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Chapter 1

Introduction

Electromagnetic radiation produced in nuclear reactions has been an impor-

tant subject of study since the beginning of nuclear science. The reason for

the continuing interest in photons from nuclear reactions is the fact that it

allows one to probe the nucleon-nucleon interaction, the structure of nuclei

and the dynamics of nuclear reactions. Because electromagnetic radiation

can be regarded as a perturbative probe when dealing with strongly inter-

acting particles it often provides the best method available for the study of

nuclear systems.

There are many di�erent mechanisms for production of electromagnetic

radiation in nuclear reactions. Low-energy photons are mostly produced

during the de-excitation of equilibrated nuclei which is a statistical process.

These low-energy photons are mainly used to study various aspects of the

structure of excited nuclei. The most energetic photons, however, are pro-

duced during the �rst stages of the nuclear reaction in which the nucleus is

not equilibrated. These high-energy photons originate mainly from brems-

strahlung which is by de�nition a dynamical process and can therefore be

used as a probe for reaction studies.

Nuclear bremsstrahlung is the subject of this thesis. At the KVI brems-

strahlung production has been investigated extensively in the past few years

[Pol96, Hoe99, Hui99, Mes99, Vol99]. These studies cover bremsstrahlung

produced in nucleus-nucleus and proton-proton reactions. In this thesis

proton-nucleus bremsstrahlung production is reported upon. This investiga-

tion tries to bridge the gap between the more fundamental approach taken in

the bremsstrahlung studies in few-body systems and the mostly phenomeno-

logical approach of nucleus-nucleus bremsstrahlung measurements.

In previous experimental and theoretical studies of proton-nucleus brems-
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strahlung [Edg66, Pin89, Nif89, Cla92] it was found that high energy (>30

MeV) bremsstrahlung is produced mainly in �rst-chance proton-nucleon col-

lisions during the reaction. This implies a reaction model in which an in-

cident proton enters a target nucleus and collides with one of the target

nucleons to produce the bremsstrahlung (see �gure 1.1a). Only the �rst col-

lision contributes signi�cantly to the bremsstrahlung spectrum as this is the

most energetic collision. In subsequent collisions the kinetic energy of the

incident proton is partitioned over the participant nucleons. Therefore, the

collision energy available for each scattering is rapidly reduced and will be-

come too low to contribute substantially to the bremsstrahlung spectrum.

Theoretical models developed on basis of this reaction model have used free

nucleon-nucleon bremsstrahlung as the basic process to describe nucleon-

nucleus and nucleus-nucleus bremsstrahlung [Nif89]. These theories success-

fully describe the global features of inclusive bremsstrahlung spectra, i.e.,

the double-di�erential bremsstrahlung cross sections, d2�/d
dE, obtained

independently of other observables. The inclusive spectrum, therefore, is the

sum of all contributing bremsstrahlung production processes. The informa-

tion concerning the production mechanisms that can be deduced from such

spectra can only be of rather general nature. By improving the experimental

method more detailed knowledge on the relevant elementary processes may

be obtained.

In this thesis the results of the �rst exclusive measurements of brems-

strahlung produced in proton-nucleus reactions will be presented. The term

exclusive is used to indicate that the bremsstrahlung spectrum has been ob-

tained under certain conditions, e.g., requiring coincidences with a nucleon-

ejectile. It will be demonstrated in chapter 3, that by making selections

on for instance the scattering angle of an emitted nucleon one can enhance

the ratio of single- versus multiple-step reactions. Here and throughout this

thesis, single-step reactions are de�ned as reactions in which the incoming

proton only scatters once with a target nucleon. In multiple-step reactions

the incoming proton scatters more than once. This is shown schematically

in �gure 1.1.

The main aim of this thesis is to investigate the so-called in-mediummod-

i�cations, i.e. to which extent the nucleon-nucleon bremsstrahlung process

is modi�ed due to the fact that the photon production takes place inside the

nucleus. Current models only take the most trivial e�ects into account, i.e.

the Fermi motion of the target nucleons and the Pauli blocking of the �nal

scattering states. Two other important aspects that so far have not been in-

cluded in realistic models are the e�ective mass of the nucleons in the nuclear
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Scattered proton

(a) Single-scattering event

Incoming proton

Scattered proton

(b) Multiple-scattering event

Incoming proton

Figure 1.1: A schematical de�nition of single-step reactions (a) and

multiple-step reactions (b).

medium and coherence phenomena due to multiple scattering. Only quali-

tative accounts have been given in the literature [Nak89a, Kno95, Alm95].

An e�ective nucleon mass lighter than the mass of a free nucleon will lead

to an increase of the bremsstrahlung cross section. In multiple-step colli-

sions the bremsstrahlung cross section is the result of the coherent addition

of bremsstrahlung amplitudes which can be associated with each individual

nucleon-nucleon collision. These amplitudes tend to interfere destructively

if the scatterings take place within the coherence length of the photon. As

a consequence one expects a decrease of the bremsstrahlung cross section at

low photon energies. The latter e�ect is often referred to as the Landau-

Pomeran�cuk-Migdal (LPM) e�ect [Kno95, Kle99]. One can understand this

e�ect qualitatively by invoking the uncertainty relation: the addition of the

photon production probabilities from individual scatterings will be coherent

unless these scattering are suÆciently separated in time and space. The co-

herence length ~c=E of a photon becomes approximately equal to the mean

free path of a nucleon in a nucleus (� 3:3 fm) when E � 70 MeV. It is

expected therefore, that the LPM e�ect can inuence the bremsstrahlung

spectrum for photon energies up to 70 MeV. An accurate measurement of

the bremsstrahlung spectrum in this photon energy range has been obtained

in this thesis in order to study this e�ect. The various modi�cations will be

discussed in detail in the next chapter.
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Reference Targets Beam Energy (MeV)

[Edg66] C,Cu,Pb 140

[Kwa88] C,Cu,Au 72

[Pin89] C,Al,Cu,Tb,Au 168

[Pin89] C,Ag,Au 200

[Cla92] C,Zn,Pb 104

[Cla92] C,Zn,Pb 145

[Cla92] C,Zn,Pb 195

[Aph98] C,Ni,Ca,W 189

this work C,Ni,Ag,Au 189

Table 1.1: A chronological overview of the most important data on p+A

bremsstrahlung.

1.1 Current understanding of bremsstrahlung pro-

duction

The �rst systematic study of high-energy photons produced in proton-nucleus

reactions has been published already in 1966 by Edginton and Rose [Edg66].

After these initial measurements no new results were published until 1988

when new detectors made it possible to redo and extend the systematic study

of Edginton and Rose.

The �rst new measurements were made by the group of Nifenecker and

Pinston [Kwa88, Pin89, Nif90]. They measured cross sections that di�ered

signi�cantly from those reported by Edginton and Rose. This result was

con�rmed by Clayton et al. [Cla92]. The two data sets of these groups are

consistent with each other and, therefore, disqualify the data of Edginton

and Rose.

Table 1.1 provides an overview of experiments devoted to the study of

bremsstrahlung production in proton-induced nuclear reactions. The number

of proton-induced bremsstrahlung experiments is not very large, but covers

a suÆcient range of beam energies and target masses that allows to study

the bremsstrahlung systematics for photons with an energy above 40 MeV

and which are not too much a�ected by background due to the production

and decay of neutral pions (�0 ! 2). For these purposes, the beam energy

should be well above 40 MeV but lower than the pion-production threshold

of 277 MeV (free pn pion production). Note that there are data sets at other

beam energies. These data mostly concern radiative capture-like transitions

to discrete nuclear states (e.g. ref. [Bri96]), which constitue only a small
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fraction of the complete spectrum at higher incident energies. Therefore,

such data are not relevant for the overall systematics. Up to now only in-

clusive bremsstrahlung cross sections have been obtained. Moreover, only

for reactions below the pion production threshold double-di�erential spectra

have been published. The photon spectra obtained with 195 and 200 MeV

proton beams contain a considerable contribution of photons from the decay

of the �0 at these energies. Only integrated cross sections have been pub-

lished that were corrected using �0 cross-section data from other experiments

[Cla92]. These pion cross section data are very limited and have large uncer-

tainties which make the published bremsstrahlung cross sections for 195 and

200 MeV uncertain as well. For this reason an important part of the current

experimental e�ort has been devoted to establish the �0 cross section.

The main conclusion from the bremsstrahlung measurements in the liter-

ature was that high-energy photons above 40 MeV (hard photons) are mainly

produced incoherently in �rst chance proton-neutron collisions. Theoretical

calculations have been performed to explain the observations in the data. The

models were based on folding the elementary proton-neutron bremsstrahlung

(pn) cross section with a dynamical model that should describe the nucleon-

nucleon collisions during the reaction. Proton-proton bremsstrahlung was

ignored. The symmetry of the p-p entrance channel does not allow dipole

radiation making the p-p bremsstrahlung cross section much lower than that

of the asymmetric proton-neutron channel (c.f. sect. 2.1).

The elementary pn cross section is an important ingredient in the various

models. Early on, the question of the importance of the pion-exchange con-

tributions to the pn cross section, was raised. Calculations [Kwa88, Rem87]

that did not include those contributions agreed well with the older data of

Edginton and Rose [Edg66]. When it was found that this older data set is

not in agreement with the new data [Pin89, Nif89, Cla92], it became clear

that pion exchange contributes signi�cantly to the pn cross section at high

photon energies [Sch91].

Another important issue is whether the in-medium pn cross section

changes with respect to the free pn process. Nakayama and Bertsch have

investigated photon production in proton-induced reactions in some detail

[Nak89b]. They have developed an approach in which the target nucleons

are assumed to have momenta of a Fermi gas characterized by the Fermi

momentum. The total nucleon-nucleon (NN) bremsstrahlung rate can be

obtained by folding the pn cross section with the Fermi distribution of the

neutron. They took only the �rst collision of the incident proton into ac-

count. Their calculations depend on two parameters, the Fermi momentum
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(kF ) and the e�ective mass (m�).

These calculations reproduce the high-energy tail of the photon spectrum

but underestimate the photon spectrum below about 70-100 MeV [Nak89b]

as can be seen in �gure 1.2. The best agreement was achieved with a Fermi

momentum kF=1.04 fm�1 and an e�ective mass of 0.9 times the free nu-

cleon mass. The authors conclude that the photons are produced in a low-

density region in the nucleus. They also conclude that the low-energy pho-

tons are produced in a di�erent way than high-energy photons and mention

the contribution of secondary collisions as a possible explanation. We will

show in this thesis that the calculational method used by Nakayama and

Bertsch is not very accurate. A better method to calculate the photon cross

section discussed in chapter 3, is to incorporate the free photon produc-

tion into a microscopical transport code like Intra Nuclear Cascade (INC)

or codes based on the Boltzmann-Uehling-Uhlenbeck (BUU) model. In the

meantime it also has become clear from the comparison of calculations with

proton-neutron bremsstrahlung data [Sch91] that the theory describing the

free proton-neutron bremsstrahlung can be used with some con�dence.

1.2 Motivation

From earlier work one has derived the notion that bremsstrahlung produced

in nuclear reactions can be used to obtain information about the dynam-

ics of these reactions. It can, for instance, be used to count the number of

proton-neutron collisions during nucleus-nucleus reactions [Pol96]. In such

applications the simplest �rst-chance proton-neutron collisionmodel has been

used, in which the contribution of second-chance proton-neutron collisions is

not taken into account. This automatically raises the question: How impor-

tant are second-chance (multiple-step) contributions for bremsstrahlung ?

Multiple-step contributions are also an interesting subject because the photon

can be produced in any of the multiple collisions. If any two collisions are co-

herent, i.e. if they are related in time and space, one expects to observe inter-

ference e�ects. In particular, it is expected that one may observe quenching

e�ects due to the Landau-Pomeran�cuk-Migdal (LPM) e�ect, at low photon

energies. The LPM e�ect results in a reduction of photon yield due to the

destructive interference of di�erent bremsstrahlung production amplitudes

which contribute to the total photon yield. In the case of proton-induced

bremsstrahlung the di�erent photon-production amplitudes stem from a se-

quence of NN collisions during the reaction. This immediately relates the

LPM e�ect to multiple-scattering contributions in proton-nucleus reactions.
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e�ective masses m� and kF=1.04 fm�1. Figure from [Nak89b].
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Quenching has been observed in bremsstrahlung produced in high energy

electron scattering in matter [Kle99]. However, there is no experimental evi-

dence yet for the corresponding e�ect in nuclear bremsstrahlung production.

In this thesis the importance of multiple-scattering contributions is in-

vestigated. The aim is to extend the set of existing inclusive bremsstrahlung

data and to obtain for the �rst time a set of exclusive bremsstrahlung data.

Here, exclusive bremsstrahlung data consist of coincidences between high-

energy proton ejectiles and bremsstrahlung photons. The motivation for an

exclusive measurement lies in the fact that di�erent types of reactions can

be distinguished by photon-proton correlations. In particular, one can en-

hance the ratio of multiple-step to single-step reactions by selecting larger

scattering angles of the proton as is illustrated in �gure 1.1. This makes it

possible to study bremsstrahlung spectra for di�erent admixtures of single-

and multiple-step processes.

1.3 Outline

Here we present a brief overview of the di�erent subjects discussed in this

thesis. The current theoretical understanding of nuclear bremsstrahlung will

be outlined in chapter 2. In chapter 3 we present dynamical models for nu-

clear reactions, in particular the Intra Nuclear Cascade model. The extension

of this model to include bremsstrahlung production will be discussed there

as well. Details of the experimental setup for the bremsstrahlung measure-

ments are presented in chapter 4. Subsequently, in chapter 5 we describe the

data-analysis procedure in some detail. The experimental results and the

comparison of the obtained data with previous experiments and with model

calculations are discussed in chapter 6. Finally we speculate about future

investigations and possible improvements on both the experimental data and

the model calculations.



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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Hard scattering

Soft scattering

NN potential

Long range attraction

Hard core repulsion

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
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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



2.2 Bremsstrahlung in the nuclear medium 23

0

0.01

0.02

0.03

0.04

0.05

30 40 50 60 70 80 90 100 110

Eγ  (MeV)

d2 σ γ /
 d

E
γd

Ω
γ  

  (
µb

ar
n/

M
eV

 s
r)

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



24 Theory

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)
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ei

E
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ei
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~
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c
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ei

E
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(t2�

~n�~r2
c

)
���2 : (2.22)

By working out the square one obtains,
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dEd
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�2
2
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~
�(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.
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Dynamical models

The dynamical evolution of nucleons and produced particles in nuclear col-

lisions is not accessible to direct observations. Information on dynamical

processes is obtained from measuring particles that are emitted as the reac-

tion evolves. However, strongly interacting particles are generally rescattered

in a later stage. This limits the information that can be deduced from emit-

ted hadrons. In contrast, photons will not rescatter. Photons emitted at an

early stage of the reaction can, therefore, provide a much better view of the

evolution of a reaction. A general strategy to access the reaction-dynamics

is to use microscopic transport models to predict the evolution of the reac-

tion and compare the outcome with various observables. In order to make

use of bremsstrahlung in such studies the models need to include a realistic

description of this electromagnetic process.

Practical microscopic models for nuclear reactions try to simulate a suit-

able transport equation using a classical approach with phenomenological

additions to model quantum e�ects. The simulation of the transport equa-

tions is in most cases so complicated that one needs to apply severe ap-

proximations. The choice of approximations is governed by practical com-

putational limitations and by the speci�c application. This has resulted in

many di�erent types of transport codes. For this thesis we make use of two

models, both are based on the Boltzmann transport equation. They are the

Boltzmann-Uehling-Uhlenbeck (BUU) model and the Intra-Nuclear Cascade

(INC) model. They will be discussed in some detail. The extension of the

INC-model and BUU to include bremsstrahlung production is also discussed.

It should be noted that the results of BUU are only used to evaluate the

inclusive bremsstrahlung spectrum. The results serve to check the simpler

INC model which is subsequently used to obtain results for photon-nucleon
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correlations that can not be predicted by the BUU model.

3.1 Microscopic transport codes

We start our discussion by writing down the Boltzmann Transport Equation

(BTE) with an external potential U which is the basis of the BUU and INC

models, following the notation of Bertsch et al. [Ber88]:

(
@

@t
+ ~v � ~rr � ~rrU �~rp)f(~r1; ~p1) = Icoll (3.1)

Icoll /
R
d3p2d

3p02 (f(~r; ~p
0

1)f(~r; ~p
0

2)� f(~r; ~p1)f(~r; ~p2))�
jv12j d�d
Æ

(3)(~p1 + ~p2 � ~p 0

1 � ~p 0

2) (3.2)

Here the distribution f(~r; ~p) is the time dependent single-particle distribution

function, which gives the probability of �nding a single particle at position

~r with momentum ~p. U is a potential later to be equated with the nuclear

mean-�eld. In the collision integral the two-particle distribution function

f2(~r; ~p; ~p1) which gives the probability of �nding two particles with momen-

tum ~p and ~p1 at position ~r has been approximated by:

f2(~r; ~p; ~p1) ' f(~r; ~p)f(~r; ~p1) (3.3)

where one can view f(~r; ~p1) as the distribution function of the collision part-

ner of a particle given by f(~r; ~p). In this approximation two-particle corre-

lations other than those introduced by the collisions are ignored. Similarly,

f(~r; ~p 0) and f(~r; ~p 0

1) are the distribution functions of particles that populate

(~r; ~p).

