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Probing the positron moderation process using high-intensity, highly polarized
slow-positron beams
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We have generated a highly polarized (P=0.48+0.02) intense {5X10'/sec) beam of "slow"
(AE -2 ev) positrons (e+) and shown that it is possible to achieve polarization as high as
P=0.69+0.04 with reduced intensity. The measured polarization of the slow e+ emitted by five
different positron moderators showed no dependence on the moderator atomic number (Z). This al-

lows us to conclude that only source positrons with final kinetic energy below 17 keV contribute to
the slow-e beam, in disagreement with recent yield functions derived from low-energy measure-

ments. Measurements of polarization and yield with absorbers of different Z between the source
and moderator show the effects of the energy and angular distributions of the source positrons on P.
The depolarization of fast positrons transmitted through high-Z absorbers has been measured. Ap-
plications of polarized slow-e+ beams are discussed.

I. INTRODUCTION

The discovery' that the slow ( —1 eV) positrons (e+)
emitted from MgO moderators are spin polarized has re-
cently been used to test one hypothesis of the origin of op-
tical activity in biological molecules and to investigate
the spin polarization of electrons at the surface of
Ni(110). Additional applications include polarized low-

energy positron diffraction (PLEPD) as a complement to
low-energy positron diffraction (LEPD) and studies of
the slow-positron-emission process itself. This paper re-
ports a study of the slow-positron-emission process, which
has enabled us to produce high-intensity slow-positron
beams with polarizations as large as 0.69+0.04.

The currently accepted model of the slow-e+-emission
process asserts that fast positrons from a radioactive
source (see Fig. 1) injected into a moderator lose energy
through a variety of collision processes until they reach
energies near 0.1 eV. In the subsequent thermal diffusion
process a few reach the surface where they can be ejected
with energies (of order 1 eV) determined by the negative
work function of the moderator. The polarization of these
slow e+ is determined by properties of the radioactive nu-
clei and source holder, the source-moderator geometry (in-
cluding the effects of any absorbers between the source
and moderator), and depolarization in the moderation and
ejection processes.

According to the V-3 theory of the weak interaction,
positrons emitted from a nucleus possess an helicity or
longitudinal polarization h = ( cr; p; ) = ( v;/c ), where for
each individual e+, o; is the Pauli spin matrix, p; the e+
unit momentum, U; the e+ speed, and c the speed of light.
This relationship determines the distribution of the
source-positron spins as a function of energy. The angle
between the incident e+ velocity and the normal to the
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FIG. 1. Source-absorber-moderator details. Representative

paths for two source positrons are shown, with the resulting spin

of the slow positrons. The normal is also defined.

source determines the angular spin distribution. The po-
larization of the slow-e+ ensemble will depend on this
spin distribution averaged over all angles admitted to the
moderator and all initial energies effective in forming
slow e+. Backscattering from the source will reduce the
average magnitude of the source polarization by introduc-
ing e+ of reversed spin into the source spin distribution.
Placement of absorbers between the source and moderator
(see Fig. 1) will modify the source spin distribution by
elimination of low-energy e+ with their low helicity from
the source spectrum and by preferential attenuation of
source e+ emitted at large angles relative to the normal.

The depolarization which results from the scattering
that occurs during the process of thermalization depends
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on the initial kinetic energy of the source e+ as well as the
atomic number (Z) of the medium in which the positron
slows down. Depolarization may occur during the dif-
fusion process through spin-dependent interactions with
the electrons or ion cores of the moderator (similar to
muon spin relaxation). It may also occur in the emission
process if, as has been suggested, orthopositronium (o-Ps)
is formed within the moderator and then field ionized as it
is ejected through the surface of the moderator. The re-
sults of this paper measure or set limits on all these pro-
cesses.

II. SLOW-POSITRON POLARIMETRY

A. Slow-positron beam

For these studies long-lived (2.6 y half-life) Na sources
(prepared by New England Nuclear Corp. ) were used. To
reduce backscattering, with its resultant reduction of po-
larization, the source support was constructed of low-Z
beryllium (Be) metal. In one source 22 mCi were drop
deposited in a 60' half-angle cone drilled in the Be result-
ing in emission into ~ steradians. In the second, 47 mCi
were drop deposited on an insulin wetting agent in a 0.25-
mm deep, 3.5-mm diameter cylindrical depression milled
in the Be, resulting in emission into 2m sr. Both sources
were sealed with 2.2-mg/cm thick Ti windows. The in-
sulin results in formation of very small crystals of
NaC2H302 uniformly deposited with a —1 mg/cm thick-
ness. This produces only 4% self-absorption of positrons
in comparison with the 16% self-absorption suffered by
positrons in the 6+2 mg/cm deposit in the cone-shaped
depression.

