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Abstract: We outline an experimental technique for measuring the degree of polarization of a positron
beam using an optically pumped, spin-polarized Rb target. The technique is based on the production
and measurement of the ortho- and para-positronium fractions through positron collisions with
the Rb atoms as a function of their polarization. Using realistic estimates for the cross sections and
experimental parameters involved, we estimate that a polarization measurement with an uncertainty
of 3% of the measured value can be achieved in an hour.
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1. Introduction

The interest in polarized positron beams, together with a knowledge of the beam
polarization, has been driven by a number of realised or potential applications of positron
and positronium (Ps) science. These include the study of surfaces and magnetic materials
via a range of positron spectroscopies (PALS—Positron Annihilation Lifetime Spectroscopy;
ACAR—Angular Correlation of Annihilation Radiation; DBS—Doppler Broadening Spec-
troscopy) [1], potential applications in spintronics [1,2], and spin-polarized positron-
induced Ps spectroscopy for probing the spin-dependent surface density of states [3].
Most exciting is the prospect of the creation of a positronium Bose-Einstein condensate
through the creation of a high density, spin-polarized Ps ‘gas’, (see, e.g., [4-7]). To this end,
positron polarimetry has been developed extensively since the violation of parity conserva-
tion in the weak interactions was first discovered [8]. Improvements in polarimetry enable
development and testing of new source configurations to produce highly polarized positron
beams and for the measurement of spin-dependent scattering processes. We discuss here
the concept of using an optically pumped target as a polarimeter as compared to previous
polarimetry designs.

The most commonly used positron source is based on the nuclear beta decay of
radioactive isotopes, and amongst these, 2?Na is a laboratory favourite due to its relatively
long half-life of 2.6 years and 90% conversion rate for positron production. Positrons
produced in ?>Na decay have energies of between 0 and 546 keV with an average energy of
216 keV [9]. As a result of parity non-conservation in the beta decay process, the emitted
positrons are longitudinally spin-polarized, with their degree of polarization given by Cu/c,
where v is the emission velocity, c is the speed of light, and C is a constant that is near or
equal to unity for most beta decay processes. At a mean emission energy of ~200 keV for
22Na, the polarization along the emission direction is thus about 70% [10].

To form a positron beam of reasonably narrow energy width that can be used for
atomic collision physics experiments, it is necessary to “moderate” (slow down) the emit-
ted positrons. However, the nature of the positron source configuration, the range of
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emission angles that are captured in the beam, the moderation process itself, and a host
of beam-transport mechanisms can alter the nascent positron polarization. A thorough
characterization of the experiment in which the positrons are ultimately used generally
requires that the positron beam polarization, P,+, be known [11]. The value of P,+ can be
defined as:

Nt - N~

Popo=—
et N++N7

where N*(-) is the number of et with spin up (down) along a specified axis, which is most
typically the axis parallel to the positron beam’s momentum.

Polarimeters based on Mott scattering are not generally practicable; the repulsive
Coulomb force between positrons and high-Z nuclei minimises the spin-orbit coupling
that yields the necessary spatial spin asymmetry required for polarimetric analysis. The
analysing power of positron scattering from, e.g., Hg targets is roughly one-tenth of that
for electrons below 200 keV and is essentially zero below 50 keV, corresponding to a deficit
in statistical accuracy of two orders of magnitude for a given counting time and beam
current [12]. Even at energies above 1 MeV, the positron analysing power is only about half
that for electrons. Positron polarimeters based on Bhabba scattering have been built and
have reasonable analysing power above 1 MeV [13], but, again, they are not suitable for
analysing positron beams in the keV (or lower) energy range.

The majority of positron polarimeters discussed in the literature are not based on
two-body scattering, but on the formation of positronium through positron scattering from
a target in a strong magnetic field, and the subsequent coincidence rate measurements of
either the back-to-back two-gamma (2y) emission from para-positronium (p-Ps) decay, or
the time-delayed 3y decay of ortho-positronium (0-Ps) [8,11,14]. When a beam of polarized
positrons strikes a target with electron polarization

P :M
T T -
N7 + Ny

where, as before, N;f (*) is the number of electrons with +(—) spin along a specified axis,
one can show that, in the absence of spin-orbit-induced spin flips, and in the limit of no
magnetic mixing of p-Ps and 0-Ps, the probability of producing 0-Ps and p-Ps depends on

Pr and P,+ as indicated in Table 1.

Table 1. Relative production probabilities of ortho-positronium (0-Ps) and para-positronium (p-Ps)
for a target of electron polarization Pr and a positron beam of polarization P,+.