The BTE has two modes by which transport phenomena can take place:

collisions and drift, both having their own time scale. The drift term, given

by

~v � ~rr � ~rrU �~rp; (3.4)

has a long time scale and describes slow changes in f(~r; ~p) due to the prop-

agation of particles in a potential U , whereas collisions are described by the

integral (Icoll) on basis of the particle-particle interactions that occur at very

short time scales compared to the drift term.

The mean-�eld (U) is the potential generated by the cumulative inter-

action of one nucleon with all other nucleons in the system. Because the

nuclear force saturates, the mean-�eld changes little with position. The sim-

plest approximation one can take for U is the square well as is used in the
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INC model. An example of a more sophisticated mean �eld is given by the

Skyrme potential in equation 3.6 which parameterizes the mean �eld as a

function of the nuclear density. The Skyrme potential can be used if the

density distribution is well described, as in the BUU model.

The collision cross section (�) in the collision integral is based on a param-

eterization of the nucleon-nucleon interaction. The simplest approximation

is to use the free nucleon-nucleon cross section. In that case the nuclear

potential U and the cross section can not be consistent with each other.

More ambitious microscopic models, however, generate both the in-medium

nucleon-nucleon cross section and the external potential consistently from the

free nucleon-nucleon potential. These models are said to have a self-consistent

mean-�eld.

The original BTE does not take quantum statistics into account. Because

nucleons are fermions one must modify the BTE to include Pauli blocking.

Pauli blocking has been introduced by Uehling and Uhlenbeck who added

two factors (1 � f 01)(1 � f 02) and (1 � f1)(1 � f2) to the collision integral to

eliminate transitions to phase-space regions that are already occupied,

Icoll /
R
d3p2d

3p02 (f
0

1f
0

2(1� f1)(1 � f2)� f1f2(1� f 01)(1� f 02))�
jv12j d�d
Æ

(3)(~p1 + ~p2 � ~p 0

1 � ~p 0

2) (3.5)

where f(~r; ~p1) and f(~r; ~p2) are denoted by f1 and f2, respectively. There

are, in general, no analytical solutions to the equation 3.5. Instead one

approximates the solution by simulating the process implied by the equations.

One method is to represent a volume in phase space by a test particle which is

propagated classically along a path given by the mean �eld U . The collision

term requires that there should be as many test particles as nucleons in the

system considered. This procedure is followed in the INC code, and can

be referred to as the single-ensemble method. In BUU one simultaneously

evaluates many ensembles in parallel and wherever the distribution function f

or the nuclear density � needs to be evaluated, it can be obtained by averaging

over all ensembles. Typically one employs upto the order of several hundred

test particles per nucleon in the system in order to model the Pauli blocking

in equation 3.5 accurately.

An important di�erence between INC and mean-�eld models is the way

the potential U is used. In the INC model it is taken to be a square well (i.e.
~rrU = 0 everywhere except on the boundary) in which the test particles

move on straight-line trajectories which can be evaluated analytically. The

test particles remain con�ned by reection o� the potential walls whenever
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the energy is below the potential well depth. This results in a very fast

computer program. The model has, however, some distinct disadvantages:

� The Fermi distribution is taken from the in�nite Fermi gas model i.e.

a sphere in momentum space with p < pf=1.34 fm�1 corresponding to

a Fermi energy level of 38 MeV measured from the bottom of the well.

� The particle density f(~r; ~p) uctuates rapidly which makes the Pauli

blocking as described above unprecise.

BUU takes a more realistic potential (~rrU 6= 0). This means that one can

not calculate the drift of the test particles analytically any more, and one

must integrate the equations of motion numerically. This results in much

slower computer programs. An example already mentioned before is the

Skyrme parameterization of the mean �eld:

U(~r; �(~r)) = A � �(~r) + B � �(~r)�; (3.6)

where

�(~r) =

Z
f(~r; ~p)d3~p (3.7)

is the nuclear density. A, B and � are model parameters. In order to achieve a

well de�ned value of �, BUU-codes use many test particles, i.e. many parallel

ensembles. This procedure results in much smoother density distributions

than those obtained with INC. The more smooth behavior and thus more

accurate determination of the density in BUU-codes also makes the Pauli-

blocking scheme more reliable. Therefore BUU codes perform much better

in those cases where the density is an important factor, e.g. the inuences

on mean �eld and Pauli blocking. The price to pay for this method is not

only the increase in calculation time, but more importantly is the loss of

particle-particle correlations due to the averaging over the test particles.

3.2 Bremsstrahlung production in BUU

In present BUU codes, proton-neutron bremsstrahlung production has been

included in a perturbative manner [Bir87]. This means that the production

of photons does not a�ect f(~r; ~p), i.e. energy and momentum are not con-

served. This is a reasonable approximation because �pn=�pn is very small

( 5x10�4). Therefore photon production does not inuence the global behav-

ior of nuclear reactions.



3.3 Bremsstrahlung production in INC 35

The bremsstrahlung cross section for a reaction is obtained in the fol-

lowing way: For each collision of a proton test-particle with a neutron test-

particle one can calculate a photon distribution d2N/dE d
 (i.e. the

chance of producing a photon with a certain energy and direction) using a

parameterization of the pn cross section. The distributions, calculated for

each pn-collision, are summed to obtain the bremsstrahlung distribution for

the p+nucleus (or nucleus-nucleus) reaction for a certain impact parameter

b. The total bremsstrahlung cross section is given by [Bir87],

d2�

dEd


=

Z
d2b

d2N(b)

dEd


: (3.8)

A disadvantage of this method is the fact that one does not retain the cor-

relations between nucleons and photons. If one wants to keep the corre-

lation between nucleons and photons one needs to produce photons non-

perturbatively, i.e. one must obey momentum and energy conservation laws

when producing a photon. This is only possible if one produces just one pho-

ton in a proton-neutron collision. Thus one needs to simulate a large amount

(105-106) of reactions to gather enough photon statistics to make distribu-

tions. It makes the implementation of non-perturbative bremsstrahlung pro-

duction in BUU very unpractical. A more fundamental problem is that the

average potential and blocking factors would be determined from the distri-

butions where no photon has been produced. In section 3.4 the BUU model

will be compared with the results of the INC model which is described in the

next section.

3.3 Bremsstrahlung production in INC

Perturbative photon production can be included in the INC model in the

same way as described for the BUU model. Because the INC model does not

average the single-particle distribution function f(~r; ~p) over many ensembles,

the INC is a very fast code compared to BUU. This allows one to implement

non-perturbative photon production in this model. The details of the imple-

mentation will be discussed after a brief introduction to some of the basic

ideas of the INC model.

3.3.1 INC model

As discussed above, the INC model is a microscopic transport model that

simulates nuclear reactions to obtain an approximate solution to the Boltz-

mann Transport Equation (BTE). The practical implementation is shown in
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Figure 3.1: Flow diagram of the Intra-Nuclear Cascade model. The step

numbers 1,2,3,4,5 are used as references in the text.

the diagram in �gure 3.1. The �rst step (step 1) is the initialization of the

target nucleus and the projectile (in this case the incoming proton). The

target is initialized by choosing the position of each nucleon at random in a

sphere of radius 1.2A
1=3

target fm. Similarly, the momentum of each nucleon is

chosen uniformly distributed in a sphere with radius pf (1.34 fm�1) and pf
is de�ned by the depth of the potential well and the separation energy, which

are taken as 46 MeV and 8 MeV, respectively. The maximum energy of a
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nucleon in the nucleus is then the Fermi-energy of 38 MeV. The projectile

proton has a �xed energy and direction (that of the beam) but the impact

parameter is chosen randomly over the surface of the target nucleus. As the

projectile enters the potential well it acquires extra energy equal to the depth

of the potential (i.e. 46 MeV). After the initialization a list of collisions is cal-

culated (step 2) and ordered sequentially in time. Here collisions are de�ned

as those instances when a nucleon hits the potential wall of the nucleus, or

when the distance of closest approach of two nucleons is smaller than
p
�NN .

Where �NN is the total nucleon-nucleon cross section which has been taken

from a parameterization by Cugnon et al. [Cug87]. There are two additional

conditions before two nucleons are permitted to collide: First their center-

of-mass energy must be larger than 20 MeV and second, at least one of the

nucleons must be part of the cascade, which is de�ned in �gure 3.2. The lat-

ter condition prohibits the collision between `spectator' nucleons that do not

take part in the reaction. This has the additional advantage that the nucleus

can not evaporate nucleons that were not involved in the cascade. The �rst

condition prevents the evaluation of nucleon-nucleon collisions which will be

Pauli-blocked anyway and thus only serves to speed up the code. If there is

a collision before the end of the simulation (which is taken to occur at tmax
= 50 fm/c after the incoming proton has entered the target) the nucleons

are transported until the next collision can occur (step 3). The calculation

of the new coordinates of each nucleon can be performed analytically as the

particles move on straight-line trajectories. If the collision involves a nucleon

with the potential wall (step 4a) the nucleon can escape if its energy is larger

than the depth of the potential. If the energy is less, the nucleon is reected

back into the nucleus. In case of protons, however, the Coulomb barrier is

taken into account and the chance of tunneling through the barrier is evalu-

ated. If the chance of tunneling through the barrier is not met, the proton

is reected back. In case of a collision (step 4b) between two nucleons the

nucleons are scattered by choosing the scattering angle and energy of one

nucleon at random from a parameterization of the elastic �NN cross section

[Cug87]. After the scattering it is checked if one of the two nucleons would be

Pauli-blocked (step 5). One implementation of Pauli blocking just calculates

the occupation density in the phase space around each nucleon (taking into

account that protons and neutrons are not identical) and then calculates the

chance whether or not the collision is blocked. This way of implementing

Pauli-blocking is ine�ective and can lead to unphysical results in particular

when calculating the bremsstrahlung cross section. The implementation of

Pauli blocking in this work requires that both nucleons scatter to energies
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step 1 Step 2 Step 3.....

Incoming proton

Figure 3.2: Graphical representation of a cascade. Each vertex represents a

NN-collision. The �rst collision is that of the incoming proton with a target

nucleon, after which both nucleons can collide with other nucleons, etc. All

nucleons in the �gure are connected to the incoming proton and are said to

be part of the cascade.
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above the Fermi-energy (38 MeV). The reasoning behind this implementation

is that the states below the Fermi-energy are completely �lled at the begin-

ning of the reaction (i.e. the nucleus has zero temperature). This means

that the nucleons cannot scatter to these states. This argument holds for the

initial stages of the reaction but breakes down as more holes are created in

the Fermi sea. Returning to the discussion of �gure 3.3 (step 5): If the colli-

sion was Pauli-blocked the original 4-momenta of the two colliding nucleons

are restored. After this the list of collisions is updated and the simulation

continues in step 2. The program cycles through the ow diagram until there

are no collisions or until the end of the simulation at 50 fm/c.

3.3.2 Non-perturbative bremsstrahlung in INC

The implementation of non-perturbative bremsstrahlung production in INC

only requires to modify step 4b of the ow diagram 3.1. The �rst decision

concerns the photon production probability in the nucleon-nucleon collision,

step 4b of �gure 3.3. If two protons or two neutrons collide this probability

is taken to be 0. This approximation was justi�ed in section 2.1. In the case

of a proton-neutron collision, however, the chance P
pn
 of creating a photon

in the proton-neutron collision is calculated from:

P pn

 (Ecm) = F �
�totpn

�totpn

; (3.9)

where Ecm is the energy in the NN center-of-mass system. Because of the

1/E behavior of the bremsstrahlung energy distribution a low-energy cut-

o� must be introduced in order to have a �nite photon cross-section. This

cut-o� is chosen at 10 MeV (in the NN center of mass system), which is just

below the experimental obervation limit in this work. The factor F is used

to arti�cially increase the bremsstrahlung cross section in order to obtain

higher photon statistics with the same number of events. This factor should

be taken small enough such that P
pn
 is still much smaller than 1. The value

of F is chosen such that about 10% of the simulated reactions produce a

photon and is in the range of 30-100. Accordingly, the weight W of the

photons has to contain a factor 1/F to obtain the correct normalization (see

equation 3.10).

In this implementation a parameterization of the proton-neutron brems-

strahlung cross section is used which is obtained from a SPA calculation of

the pn cross section which has been discussed in section 2.1.3. The proton-

neutron cross section has been taken from the INC model. The resulting
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Figure 3.3: Modi�cation of step 4b in 3.1 to allow non-perturbative photon

production.
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P
pn
 is then only a function of the center-of-mass energy of the proton and

neutron. In order to speed up the INC code, P
pn
 has been parametrized

using a Taylor expansion in terms of Ecm.

If a photon is produced, the proton-neutron-photon phase-space distribu-

tion is sampled uniformly generating three 4-momenta (step 4d in �gure 3.3.

This is achieved using the n-body phase-space sampling routine GENBOD

[CER93]. With these three 4-momenta (and the two 4-momenta from the in-

coming proton and neutron) one can calculate the weight W of the photon

event,

W =
jM(p1; p2; p

0

1; p
0

2; k)j2 � dP
�tot(Ecm)pn � F

: (3.10)

M(p1,p2,p
0

1,p
0

2,k) is the bremsstrahlung matrix element obtained from the

SPA calculation of Korchin et al. [Kor96], p1, p2, p
0

1 and p02 are the initial

and �nal 4-momenta of the nucleons, k is the 4-momentum of the photon

and dP is the size of the volume element of the phase-space. The weight

factor W is stored for each photon and is later used to generate the photon

distributions. In this implementation the number of photons per event has

been limited to one. The total photon cross section, which also is used to

calculate P
pn
 , is obtained from a Monte Carlo integration of

�tot(Ecm)pn =

Z
P

jM(p1; p2; p
0

1; p
0

2; k)j
2dP; (3.11)

where the integration over P denotes an integration over the whole phase-

space (c.f. section 2.1.3).

Each generated photon (one per event) contributes to the photon proba-

bility distribution with a dimensionless weight W de�ned in equation 3.10.

The photon distribution, dN=dE, that one obtains after simulating N events

(where N is typically of the order of 106) has to be normalized in order to ob-

tain the di�erential cross section. This is achieved by scaling the distributions

with the geometrical cross section �reaction:

d� = dN �
�reaction

N
: (3.12)

This procedure provides the photon spectra that can be compared directly

to experimental spectra.

The implementation in the original INC code of non-perturbative photon

production as described above, has a characteristic de�ciency. It creates an

excess of photons, in particular, beyond the kinematical limit. This problem

is caused by the original Pauli blocking scheme which permits nucleons to
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Figure 3.4: The e�ect of two di�erent Pauli blocking schemes. The original

blocking scheme (solid line) and the `Fermi-sphere' blocking scheme (dashed

line). The calculations have been performed for the p+C reaction at 190

MeV.

scatter to states with an energy below the Fermi level. This is a result of the

rapid nuclear density uctuations in the single-ensemble method. The per-

formance of the Pauli-blocking scheme is improved by demanding that both

nucleons in a nucleon-nucleon collision must scatter to a state with an energy

above the Fermi-energy (the Fermi-sphere blocking) as described earlier. A

photon spectrum generated by applying our Pauli-blocking ('Fermi-sphere'

blocking) scheme is compared with the original scheme in �gure 3.4. This

shows that the new Pauli-blocking scheme performs better since by construc-

tion, it does not allow to create photons with an energy higher than the beam

energy. That the whole spectrum seems to be reduced is due to the fact that

collisions where one of the nucleons ends up inside the Fermi sphere are also

blocked, i.e. there are fewer pn-collisions in which a photon can be produced

in the modi�ed scheme.
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3.4 Comparison of the BUU and INC result

The implementation of photon production in INC described in the previous

section has been used to calculate bremsstrahlung spectra. These spectra will

be compared with the data from this work in chapter 7. Notice, however,

that the INC and BUU models perform an incoherent addition of the photon

production amplitudes, and will therefore not show any quenching e�ects.

To get an idea about the performance of the calculations with respect to

BUU calculations, the double-di�erential cross section d2�/dEd
 at � =

90Æ from a simulation of the p+Tb reaction at 168 MeV is shown in �gure 3.5

in which also the BUU result is given. It shows that the BUU and the INC

codes give essentially the same result for the low-energy part of the inclusive

photon spectra. But at high photon energies there is a small deviation which

can be attributed to the di�erences in INC and BUU, mostly the treatment

of the Fermi distribution. From this it can be concluded that the procedures

followed in the INC-code are correct, and that for the inclusive photon spectra

the INC and BUU results are equivalent. The angular distributions with

E > 40 MeV predicted by INC and BUU are compared in �gure 3.6 for

p+12C at 190 MeV. Also here the agreement is satisfactory.
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Chapter 4

Setup of the experiment

Data presented in this thesis were obtained from two experiments. The �rst

experiment was designed to measure deep sub-threshold pions [Aph98], while

the second experiment was aimed to measure photon-nucleon coincidences,

the main focus of this thesis. Both experiments were performed at the Ac-

cel�erateur Groningen Orsay (AGOR), the cyclotron facility of the Kernfy-

sisch Versneller Instituut (KVI) at Groningen. AGOR is a compact super-

conducting cyclotron capable of producing proton beams up to 200 MeV.

The experiments have been carried out by the TAPS and SALAD collabo-

ration. The setup of both experiments was nearly identical. In this chapter

the relevant details of the setup are discussed.

