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The production of nuclear bremsstrahlung (E, > 30MeV) has been
studied in heavy-ion collisions, as well as proton and a-particle collisions
with nuclei. In heavy-ion reactions the measured photon spectra show an
exponential shape dominated by the incoherent sum of photons produced
in first-chance collisions. Photon spectra, angular distributions and multi-
plicities at 604 MeV indicate that a significant fraction of photons is emit-
ted in secondary nucleon—nucleon collisions from a thermally equilibrated
system. In 200 MeV « + p collisions the incoherent contribution to the
photon spectrum is observed as well at low photon energies, while coherent
bremsstrahlung is observed at the highest photon energies from radiative
capture into unbound states of °Li. In 190 MeV proton reactions with light
and heavy targets photon spectra have been measured up to the kinematic
limit. At high photon energies the spectra show the expected behaviour
from first-chance collisions. Below ca 80 MeV a significant suppression of
the photon yield is observed. We attribute this effect to the interference
of photon amplitudes due to multiple scattering of nucleons in the nuclear
medium.
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1. Introduction

In collisions between nucleons electromagnetic radiation can be emitted
due to the rapid change in the nucleon velocity (bremsstrahlung). Accord-
ingly, in nucleus—nucleus collisions bremsstrahlung is emitted due to the in-
dividual collisions of the constituent nucleons. Despite their low production
rates, photons are a unique probe of the dynamical evolution of the nuclear
system created in nucleus—nucleus or proton—nucleus collisions. At variance
with charged particles and nuclear fragments, photons are primordial ob-
servables because they do not suffer final-state interactions from Coulomb or
strong interactions with the surrounding medium, thus providing an undis-
turbed image of the photon production process. Earlier experiments with
protons and heavy ions [1] indicated that bremsstrahlung is dominantly
produced in first-chance proton—neutron collisions. Consequently, dynam-
ical nuclear reaction models include photon production in the incoherent
quasi-free collision limit, i.e., free nucleon-nucleon (NN) bremsstrahlung
cross sections are employed assuming on-shell nucleons and the intensities
of the individual scattering processes are added rather than their ampli-
tudes. Hard-photons have thus been exploited to probe the pre-equilibrium
conditions prevailing in the initial high-density phase of nucleus—nucleus re-
actions |2, 3].

At sufficiently high incident energies there is enough energy available for
photon production in subsequent collisions. Therefore multiple-scattering
processes become important in reactions of protons with nuclei. A signif-
icant effect on the radiation process is expected due to the influence of
multiple scattering and off-shell propagation of nucleons. In this case, the
bremsstrahlung amplitudes from different steps in the scattering process in-
terfere and, therefore, the individual bremsstrahlung contributions may not
be added incoherently. This so called LPM effect was predicted by Landau,
Pomerancuk, and Migdal [4] for the successive Coulomb scattering of elec-
trons in matter, resulting in a reduced bremsstrahlung rate once the mean
free path is shorter than the coherence length. This suppression has been re-
ported for pair creation from cosmic-ray photons [5], and for bremsstrahlung
from high-energy electrons [6] in accelerator experiments. The general im-
portance of coherence effects on particle production and absorption in (non)-
equilibrium dense matter has been discussed in the literature [7-9]. Such
effects are, e.g., relevant for soft photon and dilepton production in hot
hadronic matter [10,11]. However, no quantitative analysis for the LPM
effect in nuclear bremsstrahlung has been reported so far. To study the
influence of the nuclear medium on the bremsstrahlung spectrum we have
measured the energy spectra and angular distributions of photons up to the
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kinematic limit in reactions of 190 MeV protons with a range of targets.
A strong suppression of bremsstrahlung relative to a quasi-free production
model is observed in the low-energy regime of the photon spectrum, contrary
to observations in heavy-ion collisions.