A variety of moderator materials have been used in
these studies. All use a "Venetian-blind" geometry with
the moderator surface parallel to the beam direction, so
positrons are incident on the vanes at almost glancing an-
gles (see Fig. 1). In earlier work the moderator of choice
in non-UHV slow-positron beams was MgO smoked on a
metallic substrate (Venetian blind, thin film, or grids).
Studies of the effect of substrate geometry on yield
showed a fourfold increase could be obtained over the
geometry of Ref. 9 by using a thin slice of "Hexcell"
(Hexcell Corp. ), a honeycomblike structure of 0.02-mm
thick aluminum foil. Cell widths of 1.5, 3, and 6 mm
were used; in each case the optimum cell length was equal
to the cell width.

The large energy width (AE) of the slow e+ emitted
from MgO (measured to be LE=5 eV at the moderator)
causes difficulty in forming a tightly focused "bright"
beam, ' prompting a search for moderators with smaller
b,E. To this end, well-annealed samples of Pt, W, Mo, Ta,
and Cu were used. The details of their preparation may
be found in the Appendix.

The slow e+ emitted from a moderator are electrostati-
cally collected and focused into a beam which enters the
Wien filter where the particle spins (s;) are rotated
through a selected rotation angle. The undeflected beam
is then bent 90 through a cylindrical mirror energy
analyzer (CMA) and electrostatically transported to the
slow-positron polarimeter.

B. Positron polarimeter
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FIG. 2. Slow-positron beam generator and polarimeter. The
crossed fields 8„,and E„,form the Wien filter spin rotator.

The slow-positron polarimeter is shown in Fig. 2. The
beam enters along the axis of the 6.5 kG magnetic field
through a hole in one of the pole pieces and strikes the
surface of a chevron electron-multipler array (CEMA)
(Galileo Electro-Optics 3025) at an energy of 500 eV. The
500-eV e+ generate secondary electrons which are collect-
ed by the CEMA to form a start pulse for a time-to-
amplitude converter (TAC). About 10% of the incident
positrons capture an electron and form orthopositronium
(o-Ps) which leaves the CEMA surface and enters the
MgO-coated confinement cavity. The subsequent annihi-
lation y rays (stop signal) are detected in Nuclear Enter-
prise Inc. (NEI) Pilot B plastic scintillators coupled to
four Amperex XP 2020 photomultipliers. The lifetime of
each positron event is directly measured and recorded us-

ing a TAC-multichannel analyzer system. "
The operation of the polarimeter' ' is based on the

fact that in a magnetic field the m =0 singlet and m =0
triplet positronium substates are mixed to form two field-
perturbed states. Not only does magnetic mixing increase
the decay rate A,

' of the perturbed triplet state, but it also
renders the fraction of positronium formed in this state
dependent on the quantity S B, where S= ( s;) and B is
the magnetic field. For times sufficiently beyond the
prompt peak of free annihilation and singlet decays the
time spectrum of triplet positronium decay, shown graphi-
cally in Fig. 3, is

dN(t) N
)2~ g, +(I p g)gl —Af]

dt 4

Here p=2
~

S ~, N is the total number of positronium
atoms formed, A, is the magnetically unperturbed (m = + 1)

decay rate including all quenching mechanisms (X ' = 140

nsec), and 8 is the angle between S and B. The parameter

rt is given by Tt =X/(I+X )'~, where X=0.0276B for B
in kG and p'=(p+y A., )/(1+y ), where A,, '=0. 125 nsec
and y=X/[1+(1+X ) ]
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FIG. 3. Spectrum of Ps decay in a magnetic field showing the

prompt peak and components due to perturbed triplet and un-

perturbed triplet decay. The two time windows, 8'~ and 8'q, are

also shown.

and q=0. 176. Thus, decays from the perturbed state can
be distinguished from decays from the magnetically un-

perturbed states by their shorter lifetime. By measuring
changes in the intensity of the perturbed triplet com-
ponent relative to the intensity of the unperturbed triplet
component when the positron spin direction or the mag-
netic field direction is varied (see Fig. 3), the quantity qP
can be determined.

The relative intensity of the perturbed triplet com-
ponent is measured by accumulating counts in two
separate time windows in the background corrected life-
time spectrum. The perturbed window 8'&, from t& ——6
nsec to t2 ——28 nsec, is composed primarily of decays from
the perturbed triplet state. The normalization window

W2, from tq ——72 nsec to t4 ——548 nsec, is composed (99%%uo)

of unperturbed decays. The ratio (R) of counts in WI to
counts in W2 is proportional to the relative perturbed trip-

let intensity. By forming this ratio for S B & 0 (R+) and

then, upon reversal of the direction of B or S, for S B~0
(R ), the polarization for cosg=+1 can be determined
from the relation

—1 (R+ —R

rif (R+ +R ) 2rif

R is the ratio that would be obtained for an unpolarized
beam and f is the fraction of events in WI due to decays
from the m =0 state. This fraction is determined from a
separate run at 8=0 [f=1—R (8 =0)/R].

Three systematic effects which reduce the measured
value of the beam polarization have been studied. The
first is an overestimate of the fraction f of counts in WI
due to perturbed triplet-Ps decays. The second is the
depolarization of the positrons in the polarimeter in the
magnetic field gradient at the entrance to the polarimeter.
The third is the rotation of the positron spins away from
the direction of B due to stray magnetic fields seen by the
beam before entering the polarimeter.