4.1 The Two-Arm Photon Spectrometer: TAPS

The TAPS collaboration [Nov91] was initiated in 1987 to design and build a

spectrometer to measure energetic bremsstrahlung and high-energy photons

from neutral meson decays in nuclear reactions in the energy range from 1

MeV up to 15 GeV. Therefore, TAPS can be employed in both high- and

medium-energy physics. In �gure 4.1 a detector module, is shown. The

TAPS detector consists of 384 of these modules. The modules have two

components, an inorganic scintillator (BaF2) and a plastic scintillator as

Charged Particle Veto (CPV) detector to distinguish charged and neutral

particles. The modules are arranged in 6 arrays of 64 modules (8 x 8) each.

Such an array is called a TAPS-block. The block arrangement is shown in

�gure 4.1. This arrangement makes it possible to reconstruct the position of

the detected particles with a resolution comparable to the module size. This

is suÆcient for the purpose of this experiment, aiming at an angular binning
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Figure 4.1: Left side , drawing of an individual TAPS module. Right side,

drawing of a TAPS-block consisting of 64 TAPS modules.

of 15Æ.

The BaF2 crystals are hexagonally shaped with an inscribed diameter

of 59 mm and a length of 250 mm (12 radiation lengths). BaF2 has three

scintillation components, two fast ones with a decay time of 0.6 ns at 195 and

210 nm, and a slow one with a decay time of 620 ns at 310 nm. The relative

light yield depends on the ionization density and, therfore, allows particle

discrimination. The scintillation light from the crystals is converted to charge

and ampli�ed by a photomultiplier (Hamamatsu R2059-01) mounted on the

back of the crystal.

The CPVs are made of 5 mm thick plastic scintillator (NE102A) which is

sensitive to charged particles but not to neutral particles [Ras98]. The plastic

slices are hexagonally shaped and have an inscribed diameter of 61 mm. The

CPVs are slightly larger than the BaF2 crystals behind it to optimize the

overlap. Perspex light-guides lead the scintillation light from the plastic to a

photomultiplier mounted at the side of the TAPS block, see �gure 4.1.

In �gure 4.2 (left) a top view is given of the overall geometry used for

these experiments. The TAPS-blocks are arranged facing the target at angles

76.5Æ, 116.5Æ and 156.5Æ degrees on either side of the beam axis. They were

aligned in such a manner that the center of each block was positioned at the

beam height and the front face of the BaF2 crystals was located at 66 cm

from the target.

The TAPS electronics records for each event the deposited energy and
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Figure 4.2: Geometry of the setup. On the left hand side a top view and

on the right hand side a 3D impression of the setup.

the time of all modules. A scheme of the electronics is given in �gure 4.3 and

will be briey explained here. The trigger electronics is described in section

4.4.

The BaF2 signals are split 4-fold by active splitters located close to the

detector. Three signals are used to generate three level-discriminating logic

signals, one Constant-Fraction Discriminator (CFD) and two Leading-Edge

Discriminator signals (LED Low, LED High). The fourth output presents

the analogue signal to the QDC. The CFDs have been set to their lowest

practical threshold value of about 7-10 mV. Using a 22Na source it was found

that this corresponded to an energy threshold of about 0.4 MeV. The LED

Low and LED High discrimination levels were set at 7 MeV and 15 MeV,

respectively. The calibration of the LEDs was achieved by observing for

each module where the discriminators cut the calibrated energy spectrum.

It was found that the LED discrimination level could be accurately set to

their designated value with a spread of 3 MeV. The analogue BaF2-signals

are integrated by charge-to-digital converters (QDCs). The integration over

a short and a long time gate allows one to separate the response from the

fast and slow scintillation components. These time gates are individually

generated for each module by gate-generators (Retard de Dur�ee Variable,

RDV) which are started by the CFD signal of the module. The voltage on

the photomultipliers were chosen such that the QDCs cover a dynamic range

up to 250 MeV. The intrinsic resolution is then 60 keV/channel. The time of

the BaF2 signal is measured by time-to-digital converters (TDCs). The TDC
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start signal is generated by a logical AND of the cyclotron radio-frequency

signal (RF) and the master trigger (MT). The TDCs are stopped by the CFD

signal of the individual modules. In this way the time-of-ight from target to

crystal is recorded. The TDCs have an intrinsic resolution of 80 ps/channel,

far better than the resolution needed to separate nucleons from photons on

basis of the di�erence in time-of-ight which is in the order of 3 to 10 ns. In

addition to the energy, pulse shape and time-of-ight information, the logic

signals CFD and LED High of each module are recorded in bit-pattern units

(BPUs).

The CPV detectors provide two output signals, one from the photomulti-

plier anode and one from the last dynode [Ras98]. The anode signal was

integrated by a charge to digital converter (Fast Encoding Readout ADC,

FERA). The dynode signal was used to generate a LED logic signal. The

level of the LEDs was set such that it was just above the noise level.

4.2 The Small-Angle Large-Acceptance Detector:

SALAD

The Small-Angle Large-Acceptance Detector was designed for the study of

proton-proton bremsstrahlung production [Kal98]. This detector was part of

the experimental setup and has been used to measure coincidences of protons

scattered to forward angles and photons in TAPS. However, the later analysis

revealed that the SALAD-TAPS coincidence data were by far dominated

by random coincidences which prevented a reliable determination of true

coincidence data. Consequently, this limits the exclusive bremsstrahlung

spectra shown in this thesis to those obtained using only the TAPS detector,

i.e. both the proton and the photon were detected by TAPS. SALAD will

therefore not be described further here, detailed information can be found in

[Kal98, Hui99, Mes99].

4.3 Beam and targets

The proton beam was generated by the polarized ion source (POLIS) and

accelerated by AGOR to an energy of 189.6 MeV. The beam current was

monitored using a well shielded Faraday cup. The charge collected by the

Faraday cup was converted to pulses with a resolution of 100 pC per pulse,

which were counted by a scaler that was read out by the data-acquisition sys-

tem. The typical range of beam currents used for the experiment was from

0.5 to 2 nA depending on uctuations in the intensity of the source. During
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Target surface density / (
mg

cm2 ) anisotropy� `down' anisotropy� `up'

C 56 -0.25 +0.28

Ni 19.6 -0.20 +0.22

Ag 26.2 -0.15 +0.19

Au 22.2 -0.11 +0.12

Table 4.1: A list of the targets used, with the respective surface densities

and e�ective anisotropies (anisotropy�) measured for beam with polarization

`up' and for the beam with polarization `down'.

the experiments POLIS produced beams with a polarization degree of about

56%. The degree of polarization was determined by the In Beam Polarimeter

(IBP) [Bie00]. The IBP measures the anisotropy of the p+d reaction which

is known from literature. The target of the IBP generates beam halo at the

TAPS-SALAD setup site, causing too high count rates in TAPS and SALAD.

Therefore the IBP could not measure simultaneously with the experiment.

The polarization of the beam is monitored during the experiment exploiting

the asymmetry in elastic scattering of protons detected by SALAD. The mea-

sured asymmetry is translated to a degree of polarization using an e�ective

value for the anisotropy which is determined by comparing the scattering

asymmetry measured by SALAD shortly after the IBP has measured the po-

larization of the beam. In table 4.1 the targets and surface densities used in

this experiment are listed. The target size is 1.5 cm wide by 1 cm high, much

larger than the beam spot which is a few mm in diameter. The targets were

placed on a target ladder inside a carbon-�ber scattering chamber and could

be positioned by remote control. The carbon-�ber chamber has a radius of

35 cm and a height of 50 cm [Hoe99]. The rectangular exit window matches

the solid angle covered by SALAD. The chamber wall is constructed from

carbon �ber and has a width of 3.75 mm. This design minimizes the conver-

sion of photons to dileptons which is of importance for dilepton studies and

for precision measurements of photons. For 10 MeV and 100 MeV photons

the conversion probability is about 0.4% and 1.1%, respectively [Hoe99]. For

aluminum of the same thickness the conversion probabilities are a factor 2

higher, 0.8% and 2.1 % respectively.

4.4 Trigger and data acquisition

In table 4.2 the de�nitions of the triggers used in the experiment are listed.

For the research goal of this thesis especially the triggers from number 7 and
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nr Description label down-scale

factor 2x

1 OR of all BaF2 CFD CFD or 14

2 OR of all BaF2 LED Low LEDL or 11

3 OR of all BaF2 LED High LEDH or 10

4 OR of all CPV LED VETO 13

5 Pedestal monitor 0.2 Hz Pedestal 0

6 1-neutral 1n 8

7 2-neutral coincidence n-n 0

8 1-neutral anywhere and n-g1 0

1-neutral in blocks B-E and

9 1-neutral in block A or F and n-g2 0

1-neutral in blocks B-E

10 1-neutral left side of beam and pion high 0

1-neutral right side of beam

11 1-neutral anywhere and n-c1 0

1-charged in blocks B-E

12 1-neutral anywhere and n-c2 1

1-charged in block A or F

13 1-inelastic in SALAD and Nucleon- 4

1-neutral TAPS

Table 4.2: A list of the trigger descriptions and down-scale factors of trig-

gers which were used in the exclusive bremsstrahlung experiment. 1-neutral

means that 1 BaF2 LED Low �red but the corresponding CPV LED did not,

whereas 1-charged means that 1 BaF2 LED Low and the corresponding CPV

LED both �red.

higher are important. In �gure 4.4 the electronic realization of the triggers

is shown.

Data was recorded with the acquisition (DAQ) scheme shown in �gure 4.5.

The TAPS data is read out from the CAMAC modules using CVC CAMAC-

controllers based on MOTOROLA 68030 processors. Each of the 12 CVCs

reads out the data associated with 32 detector channels, thus accomplishing a

high degree of parallel processing of the TAPS data-acquisition. A 13th CVC

performs the readout of trigger scalers, trigger pattern, and the polarized-

source status. The Input Output Logic (IOL) module in the 13th CVC

activates the DAQ-software when a master trigger is produced and it sets the
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inhibit signal. The inhibit signal blocks the trigger while the DAQ-software

is busy reading out the accepted event data and therefore cannot accept new

events. After the DAQ-software has �nished its task it resets the inhibit

signal and produces a clear signal on the IOL module. While the CVCs

read the TAPS electronics, SALAD data is read into two Dual Port Memory

modules (LeCroy DPM 1190) using the ECL readout bus of the LeCroy

FERA system [Hui99, Mes99]. The typical data rate of the acquisition was

about 150 kB/s, allowing an accepted event rate of 500 Hz with a life-time

of about 40%. The SALAD and TAPS data are read from the DPMs and

the CVCs, respectively, by a VME-based ELTEC Version 6 Computer (E6A)

and an ELTEC Version 7 Computer (E7A). After reading the data into the

memory it is copied by the E6B to a DLT-tape. For online analysis purposes

about 1% of the data is also made available through a TCP/IP connection to

analysis programs on other computers. This allows checking of the detector

performance during the experiment. The settings of the electronics such

as the high voltages and the settings of the CFDs and LEDs, are stored

and maintained using a database programmed in SQL (Structured Query

Language). The settings are transfered to special programs running on the

E6C and E6D VME processors and subsequently loaded via the VSB bus

and CBV CAMAC controllers into the electronic modules (the CFDs, LEDs

and RDVs).



Chapter 5

Data analysis

In this chapter the procedures used for the transformation of raw experimen-

tal data into physical observables will be discussed. In the �rst section an

overview of the applied software packages will be presented. In the follow-

ing sections the procedures to obtain, the deposited energy per module, the

energy and position of a particle and the identi�cation of the particle are dis-

cussed. The last sections describe the methods to obtain the di�erential cross

sections for the neutral pions, and the inclusive and exclusive bremsstrahlung

distributions.

5.1 Structure of the data analysis

The data analysis was performed at the IN2P3-Centre de Calcule in Lyon,

France. The use of the tape-robot facilities made the access of data highly

automatic and eÆcient.

The goal of the data analysis is to obtain the particle identi�cation, the

direction and the energy of the particles that are emitted during the re-

action. This is achieved in two steps as shown in �gure 5.1. In the �rst

step, the raw data collected by the data-acquisition is calibrated using the

FOSTER analysis program [Aph98]. With this program the parameters of

the calibration are determined for each detector module. The details of the

calibration procedure are discussed in the next section. After the parameters

of the calibration have been obtained they are applied to the raw-data �les

to produce calibrated data �les. These calibrated data �les are then ana-

lyzed using FOSTER to study the stability of the various calibrations of the

TAPS detector in the course of the experiment. If part of the data reveals

a signi�cant shift of the calibration a new calibration is applied to that part
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and the subsequent set of the data. In the second step the calibrated data

�les are processed by an analysis program making use of the ROSEBUD

library[Aph98]. This program combines the calibrated data of each module

to determine the type of particle that has been detected, its energy and its

direction. The procedures for the determination of these observables are part

of the ROSEBUD library and will be discussed in section 5.3. The output

of the ROSEBUD analysis program are �nal data �les which contain per

event, for each particle in an event only its energy, direction and particle

type. In addition also the trigger-pattern, indicating which trigger has pro-

duced the event, and the status of the beam-polarization are stored. From

the �nal data �les all cross sections and distributions are produced following

procedures described in sections 5.5 through 5.8.

5.2 The calibration of TAPS

The calibration procedures map the raw-data as presented by the data-

acquisition system to values which have physical units: energy (MeV) and

time (ns). For the TAPS detector three quantities need to be calibrated:

the time-of-ight, the energy deposited in a BaF2-module and the energy

deposited in a CPV module.

5.2.1 Calibration of the energy deposited in a BaF2-module.

Earlier work with the TAPS detector established that the response of the

BaF2-modules to photons is linear [Gab94, Hoe99]. This means that the

conversion of the raw data to calibrated data can be performed as follows,

y = gain � (x� pedestal) (5.1)

where y is the calibrated data corresponding to the raw-data x value. The

two parameters, the gain and the pedestal (o�set), depend on the speci�c

conditions of the experiment, like the high voltage on the photomultipliers

and ambient temperature (c.f. sect 4.1), and must be determined for each

experiment separately. In �gure 5.2 an example of a raw-data spectrum for

one BaF2-module is shown. The pedestal is de�ned as the QDC-channel

which is returned by the QDC if it did an integration without any signal

at all. To determine this o�set the data obtained with the pedestal-trigger

has been analyzed. The pedestal trigger is a pulser which causes all CFD's

to �re every 5-10 seconds. This forces all QDC's to perform an integration

over the short and the long gate, without receiving an input signal from the

photomultipliers (c.f. sect 4.1).
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To determine the gain we need to know the energy of a second point in

the spectrum. For this purpose we use the peak of the distribution of energies

deposited by minimum ionizing muons of cosmic origin (see �gure 5.2). The

energy deposition is proportional to the track length through the detector. In

our case, for horizontally positioned crystals, the energy deposition distribu-

tion has a peak at 38.5 MeV determined by GEANT [CER93] simulations. In

order to improve the identi�cation of the cosmic-muon peak in the raw-data

spectra, the cosmic contribution is enhanced by applying additional selection

criteria:

1. More than 3 BaF2-modules in one block have �red their High Leading

Edge Discriminator (LED-High which was set at 10 MeV).

2. The time-of-ight is shorter than that of photons, i.e. the signal is not

correlated to the beam pulses (c.f. sect. 5.2.2).

If these conditions are applied to the raw-data one obtains a spectrum with

an enhanced cosmic-muon peak, as shown in �gure 5.2. The location of the

peak is found by �tting with a Gaussian on top of an exponential background.

Because there is a well-established di�erence in the response of the BaF2-

crystal to cosmic muons and photons, a correction factor is applied (CF=1.11)

to obtain the absolute calibration for photons [Gab94, Mar95]. This factor is

con�rmed by observing that the peak in the two-photon invariant-mass dis-

tribution in �gure 5.3 (left panel) is shifted from 122 MeV/c2 to 135 MeV/c2

(i.e. the mass of the �0). The validity of this factor at low energies is proven

by the correct position of the 15.1 MeV peak in the photon spectrum of the
12C(p,p') reaction as shown in �gure 5.3 (right panel). In order to sense gain

shifts the calibration procedure has been applied on 9 di�erent subsets of the

full data set. For each set the calibration parameters have been determined.

A typical distribution of the di�erence of the gain of each module determined

for two sequential data sets is shown in �gure 5.4. It shows that the shifts are

very small, on average -0.19 keV/channel or about 0.35%. The width of the

distribution, �=0.8 keV/channel (1.5%), is a measure of the accuracy with

which the gain is determined. The same calibration procedure is also applied

to the integrated charge with the short gate (c.f. sect. 4.1). This information

is not used to determine the deposited energy as it is only a fraction of the

total signal. However, it is used in the pulse-shape analysis (c.f. sect. 5.3).

With this calibration the `pulse-shape' response is uniform for all modules.
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Figure 5.2: Raw-data spectrum of the energy deposited in one BaF2-crystal

showing the pedestal (O�set) at 0 MeV, and the cosmic-muon peak at 38.5

MeV. The thick line is a �t of the cosmic-peak with a Gaussian on top of an

exponential background.
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5.2.2 Time-of-ight calibration

The time-of-ight of each BaF2-module is measured using Time-to-Digital

Converters (TDC's). All TDC's are started by a signal obtained from the log-

ical AND of the Master-trigger and the RF signal from the cyclotron. The in-

dividual TDC's are stopped by the delayed Constant Fraction Discriminator-

signals from the corresponding BaF2-module. In �gure 5.5 an example of a

TDC spectrum is shown. The TDC spectra show two prompt and two par-

ticle peaks. This is a consequence of the fact that AGOR operates at high

acceleration frequencies (RF=60 MHz) on one hand and the presence of time-

jitter in the trigger on the other, c.f. �gure 5.6. If the trigger is early (case

(A)) the TDC's are started at time ta. But if the trigger is late (case (B))

the TDC's are started 1 RF-pulse (16.6 ns) later, at time tb. This feature

provides also an easy way to calibrate the TDC's by measuring the channel-

distance between two prompt peaks in channels. This distance is equivalent

to 16.6 ns. Notice, that both prompt peaks have to be taken into account

when producing cross sections.

