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ABSTRACT

It has been shown that one can have an idea of the effects of screening on the bremsstrah-
lung cross-section from some general considerations without referring to any particular atomic
form factor. Explicitexpressions for the polarisation dependent cross-sections have been obtained
on the assumption of exponential screening. The intrinsic energy-angle distribution of the
bremsstrahlung thus obtained is then combined with the Moliere’s theory of multiple scat-
tering for the primaryelectrons. It hasbeen found that at least for forward emission the energy
dependence of the polarisation of bremsstrahlung is hardly affected by the considerations of
multiple scattering.

1. INTRODUCTION

In an earlier paper the polarisation effects in integrated bremsstrahlung cross-
sections were considered by the present author (Banerjee, 1958at) on the assumption
of a pure nuclear Coulomb field. In the extreme relativistic region, however, where

>
small values of the momentum (q) transferred to the nucleus are important, the
screening of the atomic Coulomb field by the orbital electrons can no longer be neg-
lected. .

In order to justify the above remark one may argue as follows. The effects of
screening by the orbital electrons may be taken into account approximately if the
potential due to the atomic scatterer (atomic number Z) is represented by

Ze

i &%P (—r/a), .. .. .. .

where a is the screening radius. According to Schiff (1951) a is given by
a=111/Z¢, .. .. .. (2

which is so determined that the bremsstrahlung energy spectrum calculated with the
potential (1) coincides with Bethe’s (1934) numerical calculations with Thomas-
Fermi model, for complete screening. The only effect of the additional exponential
factor in the differential bremsstrahlung cross-section is to replace ¢* in the denom-

2
inator of the right-hand side of eq. (2) of B by (&15+g2) . Thus the effects of

screening are important when
q = 0(Z}/111).

* Research Fellow, N.I.8.1.

t This paper will be referred to in future as B. The notations and symbols used in the
following, unless explicitly stated otherwise, are the same as those employed in B with the differ-
ence that we take here the mass m of electron to be unity.
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For relativistic energy significant contributions to the bremsstrahlung cross-sections
arise for values of ¢ given by
k
q=qmm—~——é—E‘E, .. .. .. .. 3)

which can be small enough to make the inclusion of the effects of screening necessary
cross-sections have been obtained taking the effects of screening into account
Our method is a significant departure from that followed by other workers (Schiii
1951 ; Fronsdal and Uberall, 1958). It has been shown that even for the most general
atomic form factor only the arguments of the logarithmic terms are affected. Our
method has the added advantage of avoiding much of the labour involved in
evaluating complicated integrals. In order to obtain the effects of screening
explicitly one has, of course, to assume a specific form of .the atomic potential,
which in our case has been chosen to be the exponentially screened Coulomb field
as given in (1).

As a logical extension of our calculations we have considered (Sec. 3) the effects
on the bremsstrahlung polarisation due to multiple scattering of the primary electron
in the target prior to radiation. It may be pointed out that these considerations’
are relevant only for high primary energy, because other competing processes such
as loss of energy due to straggling and ionisation predeminate for low primary energy.

2. EFFECTS OF SCREENING

As has been shown in B, the polarisation dependence of the integrated brems-
strahlung cross-section may be expressed in the form

do = Po+£,P1+£:Pe+£:3Ps N . .. 4)

where &’s are the Stokes parameters of the polarisation detector of the bremsstrah-
lung. It should be noted that in contrast with B we have written the ¢-dependence
of the cross-section explicitly in (4) and have taken the @’s to be independent of £.
We have also made a more general choice of the basic set of polarisation vectors

— —

ey and e, rather than taking them to be in the scattering plane and perpendicular to
the scattering plane respectively. It has been shown in the Appendix how the @’s
are modified under this transformation of the basic polarisation vectors.

The fact, that while taking effects of screening into account one should confine
one’s consideration to the relativistic region, considerably simplifies our calculations.
In the extreme relativistic region terms of relative order 1/, where = may be the
energy of the photon or the electron, are neglected. For consistency one should
also regard the contributions from screening to be of relative order 1/=. Con-
sequently, unless the leading terms of the cross-section cancel each other, the question
of corrections due to screening does not arise. It should also be pointed out that
in the high energy region the bremsstrahlung distribution is very sharply peaked in
the forward direction, so that one can neglect terms of relative O(f;). Introducing,
therefore, the reduced angle § by

2 = 2E02(1—COS 00) Q’-.Eozgoz_, . .. .. (5)

writing z for (k/E,), the fractional energy of the photon, and proceeding to the
relativistic limit, one obtains from eqs. (6) to (11) of B, eq. (4) and the Appendix of
the present paper,

