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CHAPTER 6 DEPOLARIZATION IN THE SOURCE 

6.1. Introduction 

In the source, S-particles are isotropically emitted in all 

directions. Therefore, also the polarization vectors of these 

particles are isotropically oriented in space. For an infinitely 

thin source, only electrons that are initially emitt ed into the 

small acceptance angle of the polarization analyser will be de

tected. Since these electrons make small angles with the beam 

axis, almost their full polarization will be detected. In a thick 

source, on the other hand, electrons emitted into directions that 

make considerable angles with the beam axis may be scattered 

into the beam direction. These will show a smaller longitudinal 

polarization in the beam direction. Thus, the effective degree of 

longitudinal polarization is reduced by scattering in the source. 

This effect will be cal led depolarization in the source. It may 

cause serious systematic errors in S-polarization experiments. 

The scattering phenomena usually involve a mixture of single, 

plural and multiple scattering processes with atomic nuclei and 

may be accompanied by inelastic collisions with atomic electrons. 

The longitudinal depolarization is essentially due to the fact 

that during the elastic scattering processes the electron spins, 

which are initially oriented longitudinally, are rotated less 

than the momentum vectors. This implies that the longitudinal 

component of the beam polarization is reduced. The transverse beam 

polarization will be zero on the average if, as is usually the 

case, the source is symmetric with respect to the beam axis. 

In the next section we give a short survey of theories on 

depolarization in the source. These theories, however, are not 

weIl suited for our tritium sources on infinitely thick backings. 

In section 6.3 the procedure for obtaining the depolarization 

correction for these sources is discussed. It will be shown that 

the correction is small for energy settings close to the tritium 

end-point energy. 
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I -----------------------

6.2. Survey of theories on depolarization in the source 

6.2.1. General 

In general, the polarization vector of a beam of electrons 

changes magnitude as weIl as direction during Coulomb scattering 

through atomic nuclei or electrons. The change of magnitude is 

due to spin-orbit coupling, affecting the component of the 

polarization normal to the scat tering plane (see sect. 2.1), while 

the change of direction is due to spin rotation in the scattering 

plane. The behaviour or the polarization vector is commonly des

cribed with the complex scat tering functions f and g , mentioned in 

sect. 2.1, that depend on the energy of the electrons, the atomic 

number Z of the scatterer and the scattering angle 8. For the 

specific case of an initially longitudinally polarized beam, the 

ratio of the longitudinal components of the polarization vectors 

af ter and before the scattering is (Mot64) 

P' 
P 

(f/I + r*g ) sin 8 + (lfl 2 
(6.1) 

Depolarization 1n the source is usually treated in first 

Born approximation [Z/(137 13 ) « 1, where 13 = v /a]. In this appro

ximation f and g are real and their ratio is (Mot65) 

(l 

f 
(1 - ~) sin 8 (6.2) 

In first Born approximation no spin-orbit coupling is found: the 

Mott function S (eq. 2.4) is zero for real f and g . Thus, the 

component of the polarization vector in the scat tering plane 

rotates without change of magnitude. The rotation angle n is found 

by combining eqs. 6.1 and 6.2: 

P ' 
P cos (8 - n) 

cos 8 + 13 2 sin2 (8/2) 
- 13 2 sin2 (8/2) (6.3) 

At relativistic velociti e s ( 13 = 1) n = 8 : the polarization vector 

follows the momentum v ector completely, whereas in the non-
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relativistic limit (e = 0) n = 0: the polarization vector does 

not rotate at all. At small scattering angle eq. 6.3 gives: 

n = 9 (I - ~), the same relation as applies for the case of 

deflection in a macroscopic transverse electric field (eq. 5.5). 

As discussed by Mühlschlegel (Müh59) depolarization in th in 

sources without backing is mainly due to two types of scat tering 

events (see also the inset of fig. 6.1): (i) small-angle plural 

and multiple scattering processes with high probability but small 

depolarization per event of electrons initially emitted appro

ximately into the direction of the analysed beam (assumed to be 

perpendicular on the surf ace of the source); ii) single large-angle 

scattering processes over about 900 with small probability but 

large depolarization per event of electrons initially emitted pa

rallelly to the surf ace layer and deflected into the beam direction 

mainly by large-angle single scattering. 