In order to calibrate the time-of-ight we now take into account that

the prompt peak, which is due to photons and for a very small fraction to

relativistic electrons, corresponds to the ight distance from the target to the

detector and has the known time-of-ight of 2.2 ns. Therefore, the left-most

prompt peak of each TDC-spectrum is assigned a time-of-ight of 2.2 ns.

While the second prompt peak appears at 18.8 ns, as is shown in �gure 5.7.

The time-of-ight can also be used to determine the velocity of a particle and

thereby its kinetic energy. To this end the time-of-ight must be corrected for

the shift of 16.6 ns when the trigger was late. This correction is performed by

subtracting 16.6 ns if the time-of-ight is larger than 18.8 ns. A calibrated

time-of-ight spectrum is shown in �gure 5.7. The resolution is obtained by

a �t of the prompt peak with a Gaussian with a width � = 0.45 ns. This

resolution allows one to distinguish photons from fast protons and neutrons.

These nucleons have a maximum energy of 190 MeV (�N = 0:55) and will

arrive 2 ns later than the photons. During the experiment the correlation

between the RF-signal and the trigger may change due to RF-failures or

slow drifts in the electronics. This is illustrated in �gure 5.8 which shows

the position of the prompt peak for every 105 events. The �gure shows the

drift and jumps of the prompt peak during the course of the experiment. To

obtain the �nal calibration, the deviation of position of the prompt peak is

determined every 105 events making use of �gure 5.8.
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of the experiment.
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Figure 5.9: The shape of the BaF2-signal from a photon (solid line) and

a proton (dashed line). Also indicated are the short- and the long-time

integration gates.

5.2.3 Classi�cation of the type of hit

For the identi�cation of a particle that has entered the TAPS detector, the

response of each TAPS-module is classi�ed on basis of pulse-shape, time-of-

ight and veto information. The pulse-shape information is obtained from the

ratio of the energy measured in the short- and the long-integration gate (see

section 4.1). This ratio depends on the type of particle as illustrated in �gure

5.9. Photons mainly excite the fast scintillation component of the BaF2-

crystal. The short-gate to long-gate ratio is 1 due to the photon calibration

of both the short-gate and long-gate integrated signals. Protons, neutrons

and other heavier particles will excite relatively less of the fast scintillation

component of the BaF2-crystal than photons, and therefore the signal ratio

falls below 1. Figure 5.10 shows the correlation between the energy obtained

with the short and the long gate, respectively. The photons are located on

the diagonal line, and hadronic particles fall below that line.

The hits in the individual TAPS modules are also classi�ed by analyzing

the time-of-ight distribution in �gure 5.7. In that �gure one can clearly

distinguish the light particles (photons and leptons) in the prompt peak from

the heavier particles which have a longer time-of-ight. In �gure 5.11 the two

methods are combined, and the di�erent classi�cations of the hits in TAPS-

modules are indicated. The de�nition of the classi�cation-contours depends
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on the total energy that is deposited in the module, as at a too low energy

the quality of the pulse-shape analysis diminishes. To distinguish (c.f. sect.

5.3) photons from leptons, and protons from neutrons, the Charged Particle

Veto (CPV) information is used. If the CPV in front of the BaF2-crystal has

detected enough energy such that it �res its Leading Edge Discriminator,

the classi�cation of the TAPS-module is de�ned to be charged. If it did not

�re, the TAPS-module is de�ned as neutral. The thresholds of the LED's

of the CPV's were set individually just above the noise-level. They also

have been checked with a 90
38Sr/

90
39Y source which produces electrons up to

2.283 MeV. There are 11 CPV-modules for which the LED discrimination

did not work properly because the gain of the PMT was too low or it did not

produce any singal at all. These modules were mainly located at backward

angles. The e�ect on the photon identi�cation has been checked by comparing

the number of charged prompt events versus uncharged prompt events for

modules for which the CPV was working properly. It was found that the e�ect

is negligible because the contribution of charged prompt events (leptons) is

only� 0.5 % of the total number of prompt particles (i.e. photons + leptons).

Therefore the a�ected TAPS-modules have been used for the analysis of

photons. For the detection of protons the CPV's did perform better because

the deposited energy by the protons is much higher allowing to use 3 of

the 11 CPV-modules which were previously mentioned. The TAPS-modules,

whose CPV did not work at all were removed from the analysis to produce

proton spectra. In summary, each TAPS-module that is hit in an event is

classi�ed according to contours in the pulse-shape versus time-of-ight plane.

These contours are de�ned in �gure 5.11. There are three di�erent contours

which are repeated after 16.6 ns, the photon contour, proton-contour and the

random-background contour left from the photon contour. The modules are

also classi�ed as either charged or neutral on basis of the CPV information.

These classi�cations are used in the particle identi�cation which is discussed

in the next section.

5.3 Clustering and particle identi�cation

If a particle is detected by TAPS, its energy is in general distributed over

more than one TAPS module. For a physics analysis the information of each

of these modules must be combined to determine the type of particle that

is detected, its position and its energy. This analysis is performed using the

ROSEBUD library consisting of a number of analysis routines and data struc-

tures which have become standard methods for the analysis of TAPS data.
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Figure 5.11: The pulse-shape versus the time-of-ight of all TAPS-modules

with a deposited energy of more than 30 MeV. Indicated are classi�cation con-

tours, the photon contour (solid line), the proton/neutron contour (dashed

line), and the random-background (dash-dotted line) left from the photon

contour. The left panel is for neutral events (i.e. no CPV signal) and the

right panel is for charged events (CPV signal).
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particle condition

photon all modules are within photon contour, all uncharged

electron all modules are within photon contour, �1 charged

proton all modules are in proton contour, �1 charged

neutron all modules are in proton/neutron contour, all uncharged

Table 5.1: List of conditions for particle identi�cation.

The most important part of ROSEBUD is the clustering routine, aiming to

�nd all modules in a detector-block that contain energy deposited by one

particle. These modules are said to form a cluster if they are neighboring de-

tectors and have an energy deposition of at least 1 MeV. For each cluster the

total energy is calculated by summing the energy deposited in each member

of that cluster.

The position of the particle is reconstructed by taking the average of the

positions of all modules in the cluster (ri), logarithmically weighted by their

energy Ei [Mar95],

~r =

P
i
Wi~riP
i
Wi

; (5.2)

where,

Wi = MAX

�
0;

�
4 + ln

�
Ei

Etotal

���
: (5.3)

This method of position determination works well if the cluster consists out

of a large number of members. In this experiment, however, cluster-sizes

were rather small: 2-3 modules on average. To avoid introducing arti�cial

structure in the spectra due to (re)binning e�ects, the position of each module

in the cluster is randomized over the surface of the BaF2-module as described

in [Hoe99].

For each cluster the ROSEBUD package will then classify the type of

particle by looking at the classi�cation of each of the modules in the cluster.

This module-wise classi�cation is based on contours in the pulse-shape versus

time-of-ight plane as has been presented in the previous section (c.f. �g.

5.11). Here a table with the conditions for the four most important particles

is given in table 5.1. After the particle type has been identi�ed one can

adjust the energy calibration, obtained for cosmic muons, to an absolute

energy calibration for photons by applying a correction factor as discussed

in section 5.2.1, or in case of nucleons by calculating the energy from the

time-of-ight (c.f. section 5.2.2).
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5.4 Normalization

In order to obtain the absolute scale of the distribution, it must be normal-

ized. This normalization takes into account experimental parameters like

the target thickness and the number of incident protons. The normalization

also accounts for the bin size which has been used to produce the distribu-

tion. In general, a double-di�erential cross section d2�=dEd
 is reported in

barn�MeV�1�sr�1 by multiplying the measured counts �N with the following

factor,

Cnorm =
1

�E�

�

A

Np � �s �NA � �trig
(5.4)

where �E is the size of the binning of the energy in MeV, �
 is the bin

size of the solid angle at a particular scattering angle. Np is the number of

incident protons obtained from the beam current integration by collecting

the total charge (Q) in a Faraday cup, �s is the thickness of the target (see

table 4.1) and A is the atomic mass (g/mol) of the target nuclei. NA is

the number of Avogadro. The eÆciency of the trigger which is used in the

analysis (�trig), corrects for the dead time of the data-acquisition and the

downscale factor of the trigger (see table 4.2). In the distributions shown in

this work the normalization factor has been applied.

5.5 Pions

One of the major sources of background to the inclusive bremsstrahlung spec-

trum is the contribution of photons from the decay of neutral pions. These

photons are not distinguishable from bremsstrahlung and need to be sub-

tracted. Therefore the complete pion cross section ��0 and the distribution

d2��0(��0 ; E�0)=dE�0d��0 needs to be known. The appropriate input param-

eters can be obtained from the present experiment because it was designed to

measure also two-photon events. In order to determine the �0 cross section,

events obtained with the two-neutral trigger have been analyzed (see table

4.2). This trigger requires that at least two modules contain energy above 7

MeV while the CPV did not �re. Therefore it selects events that may contain

two coincident photons. If both photons have an energy above 30 MeV the

two-photon invariant-mass M is calculated,

M =

q
2E;1E;2 � (1� cos(�)) (5.5)

where E;1(2) is the energy of photon 1 and 2, respectively and � is the angle

between the photons. The distribution of M was shown already in �gure
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5.3 on page 62. From the �gure it is clear that the decay �0
!  +  is the

only type of 2 events that needs to be considered.

For the distribution in �gure 5.3 only photon pairs with an invariant

mass between 100 and 160 MeV/c2 were further analyzed since larger devi-

ations from the �0 mass (135 MeV/c2) will introduce inconsistencies in the

reconstruction of the four-momentum of the pion. For photon-pairs the pion

four-momentum is reconstructed as follows: First, the kinetic energy of the

pion E� is calculated from

E� =

s
2m2

�
c4

(1� cos(�))(1 � �2)
�m�c

2; (5.6)

where m� is the �0 mass, � is the angle between the two photons and � is

the energy asymmetry ratio, i.e.

� =
E;1 �E;2

E;1 +E;2

: (5.7)

Secondly, the scattering angle of the pion is deduced from,

�� = arcos

0
@ E;1 cos(�;1) +E;2 cos(�;2)q

E2
;1 +E2

;2 + 2E;1E;2 cos�

1
A (5.8)

where �;1(2) are the scattering angles of photons 1 and 2, respectively. In this

way a two-dimensional distribution of the reconstructed pions is obtained.

This raw distribution is however distorted due to the �nite acceptance

and imperfect response of the TAPS-setup to photons from �0 decay. To

obtain the true �0 distribution these e�ects have to be taken into account.

This is achieved by calculating the eÆciency ��0(��; E�) in an iterative way as

shown in �gure 5.12. In each iteration a Monte Carlo simulation is performed

using the KANE simulation package which is an adaption of the detector

simulation program GEANT [CER93] for TAPS. The simulation program

generates �0 events according to an input distribution Nin(��;E�). Each

�0 is then allowed to decay yielding two photons which are tracked. If the

photons enter the detector, the energy deposited in each BaF2- and CPV-

module is stored. The output of the simulation is analyzed in the same

manner as the experimental data, i.e. the pion distribution Nout(��;E�) is

constructed using the same selections as those which have been applied to

the data, and using the same reconstruction method (c.f. equations 5.5, 5.6
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Figure 5.12: Schematical overview of the iterative procedure which has

been used to determine the pion eÆciency ��0(��; E�).
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and 5.8). The eÆciency obtained for the iteration step i is then de�ned as

��0;i(��; E�) =
Nout
i

(��; E�)

Nin
i
(��; E�)

: (5.9)

In the �rst iteration a zeroth order eÆciency is calculated based on a at

pion distribution, i.e.

d2N in
0 (��; E�)

d��dE�

= const � sin(��) (5.10)

The at input distribution is very unrealistic and can lead to large errors.

In order to obtain a more realistic pion distribution, the experimental pion

distribution is corrected using the zeroth order eÆciency ��0;0,

d2N�0(corrected)

d��dE
=

1

��0;0(��; E�)

d2N�0(raw data)

d��dE�

: (5.11)

This distribution is still unrealistic because it has a gap at forward �0-angles

where the detector has no acceptance. A suitable extrapolation is obtained

by dividing the experimental distribution into 30 energy bins of 2 MeV each.

An example of one slice for pions with an energy between 24 and 26 MeV is

shown in the right panel of �gure 5.13. The angular distribution dN�(��)=d��
of each slice is �tted in the range from 55Æ to 180Æ degrees with a Legendre

polynomial expansion up to 2nd order:

sin(��) (a0 + a1 � P1(cos(��)) + a2 � P2(cos(��))) (5.12)

The parameters found from these �ts are used to extrapolate to 0Æ. The

result of this extrapolation is shown by the solid line in the right panel of

�gure 5.13. Note the increase in uncertainty of the data with decreasing ��
which is the result of the decrease in ��0 . The �t is therefore constrained by

the backward angles and seems to underestimate somewhat the cross section

at forward angles.

By combining all the slices an extrapolated distribution is produced which

is shown in �gure 5.13 (left panel). This extrapolated distribution represents

the features of the real physical pion distribution better than the at distri-

bution from equation 5.10 does. The extrapolated distribution is, therefore,

used as an input to the simulation providing a �rst-order eÆciency ��0;1. Sub-

sequently we obtain the second order corrected pion distribution by applying

equation 5.11 but using ��0;1 instead of ��0;0. The second order �0 distribu-

tion is however not very di�erent from the �rst order �0 distribution which
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Figure 5.13: Left panel, �rst-order corrected pion distribution i.e. the pion

distribution from exp. data corrected with an eÆciency calculated with a

at pion distribution as input for the simulation. Right panel, example for

the extrapolation of the pion distribution to small angles using Legendre

polynomials up to 3rd order. (24 MeV � E� � 26 MeV).

makes more iterations of this procedure unnecessary. To obtain insight into

the systematical error in the total cross section due to the various procedures

used, in table 5.2 three values for the total pion cross section have been listed

for each target. The �rst column I is the cross section calculated using the

zeroth order eÆciency. Column II is calculated by integrating the extrapo-

lated second order corrected pion distribution. In column III the total cross

section is obtained as follows,

��0 =
N�0

data

��0
(5.13)

where ��0 is the overall eÆciency for detecting a pion, i.e. �nding a photon

pair with invariant mass between 80 and 160 MeV/c2. ��0 is given by

��0 =
N�0

out

N�0
in

(5.14)

Where N�0
in is the total number of simulated pions which were generated

according to the distribution given in �gure 5.13 left panel and N�0
out is

the number of photon pairs with invariant mass between 80 and 160 MeV/c2

found in the simulation. The simulation uses the extrapolated �rst-order
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target: �tot
�0

�b (I) �tot
�0

�b (II) �tot
�0

�b (III) error (%)

C 25 26 26 4

Ni 112 115 118 5

Ag 193 197 203 5

Au 238 245 251 5

Table 5.2: Total pion cross sections for proton induced reactions with var-

ious targets at 190 MeV. The values have been obtained using eÆciencies

obtained with Nin(��; E�) at (I) or extrapolated from data (II and III).

The values in column II and III di�er only in the way the extrapolation to

4� has been performed (see text). For the estimate of the systematical error

see equation 5.15.

corrected distribution which has been used to obtain the �rst order eÆciency.

The statistical error in the pion cross section is negligible as the number of

pions detected is rather large ( 1�106). From the results of the three di�erent

methods an estimate of the systematical error of the applied procedure is

obtained as follows,

error =
��0(III)� ��0(I)

��0(II)
: (5.15)

where ��0(I; II; III) are the cross sections reported in columns I, II and III,

respectively. The systematical error is thus estimated to be about 5%. In the

remainder of this work the pion cross sections given in column III of table

5.2 will be used. The cross sections agree with those obtained by Aphecetche

[Aph98] for p+Ca, p+Ni and p+Au at 190 MeV. In �gure 5.14 the pion-

cross section is plotted as a function of the target mass (Atarget). The data

obtained by Bimbot et al., Bellini et al., Badal�a et al. and Jakobsson et

al. [Bim85, Bel89, Bad92, Jak97] are shown for comparison. All data sets

have been extrapolated to the energy (200 MeV) of the Bellini data. For

the energy extrapolation the �+ excitation function for p+C measured by

Jakobsson [Jak97] has been used, yielding a scaling factor SC,

SC(Ep) =
��+(200 MeV)

��+(Ep)
(5.16)

The scaling SC is applied to the data set that has been obtained at proton

energy Ep and is 1.8 for the present data set of Ep = 190 MeV. From the pion

systematics one can conclude that there are large discrepancies between the

di�erent data sets for �+; �� and �0 cross sections. The largest di�erences
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are found among the �+ measurements. In particular the cross sections ob-

tained at Celsius [Jak97] and the spectrometer measurements [Bad92, Bim85]

are inconsistent. Also, we note that one must expect ��+ > ��0 > ��� . For

example in ref. [Ste72] it is shown on basis of an isobar-production mecha-

nism that ��+ : ��0 : ��� = (11:6:1) and (7.5:5.3:1) for light (N = Z) and

heavy nuclei (Pb), respectively. In this respect the �+ cross sections of refer-

ences [Bad92, Bim85] are also inconsistent with the �0 cross sections. The �0

cross sections of reference [Bel89] and the present results can be made con-

sistent using the scaling factor SC=2.7 which may indicate that the energy

dependences observed in [Jak97] is not the same as for neutral pions. Clearly

new experiments are needed to resolve these inconsistencies in the published

data.