The determination of the beam polarization I' from ra-
tios of counts in time windows [Eq. (2)] requires that only
unperturbed triplet-Ps or perturbed triplet-Ps events con-
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FIG. 4. Effect on polarization of the last lens voltage. The
solid cricles show the polarization calculated from Eq. (2). The
open circles include the correction for the effect of backscattered
positrons. The circled dots are corrected for both backscattered
positrons and depolarization due to windup in the magnetic field
gradient. The least-squares fit of the solid line shows that ef-
fects of VL, on I' are reduced to (i+40)&10 /V.

tribute to the two windows. Since the publication of Ref.
1 a source of unperturbed events in 8'& has been found
which exists only when the magnetic field is on, resulting
in an incorrect calculation of f. Positrons which strike
the CEMA, giving rise to a start signal, can annihilate
promptly, form Ps, or be backscattered from the CEMA.
When B=0 essentially all of these positrons reach a me-
tallic surface within 1 nsec, annihilate, and contribute to
the prompt peak. However, when the magnetic field is on,
the motion of the positrons is constrained to the beam
axis. While some positrons leave the polarimeter and es-
cape detection, others can be returned by the lens system
to the CEMA up to 30 nsec after their first arrival, with
the time determined by their axial energy. These decay
events contribute to the perturbed window. Because more
than 97% of these returning positrons will not form per-
turbed Ps, they will give rise to an increased value of R
without a corresponding increase in R (B=0). Thus the
calculated value off will be too large and P too small.

To return all backscattered positrons to the CEMA be-
fore the start of WI, an electric field is established by set-

ting the voltage of the last lens VL, , below the 500 V po-
tential on the surface of the CEMA. As this field is in-
creased by lowering VL, the time required for the back-
scattered positrons to be returned to the CEMA decreases,
allowing fewer to produce prompt events in 8'&, and thus
lowering the value of R. When VL

——0, all are returned
within 3 nsec, well before the start of WI. This reduction
in the number of events in 8'& is partially canceled by the
increased number of backscattered positrons returned to
the CEMA by the higher fields.

The determination of the correct values to use in Eq. (2)
is complicated by the reduced intensity of the beam
transmitted to the CEMA as VL is lowered. At VL ——0
none reach the CEMA, requiring an extrapolation of P to
Vz ——0. Figure 4 shows two methods of correcting for
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these backscattered positrons in the calculation of the true
beam polarization. The solid points and the dashed curve
were calculated using the uncorrected values of R at each
VL. The extrapolation of P to VL

——0 determines the true
beam polarization and the true value of f and R, corrected
for backscattered positrons. These values were then used
to calculate the open circles and the dotted line. The vari-
ation of these corrected values of P with Vl shows that a
second systematic effect, also dependent on Vl, is present.

This second systematic effect is caused by the gradient
in the magnetic field at the entrance to the polarimeter.
Any positron whose position and momentum are not pre-
cisely along the axis will have some kinetic energy
transferred from axial to cyclotron motion. This transfer
was measured by using the last lens as a retarding field
analyzer, resulting in the differential energy spectrum of
the axial motion shown in Fig. 5.

The positrons which suffer this transfer of energy are
depolarized due to the conservation of S p for small num-
bers of cyclotron revolutions. (Here p = ( p; ) is the beam
momentum. ) The resulting "winding up" of the beam

reduces the p'rojection of S along the magnetic field axis
and thus the measured polarization. In the operation of
the polarimeter, the field provided by VL removes those
positrons which have lost axial kinetic energy and thus
have been depolarized. When VL ——0, only those positrons
with totally axial kinetic energy will be admitted to the
polarimeter. The correction to the measured polarization
for VI &0 can be calculated by averaging the momentum
transferred to cyclotron motion over the momentum spec-
trum [N(p; )] to obtain

Here p2 is the positron momentum before transmission
through the gradient, p& is the lowest positron momentum
energetically allowed to reach the CEMA, as determined
by the last lens voltage, X(P;) is obtained from the energy
spectrum, PI is the positron polarization before transmis-
sion through the gradient, and Pf is the polarization after
passing through the gradient. Changing the retarding
field by varying the last lens voltage changes the lower
limit of the summation of Eq. (3) resulting in different
calculated values of depolarization ranging from
Pf /PI ——0.75 for VI ———400 to Pf /PI ——0.97 for
Vi ———20. The dotted curve in Fig. 2 shows that the cal-
culated values of P at different values of VL, based on the
value of P measured at V~ ——0, are in excellent agreement
with the measured polarizations.

