all cases we expect a substantial electron spin
polarization which increases as the size of the
pumping signal dZ/Io increases. Because the K and
L components of the pumping light are absorbed at
different rates, ' the estimated polarizations (as
well as computed 2'S~ densities) are most accurate
at the lower discharge levels; i. e. , the equations
apply well only when the sample is optically thin.
The measurement errors of AI and I are approxi-
mately a 15% and 5%, respectively.

The electron polarization actually measured in
the analyzed beam can be expected to be diminished
by admixture of secondary electrons resulting from
collisions of metastables and ions with the walls of
the exit canal; this will be considered in greater
detail in Sec. V.

It should be noted that electron exchange reactions
of the form

0.6

Calculated 2~$
f Density

2.6 5.4 8.8 16.6 20.4 10 crn ~

0.4—

P, 03-

0.2—

K:L:1—0.3:1.3:I

0.4:I.5:I

-- 0.4' l.l: I

0.4:I.O: I

0.5:I.3:I

—0.020

—0.016

—0.012—QI
Io

—0.008

The optical-pumping apparatus and the electron
extraction electrode are shown in Fig. 4, and a
schematic diagram of the entir~ experiment is
shown in Fig. 5. The discharge cell is a Pyrex
sphere about 5 cm in diam; it is attached to a metal
base plate through which a hole is drilled so that
the electrons in the discharge can be extracted and
analyzed. An electrical discharge is maintained
in the gas by a capacitively coupled 50-MHz oscil-
lator. Helmholtz coils produce a small magnetic
field (nominally 5 G) in a direction parallel to the
incident pumping light so that a unique spin quan-
tization axis is defined.

The 1. 08-IU, resonance radiation necessary for
optical pumping is produced by a high-intensity
helium discharge lamp. The resonance light is
circularly polarized by a linear polarizer and
quarter-wave plate. The sense of circular polari-
zation can be reversed during the experiment by a
90' rotation of the linear polarizer. Light from
the lamp which passes through the discharge is
focused upon a PbS photodectector, so that the
metastable helium polarization can be determined
by measurement of the transmitted light, as de-

He (44)+e (0)- He (40)+e (&),

where (0) labels the electron spin orientation, can
in principle also contribute to the observed polari-
zation. However, despite its large cross section
(o„=1.6x 10 "cm at thermal energies), ' this
process is quite ineffective in these experiments
because the mean exchange time T,„=(o,„vNr)
= 6& 10 ' sec is much longer than the average elec-

0. 1—

I

0

—0.004

~ (Experimenta I)
I I I I

8 12 16 20 24 28 32

Percent Absorption

FIG. 3. Computed values of the electron polarization
for metastable-metastable ionization reactions [Eq. (20)].
To account for uncertainties in the intensities of the pump-
ing-light components, the calculation is done for several
values of the ratios X:L:1.
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FIG. 4. Schematic diagram of the
optical-pumping cell attached to the
metal base plate. Also shown is the
electrode used to extract the electrons
from the discharge.

scribed in Sec. III. Contaminants can shorten the
effective metastable lifetime and consequently di-
minish the ultimate 2 S& polarization; therefore,
high-purity (( 3 ppm) helium is admitted to the
sample cell through a cryogenic trap. The input
line and cell are periodically baked to reduce the
contribution of outgassing from the walls.

The free electrons in the discharge are extracted
with an electrode that is normally biased to + 1900 V
relative to the base plate. The extracted current
depends, of course, upon the gas pressure, the
intensity of the discharge, and the potential of the
extractor. For these experiments no significant
effort has been made to optimize the extracted cur-
rent. In order to reduce the number of secondary
electrons produced at the exit canal, its diameter

was made as large as possible. The maximum size
of this hole is restricted only by the pumping-speed
limitations of the pumps which evacuate the elec-
tron optical system.

Before acceleration to 120 keV for Mott analysis
of the electron polarization, the beam passes
through an electron filter lens. This is used not
only to focus the beam but also to determine the
energy distribution of the extracted electrons. The
calculated energy resolution of the lens is about
0. 2%, or about 4 eV for 1900 electrons.

For studies of the electron polarization in the
discharge afterglow, a pulse generator is used to
trigger the discharge oscillator. The electrons
extracted from the afterglow can be isolated by
synchronously pulsing the retarding plane (center
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FIG. 5. Schematic diagram of
the experiment (not to scale).
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electrode) of the filter lens. The delay and width

of the filter-lens transmission can be adjusted so
that the electrons can be sampled at any time in
the afterglow.