The main reason for the study of �0 production in this work is to accu-

rately subtract the �0-induced photon contribution to determine the actual

bremsstrahlung distribution. The �0-induced photon distribution is obtained

from the KANE simulation on basis of the measured �0 distributions, see

page 74. The result of this simulation is analyzed and all photons that have

been identi�ed are put into the photon distribution. Notice that per simu-

lated pion one can obtain 2 photons contributing to the distribution. The

distribution is then normalized with a scaling factor ��0/N
in where ��0 is

the total pion cross section reported in table 5.2 column III. In �gure 5.15

the �0-background distribution is plotted for the p+Au reaction.

5.6 Inclusive bremsstrahlung distributions

The distribution of photons above E=20 MeV, corrected for the �0 back-

ground, and without other coincidence requests are called the inclusive brems-

strahlung distributions. These are obtained in four steps: First, a raw-photon

distribution is produced. Second, the random background is removed. Third,

the pion contribution is removed. In the last step the remaining spectrum is

corrected for the acceptance and response of the detector. In the remainder

of this section the details of the four steps will be discussed.

The raw photon distribution contains all particles which have been iden-

ti�ed as photons and for which the azimuthal angles fall within the range of

[-15Æ,+15Æ] degrees. It is obtained by analyzing events measured with the

1-neutral trigger (c.f. section 4.1). This trigger selects events where at least

one BaF2-module has �red with an energy above its low Leading Edge Dis-

criminator threshold (LED-Low). The LED-Low threshold of each module is

on average about 7 MeV with a spread of 2 MeV (all thresholds were checked



5.6 Inclusive bremsstrahlung distributions 81

0

50

100

150

200

250

300

0 20 40 60 80 100 120 140 160 180

θγ  ( deg. )

E
γ  

( 
M

eV
 )

Figure 5.15: The simulated distribution of photons from �0 !  +  for

the p+Au reaction. The distribution has not been corrected for the photon

detection eÆciency.
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Figure 5.16: An example of a raw photon spectrum (squares) from the

p+Au reaction. The circles show the random background spectrum orig-

inating mainly from cosmic muons. The spectra are integrated over the

acceptance of TAPS and have not been corrected for the photon detection

eÆciency.

to be below 10 MeV). The second requirement for this trigger is that the LED

of the Charged Particle Veto in front of the module did not �re. The pho-

tons are identi�ed by making selections on the time-of-ight and pulse-shape

and requiring the particle to have no charge (see table 5.1). An example

of a raw photon spectrum for the p+Au reaction is shown in �gure 5.16

(squares). (This spectrum is integrated over the acceptance of TAPS and is

not corrected for the photon detection eÆciency). The raw photon spectrum

extends beyond the beam energy of 190 MeV. This is due to random back-
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ground which is mainly produced by cosmic muons. The background can

be determined easily by selecting particles which have a photon pulse shape

but arrive just before the prompt photon events. This is illustrated in �gure

5.11 in which a special contour is de�ned to select background. The random

background spectrum is shown in �gure 5.16 (circles). The raw photon distri-

bution is corrected by subtracting the random background distribution after

proper normalization in an energy window from 200 to 300 MeV. Finally, to

obtain the inclusive bremsstrahlung distributions the �0-decay contribution

must be subtracted. The pion-contribution is obtained from simulations as

has been discussed in section 5.5. In �gure 5.17 the double di�erential cross

section of photons corrected for random background at 75Æ in the laboratory

system is compared to the simulated pion-contribution spectrum (squares).

The pions must be subtracted to obtain the actual bremsstrahlung spectrum.

The pion-contribution at 60 MeV is about 20% of the total photon yield.

The bremsstrahlung distribution Ndata


(� ; E) obtained after pion sub-

traction must still be corrected for the acceptance and the eÆciency of the

detector and must be normalized to absolute units (see equation 5.4). For

this purpose the eÆciency is calculated using the detector simulation pro-

gram KANE (c.f. section 5.5) to simulate the response of TAPS to photons.

The eÆciency is de�ned as follows,

�(� ; E) =
Nout


(� ; E)

N in

(� ; E)

(5.17)

where N in

(� ; E) is the distribution which is used the generate the photons.

Nout


(� ; E) is the distribution of photons found by analyzing the simulation

data. This analysis must apply the same selections as used in the analysis

of experimental data. In this case it is suÆcient to assume a at input

spectrum as we only consider spectra where the acceptance is close to 1. For

those spectra the eÆciency, in the region of interest [20,200] MeV, is 0.112%

on average, and does not vary with photon energy. The bremsstrahlung

distribution is then determined,

N(� ; E) =
1

�(� ; E)
Ndata


(� ; E) (5.18)

An example of the bremsstrahlung distribution thus obtained is shown in

�gure 5.18 for the p+Au reaction at 190 MeV. The �gure clearly shows the

gaps in the acceptance between the TAPS blocks and at forward scattering

angles. Therefore only double-di�erential energy spectra which are obtained
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Figure 5.17: Comparison of the total photon spectrum (open circles) and

the pion contribution (squares) for the four targets C (top left), Ni (top

right), Ag (bottom left) and Au (bottom right). The �lled circles are the

actual bremstrahlung spectra.
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for scattering angles well within the acceptance, will be presented in the next

chapter. In this way systematical errors introduced by the incorrect descrip-

tion of the edges of the TAPS-blocks in the simulation, will be avoided. In

order to obtain the total (i.e. 4� integrated) bremsstrahlung cross sections,

however, the distributionmust be extrapolated to cover the gaps in the accep-

tance. This extrapolation is achieved by �tting the bremsstrahlung angular

distribution d�=d� using a Legendre polynomial expansion up to the 3rd

order:

sin(�) (a0 + a1 � P1(cos(�)) + a2 � P2(cos(�)) + a3 � P3(cos(�))) (5.19)

For this expansion we also assume that d�=d�=0 at 0
Æand 180Æwhich helps

to constrain the �t. In �gure 5.19 an example of such an angular distribution

and the �tted curve is shown for photon energy E >40 MeV produced in

the p+C reaction at 190 MeV.

The systematical errors on the total cross section were studied by varying

the parameters of the �t. It was found that the cross section varied about

8% when the parameters were changed from their �t values within their error

bars. Other systematical errors arise from the systematical uncertainty in

the beam current (<5%) measurement and the error of the target thickness

(<2%). The overall systematical error on the total bremsstrahlung cross

section is therefore 9.6%.

5.7 Exclusive photon spectra

The exclusive photon spectra are the bremsstrahlung distributions obtained

in coincidence with a scattered proton. The coincidence data have been

measured under the condition of at least one charged hit and at least one

neutral hit, i.e. trigger types 11 and 12 in table 4.2. In the analysis this

condition is re�ned by demanding that:

1. The charged particle is identi�ed as a proton with a kinetic energy >30

MeV.

2. The neutral particle is identi�ed as a photon.

3. The time-of-ight di�erence between the photon and the proton is

smaller than 10 ns (i.e � 1/RF with RF=60 MHz, c.f. 5.2.2).

The spectra obtained using these conditions may still contain random co-

incidences. Those are due to events in which the proton and photon are
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Figure 5.18: An example of the bremsstrahlung distribution d2N=d�dE

which is obtained for the p+Au reaction at 190 MeV. This distribution has

not been extrapolated outside the acceptance of TAPS and therefore shows

three ranges for the scattering angle corresponding to the location of the

TAPS blocks (c.f. �gure 4.2).
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Figure 5.19: An example of an angular distribution d�=d� for the p+C

reaction at 190 MeV. The dashed line is a �t using a series of Legendre

polynomials up to 3rd order.
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produced in two di�erent reactions during the same beam burst and must be

subtracted in order to obtain true coincidences. This is impossible to achieve

on an event by event basis, but can be achieved in a statistical analysis by

generating a spectrum of known random coincidences to be subtracted from

the measured coincidence spectrum.

The random coincidence spectrum has been produced using the same

conditions as given above for the coincidence spectrum, except that the time-

of-ight (TOF) di�erence is now either smaller than 0 ns or larger than 10

ns as the TOF-di�erence between a coincident proton with a kinetic energy

larger than 30 MeV and a photon is about 9 ns. This is illustrated in �gure

5.20 which shows the distribution of the di�erence in the TOF of the proton

and the photon. The peak around 5 ns contains the real coincidences for

which both the proton and the photon are produced in the same beam burst.

The two small peaks at -12 ns and at 21 ns are due to the events in which

the proton and photon are produced in two sequential beam bursts. Notice

that the proton must always be later than the photon and also that the TOF

of both the photon and the proton are measured against the same RF pulse

which is selected by the trigger (c.f. section 5.2.2).

The contribution of photons from �0 ! 2 in the coincidence spectra can

be neglected because the proton has to have an energy of at least 30 MeV

which lowers the available energy for pion production and thus the pion yield

considerably. This means that photons from �0 ! 2 must be produced in a

di�erent reaction than the proton, i.e. they are not true coincidences. Thus

by subtracting the random background any existing �0 background will be

subtracted, too.

In the next chapter exclusive photon energy spectra are presented for cer-

tain selections on the proton scattering angle < �p >. These energy spectra

are integrated over the full acceptance of TAPS, in order to obtain enough

statistics. They are also not extrapolated to 4� by correcting for the gaps in

the photon and proton acceptance to avoid introducing model dependence.

The reported distribution is thus de�ned by,

dN
exclusive


dE
(< �p >) =

R
acc:

R
�p

R
Ep>30MeV

d
4
N

dEdEpd
d
p
dEpd
pd
 (5.20)

where the �rst integration is over the whole photon acceptance and the second

integration is over the whole proton acceptance but with �p 2 [�p; �p +��p].

Due to a lack of statistics, particulary of protons with �p >90Æ, we have

selected only two ranges for the proton, a `forward' range [60Æ,90Æ] and a

`backward' range [90Æ,165Æ].
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Figure 5.20: The distribution of the di�erence in time-of-ight for proton-

photon coincidences for the p+Au reaction at 190 MeV. The central peak

contains coincidences where photon and proton are produced in the same RF

pulse. The peaks at multiples of the RF are due to events in which proton

and photon are produced in di�erent RF-pulses.
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In order to facilitate the comparison of the result to models the photon

spectra must be normalized by applying the normalization factor given in

equation 5.4 and correcting for the photon detection eÆciency < �(E) >

and the proton detection eÆciency < �p(�p) >,

d�exclusive


dE

=
Cnorm

< �(E) >< �p(�p) >

dN exclusive



dE

(< �p >): (5.21)

Another observable which is of interest is the photon multiplicity per

proton where the proton is scattered to an angle in the range < �p >, de�ned

as

dM(< �p >)

dE

=

R
�p

d
2
�
exclusive


dEd�p
d�p

R
�p

d�p

d�p
d�p

: (5.22)

where �p is the cross section for protons with an energy above 30 MeV. To

be able to calculate this quantity one must therefore also measure the proton

angular distribution which is discussed in the next section.

5.8 Proton spectra

In order to obtain the proton distributions the CPV-OR trigger has been

analyzed (see table 4.2). This trigger selects events in which there is at least

one module for which both the LED-low and the LED of the charge particle

veto detector �red. The trigger was measured with a high scaledown factor

and therefore the statistics is not very large but still suÆcient.

The proton distributions are obtained by requiring that a particle is iden-

ti�ed as a proton i.e. its pulse-shape and time-of-ight lie within the proton

contour (c.f. table 5.1). For each identi�ed proton the kinetic energy and

scattering angle are calculated thus obtaining a 2-dimensional proton dis-

tribution. This distribution has to be corrected for the acceptance and the

eÆciency of the TAPS detector by applying a correction factor �p(�p; Ep).

This factor has been obtained from a detector simulation with KANE in

which protons were generated according to a at distribution N in

proton
. The

result of the simulation has been analyzed using the same selections which

have been applied in the analysis of the data, yielding a distribution Nout

proton
.

The eÆciency is then obtained from

�p(�p; Ep) =
Nout

p

N in
p

: (5.23)
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To obtain the distribution in absolute units the normalization factor Cnorm

from equation 5.4 is applied.
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Chapter 6

Results and Discussion

In this chapter the experimental results which have been obtained using the

procedures described in the previous chapter are presented. First the inclu-

sive results are discussed and compared to existing data. With this aim we

will also discuss phenomenological scaling procedures with target mass and

beam energy. Next, the exclusive bremsstrahlung spectra that have been ob-

tained requiring a coincidence with a nucleon-ejectile will be considered. In

the last part the inclusive and exclusive results are compared to calculations,

using the models presented in chapter three.

6.1 Inclusive bremsstrahlung spectra

Inclusive bremsstrahlung production in proton induced reactions has been

studied previously. Table 6.1 shows the compilation of the reported cross

sections. Of the published data [Pin89, Cla92] the integrated photon cross

sections were corrected for the pion contribution using the pion cross sections

from Bellini et al. [Bel89]. In this work the �0 contribution was obtained

in the same experiment and has been subtracted yielding the di�erential

cross section d
2
�=d
dE . The procedure was described in section 5.6. The

integrated bremsstrahlung cross sections from this work are listed in table

6.1 as the last 4 entries. Note, that the reported errors are systematical and

have been estimated by comparing di�erent extrapolation methods. In the

following subsection we will look at the systematic behavior of the measured

bremsstrahlung cross sections in order to place our results in the context of

other previous results.
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target Ep (MeV) �(E >40. MeV) (�b) reference

C 72 23 �2 [Kwa88]

Cu 72 59 �6 [Kwa88]

Au 72 94 �9 [Kwa88]

C 104 35 �4 [Cla92]

Zn 104 144 �15 [Cla92]

Pb 104 327 �33 [Cla92]

C 140 23 �3 [Edg66]

Cu 140 80 �10 [Edg66]

Pb 140 224 �27 [Edg66]

C 145 57 �6 [Cla92]

Zn 145 282 �29 [Cla92]

Pb 145 612 �61 [Cla92]

C 168 90 �9 [Pin89]

Al 168 221 �22 [Pin89]

Cu 168 361 �36 [Pin89]

Ag 168 606 �61 [Pin89]

Tb 168 806 �81 [Pin89]

Au 168 911 �91 [Pin89]

C 195 179 �30 [Cla92]

Zn 195 655 �120 [Cla92]

Pb 195 1695 �300 [Cla92]

C 200 155 �32 [Pin89]

Ag 200 1049 �208 [Pin89]

Au 200 910 �269 [Pin89]

C 190 125 �12 this work

Ni 190 578 �55 this work

Ag 190 1002 �96 this work

Au 190 1385 �133 this work

Table 6.1: Compilation of all reported proton+nucleus bremsstrahlung cross

sections obtained in the energy region 50 < Ep < 250 MeV. The results of

this work are listed in the last part of the table.
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6.1.1 Bremsstrahlung systematics

The behavior of the proton+nucleus bremsstrahlung data as a function of

beam energy and target mass is summarized in �gures 6.1, 6.2 and 6.3. For

the present study we follow the proposal by Nifenecker and Bondorf [Nif85]

to analyze the trends in bremsstrahlung production in heavy-ion collisions.

We introduce the chance P
pn
 of producing a photon in a pn collision :

P
pn

 =
�
total


�rP
pn
: (6.1)

Here, P pn is the relative chance of a proton-neutron collision during the

reaction and �r is the reaction cross section for which the geometrical cross

section has been used

�r = �

�
1:2A

1

3

target

�2

fm2
: (6.2)

Making use of the approximate relation �pn ' 3�pp based on experimental

data [Hes58], we �nd,

P
pn =

�pn �N

�pn �N + �pp � Z
=

3N

3N + Z
; (6.3)

and equation 6.1 can be expressed as

P
pn

 =
�
total


�r

�
1 +

Z

3N

�
; (6.4)

where Z is number of protons and N the number of neutrons of the target.

This procedure to derive P
pn
 from proton+nucleus bremsstrahlung data

is based on the assumption that photons are produced incoherently and in

�rst-chance proton-neutron collisions only, as discussed in section 2.2. With

this assumption P
pn
 is almost independent of the target mass for a certain

beam energy. In �gure 6.3 this conclusion is tested. Here, for photons with

an energy larger than 40 MeV, the photon production probability per pn-

collision is shown as a function of target mass number A. In order to increase

the data set in �gure 6.3, the data of Pinston [Pin92] and Clayton [Cla92]

at beam energies of 168, 195 and 200 MeV have been included. For this

purpose these data sets have been extrapolated to 190 MeV using the en-

ergy dependence of P
pn
 indicated by the full line in �gure 6.1. Because P

pn


depends only little on the target mass it is concluded that the �rst-chance

assumption is reasonable. The average probability P
pn
 is (10.7 �0.3)�10�4
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Figure 6.1: P
pn
 (E >40 MeV) as de�ned in equation 6.4 for p+C reactions

at di�erent beam energies. The solid line is a polynomial parameterization

used for a phenomenological energy scaling. The dashed and dotted lines are

a scalings based on a classical model discussed on page 101.



