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Intense polarized electron beams from chemi-ionization reactions with optically pumped
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An optically pumped flowing helium afterglow is evaluated as a potential source of polarized electrons.
3

Spin angular momentum conservation in chemi-ionization reactions involving optically oriented He(2 S)
atoms has been exploited to yield microampere electron beams with 30% polarization and energy
spread ( 0.5 eV, The beam emittance is on the order of 10 mrad cm at 500 V extraction potential.
This source appears well-suited for most spin-dependent scattering experiments that have been proposed.

I. INTRODUCTION

There has been increasing interest during the
past decade in the development of polarized elec-
tron sources suitable for studies of spin-dependent
effects in electron scattering from nuclei, "
atoms, "and molecules. 4 More recently, there
have also been predictions that polarization effects
in low-energy electron diffraction (LEED) can
provide new information on the properties of solid
surfaces, ' and Vriens' has further suggested that
the momentum and spin-density distributions of
bound electrons in magnetic materials can be ob-
tained from scattering experiments with polarized
electrons.

Many processes have been proposed as bases
for polarized electron sources. ' Several that have
shown promise are (i) photoionization of polarized
atoms, (ii) photoionization of alkali-metal atoms
by circularly polarized light (Fano effect), ' (iii)
field emission' and photoemission' from magnetic
materials, and (iv) Mott and low-energy scattering
from unpolarized atomic beams. "'

In the present paper we describe the use of an
optically pumped, flowing helium afterglow as a
source of polarized electrons. This work is an
outgrowth of earlier efforts in this laboratory
by McCusker et al. , who extracted a polarized
electron beam from an optically pumped helium
discharge. "

II. SOURCE CONFIGURATION AND OPERATING
PARAMETERS

The apparatus is basically the same as described
in the preceding" paper, henceforth referred to e,s I.
However, in the present work the various component
placements and apparatus parameters were adjust-
ed in order to optimize the performance of the ap-
paratus as a source of polarized electrons.

Best results were obtained with the apparatus
as configured in Fig. 1; details of the extraction
region are shown in Fig. 2. This is similar to the

arrangement used in I except that a second pumping
lamp has been added and the position of the reac-
tant injector altered. As in I, helium 2'S and 2'S
metastables are produced by either a, microwave
discharge or an electron gun. The 2'S atoms are
then optically pumped by circularly polarized reso-
nance radiation to preferentially populate either
the rn, =+1 or m, = -1 state. Electrons are pro-
duced by chemi-ionization of a reactant gas in-
jected near the extraction aperture. These elec-
trons are then extracted and focused by tw'o Einsel
lenses before acceleration to 120 keV for spin
analysis by Mott scattering. The second Einsel
lens can a1.so be operated as a filter lens to mea-
sure the energy spread of the beam. In this section
the optimization of the various experimental pa-
rameters is discussed.

A. Metastable excitation

The microwave cavity was used for most of
the data presented here because it produces a low
singlet to triplet metastable ratio of 0.06 at the
optimum flow-tube pressure of 0.10 Torr com-
pared to a ratio of 0.5 for an. electron-gun source.
(The electrons produced by chemi-ionization reac-
tions involving singlet metastable atoms are un-
polarized and therefore can seriously degrade the
polarization of the output beam. )

The 2'S production rate obtained using the mi-
crowave cavity source is nearly independent of
microwave power for powers above 30 W. The
2'S density at the extractor is t;hen limited by
diffusion losses to the flow-tube walls and hence
by the distance from the source to extractor for a
given flow-tube pressure. For a source-to-ex-
tractor separation of less than -30 cm, the polar-
ization is degraded by source-produced electrons
that are not removed by diffusion prior to extrac-
tion, and by relaxation of the He(2'S) polarization
due to electron excitation and exchange. There-
fore while operating the source close to the ex-
tractor results in an increased He(2'S) density
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I"IG. 1. Schematic diagram of the apparatus as con-
figured to perform optimally as a source of polarized
electrons (not drawn to scale).

so that higher densities ean be obtained by use of
a larger filament or multiple filaments. (The
filament used was 0.005-in. diameter by 1.5-in.
length operated at an emission current of 0.12 A
and accelerating voltage of 75 V, ) However, the
lateral dimension of the excitation region, which
normally extends some 10 cm from the filament,
also tends to increase with emission current, thus
increasing the number of unpolarized source elec-
trons extracted.

