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I. INTRODUCTION 
Study~on Spin-precession of Polarized Slow PCfiitrons 

Polarized positrons (e+'s) can be produced by means of {3+ decay of radioisotopes
in Solids ' 

(RI)1-3 fr e+e- pair creation from circularly polarized '"f rays3. It is well known that
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~cordi1g t~ the V - ~ theory of the weak intera~~ion, e+'s emitted from {3+ decays 
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..~' strate our production system2•
3 of polarized slow-e+ beams using a compact proton cy

clotron which provides proton beams in Fig. 1. Positrons, which are provided from theAbstract 
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low energy part of the {3+-spectrum. In order to offer polarized slow e+'s to practical 

applications, we have to know spin-interaction mechanisms of the polaried e+ with 

. ' ..-,... ..... .. . materials at low energy. 

In this paper, we investigate spin-precession mechanisms of polarized slow e+ and 

attempt first to estimate the depolarization of the slow e+ in materials arising from 

three basic processes such as multiple Coulomb scatterings, Bhabha scatterings and 

bremsstrahlungs. In Sec. II, we formulate the spin rotation of e+ 's under electric and 

magnetic fields on the basis of relativistic descriptions of spin motion. In Sec. III, 

we give theoretical description of the depolarizations, and then calculate the depolar

izations of slow e+'s in various materials utilized in the polarized slow-e+ production 
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system, i.e. the target (Al), the absorber(Be) and the moderator(W, Pt and MgO). 

We compare our results with those measured by the experiments l ,:!. Section IV is 

devoted to summary and discussions. 

II. SPIN MOTION IN ELECTRIC AND MAGNETIC FIELDS 

For a charged particle, the motion of a spin vector; in the particle rest-frame is 

given as 
d; _ !l.!!....;x §_, (1 )dt - 2m 

where §- is a magnetic field in the rest frame, e the elementary electric charge of the 

particle, m the particle mass, and 9 the gyromagnetic ratio. 

In the relativistic description, a covariant form of the equation was obtained by 

Bargmann, Michel and Telegdi<l as 

a 
dS = ~{!!.r'IJSa + ~(!!. _ I)Ua(S,\F'\~U~]. (2)
dt me 2 e 2 

Here sa =(SO, S) is a four-vector of spin, ua = (UO, ii) a four-vector of particle velocity 

with uO = "'f and ii = "'fV where v is a particle velocity and "'f = 1//(1- (v/ep) the 

Lorentz factor, and FaP an electromagnetic field tensor. Since in the rest frame of the 

particle, v= 0 and sO = 0, the four-vectors have unit length: 

uaU()l = 1, saSa = -1, (3) 

and a following relation is held: 

saUa =0, or SO = i· V. (4) 

When a relativistic particle moves in electric and magnetic fields, we can semiclas

sically describe the rotation of the spin direction of the particle as a following time 

evolution form: 

dS(t) =;(t) x O(t), (5)
dt 

where t is a time measured in the Laboratory frame and 11(t) an angular velocity of 

the rotation of the spin vector s( t) in the particle rest frame. The behavior of particle 
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momentum p(t) in the electric field E(t) and magnetic field 8(t) is given as 

dp(t) = e{E(t) +v(t) x 8(t)J.
dt 

Here all quantities are defined in the Laboratory frame. Using Eqs.(2), (5) and (6), 

the angular velocity of the spin-rotation n(t) is obtained as 

- eg 1 - "'f - 1 - - - 1 "'f:! - 1 "'f - 1 
O(t) = --2-[2"B(t) +-:zl(B(t) .l)J + [-(g - 2)-- + -]Oo(t), (7)

me"'f "'f 2 "'f "'f 

where r = v(t)/lv(t)1 represents the unit vector along the direction of the velocity, 

and 11o(t) rx ~f the angular velocity of the particle momentum p(t). Equation 

(7) indicates that the spin direction is rotated by the magnetic field and through the 

change of the particle trajectory. 

In absence of the magnetic field, the vectors 11(t) and no( t) are parallel( or antipar

aIlel) to each other and are related as 

- 1 "'f2 - 1 "'f - 1 
O(t) [-(g - 2)-- + -]Oo(t).