P, = ar02Z2.(i—z.(li_;_&-—g—r%—2.g—ﬁ [{1+(1~w)2}(L—1)
292

9B
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dz  25dY cos 2¢ df 4(1—x)2
¢1 = —u.rozzz.—;. (l+sz)2. 217 . (l+92)2 3 .. (7)

de  29dS  sin 24 dy 4(1~22)92

¢2 = —Grozzz. -x‘ . (l+sz)2 . S . (l+S—2)2 N .. (8)
and
D3 = lOL¢3'L+(E;~7;()))¢3Ty .. .. .. .. .. (9
with
D3y = ary2Z2. d?z ﬁ————g—;——&)z . g%’ x [(2—:&:)(L—1)
-2(1— z)%(l+sz)2(L—4)+1”, .. .. .. (10)
_ dz 29 4% dzll 23(%2-1)
Dsr =org2Z2. (1+52) Lx(l—z). W(L —4) .. (1)
where
COL-':(C—;.;,/}JO), .. .. .. .. (12q)
r 2
L:—ln{m} y e - .. . (126)

and «, ry are the fine structure constant and the classical electron radius respectively.
-

In the above we have expressed our results in terms of the reference vectors ¢; and

— - =

¢g for photon polarisation, such that ¢ is the angle between the (k-—el)-plane and

(—> =
the (k— po)-plane. -

From eqs. (6) to (12) it is thus evident that so far as the terms free of logarithm
are concerned the effect of screening consists only in introducing correction terms
of higher order of smallness. The argument of the logarithmic term L, however,
vanishes in the extreme relativigtic limit. One should, therefore, expect contri-
butions from screening in the argument of L only. Our treatment thus furnishes
the necessary basis for Schiff’s suggestion that any reasonable choice of the atomic
form factor would, in all likelihood, alter only the dependence of the argument of L
on 92, and would not affect the remaining terms of the cross-section.

The origin of the logarithmic term L in B may be traced to integrals of the form

aR
I""::fm, . .. . (13)

with m, n positive integers and, in particular, one can show that

dQ 2mk
Tn = f ®(E—p cos 8)  ppo(T2—p?) L, .. .. (13a)

where the undefined symbols are the same as those employed in B. Our L, defined
in (12), is the extreme relativistic limit of L in (13a). For screened Coulomb field
one has to replace g2 in (13) by appropriate atomic form factor. In‘particular, for
exponentially screened Coulomb field as given in (1) ¢2 should be replaced by
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(;15+q2). The modified integral I), can still be evaluated and following Schiff

(1951), one obtains for the logarithmic term in the extreme relativistic limit

111, 1 .
L= _ln§&?[;§+m]§’ .e .. .. (14)

_ 2P0 (1=z
P=" ( x

where

and a is the screening radius given in (2). The parameter p is a measure of the
relative importance of screening. For complete screening p > 1, while p << 1 means
no screening.

The above results are important in experiments with f-rays from u-meson decay,
where the maximum energy may be as high as 50 mev. For longitudinally polarised
high energy primary electron the degree of circular polarisation Pc; of the brems-
strahlung, defined by

PCL =¢3L/¢0; . .o . .o (15)

behaves almost in the same way as in the case of lower energies. In the present case,
however, Pcr can be very near to unity at the upper end of the bremsstrahlung
spectrum (z == 1).

The contribution Pcr(= @P37/P,) to the circular polarisation of the brems-
strahlung from transverse polarisation of the primary electron behaves differently in
the present case. The factor z(1—«) makes Pcr vanish both at the upper and the
lower ends of the bremsstrahlung spectrum. In the intermediate region Pcr is posi-

tive or negative according as 32 is less or greater than unity. The extremum of
Pcr is always very small.

3. EFrrECTS OF MULTIPLE SCATTERING

For a thick target and high primary energy multiple scattering of the primary
electron is known to play a significant réle in the bremsstrahlung spectrum. The
effects of multiple scattering on the polarisation of the bremsstrahlung, however, are
expected to be very small for forward or nearly forward bremsstrahlung in which one
is usually interested. Firstly, in the high energy region and for forward radiation
contributions to the circular polarisation of the bremsstrahlung arise mainly from
the longitudinal component of the polarisation of the primary electron as would be
evident from the intringic bremss-cross-sections given in egs. (6) to (12). The longi-
tudinal depolarisation of high energy electron due to multiple scattering, which
consists of a very large number of small angle scattering is known to be very small
(Banerjee, 1958b). Thus the polarisation state of the primary electron does not
appreciably depend on whether it has suffered multiple scattering in the target.
Secondly, in the high energy region both the intrinsic bremsstrahlung spectrum
given in Sec. 2 and the distribution of the multiple scattered electron as given by
Moliere (1948) are very sharply peaked in the forward direction. As a result, most
of the contributions to the distribution of bremsstrahlung from multiple scattered
electrons arise from forward or nearly forward emission of photons. Lastly, for
longitudinally polarised primary electron there is hardly any variation of the degree
of circular polarisation of the bremsstrahlung with its angle of emission. This is
evident from B. In the extreme relativistic region where the bremsstrahlung cone
is very narrow, the degree of circular polarisation may be taken to be fairly constant.