6. 2.2. Small-angle scattering 

Mühlschlegel estimated the fractional depolarization of 

e-particles by small-angle scattering in a thin homogeneous 

source of thickness tO. Using the small-angle approximation for 

the spin-rotation angle n (eq. 6.3) he obtained straightforwardly 

to 

f 92 (t) dt, (6.4) 

o 
where t denotes the depth of the activity and Po the initial degree 

of longitudinal polarization of the e-particles . The mean square 

scattering angle had been taken from Molière's theory of multiple 

scattering (MoI47): 92(t) ~ B(t) 9~ ( t ). Here B is the so called 

Molière parameter which is related to the mean number of scat ter

ing events m as B = In(0.857Bm). In the multiple scattering region 

B varies usually from 2 to 12. The angle 92 (t) is a characteristic 

angle: on the average an electron makes only one collision in a 

layer of thickness t for which the scattering angle exceeds 92 (t ). 

In first Born approximation (Kei60; Oms68) 

9~(t) (6.5) 
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Combination of eqs. 6.4 and 6.5 and integration yields: 

llP Hl 82 ) 8; (tO) B(tO). (6.6) 
Po " -

Mühlschlegel gave as reg ion of validity of this expression 

(6.7) 

The lower limit corresponds to a mean number of scattering events 

of about 7, while the upper limit corresponds to a root mean-square 

scattering angle of about 25 0 • 

Mühlschlegel's estimate may be compared with an expression 

obtained by Passatore (Pas60; Bra67,68) for the depolarization of 

a beam normally incident on a scattering foil. Passatore investi

gated the longitudinal depolarization by multiple scattering of 

the total emerging beam: the spin component of each forwardly 

scattered electron was taken along its final direction of motion. 

By using an iteration procedure of the matrices connecting the 

polarization states before and af ter each single scattering event, 

he arrived, in first Born approximation, at the rather complicated 

expression 

I - [ -

1 - cos " r 2(1 - 82 ) ln(1 8 ) !lP - cos 
1 I _ cos 8 • (6. 8) Po " 

2 (1 
cos 81 - cos 87 

- 82 ln(--~) cos 81) (I - cos 82) I - cos 81 

In this expression m is the mean number of collisions in the foil, 

81 is the screening angle accounting for screening by atomic 

electrons and 82 is the characteristic angle of the foil, according 

to eq. 6.5. 

We remark that eq. 6.8 can be transformed into a form similar 

to that of eq. 6.6 if the depolarization is small. In first Born 

approximation we can substitute 8i = 8~/m (see for example refs. 

Kei60 and Oms68, where also expressions for 81 and mare given). 
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Then, eq. 6 . 8 becomes to first order in foil thickness tf: 

(6.9) 

The geometrical conditions underlying the depolarization relations 

6.6 and 6.9 are completely different . However, for small thick

nesses scat tering probabilities are very forwardly peaked with 

respect to the direction of incidence. Then, eq. 6.9 can be applied 

also for the depolarization by small-angle multiple scat tering in 

a source . Integration of the right-hand side of eq. 6.9 between 

tf = 0 and t f = to yields 

b.P = Hl - 82) a2
2
(to) [ln {m(t O)} - O.SJ. 

Po 
(6 . 10) 

which is in reasonable agreement with Mühlschlegel's expression 

6.6. For example.for m = 10 or 100 the value of B is 3 . 4 or 6 . 3, 

whereas the value of [ln(m) - 0~5J is 1.8 or 4 . I, respectively . 

Differences may be due to various simplifications and approxima

tions in both theories. For example, Mühlschlegel suggests to 

account for single-scattering contributions by using in eq. 6.6 

(B - E) instead of B, where E is of order unity. 

6 . 2 . 3. Large-angle scattering 

The degree of longitudinal polarization of 8-particles that 

are singly scattered over about 900 is approximately POS 2J(2-S2) 

(see eq. 6.3). The contribution of these electrons to the depola

zation in the source is difficult to estimate since they are 

emitted nearly in the plane of the source, 50 that the path lengths 

may become very large. A limitation of the path lengths is caused, 

however, by the fact that af ter some distance a large fraction of 

these electrons will be scattered out of the source layer by 

multiple scattering. This effect is taken into account by Mühl

schlegel (Müh59) by introducing a small angle 0c: the path lengths 

of electrons emitted at dep th t at angles between 90 0 - 0 and 
c 

90 0 +0 , with respect to the normal on the source, are assumed to 
c 

be tJoc. He obtained for the fractional depolarization by large-
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angle scattering 

(6. I I) 

It appears that the depolarization is rather insensitive to the 

value of ö • Mühlschlegel took ö = 0.1 rad (~ 50
) as a plausible 

c c 
estimate. 

A similar but more complicated expression was obtained by 

Wegener (WegS8; BieS9) who adopted a delta-function for the 900 

scattering probability. The limitation in path length was taken 

into account by introducing a convergence factor into the cal

culations. 