2 "'f "'f 

If the trajectory of the particle in the electric field is a planar curve, O(t) is parallel to 

Oo(t), i.e. Oo(t) = Oo(t)n and O(t) = O(t)n where n is the unit vector of rx ~. If one 

may assume as in the ordinary case that the Lorentz factor "'f is a constant in a single 

scattering, Eq. (8) can be integrated as 

1 "'f2 - 1 "'f-l
9 = [-(g - 2)-- +-]90 , (9)

2 "'f "'f 

This implies that if the particle is scattered with a nucleus or an electron in the material 

with the angle 90 • the spin direction will rotate with an angle 9 in the scattering plane 

shown in Fig. 2, P(S) being the momentum (spin) vector of particle (i.e. e+) and the 

index of i (f) denoting the initial (final) state of the scattering. 
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III. DEPOLARIZATION IN MATERIALS 

A. Basic processes of spin-precession 

In order to calculate the angle 0 of the spin precession on the basis of Eq. (9), 

we first consider angular distributions of possible three basic processes of slow e+'s in 

materials, i.e. Coulomb scatterings, Bhabha scatterings and bremsstrahlungs. 

The Coulomb scattering, which plays dominant role in the scattering processes of 

e+'s in materials with low energy, is described by the electromagnetic interaction of 

the e+ without energy loss in a Coulomb potential generated by a static point charge 

eZ, where Z represents the charge of a nucleus. Consequently, multiple Coulomb 

scatterings are series of Coulomb scatterings between a charged particle and nuclei, 

allowing us to describe the spin precession by Eq. (9). It is well known that the 

differential cross section of the Coulomb scattering for the e+ can be described by the 

Mott scattering formulaS: 

2
dcr _ Z 0:2 ( '2' 200) 
dO - 4/34 E2sin4Dt 1 /3 sm"2 ' 

where E is a total energy of the e+, /3 a relativistic velocity of the e+, 00 a scattering 

angle in the e+ rest frame and 0: a fine structure constant. For the e+ with high energy, 

the scattering angle 00 is small resulting in a small depolarization in materials, while 

for the e+ with low energy, the spin rotation angle 0 becames small for I '" 1, i.e. 

0< 0.0200 for the energy less than 10keV. 

Bhabha scattering can be characterized as scattering of e+ with e- of atoms through 

core-e- and valence-e- excitations in the materials. The differential cross sections can 

be described by using Gryzinski's excitaion functionS as 

dcr(tl.E) 1\'"e 
4 

ES( E )~( ~E)

dtl.E (~E)3E E+ EB 1- E 


. { t.E (1 _~) + ~In [2.7 + (E ~:E) I]} , 
where tl.E represents the energy loss, and Es the mean e- binding energy. Since Eq. 

gives a only small energy loss in the excitaions, i.e. ~E ,.., Es, the spin precession 
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in the Bhabha scatterings can also be described well by Eq. (9). 

The bremsstrahlung gives rise to the flip and thus induces depolarization mea

sured as a difference of counting rates for positive and negative helicities of e+'s in the 

final state. Assuming that the inital e+'s are completely polarized, the depolarization 

D caused by the bremsstrahlung is given as 

dcr(Af = +1) - dcr(Af = -1)
D=l , (12)

dcr(Af = +1) + dcr(Af = -1) 

where dcr{Af and dcr{Af = -1) represent the differential cross sections of the 

bremsstrahlung processes in which the parameter Af stands for the e+ helicity in the 

final state. Using the differential cross sections, dcr( Af = +1) and dcr( AJ = -1) calcu

lated for a pure Coulomb field in Ref. 7, the depolarization of a completely polarized 

e+ is represented as 

2P
D =-----,;:------:,------,--::---:----:----,- (13)

6 + 3p[ + 3PJ - 2(1 + p?)I/2(1 + PJ)I/2' 

where k is the energy of the bremsstrahlung radiation and Pi(PJ) the initial(final) e+ 

momentum. This implies that the depolarization effect due to bremsstrahlung is not so 

large for slow e+'s since the probability of the bremsstrahlung radiation is very small 

and the energy of the bremsstrahlung radiation k is also very low. 