Stray magnetic fringing fields in the beam path can ro-
tate the positron-beam spin direction (S). Rotation within
the plane of the Wien filter spin rotator can be detected by
the shift in phase of the spin-rotator (SR) curve, that is,
the displacement of the extrema in R from the calculated
rotation angles 0' and 180'. While the rotation in the
plane of the Wein filter can be measured, rotation out of
the plane can only be estimated, and will lead to a sys-
tematically reduced polarization. To compensate for the
transverse fringing fields two sets of magnetic deflection
coils replaced the electrostatic deflection plates previously
used. The conservation of S p in a magnetic field means
that the spin rotation induced when the beam is deflected
by the polarimeter fringing fields will be canceled by the
compensating deflection of the magnetic coils. The suc-
cess of this improvement is shown in the SR curve (Fig. 6)
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FIG. 5. Differential energy-loss spectra of the e+ emitted by

the MgO moderator at B=0 and 6.5 kG, measured by using the
last lens of the polarimeter as a retarding field energy analyzer.
The measured energy spread at B=0 is larger at the polarimeter
than at the moderator because of the poorer resolution of this
analyzer. The number of counts N is in arbitrary units.

FIG. 6. Ratio of perturbed to unperturbed o-Ps events (R) is

plotted vs the angle 0 between S and B. Defining 0 with respect
to B~, the magnetic field parallel to the beam velocity, distin-
guishes the data acquired in the antiparallel field B,~ from the
data acquired in B~. The data were fit to the equation
R =R []+coos(0+/)] where the —(+) sign was used for B~
(B,~), R is the ratio that would be obtained for an unpolarized
beam c =frlP, 0 is the Wien filter rotation angle, and P is a

phase shift in P due to polarimeter fringing fields. The X per
degree of freedom of the least-squares fit were 5.3/4 for B~ and

6.4/5 for B,z.
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where the phase shift P is less than 5'. Thus, any reduc-
tion in P due to spin rotation by stray transverse fields is
hP/P(0. 004. Combining the errors of the three sys-
tematic effects discussed above, we estimate the instru-
mental error in the measured polarization of the slow-
positron beam to be bP/P=0. 04.

0.7—

0.6—

III. RESULTS

In this section we will present our major findings. We
show it is possible to achieve a highly polarized
(P =0.69+0.04) slow-positron beam by selectively absorb-
ing source positrons which are emitted at low energies and
large angles relative to the normal. We also show the evi-
dence that the beam polarization is independent of
moderator atomic number (Z), but does depend on the Z
of the absorber. In addition, we have confirmed the high
source-to-slow-positron conversion efficiency reported'
for metallic-strip moderators. We have measured the effi-
ciency and energy spread of five moderators as well as the
effect of both low-Z and high-Z absorbers on the slow-
positron yield.

A. Polarization results

As shown in Fig. 7, the polarization of the slow-
positron beam increases dramatically as absorbers of in-
creasing thickness but low atomic number are placed be-
tween the source and moderator. This effect can be un-
derstood qualitatively by noting that the absorber will pre-
ferentially pass positrons which were emitted from the
source at high energy (and hence with large helicity). In
addition, positrons emitted at large angles with respect to
the normal to the source (which have a reduced polariza-
tion component along the beam direction) must penetrate
larger absorber thicknesses and are thus preferentially re-
moved from the beam. This angular selection effect is
also seen in Fig. 7 in the difference between results using
the 2m-sr source and those of the ~-sr source. A quantita-
tive discussion of the results will be presented in Sec. IV.
The lack of dependence of beam polarization on modera-
tor atomic number shown in Fig. 7 is displayed in Table I.
For these measurements the same source (2m sr), absorber
(46 mg/cm Be), and source-absorber-moderator geometry
were used. The polarizations for four moderators are
equal within one standard deviation and the fifth agrees
within two. The implications of this result on the slow-
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FIG. 7. Slow-e+ polarization measured for different
thicknesses t of beryllium (Z=4) or plastic (Z=6) absorbers

placed between the source and moderator. The solid curve is

calculated from Eq. (6) for the m-sr Na source and the dashed
curve is calculated for the 2~-sr Na source. The polarizations
shown were measured using the MgO, Pt, and W moderators.
The uncertainties shown are based on Poisson (V N ) statistics.

positron emission process will be discussed in Sec. IV.
The lack of additional depolarization of the positrons in
the high-Z moderators is contrasted with the effect of
high-Z absorbers on slow-positron polarization shown in
Fig. 8. Again, a quantitative discussion will be presented
later.

In addition, under the same conditions discussed above,
we made a preliminary measurement of the polarization
of positrons from a ferromagnetic (silicon-steel) modera-
tor. The measured polarizations were P=O 33+0 04 f.or a.
magnetized sample, and P=0.29+0.04 for an unmagnet-
ized sample. This shows that the interaction of the slow
e+ with unpaired electron spins in the moderator can give
rise to substantial depolarization.

TABLE I. Measured polarization P, slow-emission efficiency e, and energy spread (full width at
half-maximum intensity) AE, for five moderators. All measurements were made with the same source
and source-moderator geometry, as discussed above.

Material

pt
W
Ta
Mo
MgO

Z

78
74
73
43
10.4

P

0.442+0.025
0.480+0.008
0.463+0.019
O. 46O+O.O15
0.472 +0.015

(2.0+0.5) )& 10
(1.3+0.4) )& 10
(4 +1)&(10
(6.0+1.5) && 10
(1.0+0.3) )& 10

AE
(ev)

1.2
2.1

0.7
1.7
5
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mg/cm for Ta (Z =73). These are in agreement with the
results for the entire positron spectrum obtained in Ref.
18 and with the results of Ref. 19 for slow positrons.

