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Optically Pumped Electron Spin Filter

H. Batelaan, A. S. Green, B. A. Hitt,* and T. J. Gay

Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska 68588-0111
(Received 26 October 1998

This paper reports the first experimental demonstration of an optically pumped electron spin filter.
Unpolarized electrons produced in a cold-cathode discharge drift through a mixture of spin-polarized
Rb and a nitrogen or helium buffer gas. Through spin-exchange collisions with the Rb, the drifting
electrons become polarized along the optical pumping axis. We study the role of the buffer gas in
both the optical pumping and the spin transfer to the free electrons. This spin filter produces electron
beams with currents and polarizations comparable to first-generation GaAs polarized electron sources.
[S0031-9007(99)09031-6]

PACS numbers: 34.80.—i

This Letter reports the experimental demonstration obf excited ones, the problem would be eliminated. This
a new kind of polarized electron source: an opticallyis the idea behind the device we discuss in this Letter: an
pumped electron spin filter. Polarized electrons are awptically pumped Rb electron spin filter. Free electrons
indispensable probe of spin-dependent phenomena idiffuse under the action of an electric field through Rb
many areas of physics [1-3], but they are difficult tovapor that has been spin polarized by optical pumping.
produce. State-of-the-art sources of polarized electronghrough spin-exchange collisions with the Rb, the free
use either photoemission from negative-electron-affinityelectrons become polarized and are extracted to form a
GaAs (or variants of its basic structure) [3,4] or chemi-beam.
ionization of optically pumped metastable Hé¢5,6]. The use of spin-exchange collisions to polarize ensem-
Both of these methods can yield average currents obles of electrons is not a new idea. Faragal.[12] and
the order of 100 uA with polarizations in excess of Krisciokaitis-Krisstet al. [13] developed pulsed sources
70%. Unfortunately, such sources are technically anaf polarized electrons (with average currert$0~'0 A)
operationally complex. by directing beams of polarized Rb and H, respectively,

In our laboratory, we have been trying to developthrough electron traps. A spin filter is a more efficient
“turnkey” sources of polarized electrons, with fewer electron polarizer than the trap-beam configuration be-
operating constraints and greater simplicity than thecause angular momentum can be transferred to the system
sources just mentioned. Until recently, we had viewed thenuch more rapidly by optical pumping. Moreover, the
best candidate for a turnkey source to be one of the typelectron densities in a discharge are much higher than in
developed by McCuskeet al. at Rice University in the a trap, leading to correspondingly higher currents. Previ-
early 1970s [7], based on associative ionization of. H&  ously, the optically pumped spin-filter concept has been
is different from the Hé source referred to above, in that successfully used to polarize beams of cold neutrons in
the electrons are extracted directly from a He dischargeollisions with oriented®He nuclei [14]. We also men-
instead of being produced by chemi-ionization of thetion in this context the experiments of Droutehal. [15]
flowing discharge afterglow. While the former design isand Schénhense and Siegmann [16] in which low-current
significantly simpler from the standpoint of mechanical (=<pA ) beams of electrons have been polarized by pas-
and vacuum engineering, the “flowing afterglow” sourcesage through magnetized thin solid films.
produces much higher currents and electron polarizations. For effective spin-exchange polarizatiarigr,! should

We have attempted to improve the direct extractionbe of order unity, wherer is the spin-exchange cross
source by using newly developed LMA [8] and DBR section fore™ — Rb scattering. As a first estimate, one
diode lasers [9] and an improved optical pumping schemean calculate the necessary Rb density,, for a given
[10] to polarize the H& These efforts have been interaction path length. If we consider electrons at
unsuccessful [11]. The problem with the direct extraction5 eV, theno =~ 10~ cn? [12]. Taking! = 10 cm, this
source is that it relies on having a discharge with acorresponds toig, =~ 10'* cm™3. Pure Rb vapor with
relatively high ratio of metastable atoms to ground-this density is optically thick and cannot be pumped be-
state atoms, a condition we were not able to achieveause of radiation trapping and subsequent depolarization
satisfactorily. The flowing afterglow source solves this[17]. Zeeman shifting of the Rb magnetic sublevels sig-
problem, but at the expense of a significant increase imificantly reduces absorption of depolarizing radiation, but
source complexity. magnetic fields of several kG are required fog, ~