Target Spin Beam Spin Configuration Probability = Relative o0-Ps Production Relative p-Ps Production
+ + 1/4 (1 + P,+ +Pr+P, Pr) 1 0
+ - 1/4 (1 — P,+ +Pr—P,+ Pr) 1/2 1/2
- + 1/4 (14 P,+ —Pr—P,+ Pr) 1/2 1/2
- - 1/4 (1 — P,+ —Pr+P,+ Pr) 1 0

The first example of positron polarimetry based on positronium formation was demon-
strated in 1957 by Hanna and Preston [8,15]. In their experiment, polarized positrons from
64Cu beta decay formed positronium as the result of being stopped in a magnetized iron
target. The 2y coincidence rate was measured as a function of the target magnetization
direction, either parallel or anti-parallel to the positron beam axis. Since (except at very high
magnetic fields) the 2y rate is due almost exclusively to the formation of p-Ps, it is apparent
from Table 1 that this rate will change when the iron magnetization (and hence, Pr), is
flipped. The change in coincidence rate can thus be used to extract P,+. The experiment
of Hanna and Preston, while pioneering the field of positronium-based polarimetry, was
plagued by small spin asymmetries due to the low values of Pr in the magnetized iron.
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It also relied on magnetic field flipping to obtain these asymmetries, which is relatively
slow and can cause instrumental asymmetries in the measurement. An improved version
of such a polarimeter has been described more recently by Nagashima and Hyodo [16].

Independently, Page and Heinberg [17] showed that a magnetized target could be
replaced by unpolarized gas. A magnetic field of ~1T was used, not to spin polarize the
gas, but to mix the singlet and triplet (m = 0) states of the positronium so that their Zeeman-
perturbed states would exhibit a 2y coincidence rate that depended on the magnetic field
magnitude and direction as well as P,+.

A significant improvement over these techniques was subsequently proposed in-
dependently by Telegdi [18] and Lundby [19], demonstrated by Dick et al. [20] and
Bisi et al. [21], and improved further and used extensively by Rich and co-workers [22-24]
and Kumita et al. [25]. This method also employs a strong (~1 T) field to mix the singlet
and triplet states, but is based on coincidence events in time, as opposed to angle. In the
prototype experiment of Gerber et al. [22], incident positrons from a ®*Ga source, embedded
in a field of £0.29 T, formed positronium in a MgO powder target. Prior to entering the
MgO target, the positrons traversed a thin scintillator which provided the start signal for a
timing measurement. Subsequent decay of the m = 0 magnetically perturbed o0-Ps occurred
with a lifetime close to its unperturbed value—about 142 ns. By looking at coincidence
events separated by more than this lifetime after the start pulse, the p-Ps decays were
effectively eliminated. An asymmetry constructed from the coincidence rates measured for
the “forward” and “backward” magnetic field directions yielded P,+.

More recently, the UC Riverside group has developed a novel polarimetric method
in which the incident positrons, whose polarization is to be determined, form Ps in the
solid regions of a porous silica film in a high magnetic field [26]. The Ps atoms can
subsequently diffuse into the silica voids. Para-Ps states, which can be made directly by
electron capture, magnetic-field quenching, or in exchange collisions between two 0-Ps
atoms in opposite m = %1 states, decay quickly. When all of the 0-Ps associated with the
minority spins of the incident polarized positron beam have been quenched in collisions
with 0-Ps associated with the majority spins, the remaining fraction of delayed decays
(between 50 ns to 300 ns after the incident positron pulse enters the silica target) gives
the incident P,+. This remaining fraction of 0-Ps is also completely polarized, making it
suitable, at least in principle, for the formation of a Ps Bose-Einstein condensate.

We are interested in studying collisions between positrons and a variety of atoms and
molecules. The positrons are produced using a >Na source, moderated with solid neon,
and accumulated and cooled in a Surko buffer gas trap (BGT) [27]. With a nominal 50 mCi
22Na source, the trap produces pulses of about 2 x 10° positrons and 20 ns duration at
repetition rates between 1 and 10 Hz depending on operational conditions and the energy
resolution required. As a general tool for monitoring our positron beamline, we plan to
use a novel positron polarimetric method that we propose here. It has the advantages
of simplicity, high analysing power, and optical spin reversibility of the target electron
polarization, without the need of a high (~T) magnetic field. The latter feature can be
important if, e.g., the polarimeter is to be placed near a target chamber that must be kept at
very low magnetic field.