The entire optically pumped electron source,
extraction optics, and filter lens, together with as-
sociated electronics and pumps for evacuating the
extraction region and accelerator column, are
mounted on a large table which is biased to a poten-
tial of —120 kV relative to the laboratory ground.

After leaving the filter lens the electrons pass
through an accelerating column to ground potential
where they are analyzed. Because the electrons
are extracted in a direction parallel to the applied
magnetic field and pumping light, they are longitu-
dinally polarized; after acceleration they are ro-
tated to the transverse direction required for Mott
analysis by a cylindrical-plate spin rotator. The
measured energy resolution of the spin rotator is
about 4% and the transmission is approximately
20/o.

Mott scattering has been used previously by
others both to measure the spin pole, rization of elec-
trons emitted in P-decay processes and to test sev-
eral methods of producing polarized electron
beams. The principle, first proposed by Mott in
1929, is that a small azimuthal scattering asym-
metry due to spin-orbit effects will appear in the
usual Rutherford scattering pattern when a beam
of transversely polarized electrons is scattered by
the Coulomb field of a heavy nucleus. Recent ex-
periments by van Klinken ' and Mikaelyan have
shown close correspondence with the theoretical
values ' for the scattering asymmetry.

In this experiment the electrons to be analyzed
are scattered from a gold target into two silicon
surface -barrier detectors placed symmetrically
at a scattering angle of 0= 120' and azimuthal angles
relative to the vertical of 0' and 180', respective-
ly; the electron energy is 120 keV. The scattering
asymmetry is characterized by a function S(8),
such that the ratio of counting rates in the two de-
tectors is

R /R = [1+ (S)8P,] [/1 —S(8)P,], (20)

where the electron polarization is P, = (n„—n„)/
(n„+n~), and n„and n~ are the relative numbers of
transversely polarized electrons with spin axes at
azimuthal angles of 90' and 270', respectively.
Thus P, can be determined from a measurement of
the scattering asymmetry.

The most serious errors in any experiment in-
volving Mott scattering are usually due to instru-
mental asymmetries. In this experiment, however,
the sense of circular polarization of the optical-
pumping radiation can be reversed simply by rota-
ting the linear polarizer in the light path by 90
This reverses the electron polarization direction

in the extracted beam by 180, without affecting
the instrumental geometry in any portion of the
beam path. Instrumental asymmetries can there-
fore be eliminated from the analysis by averaging
the counting rate ratios R& and R2 for the two senses
of optical polarization. Each value of the polariza-
tion reported in Sec. V is the average of eight sets
of such measurements; the reported error is the
standard deviation of the eight individual polariza-
tion measurements. In every case this deviation
was significantly greater than the internal statistical
error '

1/2

n„+n, S(8)' (21)

Presumably the fluctuations in the beam polariza-
tion are due to small instabilities in the discharge,
particularly in the region of the exit canal.

The cylindrical Mott scattering chamber has an
inside diameter of 20 cm and an inside height of
20 cm. A Faraday cup 30 cm from the gold target
is used to monitor the beam current passing through
the target foil. To minimize the effect of elastical-
ly back-scattered electrons, all surfaces exposed
to the primary beam of scattered electrons are
coated with graphite (Aquadag).

The self-supporting gold-leaf targets used in this
experiment have a thickness of 193+5 p, g/cm .
These relatively thick targets yield high counting
rates; however, they also introduce a high rate of
multiple scattering within the target. To account
for this contribution we have used the- results of an
extrapolation to zero target thickness obtained by
Kesslerm for this angle and energy (120' and 120
keV). This extrapolation reduces the effective
value of the asymmetry function S(8) used in the
analysis from 0. 378 to 0. 26.

A. Steady-State Discharge

Figure 6 shows the polarization of the electrons
extracted from an active discharge displayed as a
function of discharge intensity at a helium pressure
of 0. 08 torr, ' where optimum polarization was ob-
tained. The figure also shows extracted electron
currents. The large electron polarization measured
indicates that the assumption of spin conservation
in electron production reactions involving optically
pumped metastables is at least partially correct.

V. EXPERIMENTAL RESULTS

The electron polarization was measured over a
wide range of discharge intensities as well as at
several different gas pressures. The effect of
secondary electrons produced near the exit canal
was studied by varying the base-plate material and

geometry. In addition, the dependences of the po-
larization upon time and gas pressure in the after-
glow of a pulsed discharge were measured.
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FIG. 6. Observed polarization and beam intensity of
electrons extracted from an active discharge vs discharge
intensity. The gas pressure is 0. 08 torr. As in Figs.
1, 2, and 3 the relative absorption of the 1.08-p pumping
light characterizes the discharge intensity.