6.2.4. Discussion 

The estimate of Mühlschlegel for the total longitudinal 

depolarization in a homogeneous source is found by summing the 

contributions of eqs. 6.6 and 6 . 11: 

3 
t:.P Z(Z + I) (I - 82 )2 
Po = O. 30 A 8 4 x 

~'(~ol (I - 82)! + In 2~Jto 
(6.12) 

It is assumed that the source has no backing and that the in

fluence of energy losses may be neglected. As anticipated no de

polarization occurs at extremely relativistic energies, since then 

the electron spins follow the momentum vectors completely during 

the scattering processes. Going towards lower energies the de

polarization increases since (i) scat tering probabilities in

crease strongly and (ii) spin rotation angles decrease. 

Mühlschlegel's estimate seems ' to predict the right order of 

magnitude of the depolarization. Van Klinken (Kli65a) found that 

the observed and the calculated depolarizations are not very 

different: the estimate of Mühlschlegel was found to be somewhat 

too small, especially at higher Z. For gold sources Schwarz et al. 

(Sch68) observed depolarizations up to about a factor three 

larger than was estimated from eq . 6.12. On the other hand, Lazarus 
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and Greenberg (Laz70) measured a depolarization more than a factor 

three lower than expected. 

6.3. Depolarization in the tritium sources 

6.3.1. Introductiqn 

For the tritium sources used in our investigation depolari

zation occurs by diffuse scat tering in the aluminium backing and 

by scattering in the titanium layer. The various processes are 

indicated in fig. 6.1. 

100 

t 10 
; 

, 
\ 
\ . 
\ 

plu ral (1) \ 
\ 
\ 
\ 

\ 

single (2) 

Ti AI 

2----1':';:.·· 

t : .: 
~to 

forward - sè~ttering -of-- back - scattering (3) 

\- ex: sin"4(y/ 2) 

30· 60· 90· 120· 
Yi 

150· 180· 

Fig. 6. 1. Classifiaatian of saattering proaesses in the 23 ~g/am2 
tritium sourae for eleatrons initiallu emitted with an energy' 
Ei = 15 keV and angle Yi (see inset) at a depth t = 16 ~g/amL 
Plotted is an estimate of the probability (per un~t of solid angle) 
Ws that suah eleatrons leave the sourae in a direation normal to 
the sourae plane with final energy ~ 15 keV. The estimate was based 
on measurements of Kanter (Kan5?) and on aalaulations of Keil et 
al . (Kei60) . We distinguish : plural and multiple saattering over 
sma ll angles , single saattering over 900 and diffuse baak-saatter
ing . In the forward- saattering region path lengths inarease as 
aos-1 Yi · • 
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Because of the low kinetic energies involved, the spins of the 

electrons are hardly rotated by these scattering processes (eq. 

6.3). Thus, the degree of longitudinal polarization P (E) of 
s 

the beam of electrons that leave the source nearly perpendicularly 

on its surface plane with energy E, can be written as 

(6 .13) 

where the bar denotes an average over the scattering histories of 

the contributing electrons. These electrons are emitted by the 

tritium atoms with initial energy Ei (E ~ Ei ~ Eo), with degree 

of longitudinal polarization P(Ei ) and with angle Yi with respect 

to the beam axis (inset fig. 6. I). The eosine function projects 

the initial spin direction on the final direction of the beam. 

The polarization Ps(E) can be larger or smaller than the initial 

degree of polarization p eE) of electrons emitted by the tritium 

atoms with energy E. This depends on a balance between scat ter

ing and energy loss. If energy losses are relatively unimportant 

[P(E.) :0 P(E)] , !p (E)! will be smaller than !P(E)! due to depola-
~ s 

rization by scattering. This is the case for the tritium sourees 

used in th~ present experiment. However, if energy losses are so 

large that,on. the average, !P(Ei )! is considerably larger than 

!P(E)! and if Yi is small (low-Z souree), then it is possible 

that a polarization enhancement is observed: !Ps(E)! > !P(E)!. 

Indeed, we encountered such an effect when placing a 200 ~g/cm2 

carbon foil in front of the 23 ~g/cm2 tritium souree (subseet. 

6.3.3): with the carbon foil the absolute magnitude of (he ob

served polarization proved to be larger than without. 

