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Abstract. The present work deals with one of the most important
problem in the quantum electrodynamics, l.e the problem of
bremsstrahlung process due to the interaction between lepton
(electron) and the field of nuclei having electromagnetic multipole
distributions. The detaild calculations for the cross-sections and the
angular and energy distributions of the process are given in the first
Born approximation of the quantum perturbation theory in two cases:
With neglecting the polarizations of the photon and the electron, and
with studying these polarizations. Applying the obtained formulae to

some nuclei, the light nucleus (B ez ) and the heavier one (Alf; ), to

showing the effect of both circular photon polarization and
longitudinal electron polarization on the bremsstahlung cross-section,
and comparing the results obtained for the two nuclei graphically.

I-Introduction

The Study of the bremsstrahlung process was firstly done by Bethe and
Heitler'"! in 1934, and many works about this process could have
appeared in the period (1934-1954)*%. In these works, the polarizations
of the photons of bremsstrahlung and of the electrons were not studied
because of the complicity of the calculations in this case.The circular
polarization of bremsstrahlung photons due to the collision of
longitudinally polarized electrons with nuclei, was firstly investigated by
Grodzins®' in 1959. At the same time, Olsen and Maximon'¥ studied the
circular polarization of the bremsstrahlung photons experimentally. Motz
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and Placious” in 1960, studied the linear polarization of the
bremsstrahlung photons, and in 1962, Bisi and others’® made some
measurements about the dependence of the degree of circular polarization
of bremsstrahlung on the electric and magnetic field and on the atomic
number of the target nuclei. The intensity of bremsstrahlung due to the
interaction of electric and magnetic interactions between electrons and
target nucleus, had been calculated by Ginsberg and Pratt™ in 1964, and
in the next year, Mork and Olsen!'” investigated the polarization effect
on bremsstrahlung, and showed that the study of polarization caused to
increase the cross-section of the process. The study of bremsstrahlung
due to the scattering of longitudinal polarized electrons by different
nuclei was done by Neumcke!'' in 1966, and after many years, Behncke
and Nakel''” in1974 calculated the linear polarization of photons in the
scattering of electrons with carbon nucleus. In 1989, Caffo and others!" ],
investigated the polarization of the scattered electrons and of the emitted
photons in the bremsstrahlung at high energies. The asymmetry of photon
polarization in the bremsstrahlung due to polarized electrons were
investigated in 1992 by Mergl and others!'*! and in 1996 by Haug!"*!. In
2002, Likhachev and others!'®, calculated experimentally the degree of
linear and circular polarization of bremsstrahlung photons, and in 2005,
Lee and others!'”! investigated the production of bremsstrahlung in the
field of heavy atoms at intermediate range of energies. Haug!'®! and
Nukel™, in 2006, both studied the photon polarization and the spin
asymmetry in the bremsstrahlung process in details. In 2009,
S.A.Alkhateeb®” obtained the relation between the circular polarization
of photons and the longitudinal polarization of the scattered electrons in
the electromagnetic field of light nuclei.

II-Formulation of the Problem

The bremsstrahlung photons y are produced in the process of the
interaction of electrons with the field of nuclei:

e +N—>N+e, +y (1)
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Feynman diagrams of this process are shown in Fig. a.

Fig .a
From these diagrams we see that the momentum transfer to the

nucleus in the process is g = p, +k,— p,. The matrix element (s-matrix) for

the process could be written as the sum of two amplitudes corresponding
to the above diagrams (1) and (2) and has the form[3]:

S, =ezJ‘Uf(xl)F(xl,xz)U[()cz)d“‘xlaﬂx2 ()
1—‘(xlﬂ'xz): AK('xl’k;/)Gf ('x] _x2)74 AN(xl)+7/4 Al\'(xz) G; ('xl _xz)AK('xz’k;/) (3)

Where 4,1s the electromagnetic potential of the emitted photon with
momentum & , 4, is the potential of the nuclear field, G,(x —x,)is the
Feynman propagator of the intermediate state between the two points x,
and x, .The potentials 4, and 4, are given in the form[5]:

u 47[ ik-x —ik-x
AK(x7ky):g¢‘{m(e +e) 4)

d3q ie;q»;
@) ¢ ®)