2. Experiment

Here we report on some aspects of the experimental program with the
photon spectrometer TAPS [12,13] at the AGOR facility of the KVI Gronin-
gen using *°Ar, o and proton beams. The photon spectrometer TAPS was
configured in 6 blocks of 64 BaF4 crystals each at a distance of 66 cm from
the target. The setup covered the polar angular range between 57° and 176°
on both sides of the beam with an azimuthal acceptance of —21° < ¢ < 21°.
The granularity of the TAPS setup resulted in an angular resolution of 5.2°.
Photons were separated from nuclear particles via their time-of-flight with
respect to the Radio-Frequency signal (RF) of the cyclotron. The time res-
olution was about 1ns (FWHM). In addition, pulse-shape discrimination
was employed. The event trigger required an energy deposition of at least
5 MeV in a BaFy module. The signals from the plastic veto detectors in
front of the BaFs scintillators were used to select photons and protons on
the trigger level. The relative energy calibration was determined from the
characteristic energy deposited by cosmic-ray muons. The absolute calibra-
tion was provided by the 7° mass peak and the 15.1 MeV photons originating
from inelastic proton scattering on '>C. A small residual background from
cosmic-ray muons within the trigger gate was removed by subtracting the
photon spectrum obtained by gating on a random time window with respect
to the RF.

Two-photon invariant mass spectra from events with two coincident pho-
tons were analysed in order to obtain the 7% decay contribution. The raw
70 distributions were corrected for the finite acceptance and the response
of TAPS. The measured pion distribution was extrapolated by Monte Carlo
simulations [14,15] into regions of missing acceptance by analysing the an-
gular distributions in small energy bins of 2 MeV.

In the heavy-ion experiments two phoswich multi-detectors, the Wash-
ington University “Dwarf Ball” (DB) [16] and the KVI “Forward Wall” (FW)
[17], were added to TAPS to allow the isotopic identification of the Light
Charged Particles (LCP: p, d, t, *He and «) and the charge of the interme-
diate mass fragments up to that of the projectile by means of pulse-shape
techniques. The DB was composed of 64 BC400-CsI(T1) phoswich tele-
scopes in the angular range 32° < 6 < 168°, and the FW hodoscope com-
prised 92 NE102A-NE115 AE-F phoswich detectors in the forward region
(2.5° < 6 < 25°).
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3. Thermal photons

The inclusive and exclusive hard-photon and fragment production in
36Ar+197Au at 604 MeV, and the inclusive hard-photon production in the
36 Ar+107Ag 58Ni, 12C reactions at 604 MeV have been studied. The hard-
photon spectra of the Au, Ag and Ni targets feature two distinct components
above 30 MeV (Fig. 1 left, for the Au target). These spectra can be described
by the sum of two exponential distributions characterized by inverse slopes
E¢ and E}, corresponding to a “direct” (first-chance) and a “thermal” com-
ponent originating from secondary pn<y processes [18|. The direct slopes of
the three heaviest targets, EJ ~ 20 MeV, are two to three times larger than
the thermal ones, E} ~ 6-9 MeV, and the thermal contribution represents
15%-20% of the total yield.

Such thermal hard-photons hence constitute a novel and clean probe of
the intermediate dissipative stages of the reaction where nuclear fragmen-
tation can take place. Photons thus may provide the time-scale of such
reactions and allow to characterise the thermodynamical state of the frag-
menting source. The observation of thermal hard-photons in coincidence
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Fig. 1. Photon spectra (E, > 30 MeV) for 604 MeV 3¢ Ar collisions. Left: 3¢ Ar+Au
spectrum fitted by the sum of two exponential distributions, a direct (solid line)
and a thermal (dashed line) contribution; right: ¢ Ar+C spectrum fitted by a single
exponential distribution.
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with intermediate-mass fragment emission in the 36 Ar+'97Au system indi-
cates that multifragmentation is, at least for this reaction, a slow process
preceded by the thermalization of the system.

No thermal component is apparent in the photon spectrum measured
in the 36Ar4'2C reaction and direct bremsstrahlung alone accounts for the
whole photon emission already above E, ~ 20 MeV (Fig. 1, right). Such
a light system does not provide a sufficient number of nucleon—nucleon col-
lisions needed for thermalization to take place. Thus, pure first-chance
bremsstrahlung dominates the entire bremsstrahlung emission.