A trade-off must also be made between polar-
ization and current as a function of pressure for a
given 2'S source position. For the source-ex-
tractor separation shown in Fig. 1, the unpolarized
source-produced electrons account for less than
5% of the extracted current for flow-tube pres-
sures below 0.15 Torr, but their contribution to
the extracted current increases rapidly for higher
pressures because of their slower diffusion to the
walls. These electrons can be removed, at least
partially, by the use of rf heating near the source
to enhance the ambipolar diffusion rate. However
the rf must be shielded from the chemi-ionization
region to avoid a similarly enhanced diffusion loss
of the polarized electrons produced there.

available for production of polarized electrons in
chemi-ionization reactions, it also results in the
extraction of an increased number of unpolarized
electrons from the source. There is therefore a
trade-off between polarization and current.

In. the case of the electron-gun source the 2'S
density increases linearly with emission current,
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FIG. 2. Detail of the ga.s injector and electron extrac-
tor. The injection ring has 12 holes on the inside diam-
eter ar d 28 on the out. .ide, each 0.25 mm in diameter.

B. Optical pumping

The 2'~ state is optically pumped in the usual
manner'4 by the absorption of circularly polarized
2'S-2'I' resonance radiation with subsequent re-
turn to the 2'S state by spontaneous emission.
The use of two pumping lamps instead of one to
extend the length of the pumping region (but not the
pumping radiation intensity) increases the elec-
tron polarization by a factor of about 1.2, suggest-
ing that steady-state He(2'S) polarization is nearly
attained in the -10 ' second traversal time of the
pumping region. Each lamp contains helium at
10 Torr and is excited in the tank circuit of a
100-MHz mu]tivjbrator whjeh djssjpates 400 Qf. ~2'~5

Typical photon flux in the 2'S-2'P resonance line
is about 10"photons/sec. The lamps are shielded
to prevent rf heating of the electrons in the after-
glow.

A weak magnetic field of 5 G in the direction of
the pumping light is used to overcome Earth' s
magnetic field and thereby provide a unique quan-
tization axis. The electrons are extracted along
the field direction to avoid magnetic deflection and
are therefore longitudinally polarized. However,
transverse polarization should easily be obtain-
able, simply by rotating the pumping lamps 90
about the flow-tube axis or by extracting the elec-
trons along the flow-tube axis. In either ease,
large magnetic deflections of the extracted beam
can. be avoided by first nulling Earth's field and
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then superimposing a field along the optical-
pumping axis that is much smaller than the 5 G
used in the experiments reported here.

The attainable He(2'S) polarization, and hence
the polarization of electrons they produce in
chemi-ionization reactions, is limited to approxi-
mately 30% by He(2'S) spin-randomizing pro-
cesses that compete with the optical-pumping pro-
cess.

C. Gas injection

The extracted current and polarization that can
be realized depend somewhat on the particular
gas used. Results for N, and CO, are presented
in Sec. III. (The polarizations obtained for several
other common gases are described in I.) However,
some general comments apply to all gases.

First by placing the injector downstream of the
extractor as shown in Fig. 1, the helium meta-
stables can be completely reacted very near the
extraction orifice by back-streaming gas. The
flow rate of gas injected in this configuration is
typically 4 Torr liters/sec, about 10% of the He
flow. This injector location also avoids the loss
of metastables and electrons associated with dif-
fusion to the gas injector surface when it is placed
upstream of the extractor.

Second the gas should be chosen to have a large
cross section for both chemi-ionization and for
rotational and vibrational excitation by low-energy
electrons. In this way electrons produced during
chemi-ionization are rapidly thermalized thus
reducing the electron loss by ambipolar diffusion
while also reducing the energy spread of the ex-
tracted beam, For example, from the measured
fractional energy loss per collision" a simple
calculation shows that the energy of an electron
will be reduced from 1.5 to 0.05 eV in an average
of 60 collisions with CO, compared to 1.2~10'
collisions for He.