2. Method

We propose to use as a polarimetric target optically pumped Rb, with a spin polariza-
tion Pg, = Pr. In such a scheme, a circularly polarized (o) laser with enough power to
saturate the Rb D1 transition at 795 nm traverses a Rb vapor target in a direction parallel to
a weak (<0.02 T) applied magnetic field (Figure 1). Through repeated cycles of absorption
and emission of the D1 light, the ground-state Rb atoms become spin-polarized. Emission
of linearly-polarized light from the Rb excited state can depolarize the sample due to
radiation trapping unless (a), the density of Rb is low so that the reabsorption probability is
low, (b) the magnetic field is high enough that the Rb atoms are in the Paschen-Back regime,
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or (c), a buffer gas such as N is added to quench the excited states without spin-flip before
they can fluoresce [28-31].

Rb 5 2P, ), —— -

Rb 5525, ), —

“1/2  m;,  +1/2
Figure 1. Schematic diagram of Rb optical pumping with circularly polarized (c) D1 795 nm laser
light. Repeated cycles of absorption, emission, and reabsorption produce ground-state Rb that is
highly spin polarized. Atoms in the m; = +1/2 “dark” ground state cannot absorb a o™ photon.

We would restrict the Rb number density to ~10' cm™3 to obviate the need for a
buffer gas [28,29], and restrict the target’s transverse dimensions to <1 cm to minimize the
effects of radiation trapping and allow P in excess of 90% [30,31]. The value of Pr can
be determined in situ by means of optical rotation measurements of a weak probe laser
that does not affect the optical pumping process [32]. In the simplest scenario, polarized
positrons will capture the polarized Rb valence electrons and form 0-Ps and p-Ps in the ratios
given in Table 1. In the magnetic fields used for low-density Rb optical pumping (~1072 T),
positronium produced in the spin-triplet ground state (3S;; 0-Ps) decays almost exclusively
by 3y decay with a lifetime of 142 ns. Ps produced in the spin-singlet ground state (1S;
p-Ps), decays into two gammas with a lifetime of 125 ps [8,11]. Using a photomultiplier tube
(PMT) and scintillator (e.g., Nal) to monitor the Rb charge transfer target cell, we would
detect only Ps decay events that occur more than 100 ns after a positron pulse has reached
the Rb target, as determined by a 20-ns-duration start signal caused by prompt decay of
p-Ps. The various singlet and triplet states will have essentially the relative populations
given in Table 1. Thus, for N incident positrons, and assuming that the probability for any
given positron to capture an electron (e.g., direct annihilation) is <<1, the number of 0-Ps
atoms produced is

1
No = ZNO’TllB + PBPTL

where ¢ is the Ps formation cross section, 7 is the density of Rb in the collision volume, and
I is the effective path length in the optically pumped Rb. Similarly, for p-Ps,

1
Np = ZNO’I’ZZ[:‘} — PBPT]-

Upon flipping the helicity of the optical pumping laser light, the sign of Pr flips as
well. By waiting long enough to eliminate any prompt annihilation signal and for the
p-Ps to completely decay, we can construct a polarimetric asymmetry by reversing the
pump helicity:

R*—R~ 1

= _PyPr.

A:R++R— 3

3. Proposed Apparatus

A proposed prototype polarimeter is shown schematically in Figure 2. The entire
apparatus is immersed in an axial B-field of about 10~2 T, produced by solenoidal coils.
This field would be joined smoothly, to ensure adiabatic transport [33], with the B-fields
used for trapping and transporting the positron beam from the BGT to the polarimeter and
any subsequent downstream targets. Upon leaving the BGT, the positron beam traverses a



Atoms 2023, 11, 65

50f9

differential pumping region defined by two apertures that serve to improve the vacuum
isolation of the Rb polarimeter target. A fast TTL signal is provided by the BGT which acts
as a start signal described above.

@

__ ®
X

v ////

é}n/@) l.@
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Figure 2. Schematic diagram of the positron polarimeter showing (1) terminus of the Surko buffer gas
trap and incident positron beam guided by (2) solenoidal magnets; (3) differential pumping section;
(4) the heated, optically pumped Rb target; (5) trochoidal beam deflector that directs the positrons
to a beam dump (6); (7) optical pumping and probe lasers; 980 reflected probe beam to monitor
Rb polarization; (8) reflected probe beam used to measure Rb polarization; (9) (Nal) scintillators
(cross-hatched regions) that provide the event detection; (10) the target photomultiplier tube, and
(11) Pb blocks to keep stray gamma rays from striking the scintillators.

The BGT employs a rotating wall technique [34] to compress the positron cloud,
trapped longitudinally in a harmonic potential, in the radial direction to approximately
1 mm in diameter at a BGT field of ~0.05 T. Heating due to the RF drive is removed by
a sufficient density of cooling gas, in this case CFy, allowing the positron ensemble to
thermalize with the room-temperature system [35].