TIle complexity of the scattering processes accompanied with 

energy losses precludes finding an analytic expression for the 

depolarization with the aid of eq. 6.13. The theoretical estimates 

presented in the foregoing section are of limited utility since 

back-scattering through thick backings is not accounted for. We 

therefore used a semi-empirical method: Ps(E) was written to first 

order in t
av

' the average depth of the tritium atoms in the 

titanium layer, as 

73 



P(E)D (E, t ) 
s av 

pee) D -do (E)] Cl -d 1 (E) t J. (6. 1 4) 
av 

The factor D (E, t ) is the depolarization factor of the source; 
5 av 

the fractional depolarization equals 1 - Ds(E, t
av

) . The coeffi-

cients do(E) and d 1(E) account for back-scat tering and for 

scattering in the titanium layer, respectively . We e stimated do (E) 

from measured back-scattering probabilities (subsect . 6.3 . 2) . The 

coefficient d 1(E) was determined experimentally by varying t as 
av 

described in subsect. 6 . 3.2. 

For clarity we point out explicitly that Ps(E, t
av

) refers to 

electrons that emerge from the source with energy E but were 

emitted by the tritium atoms with, on the average, higher energies . 

pee), on the other hand, refers to electrons emitted by the atoms 

with energy E, but emerging from the source at, on the average, 

lower energies. 

6.3 . 2. Depolarization by back-scattering 

The depolarization of electrons scattered by thick backings 

has hardly been investigated experimentally or theoretically. 

We only know of the work of Braicovich et al. (Bra66) who per

formed measurements on this effect for various materials at 

electron energies between 0.3 and 2 . 0 MeV and at back-scattering 

angles between about 140
0 

and 1700
. Their results, however, are 

hardly applicable in our case because of the high energies and the 

limited angular interval . 

For obtaining the coefficient dO in eq . 6. 14 we consider the 

titanium layer as infinitely thin : the tritium activity is assumed 

to be direct on the aluminium backing. In that case the number 

of electrons Ns(E) emitted per unit of time, energy and solid 

angle with energy E in a direction perpendicular to the surf ace 

of the source,can be written as 

Ns(E) 

n Eo 

N(E) + I I2n sin Yi wb(Ei,yi; E) N(E i ) dYi dEi' 

n/2 E 

(6 . 15) 

Here, N(E.) accounts for the statistical shape of the tritium 8-
~ 

s pectrum and includes a trivial intensity factor; wb(Ei ' Yi ;E) is 
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the probability per unit of solid angle and energy that an elec

tron with initial e nergy Ei and emission angle Yi (see inset fig . 

6 . I) leaves the aluminium backing perpendicularly with final 

energy E. The first term on the right-hand side of eq . 6 . 15 

corresponds to the unscattered fraction: these electrons are 

emitted by the tritium atoms directly in the beam direct ion. The 

second term corresponds to electrons that have suffe r ed one or 

more scatterings in the backing. Neglecting spin rotation the 

"amount of polari za tion" carried away by the beam in the angular, 

time and energy interval concerned is: 

TT Eo (6 . 16) 

f f 2TT sin Yi wb(Ei'Yi; E) N (Ei ) P (Ei) cos Yi dYi dEi · 

TT /2 E 

Combination of eqs . 6.14 (with t av 0), 6 . 15 and 6.16 yieIds: 

do(E) 

TT EO 

f f [I-cos Yi P (Ei)/ P (E)] 2TT sin Yi Wb(Ei' Yi; E) N (Ei ) dYi dEi 

TT/2 E 

. N(E ) 
11 Er 

+ Jr 211si n y .w
b

(E. ,y.; E) N(C.) 
1 1 1 1 

TT / 2 E: 

dy. dE . 
1 1 

(6.17) 

We deduced values for Wb(Ei,yi;E) from experimental results 

of Kanter (KanS7) and of Kulenkampff and Rüttiger (KulS4; KuIS8) 

on yields and energy distributions of back-scattered electrons. 

Kanter measured energy- and angular distributions of initial

ly mono-energetic electrons with primary energies of 10, 30, 50 

and 70 keV, back-scattered by thick targets of Al, Cu, Ag or Au . 

The energy analysis of the scattered electrons was performed with 

two electrostatic spectrometers. Various directions of the inci

dent and the emerging beam with respect to the normal on the 

target surface were investigated (see fig. 6.2). The angles of 

incidence were y. = 1000
, 125 0

, 145 0 and 1800
, while several 

1 

angles of emergence Yf between -60 0 and 800 were selected. 

Kulenkampff and Rüttiger performed similar measurements at 

normal incidence (Yi = 180 0
) with primary energies of the electrons 
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incident 
beam 

normal 
I 
I 
I 
I 
I 
I 
I 
I Yt 

E 

emerging 
beam 

Fig . 6 . 2. Scattering geometry for back
scattering experiments from literature 
(Kan5?; Kul54 , 58J . 

between 20 and 40 keV. 