B. A Monte Carlo simulation progranl 

In order to estimate the depolarization of slow e+ beams in materials, we have 

developed a simulation program SPPG(Slow Polarized Positron Generation) based on 

a detector simulation tool GEANT8 
• We attempte to incorporate in SPPG the de

polarization effects caused by the multiple Coulomb scatterings, the Bhabha scattings 

and the bremsstrahlungs in materials described in Sec. lILA. To simulate the multiple 

Coulomb scatterings of low energy e+, we use the Moliere theory9, which was later 

elaborated by BethelO
• Since this theory is applicable under limited conditions such 

as (1) small angular deflection and (2) small energy loss, we are forced to take a small 

step size in SPPG, namely 10 pm for the Ai target and 5 pm for the W moderator. 

To check the validity of the simulation in the small step size, we compare our calcu

lated results with experimental datall of the angular deflections of e- with 15MeV 
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pa.ssing through materials of Be and Au. As seen in Table I, the calculation is in good 

agreement with the measurements. 

Since the cut-off energy of particles in GEANT code is 10keV, the thermalization 

process cannot be simulated for the moderator. Therefore, we a.ssume that e+'s slowing 

down to 25keV in the moderator are thermalized within a virtual "skin" of thickness 

of 1000A which covers the surface of the moderator, and are reemitted a.s slow e+'s 

from the moderator. The depolarization in the "skin" is negligible because 0 < 0.0500 

in Eq. (9) for the energy of < 25keV. 

Using SPPG, we simulated the depolarization arising from the mUltiple Coulomb 

scatterings of e+'s with sufficient energy which can pass through Be(Z = 4), Ai(Z = 

13) and W(Z = 74) with a thickness ofO.2mm. As shown in Fig. 3, the depolarization 

is large at low energies, since the number of scatterings increa.ses giving rise to large 

deflection as the initail energy decreases. The degree of depolarization is strongly 

dependent on the atomic number of materials. Figure 4 shows the results of the similar 

calculations carried out for the materials of the fixed thickness of 10mm in which 

the e+'s lose whole energies and eventually stop. In this ca.se, the depolarization 

becomes larger with increa.se of their initial energy and is saturated at the energy 

> 4MeV. These results allow us to conclude that the depolarization of e+'s in materials 

is important only at the low energy. 

We also calculated the depolarization effects caused by the Bhabha scatterings in 

Fig. 5 and the bremsstrahlungs in Fig. 6 for the e+'s passing through the materials 

with a thickness of 0.2mm. These depolarizations can be negligible comparing with 

that due to the multiple Coulomb scattering. 

C. Applications in polarized slow-e+ productions 

SPPG can clarify detailed behavior of polarized slow e+ produced in our apparatus2.3 

shown in Fig. 1. The radioisotope of 21 Si with the maximum {3+ energy of 3.85 MeV 

is produced in the Al target of a 2mm thickness via the 21 Al(p, n)21Si reaction caused 

by proton irradiation. A portion of {3+'s produced in the Ai target with wide energy 

spread is thermarized in the moderator of a 25J.Lm thick polycrystal W foil and then are 

reemitted as slow e+'s with the energy of -leV. Figure 7 shows the energy distributions 
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of (a) initial e+'s produced inside the Ai target from the {3+ decay of 21Si and (b) e+'s 

pa.ssing through the Ai target. As shown in Fig. 7, only high energy e+'s emitted 

from the {3+ decay of 21Si can pa.ss through the target. Although the e+'s emitted 

from the {3+ decay are polarized with a longitudinal polarization of P = «(vdc)coslJi ) 

a.s indicated with the da.shed lines in Fig. 8, they are depolarized in the Al target by 

14% and in the W moderator by 4% a.s shown with the solid lines in Fig. 8(a) and (b), 

respectively, resulting in the average polarization of slow-e+ beam to be 38.1±1.4% 

which is consistent with the mea.sured value of 36.0±4.9% 2. 