D. Electron extraction

The electrons extracted from the flow tube pass
through the small extraction aperture and are
accelerated by a voltage V, typically of 500 V.
This beam energy is achieved by floating the en-
tire flow tube and extraction aperture negative
with respect to the grounded extraction anode.
The beam currents that are reported here mere
measured to the inner cup (12-mm diameter) of
a movable collector shown in detail in Fig. 2. The
current to the inner cup was typically five times
the current to the outer one (25-mm diameter).
An upper limit on the beam emittance" for the
current to the inner eup can be estimated by the

product of the cup radius and the maximum angular
divergence, which is determined in this case by
the diameter of the cylindrical focus electrode.
This upper limit is 20 mradem. A lower limit is
provided by the product of the radius of the ex-
traction anode (0.16 cm) and the minimum angular
divergence given by the ratio of axial and per-
pendicular velocities v, and v, , such that 8=v~/v,
=(E~/E, )' '. If E~ is equal to the measured energy
spread of the beam (~0.5 eV) and E, =500 eV then
(x8)„„„=—5 mradcm at 500 eV. No attempt was
made to improve the electron optical quality of the
beam or increase the extracted current by changes
in the geometry of the extraction anode or the first
lens element.

According to the extraction scheme just de-
scribed, the electrons in the flow tube simply
diffuse through the extraction aperture before
being accelerated by the extraction field. How-
ever, it was observed that a large increase in
current can be obtained if the afterglow tube is
biased with a potential t/", of 10-.20 V negative with
respect to the extraetio~ aperture. For the largest
aperture used (2.0-mm orifice). an observed maxi-
mum in the extracted current as a function of bias
voltage indicates some type of focusing effect is
present. Since there is very little degradation of
polarization for bias pc entials up to 20 V, it is
obvious that the bias increases extraction effi-
ciency rather than initiating a discharge. The
manner in which the extraction and bias potentials
are established is indicated in Fig. 2 .

Since most of the potential drop in a gas diode
occurs at the cathode and not the anode, it mas .

not anticipated that electrons could be accelerated
out of the afterglow in this manner. However, the
energy distribution of the extracted beam shows
that the electrons are in fact extracted from a
plasma at the potential of the flow tube, indepen-
dent of the extraction aperture potential. It should
be noted that the entire extraction cone that pro-
trudes into the f lorn tube, except for the 0.5-in. -
diam aperture disc, w'as coated with PVC insula-
tion. It is likely that a larger exposed metallic
surface area would have an adverse effect on the
extraction characteristics, but this was not ex-
plor ed experimentally.

Electron polarizations are observed to decrease
rapidly at pressures above 0.125 or 0.15 Torr
depending on the extraction aperture size. This
effect is attributed to ionization or excitation of
the background gas by the electron beam in the
immediate post-extraction region. Elimination of
this problem by increasing the effective post-ex-
traction pumping speed or by lowering the accel-
erating voltage should improve source perfor-
mance.
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E. Filter lens

The filter lens used in this experiment to mea-
sure the energy distribution of the electron beam
was designed to provide an energy resolution of
about 0.3-0.5 eV. It is very similar to the lens
described by Kessler and Lindner, " and Simpson
and Marton. " The principle of operation for this
type of lens is discussed in detail by Simpson. '
It is best viewed as two back-to-back short-focus
lenses symmetrically placed about a retarding
plane. The first lens focuses the incoming beam
on a small aperture in the retarding plane; those
electrons with sufficient energy to pass through
the retarding plane are then imaged by the second
lens onto an exit aperture. The energy distribu-
tion of the beam is obtained from the dependence
of the transmitted current on the retarding plane
potential.

For proper operation of the lens, the 5-Q field
used for optical pumping is turned off. The pres-
ence of Earth's magnetic field results in a slight
degradation of the energy resolution of the lens.

III. RESULTS

A. Efficiency of electron extraction

The current extracted from the afterglow, while
reproducible, is dependent upon several param-
eters such as flow-tube pressure and bias poten-
tial, extraction-aperture geometry and choice of
reactant gas. These dependences are evident in

a summary of typical data presented in Table I,
which is discussed below.

As expected, the extracted current for a given
set of experimental parameters was found to be
essentially independent of the post-extraction
accelerating potential V, . The value V, =500 V was
chosen only to minimize deflections of the extracted
beam by Earth's magnetic field.

However, the extraction efficiency is increased
by a large factor —as much as 200 for some com-
binations of reactant gas and extractor geometry-
by biasing the extraction aperture a few volts posi-
tive with respect to the afterglow tube.

