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Chapter 2

Theory

In this chapter the theory relevant for the understanding and interpretation

of the bremsstrahlung data presented in this thesis will be discussed. The

�rst part outlines the major mechanisms of high-energy photon production

in nuclear reactions. The second part focuses on the particular aspects of

bremsstrahlung produced in the nuclear medium.

2.1 Bremsstrahlung in nuclear reactions

It has been shown both experimentally and theoretically that nucleon-nucleon

(NN) bremsstrahlung is an important source of high energy photons (>30

MeV) in nuclear reactions [Nif89]. One of the arguments is based on the

�nding that the photons appear to be emitted from a source moving with

approximately half the beam velocity, even in highly asymmetric reactions

where the projectile and target mass di�er by an order of magnitude. In NN

bremsstrahlung the source velocity is, of course, half the beam velocity.

NN bremsstrahlung is the production of electromagnetic radiation due to

the acceleration of nucleons during the reaction. The basic bremsstrahlung

diagrams are shown in �gure 2.1. It shows two distinct types of diagrams:

four external diagrams in which the photon is produced `before' or `after'

the NN-interaction and an internal diagram in which the photon is produced

`during' the NN-interaction. The latter can be interpreted for instance as the

production of bremsstrahlung due to the exchange of a charged meson also

referred to as the Meson-Exchange Current (MEC) contribution. For each

diagram one can calculate in principle a photon-production amplitude. The

total photon-production amplitude is the coherent sum of the contributions

of all diagrams. There are various models to calculate bremsstrahlung pro-
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Figure 2.1: Basic diagrams contributing to nucleon-nucleon brems-

strahlung.

duction cross sections. The more advanced calculations which mainly have

been developed for the pp bremsstrahlung process, focus on the inclusion

of higher-order diagrams or corrections [Mar98] as only these may contain

new information about the nucleon-nucleon interaction. These higher-order

corrections are, however, of minor importance in the case of the pn brems-

strahlung process as in this case the external diagrams and the MEC contri-

bution are dominant. These diagrams will be included in any realistic calcu-

lation of pn bremsstrahlung. For the discussion here it is suÆcient to consider

predictions based on classical electrodynamics which only contains the four

external diagrams and the so-called soft-photon approximation (SPA) which

also includes the MEC contribution. The classical bremsstrahlung is dis-

cussed as it allows to illustrate in a convenient way many aspect that are

important for this work.
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2.1.1 Classical electrodynamics: hard collisions

The problem of an accelerating charged particle has been discussed in terms

of classical electrodynamics by Jackson [Jac62]. There the intensity I of

radiation with frequency ! in the direction of the opening angle d
, emitted

by the acceleration of a particle of charge Ze, is given by

d2 I

d!d

=

Z2e2

4�2c

�����
Z

d

dt

"
~n� (~n� ~�(t))

1� ~n � ~�(t)

#
e
i!(t�~n�~r(t)=c) dt

�����
2

: (2.1)

~n is a unit vector pointing in the direction given by d
, ~r(t) is the trajectory

of the particle as a function of time and ~�(t) is its velocity relative to the

light velocity (c).

In order to evaluate this expression, the details of the trajectory of the

charged particle must be known. One approximation is to assume that the

time (�) during which the particle undergoes an acceleration is very short.

The applicability of these assumptions de�nes hard collisions. (In the next

section also soft collisions will be discussed.) By taking the limit � ! 0 the

phase factor

e
i!(t�~n�~r(t)=c) (2.2)

is approximately constant over the time interval � . In this limit the integral is

solved trivially, and the result depends only on the initial and �nal velocities

of the charged particle,

d2 I

d!d

/ (Ze)2

�����~n� (~n� ~�f )

1� ~n � ~�f

�
~n� (~n� ~�i)

1� ~n � ~�i

�����
2

; (2.3)

where ~�i and ~�f are the initial and �nal velocity of the particle with charge

Ze. Assuming isotropic emission of a proton in a proton-neutron collision

and � � 1 equation 2.3 gives

d2I

d!d

/

2

3
�
2
f + �

2
i sin

2
� : (2.4)

Here, � is the scattering angle of the photon. Note that in these approxi-

mations energy and momentum conservation are not considered.