Targets of Al, Cu, Ag and 

Pt were used and the se-

lected scat tering angles 

were 8 97°, 117 0 and 

137° (Yf = 83°, 63° and 

43°, respectively). 

Energy distributions were 

investigated with the so 

c a lled "Ge ge nf e ld" me thod. 

In the f o ll owing we 

bri e fl y describe how we 

dedu ced wb(Ei . y i; E) 

va lues f~om fi gu~e s pre-

sented by Kanter and by 

Kulenkampff and Rüttiger. 

Fig. 6 .3 shows the energy integ~ated probability of normal 

eme~gence from an Al-targe t as a function of the ang le of inci

dence, for Ei = 10 and 50 keV . These plots we re constructed from 

fig. 9 of ~ef . KanS7, showing angul a r di s tributions of e l ec trons back

scattered from aluminium . Apparently the probabilities a r e rather 

insensitive to the initial energy of the electrons. Upon numerical 

integration over Y
i 

of the probabilities presented in fig. 6.3 we 

obtained the back-scattering contribution at normal emergence for 

a thin, isotropic and mono-energetic source on a thick aluminium 

backing. At Ei = 10 keV, 7.8% of the electrons emitted in back-

ward directions Ie ave the backing in a unit solid angle around 

the normal on the source (at Ei = 50 keV: 6 . 5%). These values 

agree with calculated results of Kanter (KanS7; fig . 11). Thus, 

the ratio of the numbers of scattered and unscattered electrons 

amounts, for the normal direction, to 2n-0.078 = 0.49 at Ei 

10 keV. The scattered fraction, however, has an appreciably lower 

average energy. 

For obtaining wb(Ei,yi; E) we have to know the energy distri

bution of the perpendicularly emerging electrons as a function of 

the incidence parameters Ei and Yi . As far as we know no direct 

measurements of these distributions are available. However, Kanter 
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.0 
o 
.0 
o 
L 
a. 

0 .10 r------r---------,,---------,-----, 

150° 

AI 

Yf = 0° 

Mi = 1 

E = O-Ei 

10 keV 

50 keV 

Fig . 6 . 3. ppobabili ty that electpons with initial enepgies of 10 
and 50 keV ape back- scatteped f pom a thick Al- tapget inta a 
di pecti on nopmal to the tapget plane , as a f unction of the angle 
of inci dence Yi · Points pefep to data taken f pom pef. Kan57 . 

observed that the mean and the most probable energy losses of 

back-scattered el ectrons are determined only by the scattering 

angle 8 = Yi - Yf (see fig. 6.2) in the case that the emerging 

beam lies 1n the plane determined by the incident beam and the 

normal on the target. These losses are within Kanter's error 

limits, independent of Yi and Y
f

. Assuming that, in good appro

ximation, the whole energy distribution depends only on 8, the 

energy distribution of the normally emerging electrons can be 

derived from measurements with a different geometry, but with the 

same scattering angle 8 . In this way we constructed the energy 

distributions of perpendi cularly emerging electrons at four 

angles of incidence: y. = 97 0
, 117 0

, 137 0 (using ref s . KulS4,S8) 
1 

and 1700 (using ref. KanS7). The energy integrated probability for 

normal emergence was normalized for each value of Yi and Ei to 

values shown in fig. 6.3. The results for Yi = 97 0 and 170°, 
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\ 
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\ 
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\ 
\ 
\ 
\ , 

OL-----------____ ~ ________________ ~ 
o 0.5 1.0 

E/Ei 
.,'ig. 6 . 4 . Energy distributions , for two va~ues of Yi , of e~ectrons 
(J:,'i = 15 keV) that are back- scattered from a thick AZ- target into 
a direction normaZ to the target pZane . The construction of these 
pZots is expZained in the text . 

contributions (in Ofo) 

. ,-·-....~nYi (1 - cosYi) 

lO .. .. '", sin Yi 

0.5 

(a) 

\ 
.\ 

contr ibut ion s (in Ofo) 

lO 

" 
0.5 

°1~5--L-~--L-~--~~--~ 
16 17 E(keV)18 

(b) I 

Fig . 6. 5. Histograms showing contributions of back- scat tering to 
intensity (---) and depo~arization (--) of the beam emerging from 
the tritium source at E = 15 keV in a direction normaZ to the source 
p~ane . In (a) the dependence on Yi is shown; for comparison aZso 
p~ots of sin Yi and sin Yi(l - cos Yi) are given (using the same 
scaZe) . In (b) the dependenee on Ei is compared with the shape of 
the tritium 8- spectrum (a~so on the same sca~e) . 
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shown in fig. 6 . 4, illustrate that the energy integrated probabi

lity for normal emergence does not dep end strongly on the angle of 

incidence (as appears also from fig. 6 . 3), while, on the other hand, 

energy losses increase strongly with increasing Yi. From these fOlJr 

distributions values for wb(Ei,yi; E) were obtained directly or by 

interpolation . 