It can definitely be concluded that cumulative ioni-
zation processes involving metastable 2'S& atoms
play a major role in weak helium discharges at
this pressure. A maximum polarization of 10.0
+0. 5/p was observed with an extracted beam cur-
rent of 0. 2 pA . It should be noted that much larger
beam currents can be extracted, with only modest
loss of polarization, at somewhat higher discharge
levels.

Because of the large number of competing pro-
cesses which contribute to the discharge and ex-
tracted current, it is difficult to make a detailed
quantitative interpretation of the dependence of po-
larization on discharge intensity (i. e. , upon percent
absorption of pumping radiation). However, gen-
eral features of the curves can be understood qual-
itatively.

The declining polarization at low-discharge levels
presumably results because electron production by
reactions that produce polarized electrons decreases
more rapidly with declining discharge levels than
does the production of unpolarized electrons. For
example, metastables (and ions) striking the metal
extraction canal can be expected to give rise to
secondary electrons which will be extracted (with
unknown efficiency) along with electrons produced
by reactions in the discharge. The secondary elec-
trons are presumably unpolarized. Secondary
electron production by metastable-exit-canal col-
lisions depends linearly upon metastable density
whereas the production rate in the discharge by
metastable-metastable reactions is proportional to
the metastable density squared. Note that at the
lower discharge levels the electron current appears
to have the parabolic dependence on metastable
density that would be expected from metastable-
metastable reactions.

The flux of metastables diffusing to the - 0. 1-cm
extraction area is estimated to be about 4& 10 sec
for experimental conditions where the observed
electron polarization is optimum. With a conversion
efficiency to electrons of about 0. 28, this gives
rise to a production rate of a little over 10"second-
ary electrons per second. We conclude that only
a small fraction of these are extracted, however,
since the total extracted current is only about 0. 2

pA, or about 10 electrons/sec. Electrons pro-
duced by ion collisions with the canal probably can
be ignored, since the charge neutrality in the dis-
charge allows the production rate by this process
to be no greater than the total extracted current.
The extraction efficiency for ion-produced second-
aries should be comparable to that for metastable-
produced secondaries.

The decrease in the electron polarization at high
discharge levels is in general agreement with the
observed behavior of the optical pumping signal
bI/Ie, which indicates a steady diminution of 2 St
polarization with increasing discharge intensity.
Several processes may contribute to the 23S& po-
larization degradation, the most serious of which
is probably the depumping effect associated with

significant trapping at high metastable densities
of the 2 P-2 S resonance radiation emitted in the
optical-pumping cycle. It is probable that the
mean free path of the fluorescent photons is sub-
stantially less than for the photons in the pumping
light because of the narrower spectral width and
unshifted position of the Quorescent lines.

A second detrimental process is the electron-
impact excitation of the 2 S metastables, which be-
comes increasingly important as the discharge
level, and hence the electron density, is increased.
These collisions tend to randomize the spin orien-
tation of the excited electrons. For example the
reaction He(2 St)+e - He(2'P)+e has a calculated
cross section of -2&&10 cm over a wide range of
electron energies above the - 1-eV threshold.

Measurements of electron polarization and ex-
tracted beam current were also made as a function
of discharge intensity for source-gas pressures
both higher and lower than the 0. 08-torr pressure
at which maximum polarization was obtained. The
data shown in Fig. 7 for pressures of 0. 035 and
0. 11 torr are representative. The 0. 08-torr data
are repeated for comparison. While the general
features of the data at all pressures are similar,
it is seen that the extracted current for a particu-
lar metastable density rises rapidly at low pres-
sures, while the polarization is only slightly de-
graded. A 4-pA beam with 8% polarization was
extracted at 0. 035 torr. ' The reduction in polari-
zation can be attributed to the shorter metastable
lifetimes at lower pressures resulting from their
rapid diffusion to the cell walls where deexcitation
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their production mechanisms. This subject prob-
ably should be explored further with different ex-
traction conditions.

B. Discharge Afterglow

Pe 6-
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occurs. This reduces the relaxation time 7 of the
2 S& polarization, and thus tends to short circuit
the optical-pumping process [see Eq. (12)].

The falloff in polarization at high pressures is
not completely understood, but is at least partially
explained by the increasing collisional mixing rate
in the optically excited 23P states, which depends
linearly on the pressure. ' The extraction ef-
ficiency is also degraded at the higher pressures,
so that the relative admixture of secondary elec-
trons in the electron beam may be greater.