The positron conversion efficiency also depends on
source design. The smaller solid angle afforded by the
conically shaped depression of the 22 mCi m-sr source
reduces by a factor of 2 the fraction of positrons incident
on the moderator. In addition, the thicker deposit of
source material (6+2 mg/cm versus only 1 mg/cm in
the other source) absorbs an additional 12%, leaving this
source 44% as efficient in producing slow positrons as the
277-sr source.

IV. DISCUSSION

FIG. 8. Polarization of the slow e+ emitted from the Pt
moderator after transmission through gold (Z =79) or tantalum

(Z=73) absorbers of different thickness placed between the

source and moderator. Comparison with Fig. 7 shows the sub-

stantial depolarization which occurs in high-Z absorbers. The
solid curve is calculated from Eq. (6) using the depolarization

D(E) calculated in Ref. 6 for positrons stopping in semi-infinite

media with Z =73. The dashed curve uses our estimate of the

depolarization in transmission through Z =73 absorbers, as dis-

cussed in the text.

B. Positron emission efficiency
and energy-spread measurements

As first reported by Dale, et al. , ' metallic-strip
moderators are highly efficient when well annealed. Our
results for W, Pt, Ta, and Mo moderators are shown in

Table I. The efficiency is defined as the slow-positron
beam flux, corrected for the measured 60% beam
transmission (between the entrance of the CMA and the
entrance to the polarimeter), divided by total source-
positron flux, using the New England Nuclear Corp. -

assayed activity. Moderator preparation is described in

the Appendix.
The energy width was measured with a three-grid re-

tarding field analyzer placed immediately following the
moderator. It should be noted that the energy spread of
the slow-positron spectrum causes the measured modera-
tor efficiency to depend on positron-beam optics. For ex-

ample, in a second electrostatically focused beam used at
Michigan, the W moderator was found to be only twice as
efficient as the Pt, ' and in a beam using optics which ac-

cept only a very narrow energy width and angular disper-
sion, the efficiencies of the two moderators were identi-
cal."

Absorbers reduce the flux of positrons from a radioac-
tive source exponentially with increasing thickness. '

The e-folding thickness (to) depends on source end-point

energy, but only weakly (Z '~ ) on the atomic number of
the absorber. For a Na source and Al absorbers,
to ——24. 3 mg/cm . ' Our measurements of the slow-

positron flux as a function of absorber thickness, made
with absorbers from 15 to 140 mg/cm thickness, give

to =26.2+0.4 mg/cm for Be (Z =4), to 25.5+0.4——
mg/cm for plastic scintillator (Z=6), and to ——23.5+0.2

In this section we will develop a theoretical model for
the polarization of the slow-positron beam and compare it
with the measurements presented in Sec. III. From this
comparison we can draw conclusions about the portion of
the source-positron energy spectrum selected by the
moderator in its formation of slow positrons.

The projection on the beam axis (X) of the spin cr; of
the ith positron emitted by a nucleus at an angle 8; and ki-

netic energy E; is o;.X=p(E; )cos9;. The quantity
p(E;)=I 1 —[moc /(E;+mac )] ]'~ where moc is the
positron rest energy. If there were no changes in spin
direction, the beam polarization would just be an average
over the energy and angle of source positrons which con-
tribute to the slow-positron beam, that is, I'=(, cr;.X).
However, the source holder, absorbers, and moderator can
modify the spin direction. The source holder will back-
scatter an angle-averaged fraction b (E) of spin-reversed
positrons into the forward direction. We ignore depolari-
zation of the small number of backscattered positrons, but
include depolarization in the absorber and moderator
where collisions result in depolarization in the amount
1 D(E;,Z), w—here E; is the kinetic energy on entrance
into the material and Z the respective atomic number (we
use "a" to indicate absorber, "m" to indicate moderator).
The final spin projection is then

o;.X=P(E;)cos6;[1 b(E;)]D(E;,Z—, )D(E; EI,Z ), —
(4)

where we have allowed an energy loss EI in the absorber.
The appropriate energy and angle ensemble average

must now be found. The distribution of source positrons
as a function of energy is X(E), increased to
X(E)[1+b(E)] by backscattering in the source holder.
(The subscripts on E and 8 have been dropped for con-
venience in these and all subsequent expressions. ) Absorp-
tion in the source, the source-holder window, and added
absorbers reduce the intensity according to the formula—z/tOe, where z =t secL9 is the path length through the ab-
sorber of thickness t, and to is the e-folding length mea-
sured as described above. In the absorber the positrons
lose an amount of energy Et(z), removing positrons with
source energy less than EI(z) from the spectrum. ' The
energy spectrum of the remaining positrons may be ap-
proximated by a spectrum identical in shape to the source
spectrum. ' The yield of slow positrons per source posi-
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tron striking the moderator is defined to be y(E E—~).
One of the results of this work is to put limits on the
high-energy shape of the yield function y.