From equation 2.3 one can easily understand that the intensity of brems-

strahlung from proton-proton collisions is much smaller than that of proton-

neutron collisions. For proton-proton-bremsstrahlung one must consider the
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amplitudes for bremsstrahlung production by either proton

d2 I

d!d

/ (Ze)2

�����~n� (~n� ~�f;1)

1� ~n � ~�f;1

�
~n� (~n� ~�i;1)

1� ~n � ~�i;1

+

~n� (~n� ~�f;2)

1� ~n � ~�f;2

�
~n� (~n� ~�i;2)

1� ~n � ~�i;2

�����
2

; (2.5)

where ~�i;1(2) and ~�f;1(2) are the initial and �nal velocities of the two pro-

tons, respectively. In the center-of-mass system however the initial and �nal

velocities of the protons are (almost) equal but oriented in opposite direction,

~�i;1 = �~�i;2; ~�f;1 � �
~�f;2: (2.6)

In this case only a quadrupole part is obtained,

d2I

d!d

/

2

15
�
4
f + �

4
i sin

2
�cos

2
� : (2.7)

Comparing this equation to equation 2.4 (pn collisions) one can see that

proton-proton bremsstrahlung is reduced by a factor �2. Notice that in

this equation the e�ect due to the retardation (!~n � ~r=c) is neglected. If

the retardation e�ect is taken into account to �rst order, the proton-proton

bremsstrahlung is reduced compared to proton-neutron bremsstrahlung with

a factor [Nif89, Jac62] of the order,

�
2 +

�
E

~c

�2

R
2
: (2.8)

� is the velocity of the proton, E is the energy of the photon and R is

the radius at which the short-range repulsion takes e�ect. This result shows

that the importance of the proton-proton contribution increases with higher

photon energies. The reduction factor is in the order of 0.1 for � � 0:3

and E=100 MeV. Sch�afer et al. give an estimate for the reduction factor

of 0.05 on basis of a realistic One-Boson-Exchange Approximation of the pp

and pn reactions [Sch91]. Finally we note that the magnetic moments of the

nucleons also produce bremsstrahlung. Therefore, even in neutron-neutron

collisions bremsstrahlung can be produced, but its magnitude is even smaller

than pp-bremsstrahlung. Henceforth only proton-neutron bremsstrahlung

contributions will be considered in this work.
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Figure 2.2: De�nition of hard and soft nucleon-nucleon collisions. The

picture shows a schematical view of the NN-potential consisting out of a

repulsive hard-core part and an attractive long-range part. In hard NN-

collisions the velocity changes rapidly due to the hard-core repulsion. In soft

NN-collisions the velocity changes little.

2.1.2 Classical electrodynamics: soft collisions

So far we have considered only `hard' collisions i.e. collisions where the

change in � occurs within a short time and the phase factor (2.2) does not

change signi�cantly. It is illustrative to also consider a case were �(t) changes

more gradually. For convenience we neglect the term ~n � ~r(t)=c, but this

simpli�cation does not a�ect the general argument. As the phase factor can

no longer be neglected we must evaluate (2.1) instead of (2.3). Note �rst,

that by taking
~�(t) = ~�i �H(�t) + ~�f �H(t); (2.9)

where H(t) is the Heaviside function,

H(t) =

�
1 for t � 0

0 for t < 0
; (2.10)

the hard-scattering result 2.3 is recovered. Next a trajectory is considered

where the net velocity change is nearly zero as indicated in �gure 2.2. This

de�nes soft collisions. We use a Gaussian time dependence characterized by



20 Theory

a time interval �t, i.e.

�(t) = �
initial +��e

�

1

2

t2

�2
t ; (2.11)

where �initial is the initial velocity and �� is the maximal change of the

velocity. As the directions of the vectors ~n and ~�(t) = ~ez�(t) do not change

as a function of time, the integral in 2.1 can be written as

d2 I

d!d

/

����
Z
~n�

�
~n� ~ez

d�(t)

dt

�
e
i!t
dt

����
2

: (2.12)

In order to simplify the calculation ~n is taken perpendicular to ~� in which

case the denominator 1�~n� ~� in equation 2.1 is equal to 1. Inserting equation

2.11 into equation 2.12 gives the following result for the intensity spectrum

d2 I

d!d

/

����� �t ! e
�

1

2
�2t!

2

���2 = ��2
�
2
t !

2
e
��2t !