6.1 Inclusive bremsstrahlung spectra 97

10
-5

10
-4

10
-3

0 25 50 75 100 125 150 175 200

Ebeam (MeV)

Ppn
 (

E
γ 
>

 4
0 

M
eV

)
γ

Kwa88
Cla92
Cla92
Pin89
Cla92
Pin89
This work

Figure 6.2: P
pn
 as in �gure 6.1, but for the heavy targets Au and Pb. The

dashed and dotted lines are scalings based on a classical model discussed on

page 101.
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Figure 6.3: P
pn
 (de�ned in equation 6.4) as a function of target mass. The

probabilities of data obtained at di�erent beam energies are extrapolated to

190 MeV, the energy for data from this work, as described in the text.
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Target Tcm;pA (MeV) Emax (MeV) E
q
max (MeV)

12C 174. 176 155
58Ni 186.5 190 174
108Ag 188.1 196 181
197Au 188.9 196 181

Table 6.2: CM-energy of the proton-nucleus system and the maximum pho-

ton energy for the proton-nucleus reactions presented in this work. E
q
max is

the maximum photon energy in case of the quasi-free process.

where the p+C point has been excluded because of its extraordinary behav-

ior. The di�erence between the Carbon data and the other targets can also

be observed from the energy spectra in �gure 6.5 and will be considered sep-

arately. Including the p+C point, the average value is given by P
pn
 =(9.3

�0.3)�10�4.

The p+Au data from Pinston et al. obtained at 200 MeV deviates sig-

ni�cantly from the systematic behavior. Moreover, it is also inconsistent

with the p+Au cross section obtained at 168 MeV (�(200 MeV)<�(168

MeV)). We also note that using �pn = �pp in equation 6.4 would not change

signi�cantly the systematic dependence observed in �gure 6.3.

From the observed systematic behavior it can be concluded that the

total bremsstrahlung cross sections obtained in this work �t well within

the systematic of bremsstrahlung data obtained in previous experiments

[Kwa88, Pin89, Cla92]. This is an important point to note, �rst because

it is in contrast with the discrepancies found among the data sets on pion

production and second, because the present data deviate in detail from pre-

viously measured data as we will discuss later.

6.1.2 Bremsstrahlung energy distributions

In �gure 6.4 the double-di�erential bremsstrahlung spectra at � =75Æ are

shown for the C, Ni, Ag, and Au targets. The cross sections have been

scaled with the geometrical cross section �r. The spectra extend up to the

kinematical limit which is de�ned by,

Emax = Tcm;pA +Q; (6.5)

where Tcm;pA is the CM-energy of the proton+nucleus system and Q is the

Q-value for the capture of the proton to the ground state. The values (Emax)

for the four targets are tabulated in table 6.2. The fact that the spectra
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Figure 6.4: The double-di�erential bremsstrahlung cross section at � = 75Æ

in the lab-system for the p+C (circles), p+Ni (triangles), p+Ag (squares) and

p+Au (crosses) reactions at 190 MeV. The cross sections have been scaled

with the geometrical cross sections �r(A).
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extend to the kinematical limit, means that for the highest photon energies

the bremsstrahlung requires a coherent mechanism. The highest energy for

incoherent bremsstrahlung can be estimated by realizing that the quasi-free

process implies that a proton and a neutron can escape from the target.

With that de�nition for the incoherent limit the limiting Q-value is given

by the neutron-separation energy from the target which is strongly negative.

The limiting energy E
q
max is indicated in the last column of table 6.2. Hence,

approximately the last 10 MeV of the spectrum has a coherent character. The

spectra of the three `heavy' targets Ni, Ag and Au overlap alike removing

the geometrical cross section dependence. The spectrum obtained with the

C target, however, deviates both in magnitude and shape. One can observe

that for the C target the ratio of the photon yield at low energies (20-60

MeV) and at high energies is smaller than the equivalent ratios for Ag and

Au. This e�ect, although much less pronounced is also observed in the Ni

spectrum.

To compare bremsstrahlung spectra obtained at di�erent energies the

spectra are often shown as d�=dXd
 . X is the reduced energyX=E=Emax.

This scaling is inspired by the classical bremsstrahlung spectrum which has

an energy dependence [Ash49, Kwa88],

d�

dE
/

1

E

�
1�

E

Emax

�1

2

)
d�

dX
/

(1�X)
1

2

X
: (6.6)

The latter is independent of Emax. With this scaling it is found that the

spectra for the four targets C, Ni, Ag and Au coincide consistently on the

high-energy side of the spectrum as is shown in �gure 6.5. This clearly shows

the quality of the data obtained in this experiment. It is sensitive to relatively

small changes in energy (in the order of 10 MeV). The high-energy photons

are thus produced in a mechanism that does not change strongly with target

mass. However, the low-energy part of the photon spectrum obtained for

Carbon shows a strong deviation from the other targets.

In view of the scaling of equation 6.6 with Emax the energy dependence of

P
pn
 is a simple function of Ecut=Emax where Ecut is the lower threshold from

which the spectrum is integrated. In �gures 6.1 and 6.2 this dependence

has been �tted to the data and is shown as the dashed curve. It clearly

fails to describe the data. A di�erent scaling has been argued by Nakayama

and Bertsch [Nak86] which limits the phase space of the �nal state further

by considering the density of particle-hole states in the �nal nucleus. This

requires replacing (1�X)
1

2 by (1�X)2 in equation 6.6. The scaling is shown

in �gures 6.1 and 6.2 as the dotted curve. This gives a steeper dependence on
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Figure 6.5: The same double-di�erential cross sections as in �gure 6.4 but

now shown as function of the reduced energy X, where Emax has been taken

from column 3 of table 6.2.
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Emax but still fails to describe the data for the p+C reaction. The dependence

for the heavy targets seems to be described somewhat better. In any case, it

must be concluded that the scaling based on a 1=E dependence restricted

by phase space, is insuÆcient to describe all the features of the data.

In �gure 6.6 spectra for heavy nuclei (scaled to Pb using an A
2=3 depen-

dence) are shown for di�erent beam energies. The data sets from Pinston

and from Clayton show the double-di�erential cross section at �=90
Æ. From

this work only data at 75Æ and 115Æ are available as 90Æ falls on the edge of

the TAPS-blocks and is excluded from the geometrical acceptance to avoid

any arti�cial structure in the spectra due to the edges of the blocks (c.f. 4.1).

Therefore, in �gure 6.6 the spectra of both angles are shown for comparison.

The data of this work at 190 MeV obtained at 75Æ do not follow the scaling

so well, in particular at large photon energy. The data at 115Æ agree better.

Combining the observations it can be concluded that at 190 MeV the scaling

fails increasingly above X >0.2. A reason for this scaling violation might be

that all higher-order e�ects in bremsstrahlung increase with E . For example

the bremsstrahlung produced by the magnetic moment of the nucleons has a

dependence [Kwa88],

d�
mag:


dE
/ E

�
1�

E

Emax

� 1

2

)
d�

mag:


dX
/ (Emax)

2 (1�X)
1

2 (6.7)

which shows a quadratic dependence on Emax in contrast to the classical

electric bremsstrahlung. We will return to this topic in section 6.3 where the

comparison with theory is discussed.

6.1.3 Angular distributions

Figure 6.7 shows the angular distribution d�=d� of bremsstrahlung with

E > 40 MeV in the nucleon-nucleon center-of-mass system. From theory

(see chapter 2) it is expected that these distributions consist mainly out of

two components, an isotropic and a dipole component. This reects the

expectation that photons are mainly produced in proton-neutron collisions

for which one classically expects an angular distribution as given in equation

2.4.

The NN-CM angular distributions in �gure 6.7 have been �tted with,

d�

d�
' sin �

�
a+ b sin2 �

�
: (6.8)

The results of these �ts for the four targets are given in table 6.3. The �t



104 Results and Discussion

10
-9

10
-8

10
-7

10
-6

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

1/
σ rd

2 σ γ /
 d

E
γd

Ω
γ  

 (
 1

 / 
M

eV
 s

r 
)

Au 190 MeV This work θγ = 750

Au 190 MeV This work θγ = 1150

Tb 168 MeV Pin89 θγ = 900

Pb 145 MeV Cla92 θγ = 900

Figure 6.6: The bremsstrahlung distributions d2�=dEd
 for p+Tb (tri-

angles) at 168 MeV and p+Pb at 145 MeV (�lled squares), both obtained

at �=90
Æ. The distributions for p+Au at 190 MeV (open symbols) are ob-

tained at �=75
Æ (crosses) and �=115

Æ (squares). All cross sections were

scaled with the geometrical cross sections �r.
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Figure 6.7: The bremsstrahlung angular distribution in the NN-CM system

for photon energies above 40 MeV for p+C (circles), p+Ni (squares), p+Ag

(triangles) and p+Au (crosses). The solid lines are the results of �ts using

an isotropic and a dipole component.
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target isotropic (a) (10�5) dipole (b) (10�5) b/a

C 0.19 �0.01 -0.08 �0.02 -0.35

Ni 1.01 �0.02 -0.38 �0.05 -0.36

Ag 1.71 �0.08 -0.59 �0.09 -0.34

Au 2.59 �0.11 -1.09 �0.12 -0.41

INC C 0.64 �0.02 0.44 �0.02 0.69

INC Au 8.2 �0.3 5.3 �0.3 0.62

Table 6.3: Isotropic, dipole and quadrupole contributions of the angular

distribution of bremsstrahlung photons with an energy larger than 40 MeV

in the nucleon-nucleon CM system for di�erent targets. The last rows contain

the results of a �t to the distributions calculated by the Intra Nuclear Cascade

(c.f. chapter 3) which are shown in �gure 6.8.

in fact suggests a negative value for the dipole component. The ratio b/a is

nearly target independent. A negative dipole component results in an angular

distribution which could have the characteristics of a quadrupole pattern but

still does not mean that it is a quadrupole. Such a quadrupole term could

for instance stem from proton-proton bremsstrahlung contributions. This

assumption has been tested by �tting the angular distribution with,

d�

d�
' sin �

�
a+ b sin2 � + c sin2 � cos

2
�

�
: (6.9)

Although the data are better parameterized by including the quadrupole

term it has no physical signi�cance as the quadrupole contribution (c) is

also negative. One important aspect to realize is the fact, that the photons

are produced only approximately in a source system which travels with the

NN-CM velocity. The high-energy photons for instance are produced with a

lower source velocity because of kinematical conditions. While at low energies

the contribution of photons produced in secondary proton-neutron collisions

becomes more important, the velocity of the secondary collisions is approx-

imately half that of the initial NN-CM velocity. These e�ects are, however,

included in the INC calculations to be discussed later. Using the same �tting

procedure we note that the INC model does show a signi�cant dipole com-

ponent as can be seen in �gure 6.8 and is indicated in table 6.1. Hence we

observe a signi�cant breakdown of the ansatz of quasi-free bremsstrahlung

production.

Angular distributions of bremsstrahlung have been reported for beam

energies of 72 MeV and 145 MeV [Nif89, Cla92]. Also there the conclusion



6.1 Inclusive bremsstrahlung spectra 107

0

0.1

0.2

0.3

0.4

0.5

x 10
-3

0 20 40 60 80 100 120 140 160 180
θγ (deg.)

dσ
γ /

 d
θ γ (

ba
rn

/d
eg

.)

Figure 6.8: INC result of the angular distribution d�=d� in the NN-CM

system for di�erent selections on photon energies, E > 10 MeV (circles),

E > 40 MeV (squares), E > 90 MeV (triangles) for p+C at 190 MeV.
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Target � Ay

C -0.012 � 0.014 -0.021 � 0.028

Ni -0.002 � 0.012 -0.004 � 0.050

Ag +0.02 � 0.018 +0.004 � 0.032

Au +0.007 � 0.017 +0.014 � 0.030

Table 6.4: The left-right asymmetry found for inclusive photon spectra in

p+C,Ni,Ag and Au obtained at �=76
Æ. To obtain the vector analyzing

power Ay, � is divided by the degree of polarization of the beam 0.56% (c.f.

section 4.3).

was that the angular distribution is mainly isotropic with a dipole component

which was either very small or even negative in the case of p+Pb at 145

MeV. The signi�cance of this observation may not have been suÆciently

appreciated, presumably due to the lack of reliable model calculations.

6.1.4 Asymmetry in bremsstrahlung productionc

Based on a classical description of bremsstrahlung it is expected that, if

bremsstrahlung is produced in the �rst chance proton-neutron collisions, one

will observe a small asymmetry in the photon spectra [Wil95]. In case of

a polarized proton beam the assumption of isotropy required to go from

equation 2.3 to equation 2.4 is not valid. The polarization of the incoming

particle results in a preference for the direction �f . This will lead to an

asymmetry in the photon spectra. The e�ect is however washed out due to

the Fermi motion of the nucleons in the target nucleus. It will be reduced even

further when secondary proton-neutron collisions contribute signi�cantly to

the photon yield. As the experiment has been performed with a polarized

proton beam, we can measure the asymmetry (�) as follows [Sal73],

� =
(Nu

l
=N

d

l
)0:5 � (Nu

r =N
d
r )

0:5

(Nu

l
=Nd

l
)0:5 + (Nu

r =N
d
r )

0:5
(6.10)

where Nu

l
; N

d

l
are the photon yields on the left side of the beam axis where

the beam is polarized in the up (u) or down (d) direction, respectively and

N
u
r , N

d
r are the corresponding yields on the right side of the beam. In table

6.4 the asymmetry measured for the di�erent targets is listed for photons

at � = 76Æ. From the table it can be concluded that there is no evidence

of a non zero analyzing power in the bremsstrahlung produced in proton-

nucleus reactions. This could be an indication that bremsstrahlung produced
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Figure 6.9: The inclusive angle integrated bremsstrahlung distribution

(circles) and exclusive bremsstrahlung distributions for �proton 2[60.
Æ,90.Æ]

(squares) and �proton 2[100.
Æ,160.Æ] (triangles) with Eproton > 30 MeV.

The left side shows the results for p+C, the right side shows the results for

p+Au. The lines are the result of �ts using equation 6.11.

in secondary proton-neutron collisions are an important contribution to the

photon yield. However, it must be realized that the analyzing power of the

bremsstrahlung process scales with the analyzing power of the proton-neutron

scattering process, which by itself might be reduced in the nuclear medium.

Proper implementation of the quasi-free bremsstrahlung process taking into

account the polarization of the incoming beam and the loss of it in secondary

collisions will be required to judge the relevance of the observed absence of

analyzing power.

6.2 Exclusive bremsstrahlung spectra

Exclusive bremsstrahlung spectra of proton+nucleus reactions have been

measured for the �rst time in this work. The results are shown in �gure

6.9 together with the inclusive spectra. The exclusive distributions for p+C

(left) and p+Au (right) reveal an almost exponentially decreasing shape as

a function of photon energy whereas the inclusive spectra are much atter.

To see if there is a systematic behavior of the shape of the exclusive energy

distribution the exclusive distributions were �tted with

d�

dE

' e
�

E

E0 ; (6.11)
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Figure 6.10: The slope parameter E0 (de�ned in 6.11) of the exclusive

bremsstrahlung data as a function of the target mass for a selection on for-

ward scattered protons (circles) and backward scattered protons (squares).

where E0 is called the slope parameter. In �gure 6.10, the slope parameter

is plotted as a function of the target mass for selections on forward and

backward scattered protons. It shows that the slope parameter decreases

from the light target (C) towards the heavy targets (Ni, Ag and Au). Figure

6.10 also shows that the slope parameter of the exclusive bremsstrahlung

distribution for forward scattered protons is larger than that of backward

scattered protons. The change of the shape of the exclusive spectra compared

to that of the inclusive spectra is due to two e�ects. First, making selections

on the proton, for instance demanding that its energy is above 30 MeV, sets

kinematical constraints on the photon distributions. Second, the selection of

protons scattered to backward angles decreases the ratio of single-scattering

versus multiple scattering events. If Landau-Pomeran�cuk-Migdal-quenching

is due to multiple scattering one would expect that the amount of quenching

depends on the amount of multiple scattering events and should increase for

the case of backward scattered protons.

It is, however, diÆcult if not impossible to isolate these two e�ects with-

out making use of a dynamical model to describe the kinematical constraints.

Such a model should conserve the kinematical correlations between the pro-

duced bremsstrahlung photon and the nucleons, i.e. the photon production

should be treated in a non-perturbative way. To this end the INC code has
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Figure 6.11: continued on the next page

been extended to include bremsstrahlung production and has been introduced

already in chapter 3.

6.3 Comparing data with model calculations

6.3.1 Present results (Ebeam=190 MeV)

The measured inclusive photon spectra can be compared with the results of

the INC-model and the BUU-model introduced in chapter 3. The data be-

low 30 MeV also contain statistical contributions to the photon yield which

were not subtracted. Statistical contributions are the result of photons emit-

ted in competition with particles evaporated from the highly excited equili-

brated nucleus. These contributions are not included in either INC or BUU.

We will compare the double-di�erential cross sections. In �gure 6.11 the

double-di�erential photon cross sections at �=75
Æ, �=115

Æ and �=155
Æ,

are shown and compared to an INC (dashed line) and a BUU prediction

(solid line).
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Figure 6.11: The double-di�erential cross section for p+C (left) and p+Au

(right) at �=75
Æ (�gures on page 111) �=115

Æ (top �gures on this page)

and �=155
Æ (bottom �gures on this page) compared with the corresponding

results from the INC calculation (dashed line) and BUU calculation (solid

line). The dotted line is the �rst-step contribution in the INC-calculation.