In order to check the validity of our simulation with respect to the depolarization 

and geometry, we estimate the polarization of slow-e+ beam by inputing the same ge

ometrical structure of devices a.s those used by the Michigan university group!, Figure 

9 shows the geometries of each components, e.g. a {3+ source of 22 Na, a venetian-blind 

moderator, and a Be absorber with different thicknesses placed between the 22Na 

source and the moderator. Two types of {3+ sources have been used: 22 Na deposited 

in a 60" half-angle cone drilled in Be holder resulting in emission into 1r-steradians(sr), 

and 22Na deposited on an insulin wetting agent in a 0.25mm deep and 3.5mm diam

eter cylindrical depression milled in the Be holder resulting in emission into 21r-sr. 

Figure 10 shows the magnitude of the polarizations obtained from SPPG for the W 

moderator and 21r-sr source being in good agreement with the experimental resultsl, 

We also calculate the polarizations for the MgO moderator with the 1f-sr source and 

for the Pt moderator both wi th the 1f-sr and 21r-sr sources. It is clarified that: (1) the 

difference of polarizations for the different moderators is negligible because the depo

larization in the thermalization process of e+'s is negligible in these thin moderators; 

(2) the polarization is independent of the 1f-sr and 21f-sr sources, since e+'s emitted 

backwards from the 21f-sr 22 N a source lose most of their energies in the Be holder and 

are absorbed in the Be holder or the Be absorber. 
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IV. SUMMARY AND DISCUSSIONS 

The spifl precession of polarized slow e+'s has been investigated on the basis of three 

fundamental processes, i.f!. multiple scattering, Bhabha scattering and bremsstrahlung. 

These processes are incorporated in the Monte Carlo simulation program, SPPG, which 

can simulate successfully the generation and depolarization of polarized slow e+'s in 

various materials. 

It is found that the depolarization is strongly dependent on the atomic number and 

the depolarization caused by Bhabha scatterings and bremsstrahlungs are negligible 

compared with that caused by the multiple scatterings. The magnitudes of the esti

mated polarizations of slow-e+ beams are in good agreement with those measured in 

the experiments·'] indicating that our simulator can be a very effective and reliable 

tool for designing high-quality polarized e+ beams. 

However, there still remain unresolved problems of how to describe quantitatively 

a thermalization process of polarized slow e+'s with the kinetic energy of < lOkeV 

in materials. The e+'s ,lose cotinuously their energies to thermal energy by free e

excitations, plasmon scatterings or e--hole pair excitations, and then diffuse in lattices 

of materials. In the diffusion process, a dominant process is the e+-phonon scatterings 

which cause the depolarization of the e+ 's. It would be highly desired that theoretical 

description on the fundamental processes is studied to enable more practical and reli

able prescription of spin depolarization in the thermalization and diffusion processes. 
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Table 1: Comparision the angular deflections of e-'s passing through Be and Au targets 
estimated by our simulation with that measured by Hanson et aill . 

Material Be Au 
Thickness (mg/cm2) 257.00 491.30 18.66 
Initial energy of e-'s (MeV) 15.47 15.24 15.69 
Angular deflection (degree) 
in experiment ll ·3.01 4.33 2.55 
in our simulation 2.94±0.03 4.39±0.04 2.46±0.03 
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Abstract 

We have investigated spin-precession mechanisms of polarized slow positrons 
in materials caused by multiple Coulomb scatterings, Bhabha scatterings and 
bremsstrahlungs. It is found that the degree of the depolarization is strongly 
dependent on the atomic number of materials, and the de polarizations caused 
by the Bhabha scatterings and the bremsstrahlungs are negligible comparing 
with the multiple Coulomb scatterings. The theoretical formulations of the 
spin-precession due to the three processes are incorporated in a Monte-Carlo 
simulation program which is successfully applied to obtain the depolarization 
of polarized slow-positron beams in materials, i.e. a target, an absorber and 
a moderator which are utilized for the slow-positron production facility. The 
mangnitude of the polarizations thus estimated are in good agreement with that 
measured by the experiments. 