2

: (2.13)

The radiation intensity is again proportional to ��2. For large ! the con-

tribution is strongly suppressed by the factor e��2t !
2

compared to the hard

scattering contribution. But also in the limit ! ! 0 radiation is not pro-

duced because the wavelength of the photon becomes much larger than the

range over which the velocity deviates from its initial value. The maximum

contribution is observed at a photon energy

E = ~! = ~=�t: (2.14)

Since the frequency is related to energy by multiplying with ~, the intensity

spectrum may be converted into a photon spectrum by dividing the intensity

(c.f. equation 2.1) by ~!. This introduces a 1/E dependence in the brems-

strahlung contribution from hard collisions, while the contribution due to soft

collisions stays �nite for all frequencies and is 0 for ~! = 0. In this particular

example bremsstrahlung produced in soft collisions initially increases linearly

with E . In nucleon-nucleon collisions the soft process can occur in reactions

with small momentum transfer.

2.1.3 Soft-photon approximation

More realistic approaches treat the pn problem quantum mechanically. In

general, the cross section of a process that populates the phase-space element

dQ, can be written as

d� =
1

F
jM j

2 dQ: (2.15)
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F is the incident ux and M is a scattering-matrix element which describes

the particular scattering process. There are di�erent approaches to calculate

the matrix element for the bremsstrahlung process. Microscopic approaches

which try to calculate the contribution of speci�c diagrams fall beyond the

scope of this thesis. They are, however, important for the description of

proton-proton bremsstrahlung. More details on these types of calculations

are given in [Mar98, Hui99] and references therein. For this work we are

mainly interested in proton-neutron bremsstrahlung and have used calcula-

tions based on the Soft-Photon Approximation (SPA).

In approaches based on the SPA, the pn scattering matrix Mpn is ob-

tained by considering its expansion in orders of the photon momentum k,

Mpn =
A

k
+B +O(k): (2.16)

The coeÆcients A and B of the �rst two terms can be evaluated using the

elastic (on-shell) properties of the nucleon-nucleon interaction [Low58]. The

coeÆcient A of the �rst term (order k�1) is obtained from considering the

coupling of a photon to the incoming and outgoing (charged) particles of

the scattering diagrams, see �gure 2.1. The coeÆcient B of the second term

is determined by requiring that the amplitude A=k + B is gauge invariant.

In this way contributions to the bremsstrahlung production by the pion-

exchange current are taken into account which is part of the internal diagram

in �gure 2.1.

The exact kinematical point at which the on-shell nucleon-nucleon T-

matrix is expanded is arbitrary but may inuence the quality of the approx-

imation and therefore its validity at higher energies. There are, therefore,

di�erent soft-photon approximations. Two calculations using SPA ampli-

tudes by Low [Low58] and one by Liou et al. [Lio93] have been performed

using a code from Korchin et al. [Kor96] who generalized these amplitudes

to virtual bremsstrahlung. In contrast to the case of proton-proton brems-

strahlung there were no large di�erences between the two calculations. The

results in this work have been based on calculations following the prescription

of Low et al..

To obtain the total bremsstrahlung cross section the equation 2.15 has

been integrated over the full phase space Q:

�
total
pn =

Z
Q

1

F
jMpn j

2 dQ: (2.17)

This is achieved by a Monte Carlo integration taking random samples uni-

formly distributed over the three-body phase-space of the proton, neutron
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Figure 2.3: Comparison of two pn-bremsstrahlung calculations at 170 MeV.

Markers are from a Monte Carlo integration of the SPA-model mentioned

in the text. The solid line is a parameterization of a OBE-calculation by

Schaefer et al. [Sch91].

and photon, and evaluating the expression under the integral for each sam-

ple. To obtain the absolute normalization with this code turned out to be

non-trivial. For convenience, the absolute normalization of the cross section

has been obtained by demanding that the SPA result at low photon energy is

identical to the prediction of the pn-bremsstrahlung cross section calculations

by Sch�aefer et al. [Sch91] based on a One Boson Exchange model, see �gure

2.3. The quality of the SPA calculation can be judged from a comparison
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Figure 2.4: Comparison of the SPA proton-neutron bremsstrahlung cal-

culation (solid line) , with neutron-proton bremsstrahlung data (points) at

� =90
Æ . The data are from [May96].

with experimental data from [May96] as shown in �gure 2.4.