4. Coherent bremsstrahlung

From hard photon production in heavy-ion reactions the generally ac-
cepted picture emerged that the incoherent superposition of bremsstrahlung
processes in individual NN collisions is the dominating process. For the first
time coherent bremsstrahlung could be demonstrated in the o + p system
studied at 50AMeV [19]. Because of the strong binding of the a-particle,
the quasi free process can only lead to bremsstrahlung with E, < 22 MeV,
while at higher energy, up to the kinematic limit of Ep.x = 39 MeV,
bremsstrahlung can only be produced coherently in this reaction. In fact,
we find coherently produced hard photons to be the dominant radiative pro-
cess in the a + p system. After transformation to the a + p center-of-mass
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Fig. 2. Inclusive photon energy spectrum (in the c.m. frame) for the a + p reaction
at 50 MeV /nucleon. The statistical errors are smaller than the symbols. The global
fit (solid line) is decomposed into the classical bremsstrahlung spectrum (dashed
line) and two contributions representing capture to the two low-lying resonances
in 5Li, i.e. the unbound ground state and the first excited state (dotted lines).
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frame the photon energy spectra at all angles exhibit the same characteris-
tic shape as shown in Fig. 2. The shape of this spectrum is very different
from that of the hard photons in nucleus—nucleus reactions. The low-energy
photon spectrum appears to have a classical 1/E, shape. Photons with en-
ergies close to the kinematic limit have been associated with direct capture
to the two lowest states of the unbound °Li. The data have been compared
with model calculations in which coherent bremsstrahlung and direct cap-
ture are treated consistently as one and the same process. The calculations
qualitatively reproduce these two features of the data.

The studies of coherent bremsstrahlung from the direct capture to the
lowest states of the unbound ®Li have motivated the extension of this tech-
nique to study *He. In particular, the configuration of the two halo neutrons
relative to the « core might lead to different capture processes on various
subsystems of 5He. Direct capture on the constituents of He might be
observed as a quasi-free process in addition to capture into “Li. The exper-
iment was carried out at GANIL with a 40AMeV 5He beam on a proton
target [20].

The Quasi-Free Capture (QFC) processes were investigated by measur-
ing photons in coincidence with fragments lighter than “Li. Photon energy
spectra and fragment momentum distributions are compared in Fig. 3 with
a QFC model. Inclusion of the fragment final-state interaction appears im-
portant to correctly describe the measured fragment momentum distribu-
tions. Fig.3(c),(d) reveals evidence for QFC on the a core, whereby the
two halo neutrons behave as spectators. The photon spectrum measured in
coincidence with « particles resembles that observed for the a + p reaction
shown in Fig. 2. The background, however, arising from SHe breakup, in
which the a particle is detected and the halo neutrons interact with the pho-
ton detector, is significant (dotted line in Fig. 3(c)). Therefore, also a—y-n
coincidences have been studied, for which some 30 events were observed.
The resulting spectra exhibit the 1/F shape for neutrons (open squares)
and, more importantly, a higher peak-to-continuum signal at 27 MeV for
the photons (open circles) which is closer to that measured previously for
the p(a, )5Li reaction.

In the case of SLi—y coincidences, two lines were observed (Fig. 3(a))
at 30 and 3.5 MeV. These are clearly associated with the formation of SLi
and the decay of the second excited state, at 3.56 MeV, the T' = 1 analogue
of He g.s. Finally, d—y coincidences present a peak in the photon energy
spectrum at E, = 20-22 MeV (Fig. 3(e)). However, the QFC process on
the two halo neutrons was not observed despite sufficient efficiency of the
detection system. This suggests that the dominant configuration for the
6He g.s. is *He n-n with a relatively large n-n separation, in agreement
with Ref. [21].
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Fig.3. Photon energy in the SHe + p c.m. system (left) and momentum distribu-
tion of the coincident fragment (right) for 5Li (upper), a particles (middle), and
deuterons (lower panels). The solid lines are QFC calculations for the subclusters
SHe, a, and one halo neutron, respectively. The dashed lines on the right are
without fragment FSI.

