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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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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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Figure 1.2: The double-di�erential bremsstrahlung cross section at �=90
Æ

of p+159Tb at 168 MeV. The data are compared with calculations for di�erent

e�ective masses m� and kF=1.04 fm�1. Figure from [Nak89b].



14 Introduction

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.