The polarimeter target system comprises a Rb reservoir and a heat pipe of nar-
row transverse dimension to suppress Rb depolarization due to optical trapping [30,31].
The optical pumping laser should have several watts of power at the Rb D1 transition
(5s 25, /2-5p 2po, /s2) frequency and a variable width of ~0.6 GHz [29]. A single-mode
low-power (<1 mW) polarimetric probe laser at the Rb D2 transition (5s s, /2-5p 2po, /2)
frequency would also traverse the heat pipe and be used to measure P, providing in situ
calibration of the polarimeter’s analysing power [36]. (We note that this is similar to the
calibration scheme for electron Mott polarimetry involving optical pumping of metastable
He developed by the Rice group [37].) Upon exiting the charge-transfer cell, the positron
beam is shunted to a beam dump by a transverse trochoidal electric field deflector [38].
This beam dump must be positioned sufficiently far from the polarimeter collision region to
ensure Ps atoms formed at the beam dump do not enter the field of view of the scintillator.

Directly above the Rb heat pipe, a (Nal) scintillator block would monitor annihilation
gammas, timed to occur more than 100 ns after the positron pulse from the BGT has reached
the target. This delay will eliminate all of the prompt annihilation background signal
produced by p-Ps decay or direct annihilation in collisions of positrons or positronium
with the heat pipe walls. We anticipate that the primary scintillator can subtend a solid
angle of one steradian about a point on the beamline within the Rb target. This scintillator
would be well shielded on its top and sides to minimize background due to cosmic rays
and beam-related annihilation events occurring well outside the Rb target.
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The choice of a Nal scintillator is based upon its high efficiency rather than timing
performance [39]. It is worth noting that for a sufficiently high number of positrons in a
temporally compressed beam, saturation can occur. Thus, less efficient but faster scintil-
lators could be used (e.g., liquid [40] or LYSO [41]). This is a trade-off between detection
efficiency and the time response of the scintillator, with faster scintillators allowing a more
detailed investigation of the positron lifetime (e.g., using Ps time-of-flight).

4. Collisional Considerations

We now consider in detail the Rb collisional processes relevant to the proposed po-
larimeter. The vast majority of the optically pumped atoms at the Rb density we consider
will be in the dark ground state. The target cell is best held at a voltage that causes the
positrons to have a kinetic energy that optimizes the charge transfer cross section for
positronium production, while at the same time minimizing the deleterious effects of other
collision channels. The kinetic energy of the positron beam can be set by adjusting the
potential of the Rb charge transfer target cell with respect to the positron beam potential set
by the last electrode of the BGT; this is straightforward for a longitudinal beamline magnetic
field of 102 Tesla. In the following discussion, we assume a Rb density ng, = 10" em 3,
and a length of the Rb heat pipe equal to 3 cm.

The threshold for positronium formation from an atom or molecule with ionization
potential I is el = 6.8 eV. Thus, formation of positronium by charge transfer from Rb can
occur for any incident positron energy, since Iy, = 4.2 eV. Direct annihilation of the incident
e" by Rb in “pick-off” collisions, open at all collisional energies, is highly unlikely given
that the pick-off cross section is much smaller than that for Ps formation and would lead
only to a low-level prompt background that we discriminate against [11,14]. Thus, we need
only consider Ps-forming charge-transfer collisions, inelastic excitation and ionization, and
elastic scattering.

Between 1 and 5 eV (where it peaks), the total positronium formation cross section of!
increases from about 10 x 1071 cm? to 40 x 1071 cm? [42]. The threshold for excitation
of n =2 Ps is at 2.5 eV, and the n = 3 threshold is 3.4 eV. We consider a positron energy
of 2.4 eV, just below the Ps (n = 2) threshold, as this obviates any complications in the
timing spectrum due to excited states [43]. This does not sacrifice a significant amount of
Ps production rate but gives a clean signal from the Ps n = 1 triplet states following a 100 ns
post-collision delay.

At 2.4 eV, the appreciable cross sections are an n = 1 Ps production cross section of
about 25 x 1071 cm?, a 5s-5p total excitation cross section of 20 x 10716 ecm? [44], and a
total scattering cross section of 100 x 10716 ¢cm? [45]. This means that about five times as
many positrons will scatter as produce Ps. These cross sections have been summarized and
shown graphically in part 4.10 of [42].