The acceptance of positrons emitted at angle 0 to the
normal is limited primarily by the source holder. For the
m-sr source the maximum angle 0~ =~/3, while for the
2n.-sr source 0 =m. /2. Scattering in the source, the Ti

window, and, primarily, in the absorber, effectively ran-
domizes positron directions so that additional angular
selectivity obtained by letting the moderator accept only a
narrow forward-directed cone of positrons was found to
have no measurable effect on the polarization.

From the above discussion, we may write a general ex-
pression for the polarization P

P=

8 E

f cosO sinOd 0 f dE N (E)y(E —E~ )P(E)&(E)D(E,Z, )D (E —EI,Z
I

f sinOdO f dEN(E)y(E EI)e—

where 8(E)=[1 b(E)]—/[1+b(E)]. We note that the
lack of depolarization in high-Z moderators, in contrast to
the depolarization evident in high-Z absorbers which is
small only at low kinetic energies, suggests that only posi-
trons with E E~=0 —are effective in forming slow posi-
trons. [This conclusion is qualitatively consistent with
determinations of y(E) by Mills. '] For a first approxi-
mation, then, we let y (E E~) =6(E— EI ), where —5 is the
Dirac 5 function. Using the fact that D(O, Z)=-1, we ob-
tain

f cosOe 'sinO d 0
P =p(E()8(EI )D(EI,Z, ) —t SeCO/tO

(6)

Numerical integrations of Eq. (6) give the curves shown in

Fig. 7 and the solid curve in Fig. 8. The experimental
data agree with the calculated curves in Fig. 7 to within
10%, justifying the approximation y (E E~) =5(E —E~). —
The 2m-sr source displays on average —10% lower polari-
zation than the ~-sr source, but its higher efficiency more
than compensates for the lower P, as will be discussed.

The experimental data shown in Fig. 8 are substantially
above the curve calculated using the theory of Ref. 6 for
the depolarization D(E,Z) of positrons stopping in a
semi-infinite medium. This theory is not strictly valid for
positrons transmitted through an absorber, however, since
positrons suffering large angle scattering and correspond-
ingly larger depolarization are not transmitted. Indeed, it
can be crudely estimated that the depolarization of posi-
trons in transmission [DT(E,Z)] will be reduced from that
calculated in Ref. 6 to DT(E,Z) =D (E,Z)
X t[1 b(Z)]/[1+b(Z—)]I, where b(Z) is the back-
scattering coefficient. The dashed curve in Fig. 8, which
includes this correction, is in better agreement with the ex-
periment data. In light of our results, we believe a
rigorous calculation of DT(E,Z) is now of interest.

Because of the good agreement between the experimen-
tal data and DT(E,Z), we can, with considerable confi-
dence, use the calculations of D (E,Z) in Ref. 6 to find the
characteristic kinetic energy of those source positrons
stopping in the moderator which are effective in forming
slow positrons. Bouchiat and Levy-Leblond (Ref. 6) show
that the ratio of final polarization P~ to initial polariza-
tion PI is given by

—C RhE=e"p (Z )
(7)
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BOO keV
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I
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FIG. 9. Variation of slow-e+ polarization with moderator
atomic number Z. As discussed in the text, fitting these data to
Eq. (7) allows us to conclude that the characteristic energy of
positrons entering the moderator which emerge as slow posi-
trons is less than 17 keV.

where R and C are discussed in Ref. 6, and EI and EI are
the energies of the positron before and after passage
through the depolarizing medium. Equation (7) shows
that the depolarization suffered by positrons in matter de-

pends on both Z and the amount of energy lost. Figure 9
shows the measured variation of the slow-e+ polarization
as a function of Z. A least-squares fit of Eq. (7) to these

data results in a slope —Cg@'Rb,E=(0+2)X10f
The factors R and C can be found from Figs. 1 and 2 of
Ref. 6, and E~ is taken as thermal energy. We interpret
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the limit on EI found by this procedure, EI & 17 keV, to
be the characteristic or approximately average energy of
source positrons entering the moderator which result in
slow positrons, i.e., EI=E. We note that we have as-
sumed that E is independent of the moderator material, an
assumption we will justify shortly.

We now calculate the average energy of positrons which
are moderated using the efficiency of slow-positron pro-
duction for monoenergetic positrons of energy
300 eV &E&3 keV measured by Mills. ' Mills fits his
data to the equation y(E) =yo[l+(E/Eo)" ] ', where yo,
Eo, and n are constants which depend on the specific
moderator material. The zero energy yield yo is between
0.1 and 0.5 for atomically clean metals, n —1.6, and Eo is
typically between 3 and 25 keV. We can combine this
yield function with the Na spectrum N(E) to calculate
the predicted mean kinetic energy