2.2 Bremsstrahlung in the nuclear medium

Proton-nucleus reactions at high-energy can be described as a sequence of in-

dividual nucleon-nucleon (NN) collisions, also referred to as the intra-nuclear

cascade. Consequently, the bremsstrahlung radiation process can be im-

plemented in the following way. For each proton-neutron (pn) collision in
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the cascade a photon-production amplitude is calculated. The total photon-

production amplitude for the reaction is the sum of all the bremsstrahlung

amplitudes calculated for each pn collision. Because the phase di�erence be-

tween photon-production amplitudes of di�erent pn collisions is unknown,

most models sum these amplitudes incoherently and neglect the interference

e�ects. Notice that in practice only pn collisions contribute signi�cantly to

the total bremsstrahlung cross section. Most bremsstrahlung calculations

take only the �rst pn collision into account (c.f. section 1.1). The brems-

strahlung cross section in this case can be written as:

d�
reaction
 /

R
p�
dpndp

0

pdp
0

n d�pn(pp; pn; p
0

p; p
0

n; k) �

f(pn) �Q(p
0

p; p
0

n)Æ
4(pp + pn � p0p � p0n � k); (2.18)

where pp and p0p are the initial and �nal four-momenta of the proton, pn
and p0n are the initial and �nal four-momenta of the neutron, k is the four-

momentum of the photon and Q is a Pauli-blocking factor. This model

depends on two crucial ingredients, the Fermi distribution f(pn), and the pn

bremsstrahlung cross section (�pn). The pn bremsstrahlung cross section is

taken from a parameterization or calculation of the free pn bremsstrahlung

cross section [Bir87, Sch91]. Therefore, bremsstrahlung produced in free pn

collisions and bremsstrahlung produced during pn reactions, obviously di�er

in the following way:

1. Nucleons in the target have a momentum distribution (Fermi motion),

i.e. the NN-CM energy can be higher (or lower) than that of a free pn

collision at the same incident energy.

2. Collisions in which photons could be produced may still be forbidden

due to the Pauli exclusion principle, because the �nal state p0p or p0n
can already be occupied. This is expressed with the factor Q.

Consequently, bremsstrahlung spectra from proton-nucleus reactions di�er

signi�cantly from the free pn-bremsstrahlung spectra. An important e�ect

is the production of photons with energies above the pn-CM energy. Also

note that in general the entrance channel of the pn collision is not directed

along the beam axis and therefore the characteristic dipole dependence will

be washed out to some extend.

Calculations based on such a simpli�ed model can globally explain the

bremsstrahlung data measured for proton-nucleus reactions. However, the

energy distributions for proton-induced bremsstrahlung are not well repro-

duced (see �gure 1.2). An obvious re�nement of the �rst-chance model would
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be to consider not only bremsstrahlung produced in the �rst step of the cas-

cade but also to take later steps (second chance) of the cascade into account.

Additionally, changes of the radiative processes in nuclear matter must

also be taken into account, for instance the modi�cation of the NN brems-

strahlung cross section if the process does not take place in free space but

inside the nuclear medium (the target nucleus). The need of such modi�-

cations is already implied by partitioning the reaction dynamics in terms of

NN collisions and a mean �eld.

It might also be expected that the interaction of the incoming proton with

the mean �eld contributes to the bremsstrahlung yield. This contribution

can be estimated by considering a proton at 190 MeV passing a potential

with depth of 40 MeV, which is approximately the depth of the mean-�eld

potential, and using, for example, equation 2.13 with �t = R=�c where R is

the diameter of the nucleus. In this case the velocity of the proton is � = 0:55

and �� = 0:04. The contribution of such a potential can thus be neglected as

the bremsstrahlung intensity is proportional to ��2�2
t . Also calculations by

Nakayama show that the contribution due to the interaction of the incoming

proton with the mean �eld can be neglected [Nak89a].

A very interesting phenomenon may arise due to a coherence e�ect associ-

ated with multiple scattering. This can lead to quenching of the soft-photon

yield similar to the quenching observed for low-energy photons in high-energy

electron scattering [Kle99]. This phenomenon was �rst described by Landau,

Pomeran�cuk [Lan53] and Migdal published it later in reference [Mig56]. The

LPM e�ect predicts quenching of low-energy photons due to the interference

of the photon production amplitudes in multiple collisions. To take this into

account in a model calculation the relative phases of di�erent photon pro-

duction amplitudes must be considered. This is diÆcult to achieve because

it requires detailed knowledge of the time evolution of all charged particle

trajectories in the nuclear system. Model calculations must be based on

simpli�ed dynamical models and detailed phase relations are therefore lost.