The above measurements were made by extract-
ing the electrons through a 2-mm-diam by 2-mm-
long exit canal (see Fig. 4). The exit-canal geom-
etry and material were varied in an attempt to bet-
ter elucidate the contribution of secondary elec-
trons. Substituting an exit canal 1 mm in diam
and 1 mm in length resulted in substantially lower
polarizations and beam intensities. This is con-
sistent with the expectation that the relative con-
tribution of secondary electrons produced at the
exit canal should increase for smaller exit-canal
diameters. No differences in polarization or ex-
tracted current were observed for exit canals con-
structed of copper, aluminum, and graphite.

By using the filter lens as an analyzer, electron
polarization was measured as a function of energy
of the extracted electrons. No dependence upon
energy was observed. The spread in electron en-
ergies was found in the course of this investigation
to be of the order of 10 to 15 eV. It was hoped ini-
tially that the contribution of secondary electrons
could be discriminated aginst with an energy filter,
but the results suggest that the energy distributions
of both primaries and secondaries are probably de-
termined more by the extraction technique than by

r(o.o~~)
-4

—
2
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FIG. 7. Observed electron polarizations and beam in-
tensities vs discharge intensity for active discharges at
pressures of 0. 035 and 0. ll torr. Smoothed data for
0. 08 torr from Fig. 6 are included for comparison. For
clarity the error bars have been removed; errors are
comparable to those indicated in Fig. 6.

When the discharge is terminated by removal of
the excitation source, residual ions and electrons
diffuse to the container walls where they recombine.
However, production of new electrons through
metastable-metastable reactions persists for a
period comparable to the metastable diffusion time
to the walls. Thus, in contrast to the active dis-
charge, metastable-metastable reactions are iso-
lated as the only source of electrons during the
afterglow period. " Furthermore, the absence of
hot electrons and extraneous discharge products
that might have a deleterious effect on the optical-
pumping process can only lead to an increase in
the polarization of the 2 S& atoms, which continue
to be optically pumped during the afterglow.

The polarization of electrons extracted from the
afterglow of a rather intense discharge at 0. 11-torr
pressure is shown in Fig. 8, as a function of time
after termination of the discharge. The discharge
was pulsed on for 50 p, sec, and the extraction win-
dow of width 15 p, sec was scanned over a 140-p, sec
afterglow period. The measured electron polariza-
tion is seen to rise from an initial value of 2 jp,

characteristic of the active discharge, to an asymp-
totic value of about 17% in the late afterglow. This
is consistent with the expected increase as a func-
tion of time in the ratio of electrons produced dur-
ing the afterglow to residual electrons left over
from the active discharge.

Figure 9 shows the electron polarization in the
afterglow as a function of source-gas pressure.
Each point in the figure represents the electron po-
larization averaged over the entire afterglow period
so that the measured polarization is degraded by
the electrons remaining from the active discharge.
In all cases the discharge was active for 50 p.sec
followed by an afterglow period of 100 p, sec. Most
of the measurements were taken with a 2-mm
~2-mm exit canal, but data taken near the optimum
pressure with a 1-mme 1-mm exit canal are shown
in the figure for comparison. At very high pres-
sures (- 1 torr) the polarization falls to about 1/g

which is equal to that measured in the active dis-
charge at that pressure. This low value of polari-
zation can be attributed to the P-state mixing pro-
cess mentioned previously.

VI. CONCLUSIONS

The following may be concluded from these in-
vestigations.

(i) The predominant source of ionization in weak
electrical discharges in helium gas at pressures
near 0. 1 torr is metastable-metastable reactions
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of the form He + He -He(1 So) + He'+ e, where
He" denotes a helium atom in either the 2 So or
the 23S& metastable state.

(ii) The conclusion of the accompanying paper,
that spin angular momentum is conserved in meta-
stable-metastable reactions, is independently con-
firmed.

(iii) An intense beam (several microamperes) of
electrons with substantial spin polarization (8-10%)
can be extracted from a helium discharge in which
the 2 Sq atoms are spin oriented by optical pump-
ing. This polarized electron source would appear
to be well suited for use in nuclear and atomic
scattering experiments. It is capable of being op-
erated in continuous or pulsed modes, the pola, riza-
tion direction can be easily reversed without affect-

ing the beam trajectory, and it is inexpensive.
Extracted electron polarizations as high as 1V/p

have been realized in the late afterglow of a pulsed
discharge, but only with a large sacrifice in beam
current.