The integrals of eq. 6 . 17 were calculated numerically with 

intervals of 15
0 

for y. and using energy steps of 0 . 2 or 0 . 5 keV. 
~ 

For calculating the numerator we assumed that P(Ei ) is proportio-

nal to v /c o In table 6. I we show some details of the ca~culation 

of do (E) for E = 15 keV using energy steps of 0 . 5 keV . In fig. 

6 . 5 two histograms pertinent to this calculation are shown. A 

similar calculation for E = 15 keV with energy st e ps of 0.2 keV 

gives a slightly larger d o-value (4.3% instead of 3.9%). 

The results of the back-scattering calculations are presented 

in table 6 . 2 and fig. 6.6. As anticipated, the depolarization due 

to back-scattering is small near the tritium end-point energy 

but becomes large at lower energies . 

The average energy 10ss Ei - E of the back-scattered elec

trons can be calculated simi1arly. As expected, it is 

small near the end-point energy (for example, 0 . 6 keV at E = 

16 keV) but becomes considerable at 10wer energies (for example, 

2 . 4 keV at E = 10 keV and 2 . 9 keV at E = 6 keV) . 

The estimated relative accuracy of the calculated do-values 

is about 25% . This estimate includes the experimental errors of 

Kanter and of Kulenkampff and Rüttiger (5- 10%), read-off errors 

from their graphs and errors due to approximations in the calcu

lations. 

As remarked, we assumed that the spin direction of the 

electrons remains unchanged during the scat tering processes : ~ . e. 

we treated the spin-rotation in the non-relativistic limit . The 

error in the calculated do-va lues caused by this assumption is 

estimated as follows. In second Born approximation [Z~( 1 37B)2«O 

the ratio of the longitudinal components of the polarization 

vectors of an initially longitudinally polarized beam af ter and 

before single Coulomb scat tering over an angle e is (Mot64) 
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Table 6. I 

Illustration of the aalaulation of do(EJ for E = 15 keV. For eaah 
angular interval of 15

0 
around Yi and energy inter val of 0.5 keV 

around Ei three nwnber s are given: in italias the Pî'obability 
wb(Ei'Yi; EJ in 0/00 (see text) and above and beneath it the aon
iributions (in 0/00) to intensity and depolarization of the 
beams, r-espeatively . SWI'D7Iation of the aantributions of all 
angular and energy intervals yields an intensity aontribution 
of 27 . 4 0/00 alld a depolarization of 38 . 6 %0 . See also fig . 6. 5. 

I" Y ~. 97.5° 112.5° 127.5° 142. 5° 157.5° 17 2.5° ;i_(keV)~ ._-_ .. _ .. __ .- -- - ------- --
2.9 2. I 1.3 0.7 0.4 O. I 15.25 4. 0 3. 6 2 . 4 1 . 6 1 . 3 1. 2 
3.3 2.9 2. I 1.2 0.7 0. 2 
2.4 2. I 1.2 0.7 0.4 O. I 15.75 4. 6 4. 1 3. 2 2. 2 1. 9 1 . 7 
2.7 2.9 1.9 1.3 0.8 0. 2 
1.8 1.6 1.1 0.6 0.3 O. I 16.25 5. 0 4. 8 3. 8 2. 8 2 . 4 2 . 1 
2.0 2.2 1.8 1. 2 0.6 0.2 
1.2 1. 1 0.8 0.5 0. 2 0.1 16.75 5. 3 5 . 2 4. 2 3. 3 2 . 7 2. 4 1.4 1.5 1. 2 0.8 0.5 0.1 
0.7 0.6 0.5 0.3 0.2 0.1 17.25 5 . 4 5. 4 4. 5 3. 7 3. 1 2. 8 0.8 0.9 0.7 0.5 0.3 o. I 
0.3 0.3 0.2 O. I O. I 0.0 17.75 5. 4 5. 5 4. 7 3.9 3. 4 3. 0 0.3 0.4 0.3 0.2 O. I 0.0 
O. I O. I 0.0 0.0 0.0 0.0 18.25 5. 2 5. 4 4. 8 4. 1 3. 6 3 . 3 o. I o. I 0.1 0.0 0.0 0.0 
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Fig . 6. 6. DepoZarization by the AZ-backing (do) and by the Ti - Zayer 
(dltav) of eZectrons from the 23 ~g/cm2 source. The drawn do - curve 
is an absoZute estimate . The shape of the d l tav- curve was caZcuZated 
(see text) . This curve was normaZized to the measured vaZue at 
14.5 keV. For the finaZ resuZt for the tritium S- poZarization use 
has been made onZy of the hatched region, where the corrections are 
smaU . 