If, on the other hand, the primary electron-polarizing10'* cm™3. A second alternative involves the use of td
collision mechanism involved ground-state atoms insteaduench the excited Rb atoms during the optical pumping
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cycle to reduce emission of depolarizing radiation. This We have made a numerical simulation of the optical
method has been used successfully in alkali spin-exchangeimping process in the test cell, following the basic ideas
polarization of noble gases with,Nressures of hundreds of Tupa and Anderson [17] and Wagshul and Chupp
of Torr [18—21]. The use of buffer gas at such pressure§l9,23]. The calculation takes into account the pump laser
poses another serious experimental challenge insofar abaracteristics, cell geometry, effects of diffusion, buffer
it is necessary to establish a well-defined beam of elecgas quenching, and depolarizing collisions. We find
trons and to bring it into an experimental chamber. Es<qualitative agreement (see Fig. 1) with our experimental
timates of the MN-Rb quenching cross section, however,results if the buffer gas inhibits diffusion to the walls
imply that significantly lower pressures of Might ade- (where the Rb is assumed to be completely depolarized)
quately quench the Rb and lead to reasonable average Rbd quenches the Rb. The quenching rae,of the
polarizations Pry, [20,22]. excited Rb atoms is taken to bR = 3I'/(3 + Py,),

We studied the effect orPr, of N, at pressures where Py, is the nitrogen pressure in Torr [23]. The
below 200 Torr. Some results are shown in Fig. 1. Thaliffusion coefficient for Rb in N is set at0.28 cn?/s
measurements were made in a stainless steel pipe {#0]. If either effect is “turned off” in the calculation, the
length L = 15 cm with glass windows at both ends to agreement with experiment becomes significantly worse.
allow the entrance and exit of the optical pumping laser These preliminary experimental results and numerical
beam as well as a probe beam. The former was producesdmulations, indicating that significant electron polariza-
by a standing-wave dye laser operating at 795 nm[the tion might be achieved with modest Mdind Rb densities,
transition for Rb. The data of Fig. 1 were taken with aencouraged us to build a first apparatus, shown in Fig. 2.
laser pump power of 200 mW. Typically less than 50%lt consists of a 2.75” Confl&tnipple with a glass window
of this light was transmitted through the absorption cell.at one end, attached to a noble gas optical electron po-
The wavelength selection of the dye laser was made solelgrimeter [24] at the other. As an electron source, we used
with a birefringent crystal in order to maintain a linewidth two coaxial electrodes to maintain a cold-cathode dis-
wider than the broadened Rb absorption spectrum. Awharge. The outer anode is generally held at ground, with
attenuated 3 mW diode laser probe beam, detuned by the cathode at several hundred volts. The intense, light-
frequencyé from the RbD2 wavelengthA of 780 nm, emitting part of the discharge is ring shaped and is well
was used to measuregr, and Pry, [18]. The pipe localized between the electrodes. The laser pump beam
contained a glass ampoule of Rb with a break-seal stengnters through the window, passes through the electrodes
the entire apparatus was heated to vagy. Nitrogen of
variable pressure was introduced through a needle valve.

A longitudinal magnetic field3 of up to 600 G could be 120 =
applied to the center of the pumping region. o ° an=3x1013/cm3
At large detuning and strong fields, the optical rota- 100 - B nRp=2x10""/cm
tion of linearly polarized light is dominated by the dia- A nRp=1x101%cm3

magnetic Faraday effect. Measuring the optical rotation g
A ¢ associated with this effect yields the density = 80 -
_ 8m(A)s? 2
"R T T T A2ugB (@) S 60 - R
@
wherel is the D2 natural linewidth, andup is the Bohr °
magneton. At smaller detunings and lowgffields, the g' 40 - ’
optical rotation is dominated by the paramagnetic Faraday
effect, and yields 20
567 (Ad)S
Prpy = ———. 2
R0 3y LT A2 @ 0
- T T

From Fig. 1, it is apparent that whemyg, ~
10 cm™3, N, pressures in excess of 50 Torr are
necessary for significant polarization, whereas Rb den-
sities only a factor of 5 lower allow-70% polarization  F|G. 1. Rb polarization®g,) vs nitrogen buffer gas pressure
with 15 Torr of buffer gas. Atig, = 3 X 102 cm™3,  at various Rb vapor densities. A typical percentage statistical
the sample can be fully polarized ab ressures below uncertainty is indicated for the high pressure point. Systematic
10 Torr, whereas the same density with no buffer ga#ncertamtles in the polarization measurement can be gauged