It is possible to calculate a value for the maxi-
mum current I„,„. „which may be extracted from
the afterglow. This is accomplished by deter-
mining the number of metastables per second
which cross a fixed plane perpendicular to the
afterglow using an optical absorption technique.
The maximum current which may be extracted
can then be estimated by assuming that each meta-
stable produces one electron. Extraction efficien-
cies in Table I are expressed as percentages of
I„,.„, All data were obtained with the gas injector
placed 1 cm downstream of the extractor.

It is evident that the extraction efficiency is ex-
tremely sensitive to the flow-tube bias V„and
also highly dependent on the choice of reactant
gas. For the 2-mm orifice and CO, as a reactant
gas, a small bias voltage —in this case 5 V—in-
creases the current by a factor of 200 when some
40% of all electrons created in the tube are ex-

TABLE I. Electron extraction efficiencies, He(2 S) decay lengths are determined by diffusion to the flow-tube walls,
and quoted densities 8 are averages across the diameter of the flow tube in the optical-pumping region. I~,x and V~
are defined in the text. Efficiencies quoted where no reactant gas is present refer to the extraction of electrons ejected
from the brass extractor surface by He(2 S) metastable atoms.

0.90
Pressure (Torr)

0.1 00 0.125 0.150

He(23S) Decay length (cm)
He(2~$) Density: Ã (cm )
Imax (A)

5.0
1.1x 10
5.8x10 7

5.5
2.7x 107

1.3x10 6

6.5
1.3x 108

7,0x10 6

8.2
5.1x 10
2.7x10 '

Extraction aperture

2.0 mmx 0.2 mm

1.5 mmx1. 5 mm

Optimum bias voltage Vq

Biased

No bias

Biased
Biased
No bias

Reactant
gas

CO2

Np

None

CO2

N2

None

CO2

N2

CO2

N~

None

17 37
2.6
0.64
1.0
0.6
0.19

1.4

43
8.1
0.45
0.2
0.74
0.12
2.9
0.71
0.11
0.08
0.05

Extraction Efficiency
% «Im. x

3.7
0.11
2.7
0.45

0.27
0.03.

Optimum bias voltage varies with pressure but is between 5 and 25 V.
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tracted into a usable beam. It may thus be con-
cluded that no major increases in extracted cur-
rent can be obtained by either larger extraction
apertures or redesigned extraction optics, al-
though the latter may improve the electron optical
quality of the beam. The order -of-magnitude
difference in the currents obtained with CO, and

N, is probably due to the slower thermalization of
electrons in N, resulting in a larger diffusion loss.

B. Energy spread of the extracted beam

The filter lens described in Sec. II was used to
measure the energy distributions of extracted
electrons. The transmitted current through the
filter lens as a function of retarding voltage is
shown in Fig. 3 both for electrons produced during
ionization of CO, injected 1 cm downstream from
the extractor and for electrons ejected from the
extractor orifice surface when no reactant gas is
present. The measured energy spread &E for
surface ejected electrons is typically 3-5 eV. On
the other hand, &E =0.35-0.5 eV for electrons pro-
duced by chemi-ionization of the molecular gases
CO„N„and C,H, . The initial energies of elec-
trons from these gases are primarily 1-3 eV for
CO„1-5 eV for N» and 9 eV for C,H, . The elec-
trons are rapidly thermalized by rotational and
vibrational excitation of their parent gases. Since
the measured energy spreads approximate the
calculated resolution of the filter lens, the true
energy spread of the extracted beam may be sub-
stantially less.

When the afterglow is biased negatively relative
to the extraction aperture, the energy of the ex-
tracted beam increases correspondingly but the
energy spread remains unchanged. Therefore,
for the same conditions of electron extraction at
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FIG. 4. Measured electron polarizations vs extracted
currents. The electrons were produced by chemi-ion-
ization of CO, or N& with the apparatus configuration as
shown in Figs. 1 and 2. Numbers in parentheses are
Qow-tube pressure in mTorr (upper) and bias voltage
V& (lower): (a) Extraction aperture 2-mm diameter
x 0.2 mm and (b) Extraction canal 1.5-mm diameter
x1.5 mm. (Multiple data points taken under seemingly
identical conditions are typical of the day-to-day varia-
tion in source performance. )
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which the polarization and current measurements
were made, we conclude that the energy spread
of the beam is less than 0.35-0.5 eV and may
approach thermal energies (0.03 eV).
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FIG. 3. Transmitted electron current through the filter
lens vs retarding voltage: (a) electrons from chemi-ion-
ization of CO2 and (b) electrons ejected from the surface
of the extraction aperture by He(23$) atoms when no
reactant gas is introduced.