5. Soft bremsstrahlung suppression

To study the influence of the nuclear medium on the bremsstrahlung
spectrum we have measured the energy spectra and angular distributions of
photons up to the kinematic limit in reactions of 190 MeV protons with
a range of targets. A strong suppression of bremsstrahlung relative to
a quasi-free production model is observed in the low-energy regime of the
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photon spectrum [22]. Fig. 4 shows a compilation of the photon spectra
at a laboratory angle of 75° for the four targets studied here. The double
differential cross sections have been normalized to the geometrical cross sec-
tion o, = 1.44wA2/3 fm? of each reaction with target mass number A. The
spectra extend up to the kinematic limit Eynax=Te.m. + @, where @ is the
@-value of the reaction and T¢ . the center-of-mass energy. If plotted as
function of the scaled photon energy E./Fmax, all data in Fig. 4 above 100
MeV fall on the same curve [14,23] (Fig. 5). The shape of the photon spec-
tra displays a plateau between 30 and 80 MeV and an exponential decrease
towards the kinematic limit. This shape is different from photon spectra
in heavy ion reactions [24, 25|, where nearly exponential slopes have been
observed above 30 MeV. The rise at photon energies below 30 MeV for the
heavier targets can be attributed to statistical photon emission.

For comparison with dynamical model calculations including the multiple-
scattering process we employ the Intra-Nuclear Cascade (INC) code of Cug-
non [26]. The INC model was chosen because it reproduces well many aspects
of proton—nucleus reactions at these bombarding energies [27]. Furthermore
it allows the study of photon—nucleon correlations [28] because it conserves
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Fig.4. Target-mass dependence of photon spectra for the C (circles), Ni (triangles),
Ag (squares), and Au (crosses) targets at a laboratory angle of 75°. The double
differential cross sections have been normalized to the geometrical reaction cross
section.
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Fig. 5. Target-mass dependence of photon spectra for the C (circles), Ni (triangles),
Ag (squares), and Au (crosses) targets at a laboratory angle of 75°. The double
differential cross sections have been normalized to the geometrical reaction cross
section and are plotted against the scaled photon energy X = E./Emax.

correlations between scattered particles. This is a necessary feature for the
inclusion of the NN bremsstrahlung production in a non-perturbative man-
ner with the kinematically correct pn7y process using the Soft—Photon Ap-
proximation (SPA) for free pn bremsstrahlung [29]. We found that the
optimal way to implement Pauli blocking in INC was achieved by requiring
all final scattering states to lie above the Fermi surface. The nucleon phase-
space distributions from the INC calculations agree well with those obtained
using the Boltzmann-Uehling-Uhlenbeck (BUU) [30] transport model. The
BUU results describe the photon spectrum (£, > 30 MeV) from 1804 MeV
Ar+Ca collisions fairly well [25] although slightly overpredicting the yield
on the soft side of the spectrum.

Fig. 6 shows the photon spectrum for the Au target at 75° in comparison
with the INC and BUU results. Both models agree quite well with each
other in the full spectrum but overestimate significantly the experimental
photon yield at low and intermediate photon energies (E, <100 MeV). Good
agreement between the experimental data and the calculations is found in
the hard part of the spectrum, even near the kinematic limit. The multiple-
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Fig. 6. Photon spectrum for 190 MeV p+Au at an angle of 75° (filled circles), com-
pared to results of the INC (thin-line histogram) and BUU (dashed line) models.
The dashed histogram shows the multiple-step contribution from the INC model.
The thick-line histogram is the INC result multiplied with the quenching factor f,
from Eq. (1).

step contribution from INC has been indicated separately in Fig. 6. The
overall agreement between experiment and theory would be much better if no
multiple scattering was taken into account. It seems as if multiple-scattering
processes are overestimated in theory. However, the amount of multiple
scattering in INC has been checked against the experimental proton yields
at large angles. These proton yields, in which multiple-scattering processes
are essential, agree within the error margins for all targets studied [14].
Therefore, multiple scattering is well described.