Id . tic field of | KG f let om the fact thatPr, exceeds unity in the low density data.
would requiré a magnetic neld or severa Or completepagyits of the numerical simulation for these conditions are

polarization [17]. With a low field and no buffer gas, also shown with the solid line, dashed line, and dotted line
Pry at this density could not be pumped above 10%. corresponding to the circles, squares, and triangles, respectively.

100 150
N2 pressure (Torr)
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and discharge ring, and is partially reflected by a copable in terms of the action of the buffer gas. In addition to
per extraction aperture that is also electrically isolated. Aguenching the excited states of the Rb during optical pump-
longitudinal electric field of~20 V/cm established be- ing and inhibiting wall depolarization by acting as a diffu-
tween the cathode and the extraction aperture drives the&on barrier, the nitrogen buffer gas appears to have other
free electrons through the Rb/buffer mixture. As withimportant benefits. First, considering a random walk, the
the test cellng, can be controlled by heating the sourceeffective path lengtli.¢ of the electrons through the buffer
chamber. Nitrogen is admitted from a side port. The lasegas increases from 10 cm (the cell lendthto L?/X =
probe beam enters through the window and passes through0 m, whereA is the mean free path. This means more
the extraction aperture and the optical polarimeter beforgolarizing collisions can take place. Second, although col-
being detected by a photodiode. During use, the sourcksional broadening of the absorption line at about 1 Torr
tube is heated te-100 °C. Under standard operating con- is negligible for optical thicknesses(1, the absorption
ditions, a 5g Rb ampoule lasts two or three weeks. A lonprofile at high Rb densities broadens considerably with
gitudinal field of up to 600 G is applied to the source anda buffer gas [25]; we have measured its FWHM to be
the entrance to the polarimeter. much greater than 10 GHz fdty, = 0.4 Torr. A wider

The polarimeter chamber is made of Pyrex and isabsorption profile allows more angular momentum to be
pumped with a 1000/s diffusion pump which maintains transferred deeply into the Rb cell. Third, electron swarm
the vacuum belowl0~* Torr. Electrons extracted from experiments show that a buffer gas will thermalize hot
the source are guided to a region where they collisionallelectrons. At20 V/cm and 0.4 Torr of N the average
excite an effusive neon target. The Stokes parameters electron energy is roughly 1 eV [26]. Sinoerises rapidly
radiation from the N&p>3p3D; state are measured with with decreasing electron energy [12], thermalization of the
an optical polarimeter, which views the collision region discharge electrons dramatically improves spin-exchange
through the side of the chamber. The Stokes parameteedficiency. The latter effect also means that the energy
can then be used to determine the electron polarizatiospread of the emergent beam is reduced; Ne excitation
[24]. We discovered that the extracted electron currentfunctions we have measured with the optical polarimeter
were larger and more stable when the ptessure was are consistent with energy spreads of about 1 eV FWHM.
kept quite low. Figure 3 shows data for both Rb and In a final experiment, we tried He as a discharge/
electron polarization taken with a,Nbressure of 0.4 Torr buffer gas. The results are shown in Fig. 4. We observed
as the laser power is varied. The appreciable electrothat He discharges were more stable with the electrode
polarizations measured in these experiments surprised ugeometry and voltages we used. This in combination with
given the low value ofig,. We attribute the fluctuations
in both sets of polarization data to longitudinal mode
hopping of the 40-Ghz-wide pump laser.

The rather significant polarizations we observe, an al-
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FIG. 2. Diagram of spin filter showing: (1) dc-discharge
cold cathode; (2) discharge anode; (3) discharge high-voltagélG. 3. Rb and electron polarization vs pump laser power
feedthrough; (4) electrically isolated field plate and exit aper-with ng, = 7 X 10'' cm™3 and a nitrogen buffer pressure of
ture; (5) Rb ampoule; (6) optical pumping radiation. A mag-0.4 Torr. The extracted electron current2isuA. Error bars
netic field is applied to the entire apparatus. indicate statistical uncertainty only.
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