Table 6.2. 

DepoZarization factors, as defined in eq . 6. 14, for the 23 ~glcm2 
tritium source at energy settings used for the poZarization measure
ments . Uncertainties in Zeast significant figures are given in 
parentheses . 

E (keV) I - do (E) I - dl (E)t av Ds (E, t a) 

16.0 0.970(8) 0.973(11) 0.944(13) 
15.3 0.961 (10) 0.972(11) 0.933(14) 
14.5 0.947(13) 0.969(11) 0.918(16) 
12.8 0.910(22) 0.960 (14) 0.874(25) 
Il.O 0.85(4) 0.95(2) 0.80(4) 
9. I 0.78(5) 0.92(3) 0.72(5) 
7.3 0.70(7) 0.89(4) 0.62(7) 
6.3 0.64(9) 0.85(7) 0.54(9) 
5.5 0.58(10) 0.80(9) 0.47(9) 
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P' 
P 

sin (8/2) I-I - s in (8/2)J 
-------------------------------------------------.(6 . 18) 
cos 8 + 82 sin2 (8/2) + rraZ8 

- 82 sin2 (8 /2) + rraZ8 sin (8/2) [I sin (9/2)J 

where a ~ 1/137. Compared with eq. 6.3, which is valid in first 

Born approximation, Z-dependent terms , arising from sp i n- orbit 

interaction, have appeared. For small 8 , eq. 6.18 gives 

P - P ' 
- P--- (I - cos 8) x 

D - 82 cos 2 (8/ 2) - rraZ8 sin (8 / 2) { I - s~ n (8/2) }J. 
(6. 19) 

while in the non-relativistic limit (8 ~ 0) this depolarization 

amounts simply to (I - cos 8). From eq. 6.19 it is concluded that 

spin rotation can indeed be ne glected in our back- sca t t ering cal

culations. For example, at the average scat t ering angle for E = 

15 keV of about 1200 (see fig . 6.5 a), the second factor in th e 

right-hand side of eq. 6 . 19 amounts to 0 . 975, whi ch implies that 

we perhaps over-estimated the depolari za tion with a factor of 

about 1.025 by neglecting spin rotation . 

During the s lowing-down of the 8-particles in the backing 

material, exchange interactions with atomie electrons may occur. 

We es tima ted the influence of these interac tions on the do - va lues 

using theoretica l studies on electron-electron scattering (M~ller 

scattering) of Ford and Mullin (For57) and of Batygin and Top

tygin (Bat60). From their work and from a discussion given by 

Rebel et al. (Reb64) we estimated that the fractional reduct ion 

of the do-va lues due to these exchange effects is much smaller 

than 0 . 1% at 16 keV, 5% at 10 keV and 30% at 6 keV . These 

reductions were neglected. 

During the polarization measurements only electrons that 

emerge from the souree with angles between 5
0 

and 140 with 

respect to the normal on the souree plane reach the polarimete r 

(see subseet. 5 . 2.4). The calculated do-values, however , refer to 

electrons that emerge perpendicularly from the souree. Errors due 

to th is difference are negligible in comparison with the 25% 

error assigned above (see for instanee fig . 9 of ref . Kan57) . For 

the same reason we did not allow for the fact th at the tritium 
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activity is not deposited directlyon the aluminium backing: on 

the average a layer of about 7 \Jg/cm2 titanium is present be

tween the tritium atoms and the backing (for the 23 \Jg/cm2 source). 

To check the procedure described in this subsection we perfor

med similar depolari zation calculations for a 147Pm source (Eo = 

225 keV) on a thick gold backing. For this source the depolariza-

tion has been measured by van Klinken (Kli66b). For do-values up 

to 0 . 5 calculation and experiment agree within the estimated 

error of 25% . 