N (E)y(E —Ei )EdE
(8)

f N(E)y (E —E()dE

Using values of n, yo and Eo from Ref. 21, we find that
Ec—85 keV, and that due to the shape of the P spectrum,
Ec decreases slowly with increasing n and is essentially in-
dependent of Eo, justifying the assumption made above of
equal E for each moderator. The value of Ec is only
weakly dependent on the details of the high-energy end of
the P spectrum. The predicted value of Ec-85 keV
would result in P=0.40 for the W moderator, in 8o.
disagreement with the experimental polarization. It
should be noted that Eq. (8) takes the source positrons to
be incident on the moderator in a direction perpendicular
to the plane of the moderator surface. However, all possi-
ble source-absorber combinations result in an isotropic an-
gular distribution of source positrons. This will reduce
the average kinetic energy perpendicular to the moderator
surface resulting in shallower implantation depths, thus,
allowing positrons with higher than predicted initial kinet-
ic energies to diffuse to the surface and form slow posi-
trons. Thus the value Ec——85 keV calculated from Eq.
(8), using y(E) of Ref. 21, must be considered a lower lim-
it, rendering the disagreement between theory and experi-
ment even more severe than stated above. This disagree-
ment shows that the yield function y(E) measured for
E & 3 keV, cannot be simply extrapolated to high energies.

The derivation of y (E) assumes an exponential positron
implantation profile with mean depth proportional to E"
followed by diffusion of the thermalized e+. Recently,
unpublished Monte Carlo simulations 2 of positron im-
plantation in metals conclude that the implantation profile
is not exponential and suggests that the yield function that
would result would be smaller at higher energies than
y(E), which would decrease Ec, bringing it into better
agreement with our experimental work.

The good agreement between the calculated and mea-
sured polarization in Fig. 5 places strong limits on the
possibility that field ionization of o-Ps at the moderator
surface plays a significant role in slow-positron formation
in MgO. The formation of Ps results in a spin mixing in
the m =0 states of Ps on a time scale characteristic of the

hyperfine frequency vHF. If the Ps formed within the
grain lives as long as a= I/vHF ——5X10 ' sec before be-
ing ionized, the positron would suffer a 50% depolariza-
tion. The fraction of slow positrons (f, ) which is formed
in this way can thus be shown to be less than 20% from
the relation

P, —P,
0.5 P,

where P, is the calculated polarization and P, the mea-
sured polarization. Similar reasoning suggests that depo-
larization in the process of diffusion and emission of slow
positrons in nonferromagnetic moderators is also very
small. On the other hand, the 33% depolarization of slow
positrons from ferromagnetic moderators relative to the
nonferromagnetic moderators of Table I shows that sub-
stantial depolarization can take place during the diffusion
and emission processes.

V. APPLICATIONS

The results displayed in Fig. 7 show that intense beams
of slow e+ with polarizations ranging from P=0. 13
+0.01 to 0.66+0.03 may be generated using the high effi-
ciency W moderator. The choice of P to be used in a par-
ticular experiment depends upon the experimental condi-
tions. In experiments which search for small polarization
dependent asymmetries, it is traditional to optimize the
quantity P I. Using the results of Fig. 7 and the mea-
sured absorber attenuation shows that the maximum value
of P I occurs for a 40 mg/cm Be absorber, where
@=3)&10 and P=0.45. On the other hand, when ex-
periments are limited by systematics rather than statistics,
the maximum possible value of P should be chosen, con-
sistent with a reasonable running time. Calculations made
using Eq. (6) show that the polarization peaks at —150
mg/cm absorber thickness with a value P=0.72, slowly
falling with thicker absorbers due to increasing depolari-
zation. The polarization and yield depend on source end-
point energy. Could another positron source be better
than Na? Additional calculations indicate that the
highest intensity slow-e+ beam for 150 mg/cm absorber
occurs for a source with an end-point energy E~ =1 MeV,
suggesting that "C, provided on line using a Van de
Graaff accelerator, could provide the highest polarization
of all sources.

The development of a high-polarization, high-intensity,
slow-positron beam has already played a crucial role in
the demonstration of a new quantitative probe of the sur-
face magnetic properties of ferromagnetic materials. The
use of polarized slow positrons to form positronium on
ferromagnetic metals satisfies the experimental require-
ments of spin sensitivity and surface selectivity since (1)
the spin states of Ps are sensitive to the relative orienta-

tion of the spin polarization P of the surface electrons

and P +, the polarization of the positron beam; (2) elec-

tron capture to form Ps can only occur at the surface of a
metal due to the screening of the positron in the bulk by
the valence electrons.

In order to determine P, an asymmetry in the forma-
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tion of triplet Ps is measured upon reversal of either Pe-

ar P +, with triplet Ps distinguishable by its long (142
nsec) lifetime. This asymmetry is given by

(10)

Measurement of 3 and P + thus allows the determination

of P . Preliminary measurements have demonstrated

the feasibility of this new surface probe.
The technique of measuring changes in the relative in-

tensity of the spin states of Ps can also be exploited to
measure other electron spin-polarization effects. For in-

stance Ps could be formed in a pellet of a paramagnetic
salt such as Gd203 placed in a high magnetic field and

cooled to low temperatures. Measurement of the asyrn-

metry in o-Ps formation upon reversal of P + would pro-

vide information on the relative electron capture cross sec-
tions between paramagnetic and nonparamagnetic ions.
We note that the factor of —,

' in Eq. (10) is replaced by un-

ity when Ps is formed in a high magnetic field, allowing
values of A as high as 100%.