I. INTRODUCTION 

Polarized positrons (e+'s) can be produced by means of (3+ decay of radioisotopes 

(RI)1-3 or e+ e- pair creation from circularly polarized 7 rays3. It is well known that 

according to the V - A theory of the weak interaction, e+'s emitted from (3+ decays 

are longitudinally polarized and thus possess a helicity of vic, v and c being velocities 

of the e+ and light, respectively. Consequently the e+ polarization along the beam axis 

can be thus given by P = «(v;Jc)cosfh), where 0. is an angle between the directions of 

.momentum and the beam axis for the i-th e+. 

As a typical example of the polarized slow-e+ production, we schematically demon

strate our production system2,3 of polarized slow-e+ beams using a compact proton cy

clotron which provides proton beams in Fig. 1. Positrons, which are provided from the 

(3+ decay of 27Si produced by the proton beam via the nuclear reaction 27AI(p, n )27Si, 

are moving out of a target of 27Al and then are implanted on a W moderator in which 

the e+'s thermalize and are reemitted outside the W moderator with energies of a 

few eV corresponding to a negative work function of W. In this production system, 

the e+'s are moving in the materials of Al and Wand thus are necessarily subject to 

depolarization. 

It has been widely argued that higher polarization of slow e+'s can be achieved by 

placing a lower density material, i.e. Be, between RI and the moderator to absorb 

low energy part of the (3+-spectrum. In order to offer polarized slow e+'s to practical 

applications, we have to know spin-interaction mechanisms of the polaried e+ wi th 

materials at low energy. 

In this paper, we investigate spin-precession mechanisms of polarized slow e+ and 

attempt first to estimate the depolarization of the slow e+ in materials arising from 

three basic processes such as multiple Coulomb scatterings, Bhabha scatterings and 

bremsstrahlungs. In Sec. II, we formulate the spin rotation of e+ 's under electric and 

magnetic fields on the basis of relativistic descriptions of spin motion. In Sec. III, 

we give theoretical description of the depolarizations, and then calculate the depolar

izations of slow e+'s in various materials utilized in the polarized slow-e+ production 
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Figure 1: Production of polarized slow e+'s using proton beams of IBM eV. 	 Figure 3: Simulation of the depolarization caused by multiple Coulomb scatterings for 
the polarized e+'s passing through materials, i.e. W, Al and Be with a thickness of 

Figure 4: Simulation of the depolarization caused by multiple Coulomb scatterings for 
the polarized e+'s stopping in ma.terials, i.e. W, Al and Be with a thickness of 10mm. 
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Figure 2: Spin rotation of a charged particle during the Coulomb scattering with a 
nucleus in materials. Various quantities are defined in the text. 
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Figure 5: Simulation of the depolarization caused by Bhabha scatterings for the polar
ized e+'s passing through materials, i.e. W, At and Be with a thickness of O.2mm. 
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Figure 6: Simulation of the depolarization caused by bremsstrahlungs for the polarized 
e+'s passing through materials, i.e. W, At and Be with a thickness of O.2mm. 

20 

15 

uoo 

1000+u 

'0 800

1 600 

Z 400 

200 

Energy of e+ {MeVj 

Figure 7: Energy distributions of (a) initial e+'s produced inside the At target through 
the (3+ decay of 21Si and of (b) e+'s passing through on the At target in Fig. 1. 
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Figure 8: Simulation of longitudinal spins of (a) e+'s which pass through the Al target 
and of (b) slow e+'s which are remitted from the surface of the W moderator. The 
solid line represents the longitudinal spins P, of the e+'s with depola}ization in the Al 
target or W moderator, while the dashed line represents the longitudinal spins Po of 
the e+'s without depolarization in the At target or W moderator. The average values 
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Figure 9: Production of polarized slow e+'s using a 22 N a source. 
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Figure 10: Polarization of slow e+'s with different thickness of a Be absorber using the 
production system described in Fig. 9. The dot is measured using the geometries of 
(1 )the '/I"-sr source with the Pt( 0) or M gO(.) moderators, and (2)the 2'/1"-sr source with 
the Pt(\l) or W(.6) moderators by the group of Michigan university. The solid curve 
is estimated by SPPG using the geometries of 27T-sr source with the W moderator. 
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