For detailed investigations on.the effects of multiple scattering of the primary
electron on the bremsstrahlung spectrum the papers of Sirlin (1956, 1957) may be
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referred. As before, one can still write for the polarisation dependent distribution
of the bremsstrahlung emerging from the target in the form

do = Zg+§12)+ 6.5+ €325, . . .. (16)
wherq §,.’.s('r = 1, 2, 3) are the Stokes parameter of the detector of bremsstrahlung
polarisation. In the case of forward emission Z; and Z, evidently vanish from con-

siderations of symmetry. Following Sirlin one can write for 2, in the case of brems-
strahlung emission in an angular (reduced) interval dY about the forward direction

2o = ary2Z2, d?f LAY A NT{(2—2c+422)K(0, A)— (2—x)21(0, A)

1 | +Hi1-2)4J0, XL, N1}, .. a7
where T' is the thickness of the target and N the number of atoms per cm.3 in the
target. The parameter A is given by

A= 1/E42x.2B, .. .. .. .. (18a)
where X, B are complicated functions of 7' defined in the papers of Moliere (1948) and
Sirlin (1956). The value of A measures the relative importance of the multiple scat-
tering and radiative distributions: when A — 0 the former is the dominant one; when
A— o the contrary is true. The quantities 1(0, A), K(0, A) J(0, A) and L(0, A) are
given by

I(0, A)/2 = —erE,(—)), o .. . (18%)
J(0,2)/2 = —AB,(—A)(1—A=A2)+], .. .. .. (18¢)
K(0,0)/2 = -f By(—X)(14€)"2  InM($)dE, .. .. (18d)
(4]
L0, )2 = — 6'[ E 2681+ &) . InM(£)dE, - (18¢)
with ’
we—t
E,.(-,\)=J —d, . . .. (18f)
A
1 Z4\2 ] 1 1
(G (Tﬁ) [<1+§)2+p_2]' e - (18

where p is defined by (14a). Sirlin (1957) has obtained closed expressions for K(0, A)
and Z(0, A) only for the two extreme cases of complete screening and no screening,
ie., p>1 and p €1 respectively. Following exactly Sirlin’s method of deriving
2y one can obtain an expression for 2 in the case of forward emission as

Ty = ay 222 . ‘-lf Ay NT . wlor{ (2—2'K(0, A

—(4—32)1(0, ) +§(1—=2)[4J(0,)—L(0,2)]}. - (19)
It has been found that even in the worst cases of target thicknesses for which
multiple scattering is predominant the deviations of the degrees of circular polari-
sation of the bremsstrahlung calculated from the above formulae from those
calculated from the intrinsic distributions given in Sec. 2 are at most a few per
cent.
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APPENDIX

In B the polarisation of the bremsstrahlung was described by introducing the

two basic polarisation vectors ¢; and e, where e¢; was taken to be in the scattering
plane. The state of polarisation of the bremsstrahlung detector is then described

either by the vector e given by
- - -
e = aye;+ase;, .. .. .. .. (A1)

or, more conveniently, by the Stokes parameters £,’s defined by

1 = ay*a;—as*a,, .
Eg = al*a2+a2*a1, . .. . (AZ)
€3 = i(ag*a1—a,%ay).

-

If, however, one is required to refer to an arbitrary set of polarisation vectors e;" and
>
ey’ defined by

- - —
ey’ = €1 CO8 Y—ey sin i,

ey’ = ey 8in h+ey cOS 3,

then it may be easily shown that the Stokes parameters £,’s of the polarisation
detector transform as

£ = &) cos 2p+£5" sin 24,
g = —§, sin 2¢+£,' cos 2y, .. .. .. (A4)
€3 =§5'.
From the invariance of the bremsstrahlung cross-section it follows that
do = @p+£,D1+£:P2+£3Pg
=@y +£'Dy +£'Py' +£3P8", .. .- .. (Ab)
whence, equating the coefficients of £,”’s on both sides, we get
by = Dy, P, = P; cos 21/',}

A6
&, = &, sin 2, By’ = By (46)

—> >
Thus, the primed quantities, which refer to the new set of basic vectors (el’, ez’) may

be obtained from the unprimed quantities given in B. It should be noted that in
deriving (A6) the relation @, = 0 in B has been utilised.
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