In the nuclear medium the nucleon mean free path is Ay, = 1/(ponw)
~ 2 fm, based on an average N N scattering cross section oy = 30 mb [31]
at 190 MeV and the nuclear saturation density p = 0.16 fm 3. Therefore,
nuclear bremsstrahlung can be quenched for a photon wavelength A > Ap,
or a photon energy E, < fic/Amfp, = 90MeV. The strength of quenching of

course increases with decreasing photon energy. In a simplified model based
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on the classical description of bremsstrahlung production in hard collisions
we have estimated the analytical shape of the LPM effect in a two-step
p-+nucleus reaction [14]. Each segment of the proton trajectories defines
a production amplitude with a definite relative phase and therefore must be
added coherently. The time between two collisions is characterized by the
mean collision time 7 = Apgp/(960c) = T0/g with Sy the incoming proton
velocity, i.e. 9 & 4 fm/c. The factor g takes into account that in subsequent
collisions the velocity of the leading particle is reduced. A value g = 0.5 is
expected to describe the mean time between the first and second collision,
i.e., T = 8 fm/c. Averaging over the time distribution (1/7) exp (—t/7) we
derive the following quenching factor, whose analytical form is motivated by
several theoretical calculations [7,11,32]:

(0]

fo=¢ 1‘@ - (1)

The parameter « is related to the fraction of energy remaining for the leading
particle in subsequent collisions [14], i.e., a ~ 1/¢g? ~ 0.25. £ is an overall
scaling factor. The INC calculation was adjusted in an ad hoc manner to
account for medium effects by multiplying the spectrum obtained from INC
with the quenching factor f, from Eq. (1).

The experimental data were fitted with the product (INC-f,;), where
INC represents the full INC spectrum and «, ¢ and 7 are free parameters.
For the spectra obtained at three different angles of 75°, 115° and 155° we
find @ =~ 1 and a mean collision time 7 = 2.4 £ 0.6 fm/c for the Ni, Ag and
Au targets and 3.7+0.5 fm/c for the C target. These values for the collision
time are much smaller than the expected average time interval between two
hard NN collisions in nuclei (8 fm/e¢, see above). From this observation
one must conclude that hard NN collisions alone are insufficient to explain
the quenching of soft photons. Other effects likely to increase the observed
collision frequency (reduced parameter 7) may be multiple soft collisions,
but also a modification of the elementary photon production process in the
nuclear medium. The latter hypothesis is supported by the observation
that the dipole contribution expected from the elementary proton—neutron
angular distribution appears to be absent in the reactions studied here (see
Fig. 7), as was observed also elsewhere [33]. In our data we observe the
corresponding result also from the fact that & increases from & = 0.96 £+ 0.06
at 75° to £ = 4.3 £ 2.0 at 155°.
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Fig. 7. Photon angular distribution in the NN center-of-mass system for photon
energies above 40 MeV for 190 MeV p-+C. The lines are the result of fits using an
isotropic and a dipole component.

6. Soft photons in quantum transport theory

The separation between dynamical effects and LPM quenching is compli-
cated due to the partitioning of the NN interaction in the nuclear medium
into a mean-field and a collision component in the models. The available dy-
namical models are all of semiclassical nature and our new data indicate the
need to include consistently the medium modifications and the interference
phenomena. The development of a quantum transport theory for photon
production in intermediate-energy proton-+nucleus reactions, was already
started in Ref. [34] but did not go beyond the conventional quasi-particle
approximation, i4.e., the correlations and off-shell nucleon propagation in
the medium were not taken into account. A new approach has been taken
up recently [9]. The in-medium photon production cross section is calcu-
lated from a microscopic NN interaction including the spectral width of
the baryon propagators. Two sources of multiple-scattering effects can be
identified: one of minor importance is scattering of final state nucleons be-
fore or after photon radiation; more significant appears to be the multiple
scattering during off-shell nucleon propagation before the photon is emitted.
Preliminary results [35] for a 200 MeV p+nucleus reaction indicate that this
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approach leads to a remarkable suppression of soft photons below 80 MeV,
in qualitative agreement with our data. This approach requires, however,
a non-zero temperature of the target nucleons. Recently, another theoreti-
cal approach [36] was taken where the kinetic equations that determine the
evolution of the two-particle Green’s function in matter were derived in the
transport approximation for soft-photon production. The correlations in the
medium allow multiple scattering to occur without requiring multiple hard
collisions, thus yielding Eq. (1) with f,(a = 1,7 = 19), i.e. g = 1, in agree-
ment with the empirical result. We thus obtain an energy dependence of the
photon spectrum with the functional form