A,(x)=—4rZe' |

Where ¢ =(0,&) is the polarization vector of the photon, @ is the photon
energy, V is the normalization volume, Z is the atomic number of the
target nucleus, the potential 4 (x) given in (4) represent the coulomb
field of nucleus. The differential cross-section of the bremsstrahlung with
respect to photon energy is given by [4]:

do Ze'm; P,| ®

%_ 72'2 |pz| |q|4

F(p.,p,,k,)dQ, koy (6)
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In(6): m, is the rest mass of electron, e is the electronic charge.
dQ, and dQ, are the solid angles of the scattered electron and the
emmited photon respectively, F(p,.p,.k,) is a function depends on the
initial (p,) and final (p,) momenta of electron and the photon
momentum (k,). The final form of this function is given by [20]:

-1 1

P ey oA B BTk k]

ok o ) -a'm e 2 k) (0, k) [E + B = ()]} (7)
here:
(pk)=olE -pceosq] . (pk)=0lE ~p cost,] (3)
q = —[p,.2 +p+@’ +20p,cosd, —2wp,cosO -2 pp, cos(pi,p/)] 9)
cos(p,, p,) =cosf.cost, +sinf sin 6, cos P (10)

6,,6, are the polar angles of p,,p, with respect to the photon direction,
cos(p,,p,) 18 the angle between p, and p,, and ¢ is the angle between the

planes (p,.k,)and (p, k).

III-Analytical Results for the Problem

1- The basic Formula for the Differential Cross-Section

The differential cross-section of bremsstrahlung in the coulomb
field of the nucleus can be obtained from the above relations, and the
final form of this cross - section is given by:

d 1
o[ )rpinm, w

Which is known as Bethe - Hietler relation for the bremsstrahlung,
where:

e C:

272')2 o) p,
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£ (0.6 )‘M(“EZ 2)+’ﬁ%?:9’(4Ef—q2)+A21”;.
(p; sinzé?i +plsin’6,) -
%(2&? -2E;-q")
. (13)
A, =E - p, cos0, , A, =E,—p, cosb, (14)
7(6,,0,)=p, p,sin@sin6, cos ¢ (15)

E ,E, and o are the energies of initial and final electron and of the

emitted photon, where:
a)zE,—E/ s E‘:1/pf+m§ s E,z,lp/z+m§ (16)

2- Study of the Electron and Photon Polarization and the Electro-
magnetic Structure of Target Nucleus

The studying of the interaction between the longitudinally
polarized electrons and the electromagnetic field of target nucleus
corresponding to the charge distribution (Ze) and the magnetic dipole
moment (g,) of the nucleus, taking into consideration the circular

polarization of the bremsstrahlung photons, gives the following formula
for the differential cross-section of the process:

da (0,0, ,Ze, 11,)= dO' . (0, /,Ze)+d0'_:;x€(¢9,,9/,u,) (17)
1

do; (0, /,Ze):EdGOe(Hl,H/.)+s7sgd0'|e(9,,0f) (18)
1

do}, (0.6,,1,) = Edo'om(‘g,- ,0,)+s,sdo, (6,.,0,) (19)

Where do,, =do,, 1s given by (11) and represent the cross-section due to

the charge distribution without studying the polarization of particles and
photons.

dalxe,.,ef):n[%]a dwdQ, do, (20)
D=1 ,

1
0, (0,0,) = 4na<u,>(;jmm o0 d62, d6, @1)
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do,,(0.,0,)= 2776!(;4)( JFlmdwdQ aQ, (22)
q

Where 7 is the spin of target nucleon, do, =do, is the charged cross-
section with studying the polarization, do,, the magnetic cross-section

without studying polarization, and do,, =do, 1s the magnetic cross-

1m

section with studying the polarization. The functions F_,F,, and F, are
given by [20]:

F.(0, ,)—%(Ep wcosO, +E p, wcos, —E 0 +m, o)

i

p,sin’ 6,
+A—(Ep wcosO, +E p,wcos, +E 0" —m, o)
7

—2f(9’"9/)(E wcosO +E p,wcosf ) +m o f(6,.,0,) R
AM, p, P, B2 o
2 .2
i (p;sin® @, — p;sin® 6) l+i—£; (23)
A, ’ o A m

n‘o , 20,

i

2 , 2 2 A
2/0.6)(4q +E,.Ef—m§ sl g AR, (24)
AA, |4 2(AA, A, A

Flm(el.,af)z(ﬁj(q—_ 2| L Ll L L 2 (e EE, —3m)
p )\ 4 A, A, NN )T AA,

_mg(pj +200, _pl-20A, 2(EE, —mg)]_ oE, [ﬁ_ﬁ]} 25)

A A AA, 2 (A, A

i f i

The quantity S =+1 represent the helicity of the initial electron.
S, =+1 for the right-longitudinal electron. S, =-1 for the left-longitudinal
electron. The quantity S =+1 represent the circular polarization of
bremsstrahlung photon. S =+1 for the right circular photon polarization.
S =-1 for the left circular photon polarization.
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3- The Angular Distribution of the Circular Polarized Bremsstrahlung
Photon

The integration of (17), (18) and (19) with respect to the solid angle
of the scattered electron 4, gives the angular distribution of the circular

polarized bremsstrahlung photon into the form:

do, . (0,,Ze,p)=do: (0., Ze)+do”, (O, 1,) (26)
407, (0) =2 do.(0)+5,5.d5,.(0) (25)
40 (0) =2 d0..(0)+5,5.d0,(0) (28)

Where:
do,(0) =477 D, (0) O, (29)
do,(0) =227 ®,(0) dO, (30)
do,(0) = 4mn alu,)®,,(0) d, 31)
do,,(0) =2 a(u)®,,(0) d, (32)

In the ultra relatives caselk, ,E,E, >>mc?), the functions

®,,0,,0, 0 aregiven by:
o, (0)-—' 2(1—}/)—7 27_1/ @242 AO)«%
8m,a’A, A, BA, A,
_ 2 a2
+(7(2—7)+2(2 27+”J A (3+1 ng—} (33)
A, I=y 1=y BB
! 1-6y 1=y yQ-y)(2-A) Y -7 &
®,.(6)= - L - |3+—=L |
() 8m§a2A0{ i A, ,BZAO+ 1=7)A, 17[ g ]ﬁ} (34)

=3, r=y- ’ (1 2-27+7)(2+A
@0”1(3):73+7(1 y—A) 7y g+7/(1 7+7/A0)5 +( v+ 7°)( o)g

2 25°A, 4(1=7) 20-pp" 4(1=7)A, (39

) (0)21 _1+7(1_7_A0)_ Y g+7(1_7/+}/A0)g +(2_}/)(2+A0)8 (36)
o pA, 20-y)  (=nf T 20-p4,
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where:

y:% , a:mféz . A, =1—cosd, (37)
B=yU=py+27n, | L=Zlnw (38)
g, =2InRa(1-p)] . s;hﬁlij . e=—2Iny (39)

The second term in (27) and (28) represents the effect of the spin
correlation between the electron and photon spins on the charge and
magnetic distributions of the target nucleus respectively.

4- Calculation of the Degree of Circular Polarization of the
Bremsstrahlung Photons
The degree of circular polarization in the case of the
bremsstrahlung emitted from the collision of electron with nuclei having
charge distribution and magnetic dipole moment, is give by:

) I_dawe(ﬁl ,Ze, 1) J e |_do‘w @ ,Ze,,U;)J -
= |_d0'5755 @ ,Ze,,ll,)J o + ldaw(@ ,Ze, ;) J -

P(O,.Ze, ;) (40)

Using the relations (26) - (36) we get the following relation for (P):

_ L+a(u)R ()
P(gi’Ze“u’)_SepE(g’)|:1+a(/,[1)R0(9i):| (41)
() () ()
Where: p,(6)=—2= , R(6)=—"= , R(§)=—
ere: p.(6,) o, 2(0) o, 1(6) .

p.(0) represents the degree of charged circular polarization of

bremsstrahlung produced in the collision of longitudinally polarized
electrons (s, =1,-1) with the field of nuclei having zero magnetic dipole

moment. If we take the averge on the spin state of electron (s, =+1)and
the summation over the photon spin (s, = +1), we have the relation:

do(8,,Ze, u,)=do,,(0) +do,,(6) = do, [1+a(u,)R,] (42)

Which represents the angular distribution of the bremsstrahlung
produced by un-polarized electron in the field of a nucleus with spin
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[.The second term in (42) gives the magnetic correction to Bethe-Heitler
relation for bremsstrahlung. This correction is more effective for the light
nuclei, which has a large magnetic moment at large angles of the photon
emission.