2.2.1 The Landau-Pomeran�cuk-Migdal (LPM) e�ect

In the following a very simple model on basis of the classical description of

bremsstrahlung production in hard collisions will be discussed to estimate

the LPM e�ect. In �gure 2.5 three possible scenarios for bremsstrahlung

production in two-step p+nucleus reactions are given in order to discuss LPM

quenching. In the classical description each segment of the proton trajectories

de�nes a production amplitude. These amplitudes will have a de�nite relative

phase and must be added coherently. The LPM-quenching factor (QF ) that
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Figure 2.5: A de�nition of three di�erent reaction scenarios, 1) a sequence

of two hard proton-neutron collisions, 2) a hard proton-neutron collision fol-

lowed by a hard proton-proton collision and 3) a hard proton-proton collision

followed by a hard proton-neutron collision.
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gives the reduction of the photon yield due to the interference e�ects, is

de�ned as

QF =
dIcoherent
dIincoherent

(2.19)

where I(in)coherent are the coherent and incoherent sums of the photon-

production amplitudes (A), respectively. If one applies this de�nition to a

reaction in which a hard pn collision is followed by a second hard pn collision

as described in the �rst scenario of �gure 2.5, one obtains for the incoherent

sum,
dIincoherent

dE
= jA;1j

2 + jA;2j
2 (2.20)

and for the coherent sum,

dIcoherent
dE

= jA;1 +A;2j
2 (2.21)

where A;1(2) are the photon-production amplitudes for the �rst and the sec-

ond collision, respectively. In the case of a hard pn collision, the amplitudes

can be described in terms of the initial and �nal velocity of the proton. For

the coherent sum of the amplitudes the following expression is obtained on

basis of equation 2.1:

d2Icoherent

dEd

/

����~n�(~n�~�1)

1�~n�~�1
ei

E

~
(t1�

~n�~r1
c

) +
~n�(~n�~�2)

1�~n�~�2
ei

E

~
(t1�

~n�~r1
c

)

�
~n�(~n�~�2)

1�~n�~�2
ei

E

~
(t2�

~n�~r2
c

) +
~n�(~n�~�3)

1�~n�~�3
ei

E

~
(t2�

~n�~r2
c

)
���2 : (2.22)

By working out the square one obtains,

d2Icoherent

dEd

/

�2
1
�(~n�~�1)

2

(1�~n�~�1)2
+ 2

�
�2
2
�(~n�~�2)

2

(1�~n�~�2)2

�
+

�2
3
�(~n�~�3)

2

(1�~n�~�3)2

�2Re
~�1�~�2�(~n�~�1)(~n�~�2)

(1�~n�~�1)(1�~n�~�2)

�
1� ei

E

~
�(1�~n�~�2)

�
�2Re

~�3�~�2�(~n�~�3)(~n�~�2)

(1�~n�~�3)(1�~n�~�2)

�
1� e�i

E

~
�(1�~n�~�2)

�
�2Re

~�1�~�3�(~n� ~�1)(~n�~�3)

(1�~n�~�1)(1�~n�~�3)
ei

E

~
�(1�~n�~�2)

�2Re
�2
2
�(~n� ~�2)

2

(1�~n�~�2)2
ei

E

~
�(1�~n�~�2); (2.23)

where � = t2�t1 is the time between the two collisions. In this expression the

terms without a phase factor are also present in the incoherent summation of
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the amplitudes. The �rst three interference terms will not contribute to order

�2 (provided that �2 and �3 are distributed isotropically i.e., the pn-angular

distribution is taken to be isotropic). The fourth interference term, however,

does contribute and can be approximated as,

2Re
�2
2 � (~n � ~�2)

2

(1� ~n � ~�2)2
e
i
E

~
�(1�~n�~�2) =

2
�
2
3
�2
2cos

�
E

~
�(1� ~n � ~�2)

�
+O(�4)

�
: (2.24)

The quenching factor to order �2 is then

QF (�) =
�2
1sin

2(�) +
2
3
�2
3 + 22

3
�2
2(1� cos(�(�)))

�2
1sin

2(�) +
2
3
�2
3 + 22

3
�2
2

; (2.25)

where � is the scattering angle of the photon and �(�) is given by

�(�) =
E

~
�(1� ~n � ~�2): (2.26)

The term ~n � ~�2 = 0 after taking the average over the isotropic distribution

of ~�2. Generally, the quenching factor can be written as,

QF (�) = 1� � � cos(�(�)) (2.27)

where � gives the maximal magnitude of the quenching e�ect:

� =
22
3
�2
2

�2
1sin

2(�) +
2
3
�2
3 + 22

3
�2
2

: (2.28)

The magnitude of the quenching e�ect can be estimated by introducing a

model for the distribution of �2 and �3. As an example, � is calculated

taking � = 90Æ, �1 = 0:56, �2 = 0:5 � �1 and �3 = 0:25 � �1 giving �=0.24.