6.3 . 3. Depolarization by the titanium layer 

In order to estimate the dltav-term in eq . 6.14,we calculated 

the fractional depolarization for a homogeneous 23 \Jg/cm2 3H- Ti 

source without backing with the aid of Mühlschlegel's relation 

eq. 6.12 . It must be remarked that this thickness is below the 

limit for validity of the Molière approximation (the left-hand 

side of eq. 6.7 .amounts to 60 \Jg /cm2 at IS keV). Taking B = I as 

an extrapolation of Molière's theory and Öc 0.1 rad as in an 

example given by Mühlschlegel, eq . 6.12 gives for öP/PO: 3.4% at 

17 keV, 5% ~t 14 keV, 10% at 10 keV and 28% at 6 keV. These 

va lues indicate the magnitude of the quantity dlt for the souree av 
used. However, the influence of the aluminium backing, of energy 

losses)and of the inhomogeneity of the tritium distribution is not 

accounted for . Furthermore, the choice of Band Öc is rather 

arbitrary. A probably better estimate for d1tav was obtained 

experimentally by placing various foils directly in front of the 

23 \Jg/cm2 source, effectively changing the depth of the tritium 

act1v1ty . Results of polarization measurements at E 14.5 keV 

with a silver foil of 50 ± 5 \Jg/cm2 (on 22 ± 2 \Jg /cm2 formvar) 

and with a carbon foil of 200 ± 20 \Jg/cm2 in front of the tritium 

source are shown in fig. 6.7 together with results for the 

23 \Jg/cm2 and 120 \Jg/cm2 (used in arrangement I) sources. For a 

realistic mutual comparison tav was converted to an equivalent 

titanium depth by applying the factor Z(Z+I)/A of eq. 6.12: thus, 

\Jg/cm2 of silver corresponds to 2 \Jg/cm2 of titanium, while 

\Jg/cm2 of carbon is converted to 0.33 \Jg/cm2 of titanium. The 
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Fig . 6. 7. Decrease of the measured degree of polarization at 
14 . 5 keV with increasing depth tav of the tritium activity . Point 
(a) refers to a polarization value obtained with the 23 ~g/cm2 
source; (b) to a value obtained with the 120 Vg/cm2 source; (c) 
and (d) to values obtained with a silver and a carbon foil , res
pectively , in front of the 23 Vg/cm2 source . The thickness of 
these fot.~s was expressed in Ti - equivalents, as explained in the 
text . The s traight line is a leas t - squares fit . 

magnitude of t av for the 23 and 120 vg/ cm2 s ources is 16 ± 5 and 

84 ± 24 Vg/cm2 , r espec tively (sect. 4. 2). Because energy l osses 

in the actual silver and c arbon foils and in the correspond i ng 

equivalent titanium layers differ, the inf luence of polarization 

enhancement (subsec t. 6.3.1) is different. We appli ed a first

order correction for this difference, using tabulated stopping 

powers (Ber64). The correction is small for the silver data 

(2.7% at 14.5 keV; 6.1% at 9.1 keV) but considerable for the 

results with the carbon foil (11 % at 14.5 keV; 25% at 9.1 keV). 

With the va lues of d1(E) derived from linear fits to similar data 

as presented in fig. 6.7, we obtained for the 23 vg/cm2 source: 

d l t av = (3.1 ± 1.1) % at 14.5 keV, (3.1 ± 1.3) % at 12 .8 keV, 

(2.8 ± 1.1)% at 11.0 keV and (2.4 ± 1.2) % at 9.1 keV. These 
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results are somewhat smaller than the estimates given above, but 

at 14. 5 keV the experimental result agrees rather weIl with the 

estimated value of about 4.6%. However, the measured values are 

less energy dependent than expected from eq . 6.12. This may be 

related to the method of energy selection and preacceleration. 

For mean energies below 14.5 keV an accelerating voltage Vp was 

applied . As discussed in sect. 5.3, it cannot be excluded that 

secondary electrons, induced by the 8-radiation, are extracted 

from the preaccelerator section by this accelerating voltage. 

Because of this uncertainty we have finally disregarded the 

depolarization measurements performed with an accelerating 

voltage Vp ' The measured depolarization contribution d1tav 
(3.1 ± 1.1) % at 14.5 keV (Vp = 0) was accepted and values at 

other energies (fig . 6 . 6; table 6.2) were deduced from this result 

using the energy dependence of eq. 6.12 and allowing for some 

polarization enhancement due to energy 10ss ( ~ 0.3 keV). 

It should be noted that at lower energies accurate values 

for the depolarization contribution by the titanium layer are 

hardly needed because of the inaccuraey due to the rapidly in

creasing depolarization by baek-seattering. Only results for 

8-energies larger than 14.5 keV, which are obtained with zero 

or retarding voltage Vp ' will be used in eh. 7 for comparison 

with theory. At these energies the depolarization eorreetion is 

small and secondary eleetrons do not eontribute. 
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