5- Numerical Application to some Nuclei (Results and Discussion)

We shall now consider some applications of the obtained formulas
to particular nuclei. The electric and magnetic scattering cross-sections
for the two nuclei (4/7) and (Beff) at different values of energy
£ =(1000,3000,5000 Mev) and angles & =(10°,30°,60"), and for the polarized
and unpolarized cases are considered, and we have the following results:

1- the polarized electric cross-sections for the two nuclei are
decreased with increasing both energies and scattering angles, such that
do, is more effective at energy ¢=1000Mev and angle 6=10" [Fig.1+3],
for ex:

do,, = 6.7982x107" (at £ =1000Mev,0 =10") ,

do,, =4.72937x 107 (at &€ =5000Mev, 0 = 60°)

Polarization Bremsstrahlung Radiation- Be’s Polarization Bremsstrahlung Radiation- A7, 5

s
. 5000 Mev L

27 10-24

Cross Section MWis., M
w
s

000 Mev

51
| B |

5]
ll\\\l‘
cross Section s ., Mlugem0.5

“10°%8

10 20 30 40 50 60 10 20 30 40 50 60
Angle Degrees q Angle Degrees g

Fig.3 Fig.1

2- the polarized magnetic cross-sections for the two nuclei are also
decreased with increasing both energies and scattering angles, such that
do. 1s more effective at energy &=1000Mev and angle 9=10" [Fig(2) +
(4)], for ex:

do,, =5.7122x10" (at £ =1000Mev,6 =10")

do,, =1.05474x10 (at & = 5000Mev,0 = 60")
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3- comparing the polarized do,, and unpolarized do, electric cross-
sections for the two nuclei (47) and (B¢) [Fig(5) + (6)], we see that:

i) the values of cross-sections for (4/77) are larger than the value for
(BS).

i1) the value of polarized do,, electric cross-section for the two

nuclei is larger than the value for the unpolarized do, cross-section, for
ex:

do, =6.7982x107" (at £ =1000Mev,0 =10") ,

do,, =4.75822x10 (at £ =1000Mev,0 =10")

Polarization Bremsstrahlung Radiation ds ., Bremss
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.
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4- comparing the polarized do, and un polarized do, magnetic
cross-sections for the two nuclei (4/7) and (Bej) [Fig(7) + (8)],we see
that:

i) the value of cross-sections for (4/2) are larger than the value for
(Bej).

i1) the value of polarized do, magnetic cross-section for the two
nuclei is larger than the value for the un polarized do, cross-section, for
ex:

do, =4.73899x107 (at € =1000Mev,60 =10"),

do,, =5.7122x10"" (at & =1000Mev,6 = 10")
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& 217w
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Angle Degrees q Angle Degrees q
Fig.8 Fig.7

5- comparing the total electric cross-section dE =do, +do,, and the
total magnetic cross-section dM =do, +do,, for the two nuclei [Fig(9) +
(10)],we see that:

The values of do, and do, for the (4/2) nucleus are larger than
that for the (Bej) nucleus, and have the largest value at & =1000Mev,0=10"
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6- comparing between the electric and magnetic parts of the cross-
section for the two nuclei [Fig (11) + (12)], where
dE =do,+do, ,dM =do, +do,, . We see that:

1) the magnetic part is more effective (i.e has larger values) in the
polarized and un polarized cross for the two nuclei.

i) in the polarized case, the values of cross-sections (electric or
magnetic) are larger than the unpolarized case, which means that the
study of polarization in the bremsstrahlung process gives us best result,
and make the process more evident than that if we neglect the
polarization effect, a result in consistent with the experimental results.
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