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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
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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 = �
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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
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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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