E E
el G N

This spectrum incorporates the factor 1 — E,/FEnyax to describe the kine-
matic limit which is absent in the soft photon approach. (The precise form
of this limit may vary, ¢f. [33].) The proton to neutron ratio (Z/N) describes
the reduced quenching observed in heavy nuclei. The absolute cross section
is determined by the geometrical reaction cross section.
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Fig.8. Photon spectrum at a laboratory angle of 75° for 190 MeV p+Au (top,
filled circles) and p+C (bottom, circles). The histograms indicate the results from
the INC model. The solid curves are obtained using Eq. (2), the dotted grey lines
correspond to Eq. (2) with the collision frequency set to zero.
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The suppression of soft photons can be described quantitatively as shown
in Fig. 8 by the solid lines. The amount of quenching can be seen from
a comparison with the result where the collision frequency (i.e., i/7) is set
to zero (the dotted curves). This approaches the quasi-free result of the
INC model. Eq. (2) describes also well the published data [23,33,37] for
168 MeV p+Tb and 145 MeV p+Pb by only adjusting Sy according to the
respective beam energy, see Fig. 9. This shows that also at lower beam
energy quenching occurs, but the effect at photon energies above 30 MeV is
small and went unnoticed so far.
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Fig.9. Photon spectrum at a laboratory angle of 90° for 168 MeV p+Tb (top, filled
squares) and 145 MeV p+Pb (bottom, filled squares). The histograms indicate the
results from the INC model. The solid curves are obtained using Eq. (2), the
dotted curves correspond to Eq. (2) with the collision frequency set to zero.

In summary, we observe a strong suppression of the soft bremsstrahlung
cross section in comparison with the prediction of transport models that in-
clude bremsstrahlung on basis of quasi-free nucleon—nucleon collisions. New
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theoretical models are being developed using simplified reaction dynamics
but taking into account medium effects such as nucleon correlations and
off-shell propagation of the nucleons involved in the photon production. An
analytical form for the bremsstrahlung production in nuclear matter based
on these assumptions was obtained which describes the suppression of soft
bremsstrahlung. These results show the importance of multiple-scattering
processes beyond the classical picture of multiple hard collisions.

7. Outlook to pionic fusion

A highly coherent mechanism is required if the production of a single
pion in a nuclear reaction demands a significant fraction of the available
energy. In the extreme limit, the total excess energy may be concentrated
in the pion field, the pion is emitted and the colliding nuclei fuse to a united
nucleus in a specific bound state.

In nuclear reactions mesons can be produced at collision energies per nu-
cleon which are considerably below the threshold energy in the free nucleon—
nucleon system. Dynamical phase-space calculations provide a reasonable
prediction at energies close to the meson production threshold. They under-
estimate, however, severely the cross sections at energies deeply below the
threshold, i.e. for a threshold fraction f < 0.2 [38], where f is the kinetic en-
ergy per nucleon above the Coulomb barrier, divided by the threshold kinetic
energy EtNhﬁv . Quantal and dynamical fluctuations have been studied but the
calculations still underestimate the data [39]. This unsatisfactory situation
reflects the current poor understanding of the relevant many-body processes
and raises the question, which mechanisms govern the transfer of energy to the
meson channel. The required high relative energy among colliding nucleons
might originate from many-body correlations or cooperative multiple colli-
sions. Also multi-step processes with intermediate nucleon resonances might
act as “energy storage” to concentrate the required meson-production energy.