(iv) These results suggest the feasibility of mea-
suring spin dependence of Penning reactions
He(2'S~)+X-He(1 So)+X'+e, where X is any
molecule or atom other than neon, by means of an
optically pumped flowing afterglow technique. " An

improved polarized electron beam might be realized
by judicious choice of X, since (a) the attainable
2 Sg polarization is greater in the afterglow than
in an active discharge, (b) every polarized meta-
stable might be reacted to produce a polarized
electron (in contrast to a conversion efficiency of
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FIG. 9. Polarization of electrons ex-
tracted from the afterglow vs pressure.
The polarization is averaged over the
entire afterglow period (100 @sec).
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no more than a few percent in the present experi-
ments), and (c) the electrons can be thermalized
prior to extraction by collisions with ground-state
helium atoms, thus substantially narrowing the en-
ergy spread.
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APPENDIX: PARAMETERS E AND I.

The ratio K:L: 1 characterizes the intensity of
the Dp, Dj, and D& components of the 2'8, —2 Pp

pumping light relative to the corresponding absorp-
tion lines in the source gas. The uncertainty of
this ratio arises from the fact that the emission
lines from the lamp may be substantially shifted
and broadened relative to the absorption lines.
Estimates of E and L are based on the following

limited information.
Schearer has measured the relative shift be-

tween the absorption and emission lines for lamps
and absorption cells similar to ours. His data
suggest that the lines from the lamp are shifted by
approximately 0. 7+0. 2 cm ' toward lower ener-
gies.

Both Stockwell and Schearer have made high-
resolution observations of the optical-pumping sig-
nal M; in their experiments the Mp component
was resolved from M&+ M&. The following rela-
tions can be inferred from the data:

bIp» (dZg+AIp), rUg+ AIp & 0 .
Using procedures similar to those outlined in Sec.
II of this paper, each component of the optical sig-
nal may be written

Mp = rF 3K(5 + 9L + 8K) + (1F) pK(1 + L)(5 + 9L + 8K) ~

M)= NFL(5+9I. + 2K)+ p, (rF) L(1+L)(5+9L+ 8K),
M'p-— -rF p(5+ 9I +7K) —2(v'F) (1+L)(5+9L+8K) .
The values of K:L: 1 which satisfy the experimen-
tal observations appear to be K=0.4+0. 15 and
L= 1.3+0.2.
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Direct Demonstration of Spin-Angular-Momentum Conservation in the Reaction

He(2 S, ) + He(2 3S, ) ~ He(1 ' So)+ He' + e

J. C. Hill, * L. L. Hatfield, t N. D. Stockwell, ~ and G. K. Walters
Department of Physics, Rice University, Houston, Texas 77001

(Received 21 June 1971)

Conservation of spin angular momentum in the reaction He(23S&) +He(2 Sg) He(1 So) He'

+ e is demonstrated quantitatively in the afterglow of a helium discharge by measuring the de-
pendence of the electron production rate upon 2 S~ spin-state populations, which are manipu-

lated by an optical-pumping technique.

I. INTRODUCTION

The combined use of microwave diagnostic tech-
niques and optical pumping in He has made possible
a quantitative demonstration of the conservation of
electron spin angular momentum in the reaction

He(2 S,)+ He(2 S,)-He(1'So)+He'+e

occurring in the afterglow of a pulsed helium dis-
charge.

Violations of spin conservation in inelastic re-
actions involving nE states of He are known to occur
and are explained in terms of the failure of the LS
coupling approximation. Nevertheless, in the
preceding paper McCusker et al. invoke spin-an-
gular-momentum conservation to account for mea-
sured spin polarization of electrons produced by re-
action (1) in He, and the present work independent-
ly confirms the validity of their assumption.

As a direct consequence of the conservation of
spin angular momentum the cross section. associated

with Eq. (1) should depend in a predictable manner
on the magnetic spin-states of the reactant 23S,
metastable atoms. Optical pumping is used to con-
trol the spin-state populations in the afterglow of a
pulsed helium discharge, and microwave diagnostics
are used 'o detect the corresponding change in the
number density of electrons produced by the reac-
tion. Since the various reactions in a helium after-
glow are well understood, simple, and few in num-
ber, the resulting demonstration of spin-angular-
momentum conservation is quite direct and unam-
biguous,

II. THEORY OF EXPERIMENT

This experiment examines reactions occurring
in room-temperature high-purity He gas at a pres-
sure of about 2 torr, in the afterglow periods fol-
lowing a repetitively pulsed electrical discharge.
Upon termination of the discharge, all of the ex-
cited atoms present decay to the ground state with-
in a time of the order of 10 sec, except for those