The BUU and INC predictions are close to each other for low photon en-

ergies (<100 MeV) but larger di�erences appear at high photon energies and

at backward scattering angles. These deviations are mostly due to di�erences

in the implementation of Pauli blocking and the Fermi distribution in BUU

and INC (c.f. section 3.1). At the photon scattering angles � =75Æ and

� =115Æ the INC model describes the photon spectra reasonably well for
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photon energies larger than 100 MeV but overestimates the data consider-

ably in the low photon-energy region (between 30-70 MeV). From �gure 6.11

(bottom) it is seen that the INC model fails to describe the energy spectra

obtained at backward angles. At these angles the BUU model performs some-

what better than the INC code. The fact that the codes do not accurately

predict the angular distributions is already clear from the results presented

in section 6.1 and summarized in table 6.3 where it was shown that the INC

model predicts a positive dipole contribution whereas the data show a nega-

tive dipole contribution. The reason for this discrepancy is not understood.

Trivial e�ects due to the Fermi motion of the neutrons and multiple scatter-

ing both leading to reductions of the source velocity at which bremsstrahlung

is produced, are included in the INC. If the INC calculation for � = 155Æ is

normalized at high photon energies, it describes the shape of the spectrum

and again overestimates the yield at low photon energies.

One reason for the too large low-energy photon yield in INC that needs

to be considered is an overestimation of the multiple-scattering contributions

to the total photon yield by INC. In �gure 6.11 the contribution of pho-

tons which are produced in the �rst step of the cascade are shown as the

dotted lines. Already the single-step contributions overestimate the yield at

low photon energies in most cases. The INC model, however, does describe

the proton-ejectile cross sections reasonably well for Eproton >30 MeV, as

shown in �gure 6.12. In this �gure the experimental di�erential proton cross

section at the various angles and for all targets are compared to the INC

prediction. Note that the energy cut at 30 MeV selects pre-equilibrium pro-

tons. These protons escape the nucleus in the �rst stages of the reaction,

where the assumptions on which the INC model is based are still valid. From

this observation, and the fact that the INC globally reproduces results ob-

tained with the BUU model, which includes a more sophisticated nuclear

transport, it is concluded that the amount of multiple-step nucleon-nucleon

collisions is not overestimated. The overestimation of the yield at low photon

energy must therefore be due to modi�cations of the proton-neutron brems-

strahlung process in the nuclear medium, which are not taken into account in

the INC and BUU models based on the free proton-neutron bremsstrahlung

cross section using the quasi-free production approximation. The success of

the models for high photon energies can be interpreted as an indication that

these photons are indeed produced incoherently in �rst chance pn-collisions.

In this respect it is also important to investigate to what extent the model

predictions describe the data at lower incident energy.
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Figure 6.13: The photon production probability P
pn
 >40 MeV as discussed

in section 6.1.1 as a function of the beam energy for heavy targets Tb, Au, and

Pb. The left panel shows the comparison with the INC prediction without

corrections for the Coulomb potential. The right panel shows the result with

the corrections described in the text.

6.3.2 Dependence on proton beam energy

With decreasing beam energy the contribution of multiple scattering to brems-

strahlung production will diminish rapidly. However, at these energies the

Coulomb barrier, VC , becomes an increasingly important factor. The proton

Coulomb barrier is about 3 MeV for Carbon nuclei and increases to 16 MeV

for Lead nuclei. The INC code was developed for high beam energies where

the Coulomb energy can be safely ingnored, but here we need to consider it.

The Coulomb potential cannot be included consistently in the INC code.

If one takes it into account by reducing the incident energy by VC , one also

modi�es the endpoint energy Emax by the same amount. In particular, for

the description of the spectra this is not preferred, certainly in view of the

scaling discussed earlier (c.f. section 6.1).

To study the impact of this problem on bremsstrahlung production we

�rst consider the beam-energy dependence of the integrated cross sections.

These cross sections are dominated by the low-energy photons and depend

less onEmax. In �gure 6.13 (left panel) the experimental probabilitiesP
pn
 >40

MeV discussed in section 6.1.1 are compared to the unmodi�ed INC predic-

tion. An increasing discrepancy is found with decreasing energy. In �gure

6.14 (solid line) the ratio between prediction and data are shown. Next we
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modify the theoretical prediction by assuming that it is in fact the result for

a beam energy shifted upward by VC . In addition we replace the geometrical

cross section �r, in expression 6.2 by the Coulomb-corrected classical cross

section

�C = �r(1� VC=EpA); (6.12)

where EpA is the proton-nucleus center-of-mass energy. The correction is ap-

plied to the experimental data. The two corrections combined are expected

to account to a large extent for the modi�cations due to the Coulomb po-

tential. In the context of the INC model it should be considered a maximal

correction. The result of the correction procedure is shown in �gure 6.13

right panel. The modi�ed INC prediction follows the data much closer than

the unmodi�ed prediction. The maximum deviation is now only a factor 2.4

as shown in �gure 6.14 by the dashed line. On average the INC overpredicts

the data by a factor 2.

For the comparison of the INC spectra with the experimental spectra it

is desirable to maintain the dependence on Emax. This is achieved by scaling

the INC result with the correction factor shown as the dotted line in �gure

6.14.

In �gure 6.15 the corrected INC results for p+Tb, p+Au and p+Pb reac-

tions at beam energies 168, 140, 104 and 72 MeV are compared to the data

from references [Kwa88, Pin89, Cla92]. (Note that for all beam energies the

uncorrected INC and BUU results were comparable). The INC is overesti-

mating the photon yield by a factor 2 on average. The INC reproduces the

shape of the spectra at low beam energies quite well. This is important to

note as secondary scattering does not play a role at low beam energies.

6.3.3 Quenching of bremsstrahlung

The extent to which the experimental data and the model prediction deviate

can be parametrized by the generalized quenching factor,

QF = �

 
1�

�

1 + (
E

~
�)2

!
; (6.13)

as has been motivated in chapter 2 section 2.2.2. The factor � is a general

scaling factor, independent of photon energy. The factors � and � can be

associated with the energy dependent quenching due to multiple scattering

(the LPM e�ect): � is a measure of the strength of the LPM e�ect and � is a

measure of the average time between collisions in case of multiple scattering.
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Figure 6.14: The ratio P
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 >40 MeV predicted by the INC model divided

by the value obtained from the measurement. The solid line shows the result

when the e�ects of the Coulomb potential are ignored (standard INC) the
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line is the ratio of the unmodi�ed versus the modi�ed INC.
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Figure 6.15: d2�=dEd
 for p+Tb at 168 MeV, p+Pb at 145 MeV (top

left), p+Pb at 104 MeV (bottom left) and p+Au at 72 MeV (bottom right).

The solid lines are INC calculations of the bremsstrahlung spectra for the

respective reactions. The squares are the data from [Kwa88, Pin89, Cla92].
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An example of the procedure is shown in �gure 6.16 where the dotted line

shows the result of the �t with the function QF�INC, which is the product of

the INC prediction and the quenching factor QF. A satisfactory description

of all data from this work and the literature can be found this way. The

parameters are listed in table 6.5. If we �rst consider the data obtained in this

work we �nd that � � 1 at the angles around 90Æ. In particular at backward

angles a value � >1 indicates that the predicted cross section underestimates

the experimental yield. We have shown earlier (section 6.1.3) that this is due

to the fact that the sin2� dependence predicted by the models is absent in

the data. The quenching parameters � and � appear to depend less on angle.

The magnitude is very di�erent from what is expected based on the classical

estimates in section 2.2.1, i.e. �=0.24 and �=11 fm/c. The dependence on

beam energy indicates that � increases rapidly with decreasing beam energy.

At beam energies below 168 MeV the INC does predict the correct shape of

the low-energy part of the photon spectrum, i.e. � is e�ectively in�nite or

� is 0. At these beam-energies INC describes the photon spectra very well

by only applying the scaling factor �. The value for � at 190 MeV would

imply a removal of the infrared divergence in the photon spectra as � = 1

requires that � ! 0 when E ! 0. The small value for � would indicate

the relevance of short-range correlations. The values for �, � and � are

obtained by comparison with semi-classical model calculations. Therefore,

the imperfections of these models make the interpretation of the parameters

uncertain. The observations con�rm that the � and the � parameters are

connected with the multiple-scattering contribution.

6.3.4 INC and exclusive bremsstrahlung spectra

The INC calculations were performed to study the modi�cation of the ex-

clusive bremsstrahlung spectra due to the selections on the proton scattering

angle �p. By selections on the proton angle one can enhance the ratio of

multiple scattering versus single scattering. The selection on the proton also

introduces kinematical constraints on the photon spectrum. As the brems-

strahlung production in INC is treated in a non-perturbative way these e�ects

should be described by the INC, i.e. the energy removed by the photon is

taken into account in the subsequent evolution of the reaction. If quench-

ing of photons at low energies is due to multiple hard scatterings one would

expect that the INC calculations will overpredict the photon yield at low

energies more strongly for backward scattered protons than for forward scat-

tered protons. In �gure 6.17 the exclusive photon spectra shown in �gure 6.9

are compared to the corresponding INC results.
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Reaction energy angle � (fm/c) � �

C 190 75 3.7 �0.2 1. �0.02 0.94 �0.03

Ni 190 75 2.4 �0.6 0.91 �0.04 1.03 �0.09

Ag 190 75 2.4 �0.4 0.94 �0.04 1.01 �0.10

Au 190 75 2.4 �0.4 0.84 �0.04 0.88 �0.12

C 190 115 4.3 �0.5 1.02 �0.04 1.3 �0.06

Ni 190 115 2.7 �0.4 0.91 �0.06 1.3 �0.07

Ag 190 115 3.5 �0.6 0.99 �0.08 1.14 �0.1

Au 190 115 1.6 �0.5 0.92 �0.05 2.2 �0.4

C 190 155 3.0 �0.4 1.00 �0.04 3.3 �0.7

Ni 190 155 2.6 �0.6 1.02 �0.05 2.6 �0.4

Ag 190 155 2.7 �0.8 1.03 �0.07 3.4 �0.5

Au 190 155 1.2 �0.6 1.02 �0.04 7.8 �0.8

Tb 168 90 8.3 �1.2 1.2 �0.2 0.63 �0.02

Pb 145 90 - - 0.46 �0.03

Pb 104 90 - - 0.44 �0.05

Au 72 90 - - 0.34 �0.05

Table 6.5: Result of �tting the ratio d�(Data)/d�(INC)(E ) with the gen-

eral shape for the quenching factor given in equation 2.33.
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Figure 6.16: The inclusive bremsstrahlung cross section d
2
�=dEd
 at

�=75
Æ for p+Au. The solid line is the INC calculation. The dotted line is

the INC calculation times the QF factor from equation 6.13



122 Results and Discussion

10
-11

10
-10

10
-9

10
-8

10
-7

20 40 60 80 100 120 140

Eγ (MeV)

dσ
γ /

 d
E

γ  
 (

 b
ar

n/
M

eV
 )

10
-10

10
-9

10
-8

10
-7

10
-6

20 40 60 80 100 120 140

Eγ (MeV)

dσ
γ /

 d
E

γ  
 (

 b
ar

n/
M

eV
 )

Figure 6.17: The exclusive bremsstrahlung spectra as shown in �gure 6.9

compared to the result of INC calculations for p+C (left) and p+Au (right).

The dashed line corresponds to the selection on forward scattered protons,

the dotted line corresponds to the selection on backward scattered protons.

Its clear that the INC strongly overestimates the photon yields over the

whole energy range. This is not expected if quenching would only be caused

by the Landau-Pomeran�cuk-Migdal-e�ect in sequential hard nucleon-nucleon

scatterings. In �gure 6.18 the slope parameters (E0) as de�ned in equation

6.11 obtained from the INC calculations is compared to those obtained from

data. The slopes are in reasonable agreement with the data, except for

the exclusive spectrum with forward scattered protons in the case of the

carbon target, whose special behavior has been pointed out before. Applying

again the scaling factor � as used in the quenching factor QF in equation

6.13 we �nd that � � 0.25 for all the heavier targets. The condition of

observing a proton with Ep > 30 MeV lowers the energy which is available

for bremsstrahlung by a similar amount. Therefore, we may expect from the

results at 168 MeV, shown in table 6.5 at 168 MeV that � has a value of about

0.5. In addition we have to take into account that the coincidence requirement

enhances the multiple-scattering component, which leads to an additional

reduction of the photon yield. Such e�ects can qualitatively explain the

value of � � 0:25.
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Figure 6.18: The slope parameter E0 de�ned in equation 6.11 as a function

of the target mass Atarget for the exclusive bremsstrahlung spectra for forward

(squares) and backward (circles) scattered protons. The �lled symbols are

obtained from the experiment, the open symbols are obtained from the INC

calculations.
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6.4 Summary of observations and conclusions

We now summarize the observations and the conclusions that have been

drawn on basis of the study of the systematical behavior and the comparison

of the data with the INC model. It has been found that the observed inclusive

bremsstrahlung cross sections obey a phenomenological scaling which can be

expressed as,
1

�r

d
2
�

dEd


(X); (6.14)

where �r is the geometrical cross section of the target (see equation 6.2) and

X is the reduced energy E=Emax. This scaling does not hold very well for the

comparison of bremsstrahlung spectra obtained at very di�erent beam ener-

gies. From this it must be concluded that the shape of the bremsstrahlung

spectrum changes with the beam energy. From the comparison of the in-

clusive energy spectra with the INC and BUU predictions it is concluded

that at 190 MeV the INC and BUU model give a considerable overprediction

of the photon yield at low photon energy. The high-energy part is however

reasonably described by the INC. The INC and BUU models also predict

a dipole contribution for the angular distribution of bremsstrahlung in the

nucelon-nucleon center-of-mass system. This has not been found in the data,

which mainly have an isotropic distribution. These two observations indicate

that models in which bremsstrahlung is described as a quasi-free process fail

to describe the low-energy photons. To see whether the e�ects can be under-

stood as the result of LPM-quenching we have varied the parameters of the

general form of the quenching factor introduced in chapter 2 section 2.2.2 to

�t the ratio of the data divided by the INC spectrum. The general form of

the quenching factor has 3 parameters, the parameters � and � are scaling

factors, the parameter � is a measure for the time between two collisions.

The latter is found to be more or less independent on the target mass but its

value �=2.4 fm/c is much smaller than the expected value � =11 fm/c. In

addition to inclusive bremsstrahlung spectra we have also measured exclu-

sive bremsstrahlung spectra i.e. bremsstrahlung in coincidence with a proton

with Ep >30 MeV. The obtained spectra become exponential if a coincident

proton is required. The INC model gives a reasonable prediction of the slopes

of these spectra but overpredicts the yield with a factor 4.



Chapter 7

Summary and outlook

In this work nuclear bremsstrahlung produced in proton-nucleus reactions has

been studied. The aim was to investigate the photon production mechanism

and to search for a modi�cation of the photon-production process as com-

pared to bremsstrahlung produced in free proton-neutron collisions. Earlier

experiments with protons or heavy ions have indicated that bremsstrahlung

is dominantly produced in the �rst proton-neutron encounter of the nuclear

reaction. For the new experiment the maximum proton energy of the AGOR

cyclotron, 190 MeV, was chosen. The main point of interest has been the

question if at this incident proton energy, which is signi�cantly above the

Fermi energy, photons are still dominantly produced in a �rst-chance mech-

anism or if later steps become also important. Directly connected to this

problem is the question if one could demonstrate evidence for a suppression

(or quenching) of the low-energy photon yield due to the destructive interfer-

ence of photon amplitudes from successive collisions in a multiple-scattering

mechanism. This e�ect was predicted by Landau, Pomeran�cuk and Migdal

(LPM), and has recently been detected in the Coulomb scattering of ultra-

relativistic electrons in matter. Here, for the �rst time, the LPM e�ect is

studied in nuclear reactions. Until now there has been no evidence that the

low-energy photon yield might be quenched.

The experiment to study bremsstrahlung in proton-nucleus reactions em-

ployed the Two-Arm Photon-Spectrometer (TAPS) consisting of 384 bari-

umuoride crystals, arranged in 6 blocks around the target in a horizontal

plane. The photon production cross section has been measured inclusively,

i.e. without detecting any other particle, and also in coincidence with a

scattered proton (exclusive bremsstrahlung). The latter data provide more

speci�c information as backward scattered protons can only originate from a
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multiple-scattering process. Energy spectra and angular distributions have

been obtained for four target nuclei, C, Ni, Ag and Au. For photon energies

above 30 MeV the production cross section contains a small but signi�cant

contribution of photons from the decay of neutral pions (�0 ! 2). This

contribution has been subtracted using the pion cross sections which were ob-

tained during the same experiment. The measured inclusive bremsstrahlung

data have been compared to earlier data from the literature. Those data were

obtained at di�erent beam energies but the systematic behavior was found

to be consistent with the new data.

The interpretation of the observed photon spectra requires a detailed

comparison to dynamical models of photon production in nuclei. For this

purpose two models were available which both are based on Monte Carlo

simulations of the Boltzmann transport equation for the dynamical evolu-

tion of the nucleon distribution during the reaction. The Intra-Nuclear Cas-

cade (INC) model uses a static square well potential and a simple approxi-

mation for Fermi-motion and Pauli blocking, but treats photon production

kinematically correct. The BUU model, however, determines the averaged

single-particle distribution in a dynamical mean-�eld potential and treats

bremsstrahlung production perturbatively. For the analysis of correlations

between photons and scattered nucleons the calculations must treat the pho-

ton production non-perturbatively, i.e. the photon production changes the

subsequent evolution of the reaction. Therefore the INC model has been

modi�ed to include bremsstrahlung production non-perturbatively. The el-

ementary proton-neutron bremsstrahlung cross section, calculated in a Soft-

Photon Approximation (SPA) of the free proton-neutron bremsstrahlung,

was introduced into the model. The validity of the SPA has been veri�ed

by comparing the calculated results for p-n bremsstrahlung with measured

n-p bremsstrahlung data obtained at Los Alamos. The validity of the INC

calculation has been tested by comparing its prediction for inclusive brems-

strahlung with those from a BUU calculation.