C. Polarization and current

Polarizations and extracted currents were rnea-
sured for a variety of afterglow conditions and for
several reactant gases. Best results were obtained
with a microwave 2'S excitation source, a 2.0-
mm-diam by 0.2-mm extraction orifice, and using
CO2 as the reactant gas. Typical data obtained
under optimum operating conditions are presented
in Fig. 4(a). The reactant gas was admitted 1 cm
downstream of the extractor. For each data point
the flow-tube pressure (in mTorr) and bias poten-
tial are given in parentheses. Two data points
taken with N, as the reactant gas are shown for
comparison, The fall-off in polarization at higher
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pressures results from ionization of the back-
ground gas in the immediate post-extraction re-
gion. Better differential vacuum pumping of this
region. should allow extraction of currents on the
order of 10 ' A at higher flow-tube pressures
without degradation of the polarization.

For purposes of comparison, Fig. 4(b) presents
typical data for a 1.5-mm ~ 1.5-mm extraction
aperture. The results are similar to those pre-
sented in Fig. 4(a) except that the extracted cur-
rents for comparable polarizations are about an
order of magnitude lower.

The extracted currents and polarizations were
found to be insensitive to the geometry of the
nozzles used in the microwave excitation source.
As expected, substantially lower polarizations
were obtained with the electron-gun source be-
cause it produces a much higher proportion of
2 'S metastables.

Finally, when no reactant gas is introduced,
polarized electrons are ejected from the extractor
surfaces by the optically pumped helium meta-
stables, as discussed in I. Under these conditions,
polarizations and currents comparable to those
shown in Fig. 4(b) can be extracted through a
1.5-mm~1. 5-mm aperture 30 cm from the
He(2'&, ) source. It should be kept in mind, how-
ever, that the energy spread of the extracted beam
when the apparatus is operated in this mode is
several electron volts, while the chemi-ionization—
produced beam has an energy spread «0.5 eV.

IV. CONCLUSIONS

In this section the basic performance charac-
teristics of the optically pumped, flowing helium
afterglow as a source of polarized electrons are
summarized, and several areas of possible im-
provement are discussed.

Electron polarizations of about 30% can be ob-
tained routinely so long as the flow-tube pressure
is kept low enough to avoid ionization of the back-
ground helium gas immediately behind the ex-
tractor. In the present apparatus the attainable

current at 30Vo polarization is limited to about
5~10 ' A. Substantially higher currents can be
extracted at some sacrifice in polarization; opera-
tion at 0.125 Torr with CO, reactant gas yielded
the best values for the P'I quality factor (P =21%%d,

I = 3X 10 ' A)." Better differential pumping of the
post-extraction region should allow the flow tube
to be operated at somewhat higher pressures and
allow extracted currents substantially in excess
of 10 ' A at 30% polarization.

The degree of polarization is limited by He(2'8)
spin thermalization processes that compete with
the optical pumping of the 2'S helium metastables.
The helium resonance lamps used in these experi-
ments are optically thick and cannot be substan-
tially improved upon. However, advances in tun-
able infrared laser technology may yield superior
optical-pumping sources in the future.

In the present work the beam was extracted at a
potential of 500 eV with longitudinal polarization,
a measured energy spread of &0.5 eV, and a beam
emittance of 5 —20 mrad cm. As previously dis-
cussed it should be possible to extract a compara-
ble beam with transverse polarization. Efficient
electron extraction is possible with a potential of
only -30 V; 500 V is used only to reduce magnetic
deflections of the beam.

An added and distinct advantage of this source
is that the electron-spin direction can be reversed
(or modulated at frequencies up to about 50-100
Hz) without affecting the beam trajectory, simply
by rotating a quarter-wave plate to reverse the
sense of circular polarization of the optical-pump-
ing radiation.

This source of polarized electrons is inexpen-
sive and easy to operate. It appears mell-suited
for most, if not all, spin-dependent scattering
experiments that have been proposed to date.
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