In order to gain insight into this genuine quantum many-body problem
and to provide clear test cases for theory, well-defined and simple reactions
need to be addressed. This will gain the necessary restrictions on relevant
quantum numbers (spin, isospin) and provide the selectivity for particular
processes. Sub-nucleonic degrees of freedom in nuclei are involved through
the intermediate excitation of nucleon resonances. In contrast with inclusive
pion production, where the phase-space of the unobserved system dominates
the cross section, we consider the extreme limit of pionic fusion, i.e. the
exclusive two-body reaction Ay + Ay — B(J,I) + 7 leading to a specific
bound state of the final nucleus B with spin and isospin quantum numbers
J and T, respectively. The center-of-mass kinetic energy Ti% in the incident
channel is transferred to the two-body exit channel including the pion field:
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in ex 2
Tc.rn. = Tc.rn. + QA1A2,B +mgc”,

where @) denotes the (Q-value of the complete fusion process. In this case there
are no “spectator” nucleons and the reaction is highly coherent. The cross
section is determined by the properties of the transition amplitude which
contains the details on the reaction dynamics and the structure of the nuclear
fragments.

It is the experimental challenge to explore suitable target-projectile com-
binations in order to limit the number of possible intermediate states. Start-
ing with an isoscalar entrance channel, the nature of the pion-production
process necessitates a spin and isospin change by one unit, thus leaving the
final nucleus in an isospin I = 1 state. The complete microscopic calculation
of such a process is a theoretical challenge which involves a correct descrip-
tion of the nuclear wave functions, the elementary pion-nucleon interaction
and the de-excitation of the final pion-nucleus system. The sensitivity to
properties of intermediate baryonic resonances makes the pionic fusion pro-
cess an important and decisive tool.

A scarce body of data is available for pionic fusion in light systems as
p +p, p+ d and 3He+3He. Truly microscopic calculations are limited to
cases where the projectile is a proton [40]. The cross sections are quali-
tatively described, but severely underestimated, in a microscopic reaction
model including intermediate baryon resonance excitation [41]. In a novel
experimental approach (see setup in Fig. 10) we intend to study the pionic
fusion process by exclusive pion production in overdetermined kinematics.

TAPS

BBS

260 MeV ;

°Li

Plastic
Ball

Fig.10. The proposed experimental setup for ®Li+SLi pionic fusion studies us-
ing the BBS spectrometer, the TAPS photon spectrometer and the Plastic Ball
backward hemisphere for neutral pions.
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This requires a suitable combination of detector systems that allow to mea-
sure the emitted pion, the residual nucleus and the v decay from the fused
system in order to determine the excited state. Only in this way one can
guarantee cleaner and truly exclusive data providing also the angular distri-
bution of pions. In particular, we aim to study here the reaction

Li(IT=0)+°Li(I=0) =2 C* (T =1) 47"

leading to the 15.1 MeV excited state of >C which can be detected by the
M1 v decay to the ground state. A beam energy of 260 MeV will lead
to about 7 MeV above the absolute threshold for the 15.1 MeV excited
state. This choice will produce pion momenta k, 40 MeV/c and allows
a comparison with the '2C+!2C data from Ref. [42]. Our reaction offers
ideal conditions for the detection of all final-state particles.

8. Conclusions

In heavy-ion reactions an additional source of photon emission, softer
than the one originating in the well-known first-chance pn~y process, has
been observed, accounting for up to a third of the total bremsstrahlung
yield. The origin of this second component has been localised in secondary
N N~ collisions within a thermalizing system.

The investigation of coherent bremsstrahlung production in the reaction
p(a, ) at 50AMeV has demonstrated that the high-energy photon spec-
trum is dominated by capture to form 5Li. Such results have motivated
the extension of this technique to study radiative capture of protons on the
halo nucleus SHe. In addition to the p(®He, v) “Li reaction, evidence for
quasi-free capture on subsystems (°He, o and n) of ®He has been found.
Of particular importance is the observation of events which correspond to
the previously measured p(a, 7) reaction, as well as the non-observation of
capture on a di-neutron.

New experimental data have been presented for nuclear bremsstrahlung
from the soft-photon region up to the kinematic limit in proton+nucleus
reactions. A strong suppression of the soft bremsstrahlung cross section is
observed contrary to expectations based on quasi-free NN collisions. In
order to explain this result, medium effects such as nucleon correlations and
off-shell propagation of the nucleons involved in the photon production need
to be considered in collisions where the mean-free path is shorter than the
coherence length of the produced photons.

In a future experiment the highly coherent mechanism of pionic fusion
will be studied in an exclusive experiment.
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