To obtain the average quenching factor, equation 2.27 must be averaged

over the distribution of the time � between the two collisions. This distribu-

tion can be characterized by a mean collision time �0 ' �=(�c), where � is

the mean free path, giving,

P (t) =
1

�0
e
�t

�0 : (2.29)

The averaged quenching factor < QF > is then given by

< QF >= 1�
�

1 + (
E

~
�0)2

: (2.30)
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For more realistic calculations one can obtain the distribution of ~�1;2;3;:: from

transport models. However, with the formalism of equation 2.3 only very soft

bremsstrahlung can be described as the energy taken away by the photon

cannot be accounted for. This is a consequence of the fact that one cannot

know, when the photon is emitted. In other words, the propagation between

t1 and t2 is in principle `o�-shell' and cannot be included in semi-classical

transport models.

It is interesting to note that if � ! 0 (or t1 ! t2) in equation 2.23,

the terms with �2 cancel out, and we recover the result of hard collisions

(see equations 2.3 and 2.4). This means, the fact that the proton collided

two times cannot be observed from the photon yield. In this case only the

initial (�1) and �nal velocity (�3) are relevant for the bremsstrahlung process.

This is also consistent with the derivation of equation 2.3. On the other

hand, when � !1 the double scattering is completely accounted for by the

incoherent limit.

When the reaction involves a sequence of two collisions of the incoming

proton on a proton and a neutron (i.e. scenarios 2 and 3 in �gure 2.5),

quenching can also occur. The coherent limit in this case is that of a colli-

sion of a proton with a deuteron. The magnitude of bremsstrahlung is then

dominated by the e�ective charge,

Zeff =
Z1

A1
�
Z2

A2
�

1

2
(2.31)

(c.f. [Ald56]) i.e. the photon yield is maximally quenched by 75%. Note that

this implies that a �rst-chance collision can be quenched if a second collision

with a proton occurs immediately thereafter.

In general quenching can be caused by various processes characterized by

a certain coherence time. In order to simplify the discussion and analysis

we will assume that quenching in general has the form given in equation

2.30. Finally we note that in the literature the bremsstrahlung quenching

is discussed in the context of a thermalized gas or in�nite matter [Dur89,

Kno93, Kno95, Kle99]. This is certainly not a good approximation for the

reactions discussed here, where in contrast, the dominant bremsstrahlung

yield is the result of the �rst collision.

2.2.2 Other quenching e�ects

In principle there are other possible processes than LPM which can lead

to the reduction of the in-medium bremsstrahlung yield [Nak89a, Alm95].

In these schemes the reduction of the bremsstrahlung is caused by the fact
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that the in-medium pn cross section will be modi�ed, which will lead to the

modi�cation of the pn cross section.

Alm et al. [Alm95] predict a quenching e�ect upto 85% (corresponding

with � = 15% in equation 2.33 below) for a 10 MeV proton incident on a

thermal nucleon gas with a temperature (T=5 MeV) at a low nuclear density.

In this calculation Pauli blocking is treated as a quenching factor, in contrast

to the present work where it is treated as part of the dynamics as discussed

in chapter 3. Presently it is not clear how to relate the results of Alm et

al. to the model calculations presented in chapter 3 or to the experimental

results obtained in this work.

Quenching due to the modi�cation of the in-medium pn cross section are

essentially independent of the photon energy because one can factorize the

pn cross section in the SPA as,

�pn = �pnPpn : (2.32)

This means, that the quenching of the photon yield from pn-collisions in

matter can be expressed with an overall factor �. Combining this factor with

the quenching factor found for the LPM-e�ect (see equation 2.30) one obtains

a quenching factor which will e�ectively describe both e�ects,

QF = �

 
1�

�

1 + (
E

~
�0)2

!
: (2.33)

By applying this factor to the result of the INC and BUU calculations

presented in the next chapter one can account in an ad hoc way for both

quenching e�ects. The physical meaning of the coeÆcients, however, de-

pends strongly on the models and will serve in this work only to indicate the

existence of the quenching e�ect and its systematical behavior.