In the present work we could extend the available inclusive data set for

p+nucleus bremsstrahlung and we have added a new set of exclusive brems-

strahlung data. Experimentally, it was established that the inclusive double-

di�erential bremsstrahlung cross sections

1

�r

d
2
�

dEd


(X); (7.1)

scale as a function of X for di�erent target mass and beam energy, where

X = E=Emax is the photon energy relative to the kinematical limit, and

�r is the geometrical reaction cross section. It was found, however, that
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scaling is violated in detail but still can explain the gross behavior. Another

important observation concerns the angular distributions. In agreement with

previously measured data, the data from this work do not show the large

dipole contribution as is predicted by the dynamical models based on the

quasi-free scattering limit.

At variance with the inclusive data, the measured exclusive bremsstrahlung

spectra reveal an exponential shape when a high-energy proton (Ep >30

MeV) is requested in coincidence and scattered into the region [60Æ,90Æ] or

backwards [>90Æ]. The slopes of these spectra become steeper with increas-

ing proton scattering angle as is expected for a more stringent selection on

multiple-scattering reactions. Noteworthy is the fact that the shape of both

the inclusive and exclusive bremsstrahlung spectra, obtained for the Carbon

target, is much atter than those obtained for Ni, Ag, and Au targets. This

could be evidence for strong correlations between the nucleons in the carbon

nuclei, leading to very strong suppression of low-energy photons. When the

inclusive photon energy spectra are compared to the INC results, we �nd a

good agreement for high photon energies. At low photon energies, however,

the yield is strongly overpredicted. This observation might be understood as

a result of quenching of the low-energy photon yield due to the LPM-e�ect

when the incident proton undergoes a series of hard proton-neutron collisions.

The INC calculation was adjusted in an ad hoc manner to account for such

an e�ect by applying a quenching factor whose analytical form is motivated

in several theoretical publications. This factor QF depends on the average

time (�) between two collisions and includes parameters (� and �) for the

relative amount of the quenched photon yield:

QF = �

 
1�

�

1 + (
E

~
�0)2

!
: (7.2)

Fitting the experimental data with the product of INC and this quench-

ing factor, we found a mean collision time � =2.4�0.4 fm/c for the Ni, Ag

and Au targets and 3.7�0.2 for the Carbon target. These values are much

smaller than the expected time interval between two hard nucleon-nucleon

collisions in nuclei (ca. 11 fm/c). From this observation one must conclude

that in addition to LPM-quenching of soft photons in multiple hard nucleon-

nucleon collisions there are probably other e�ects contributing to the overall

suppression of the photon yield. It should be noted that these additional

e�ects still may be related to LPM-quenching in general, e.g. due to multiple

soft collisions, but could also be caused by the dynamical behaviour of the

nuclear system leading to a modi�cation of the elementary photon produc-
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tion process. The separation between dynamical e�ects and LPM-quenching

is complicated due to the partitioning of the nucleon-nucleon interaction in

the nuclear medium into a mean-�eld and a collision component. The fact,

that the dipole contribution in the angular distribution appears to be absent,

also suggests that the photon production in the nuclear medium is modi�ed.

The available dynamical models are all of semiclassical nature and thus not

reliable enough. The new data indicate the need for a quantum transport

theory which includes consistently the medium modi�cations and the inter-

ference phenomena. The development of this theory has been initiated but

the results are not yet applicable.

The new experimental data presented in this work and the results of the

analysis have indicated a marked suppression of the low-energy photon yield

in nuclear reactions due to the inuence of the nuclear medium, but also have

raised a number of questions. These should stimulate improvements of the

semiclassical models and forthcoming new experiments.

The discrepancy between the measured angular distributions and the

semi-classical models showing a strong dipole contribution remains unsat-

isfactory. Presently it remains unclear to which aspects of the model ap-

proximations these discrepancies can be attributed. In this context it is also

interesting to investigate the extraordinary behaviour of the Carbon cross sec-

tions. The observed features might be caused by the strong nucleon-nucleon

correlations manifested in the cluster structure of the 12C nucleus. Future ex-

periments should study the systematic behaviour of bremsstrahlung produced

in light target nuclei with and without cluster structure, e.g. in p+12C and

p+27Al reactions. In these reactions one should not only study the proton-

but also the ��  correlations in order to analyze bremsstrahlung related to

proton-cluster collisions in p+C!p+�+  +X.

More reliable experimental information could be obtained in a direct

study of possible changes of the elementary nucleon-nucleon bremsstrahlung

(NN) process without the need to compare to a dynamical model. Rather

the medium dependent cross sections should be compared to the brems-

strahlung yield from quasi-free reactions on the same target nucleus. For

this analysis one must measure proton- coincidences with protons scattered

to small angles (i.e. �60Æ). The problem with such a measurement, of course,

resides in the very high count rates from elastic scattering at small scattering

angles. Such measurement require low beam intensities to guarantee a good

control of random coincidences.

Because the complex experimental setup of this work needed to ful�ll

requirements of a number of di�erent experiments, several constraints were



129

imposed which limited the extend of the analysis. The laboratory angle of

90Æwould have been desirable for a direct comparison to data from literature.

The most severe limitation, however, was caused by the excluded angular

range below 60Æ. Data from this region would have improved the knowledge

on the quasi-free photon production. In addition, the neutral pion distribu-

tions would have required less uncertainty in the extrapolation to forward

angles. This uncertainty in the extrapolation inuences the precise values of

the quenching parameters. Certainly, for comparison to improved theoretical

calculations also the experimental accuracy should be adapted which calls

for an almost complete acceptance for photons and light charged fragments.

These possibilities arise with the upcoming installation of the spherical sym-

metric Plastic Ball at the KVI, and in the future with a suitable combination

of the Plastic Ball and the TAPS equipment.
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Samenvatting

In de kernfysica is elektromagnetische straling een belangerijke bron van in-

formatie over kernmaterie. Een reden waarom fotonen (ofwel -straling) zo

interessant zijn is dat zij ongestoord uit een kernreactie kunnen ontsnappen

omdat de wisselwerking met de kerndeeltjes vrij zwak is. Zo kan men door

de observatie van deze fotonen directe informatie verkrijgen over processen

zoals de botsingen tussen nucleonen tijdens een reactie. Botsingen tussen

kerndeeltjes veroorzaken namelijk elektromagnetische straling. In een bots-

ing worden immers geladen deeltjes afgeremd of versneld, wat volgens de

klassieke elektrodynamica remstraling ofwel \Bremsstrahlung" ten gevolge

heeft. De hoeveelheid remstraling die in een botsing tussen twee atoomker-

nen vrijkomt kan in eerste instantie goed verklaard worden door het aantal

botsende nucleonenparen te tellen. Men maakt daarbij gebruik van de inco-

herente quasi-vrije limiet: de remstralingproductie tengevolge van individuele

quasi-vrije botsingen tussen de nucleonen, waarbij men rekening houdt met

de Fermi-beweging en het Pauli-principe. Hiermee wordt bedoeld dat men

de totale fotonproductie kan beschrijven door deze voor iedere botsing tussen

twee nucleonen apart uit te rekenen en vervolgens te sommeren. In de tot

nu toe bestudeerde reacties was de bundelenergie zo laag dat alleen de eerste

botsing tussen de nucleonen van het projectiel en die van de targetkern van

belang was. In de daarop volgende botsingen wordt de kinetische energie van

de nucleonen steeds kleiner totdat een thermisch evenwicht is bereikt. De

kans op remstraling neemt daarbij sterk af. De centrale vraag in dit proef-

schrift is: wat gebeurt er als de bundelenergie zo hoog is dat remstraling

geproduceerd in secundaire botsingen wel signi�cant bijdragen aan de totale

fotonproductie ?

Als de energie of anders gezegd de frequentie van een foton klein is

vergeleken met de frequentie van opeenvolgende botsingen, is het onmo-

gelijk om te weten in welke botsing het foton geproduceerd is. Hetzelfde
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geldt wanneer de golengte van de fotonen veel groter is dan de gemiddelde

botsingsafstand. In deze gevallen kan de totale fotonproductie niet meer

beschreven worden door deze voor iedere botsing apart uit te rekenen en

daarna te sommeren. Men moet namelijk rekening houden met interferentie-

e�ecten tussen de verschillende botsingen. Zo'n e�ect werd al voorspeld door

Landau, Pomeran�cuk en Migdal en is recentelijk ook waargenomen in de

Coulomb-verstrooiing van ultra-relativistische elektronen in materie. In het

algemeen hebben Landau, Pomeran�cuk en Migdal laten zien dat de bijdrage

van secundaire botsingen vooral bij lagere fotonenergie onderdrukt wordt.

Een analytische vorm van deze \quenching" of dempingsfactor is QF� !
2
�
2

1+!2�2

voor een fotonfrequentie ! = E=c en een gemiddelde tijd � tussen botsingen.

De hier gepresenteerde metingen zochten naar de eerste aanwijzingen voor

het Landau-Pomeran�cuk-Migdal-e�ect in kernmaterie d.w.z. in het kern-

medium. Dit e�ect is niet alleen belangrijk voor nucleaire Bremsstrahlung

maar ook voor de productie van elementaire deeltjes in botsingen bij zeer

hoge energie of in materie met zeer hoge dichtheid. Bijvoorbeeld voor de

beschrijving van straling uit het quark-gluon plasma. In dit opzicht kan het

hier gepresenteerde onderzoek als een elementaire test voor de beschrijving

van dit soort processen fungeren.

De experimenten werden uitgevoerd op het Kernfysisch Versneller Insti-

tuut (KVI), met een 190 MeV protonen bundel van het Accelerateur Gronin-

gen ORsay (AGOR) cyclotron op verschillende lichte en zware targetkernen:

C, Ni, Ag en Au. De fotonen werden gemeten met de fotonenspectrometer

TAPS bestaande uit 384 bariumuoridekristallen. Het grote aantal kristallen

maakt het mogelijk zowel de energie als ook de hoek van de uitgezonden foto-

nen te bepalen. Dit is uitermate belangrijk om ook een nauwkeurige analyse

van de uitgezonden neutrale pionen mogelijk te maken. Omdat het pion ver-

valt in twee fotonen, moet men hiermee rekeninghouden bij het bepalen van

het remstralingsspectrum. Uit de metingen bleek dat ze een relatief kleine

maar toch signi�cante achtergrondstraling veroorzaken. Door de neutrale

pionen te meten kan de achtergrondstraling die zij veroorzaken uit de rem-

stralingspectra worden verwijderd. Om de onderzochte e�ecten rechtstreeks

aan meervoudige botsingen te kunnen relateren, werden in co�incidentie met

fotonen ook de verstrooide protonen en neutronen in TAPS geregistreerd.

Deze kunnen op grond van de kinematica alleen in meervoudige botsingen

onder achterwaartse hoeken worden uitgezonden (�guur 1).

Als voorbeeld van de gemeten resultaten laat �guur 2 de werkzame door-

snede van fotonen zien als functie van de foton energie E . (Vanwege de

bijdrage aan de totale fotonproductie van andere processen dan remstra-
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Inkomend proton

Verstrooid proton

Een enkelvoudige botsing Een meervoudige botsing

Inkomend proton

Verstrooid proton

Figuur 1: Schema van de verstrooiing van een proton door nucleonen.

Remstraling kan geproduceerd worden in een enkelvoudige botsing (links)

of in een meervoudige botsing (rechts). In het tweede geval wordt de mate

van coherentie en interferentie bepaald door de tijdsafstand � tussen twee

botsingen.

lingsprocessen worden energie�en beneden 20 MeV hier niet geanalyseerd.)

De fotonen werden gemeten bij een verstrooiingshoek van 75�5Æ met de 190

MeV protonen bundel op een goudtarget. Het gemeten spectrum toont een

bijna vlakke verdeling voor lage fotonenergie. Soortgelijke resultaten werden

gezien voor andere fotonhoeken en lichtere targetkernen.

Voor de interpretatie zijn de metingen vergeleken met computersimulaties

in de vorm van Monte Carlo-berekeningen van twee dynamische modellen

(BUU en INC). Beide zijn gebaseerd op de transportvergelijking van Boltz-

mann en simuleren de dynamische ontwikkeling van de nucleonenverdeling

in het verloop van de kernbotsing. In tegenstelling tot de meer realistis-

che BUU-berekeningen worden in het INC-model de Fermi-beweging en het

Pauli-principe op een grove wijze benaderd, maar wordt de fotonproductie

in de nucleon-nucleon-botsingen kinematisch correct beschreven. Het BUU-

model echter behandelt de remstralingproductie perturbatief. Beide modellen

geven een goede beschrijving van de verdeling van de uitgezonden nucleonen.

Dit werd o.a. ook door onze data bevestigd aan de hand van de gemeten

proton-verdelingen in TAPS.

De fotonproductie wordt voor iedere nucleon-nucleon-botsing apart bere-

kend op basis van de Soft Photon Approximatie. Dit is een goed en voldoende

bevestigd model voor fotonemissie in elementaire proton-neutron-botsingen.
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Figuur 2: Het spectrum van fotonen bij 75Æ voor 190 MeV protonen op

goud. De resultaten van de meeting (�) zijn vergeleken met de resultaten

van dynamische modellen zoals de intra-nucleaire cascade (INC, door-

getrokken histogram) en het Boltzmann-Uehling-Ulenbeck-model (BUU,

doorgetrokken lijn). Voor de INC-berekening is de belangrijke bijdrage aan

de totale productie van fotonen van meervoudige botsingen apart getoond

(gestippelde histogram). De gestreepte histogram is berekend op basis van

het INC-model en houdt rekening met de demping van de productie van

fotonen door de interferentie van de fotonproductie-amplitudes.
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De incoherente quasi-vrije limiet wordt dus toegepast. Daarom kan het INC-

en het BUU-model het Landau-Pomeran�cuk-Migdal-e�ect niet beschrijven.

Ook moet worden opgemerkt dat de bijdrage van fotonen geproduceerd in

proton-proton- en neutron-neutron-botsingen in zowel de INC- als in de BUU-

berekeningen is verwaarloosd. Dit is gedaan omdat deze processen vergeleken

met de proton-neutron-botsingen niet sterk bijdragen aan de totale productie

van remstraling.

Figuur 2 laat zien dat beide modellen goed met elkaar overeenstemmen

bij lage fotonenergie. Bij hoge fotonenergie in de buurt van de kinematische

limiet komen details van de model-formulering zoals de Fermi-beweging in het

spel. Toch worden juist voor hoge fotonenergie de data redelijk beschreven,

terwijl de fotonopbrengst bij lage energie met bijna een factor 5 overschat

wordt. De INC-berekening van de bijdrage van meervoudige botsingen aan

de totale productie van remstraling, de gestippelde histogram in �guur 2,

laat zien, dat in de incoherente quasi-vrije limiet de meervoudige botsingen

juist bij de lage foton het grootst is. In de realiteit is dus de opbrengst

van lage-energie fotonen onderdrukt ten opzichte van de verwachting op ba-

sis van onafhankelijke meervoudige botsingen. Dit fenomeen werd vervolgens

systematisch onderzocht voor alle gemeten targetkernen en fotonhoeken door

de analytische form van de \quenching factor" QF toe te passen op de INC-

model berekeningen. Het blijkt dat nu de vorm van het gemeten spectrum

uitstekend beschreven wordt (�guur 2, gestreepte histogram). De parame-

ter �=2.4�0.4 fm/c is vrijwel constant voor alle targetkernen behalve voor

koolstof (3.7�0.2 fm/c), maar in alle gevallen is de waarde lager dan men

voor de gemiddelde botsingstijd in kernmaterie kan verwachten (�=11 fm/c).

Een tweede verassend verschil met de berekening is de foton-hoekverdeling.

De foton-hoekverdeling in proton-neutron-Bremsstrahlung heeft een grote

dipool-bijdrage. Men verwacht daarom ook in proton-nucleus-reacties een

dipool-contributie te vinden. Dit wordt inderdaad door de INC- en BUU-

berekeningen voorspeld. De dipool-bijdrage blijkt echter afwezig in de geme-

ten foton-hoekverdelingen, die een voornamelijk isotroop karakter hebben.

De afwezigheid van de dipool in de foton-hoekverdeling en de merk-

waardig lage waarde voor � zijn niet te rijmen met de verwachtingen die

gebaseerd zijn op eenvoudige modellen zoals het INC-model. Dit suggereert

dat naast interferentie-e�ecten blijkbaar ook de productie van fotonen in

nucleon-nucleon-botsingen in het kernmedium anders is dan die van de vrije

nucleon-nucleon botsingen. De beschikbare modellen zijn alle van semi-

klassieke aard en kunnen hierover geen uitspraak doen. De resultaten van

dit experiment toont de noodzaak aan van een quantum-transporttheorie
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waarin de aangetoonde interferentie-e�ecten en mediummodi�caties consis-

tent beschreven worden. De ontwikkeling van deze theorie is wel reeds in

gang gezet maar is nog niet toepasbaar voor de hier beschreven resultaten.
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