5. Timing and Polarimetric Efficiency

The Surko BGT at the ANU produces positron pulses that are no more than a millimetre
in diameter. The inner diameter of the spin-transfer heat pipe should be as small as possible
to minimize radiation trapping depolarization of the Rb. According to the calculations of
Tupa and Anderson [31], a heat pipe diameter of 5 mm is sufficiently narrow to effectively
eliminate depolarization due to radiation trapping. Positrons that scatter from the Rb
atoms, both elastically and inelastically, will be effectively kept away from the heat pipe
walls by their cyclotron orbits in the 10~2 T ambient B field. In any case, the probability that
they will directly annihilate on the Rb-coated walls of the heat pipe after a few collisions
is very small [14]. Pick-off and exchange quenching of newly formed o0-Ps is expected
to be very small as well ([11], p. 328), but in any case, a quenching event would lead to
annihilation gammas that would be prompt and that could thus be temporally excluded by
the detection timing circuit.

We now calculate the rate of gammas produced greater than 100 ns after the positron
bunch has traversed the Rb target. A minimal pulse of 2 x 10° positrons occurring at 1 Hz
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will result in an 0-Ps (1 = 1) production rate of 1.1 x 103 s~1, assuming three-quarters of the
n =1 Ps are in the triplet state, with a production cross section of 25 x 10716 cm?, and a Rb
density of 10! cm~3. With an 0-Ps annihilation lifetime of 140 ns, 49% of these will decay
after 100 ns, and be counted as signal. Of these, about 10% will intercept the large scintillator,
with a ~100% detection due to the combined conversion efficiency (38 visible photons/keV)
of the scintillator and the quantum efficiency (>0.2 at 415 nm) of the photomultiplier tube.
This corresponds to a count rate of 55 Hz. We can also characterize this technique with a
“polarimetric figure of merit”, F [46]:

F= R a2
R,

where R and R, are the detected gamma and incident positron rates, respectively and
A is the polarimetric analysing power. Thus, F =3 x 10~° and a positron beam having
22% polarization could have its polarization measured with a precision of 10% of its
value in <6 min, or 3% in an hour. Unfortunately, F has not been calculated for previous
positron polarimeters, so comparison is not possible. While the figures we have used
may correspond to ideal circumstances with respect to positron flux, polarization fraction,
and atomic number density, they are intended to demonstrate the broad feasibility of the
proposed methodology.

6. Discussion

Positron polarimetry using a spin-polarized target is of general utility. While we have
discussed polarized Rb as the target, this choice was motivated primarily because of the
availability of lasers and the large amount of work done on the optical manipulation of
Rb from room temperature to temperatures required for the production of Bose-Einstein
condensates. Generally, any target ensemble whose spin-polarization can be flipped with
respect to that of the positron beam can be used as a positron polarimeter. Some examples
include other atomic or molecular gaseous targets with cyclable transitions, and condensed
matter systems such as optically active defects. We also note that Monte Carlo simulations
have been qualitatively successful in modelling spin-exchange between optically pumped
Rb vapor targets and low-energy electron beams [47]. This is a process that has many
similarities to the positron—-Rb interactions we consider here.

Our proposal can be extended, in principle, to cold atom systems such as Rb in a
magneto-optical trap (MOT). A Rb-MOT has the advantage of fine control of the quantiza-
tion axis, temperature, and spatial distribution of the Rb cloud. The number of atoms in
a Rb-MOT typically saturates at ~10® with current techniques enabling number densities
up to 10'? cm 3 resulting in a Rb cloud of ~0.2 mm [48]. The current transverse spatial
dimension of the positron beam we can produce is ~1 mm, which can be improved by
careful control of stray magnetic fields and other asymmetries in the BGT. An additional
challenge in using a MOT is the guiding of the positron beam to the cold-atom target.
The magnetic field gradient (~10~* T/mm) used to tune the hyper-fine splitting of the
neutral atoms in the MOT must be switched off before the strong field (~0.05 T) required to
guide the positrons to the target is turned on. Fast switching of solenoidal coils has been
demonstrated using custom circuits [49].

7. Conclusions

We have proposed a novel experimental technique to efficiently and accurately mea-
sure the degree of polarization of a beam of positrons from a beta-decay source. The
technique requires a tightly compressed, pulsed, low-energy positron beam with a narrow
energy distribution (~50 meV), as is obtained from a Surko buffer gas trap. This beam is
incident on an optically pumped source of Rb atoms whose polarization can be readily
varied by flipping the helicity of the pump laser. Using reasonable estimates of the im-
portant experimental parameters, we estimate that an accurate measurement of the beam
polarization can be made in a time of the order of minutes. Such a knowledge of the beam
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polarization would be useful in a number of applications of positron science, including
studies of magnetic materials and the creation of a Ps Bose-Einstein condensate.
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