A somewhat more unusual application of this technique
tests the proposed causal link between parity violation in
nuclear f3 decay and the seemingly parity-violating optical
activity characteristic of the biomolecules on which terres-
trial life is based. The largest causal mechanism predicted
to occur is a difference of order 10 ' in the electron
ionization rates for I. vs D isomers of amino acids when
bombarded by 100-keV 13-decay electrons. The mecha-
nism also results in an asymmetry of order AI, =10 in

the relative intensities of the singlet and triplet states of
positronium upon interchange of l. and D isomers of an
optically active target or upon helicity reversal of the
slow-e+ beam.

Recently, a slow-positron beam with an initial helicity

ho ——0.21+0.02 was used to measure or set limits on the
size of 2 p, . No asymmetry was observed at the 7 && 10
level in two amino acids. With an increase in the beam
polarization (and thus ho) to 8=0.5 by the methods out-
lined in this paper and further improvements in the exper-
irnental technique over Ref. 2, we have found no asym-
metry in leucine at the level of 1.0X 10

The 33% depolarization suffered by the slow e+ emit-
ted by the silicon-steel moderator shows that polarized
slow positrons can be used to study the interactions of
positrons in ferromagnetic materials. A monoenergetic
slow-e+ beam of known polarization could be remoderat-
ed in a well-characterized ferromagnetic single-crystal
moderator, and the change in polarization of the rerno-
derated e+ measured. Varying the energy of the positrons
incident on the remoderator will vary the number of in-

teractions the positron undergoes prior to thermalization,
which may muse a change in the measured final polariza-
tion. At low incident energies predominantly the surface
layers will be sampled, providing an independent rneasure-
ment of surface magnetization. Finally, coating the re-
moderator surface with paramagnetic rnolecules or fer-
rornagnetic monolayers may change the polarization of
the remoderated positrons.

Scattering of polarized slow e + from surfaces or

through gases can yield information which supplements
electron scattering experiments. An example of this
would be the substitution of polarized low-energy positron
diffraction (PLEPD) for polarized low-energy electron
diffraction (PLEED) as a consistency check on crystal-
structure models, with a major difference being that ex-
change plays no role in PLEPD. The experimental and
theoretical aspects of PLEPD are further discussed in
Refs. 1 and 13.

Finally, the physics of slow-positron formation results
in the novel feature that the combination of absorber and
moderator acts as a low-resolution energy spectrometer,
with a 40 mg/cm Be absorber, for example, selecting
slow e+ from source positrons with initial energies of
100+35 keV.
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APPENDIX: DETAII.S OF METAI.I.IC
MODERATION PREPARATION

An efficient moderator using untreated, commercial-
grade metal was developed which uses dental-grade, well-

annealed Pt foil 0.02 mm thick (Degussa GB Dental and
Goldhalbzeug, Frankfurt, West Germany). Parallel slits,
2 cm long, 1 mm apart, were carefully cut in a 3)&3 cm
foil. The resulting strips were bent 45' or 90' to form a
Venetian blind. The slow-positron yield, two times higher
than the MgO smoked "Hexcell" moderator, was found to
be reduced by a factor of 5 when MgO was smoked on the
Pt vanes. Excessive flexing with the resultant work
hardening of the vanes also decreased the yield, demon-
strating that the lack of bulk defects is responsible for the
high yield of slow positrons. We note that previous tests
of annealed Pt have given inconsistent results. ' '

Tungsten-strip moderators, prepared in a manner sirni-

lar to those described by Dale et al. ' and Canter were
also tested. A 20-crn long, 1.2-mm wide strip was cut off
a 0.025-mm thick sheet and heated to over 2200 C by
passing current through it in a vacuum better than
5 & 10 Torr. The strip was then cut into 12 mm lengths
and clamped at the ends to form a moderator consisting
of seven parallel vanes separated by 1.5 mm. The strips
were cleaned with acetone before heating, but the etching
treatment described in Ref. 20 was found to have no effect
on yield or polarization. Similarly the cooling rate (slow,
—100' drop per minute; or fast, current turned off or strip
broken) has no measurable effect. However, the tempera-
ture and length of time of heating were important. Eleven
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strips were heated for 5 min at 2200'C. A few strips
which were heated to 2400 or 2700 C for 5 min showed
20—50% larger yields. One strip heated to 2200'C for 12
h showed a yield comparable to those heated to 2700'C.
This heating allows crystals to grow, reducing the num-

ber of grain boundaries at which positrons may be
trapped.

Similar moderators were made of Ta, Mo, and Cu, heat-
ed to temperatures as high as 90%%uo of the melting point.

The first two metals are excellent moderators, but Cu,
while initially showing a good yield, degraded seriously in
a few hours. While a slow loss of yield was also observed
for the Ta moderator, exposure of a W moderator to air
for four weeks produced less than 30% loss of slow posi-
trons. Use of a W moderator in the beam for six months
resulted in a 50% drop in beam strength, probably due to
radiation-induced defects.
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