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Coherent Bremsstrahlung in the a 1 p System at 50 MeV���nucleon
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Photons originating from coherent bremsstrahlung have been measured over a large dynamic range
for the reaction of 200 MeV a particles with protons. At low photon energies the bremsstrahlung
spectrum exhibits the classical behavior with an approximate 1�Eg shape. At higher photon energies
there is a pronounced contribution from capture into the unbound ground state and first excited state of
5Li. These results allow one, for the first time, to test theoretical models for a consistent description of
bremsstrahlung and radiative capture in a complex system. Calculations predict both features qualitatively
but fail to account for their relative importance.

PACS numbers: 25.10.+s, 25.40.Lw, 25.40.Cm, 25.40.Ep
With the recent focus on hard photons produced in in-
termediate energy and relativistic nucleus-nucleus colli-
sions [1] the interest in the underlying basic processes of
bremsstrahlung production has been renewed. In earlier
research a range of mechanisms including coherent and
incoherent processes was considered [2]. It is now gen-
erally assumed that incoherent bremsstrahlung production
from the individual nucleon-nucleon collisions in a reac-
tion is the dominating process [3]. The search for coherent
bremsstrahlung has since been abandoned, and the ques-
tion whether, or under what conditions, coherent brems-
strahlung can still contribute remained unanswered.

To investigate this aspect we have searched for coherent
bremsstrahlung in the a 1 p system at 50 MeV�nucleon.
Because of the strong binding of the a particle, the quasi-
free process can lead only to bremsstrahlung with Eg ,

22 MeV, while at higher energy, up to the kinematic limit
of Emax � 39 MeV, bremsstrahlung can only be produced
coherently in this reaction. In fact, we find coherently
produced hard photons to be the dominant radiative process
in the a 1 p system. By measuring scattered particles
in coincidence with photons, the complete kinematics can
be recovered and the coherent bremsstrahlung spectrum
can be extended to photon energies below 22 MeV, where
incoherent processes may contribute. The difference with
the inclusive spectrum implies a rapid onset of incoherent
bremsstrahlung. The coherent bremsstrahlung spectrum
appears to exhibit two components, classical bremsstrah-
lung with a 1�Eg dependence and radiative capture into
the unbound system 5Li. The dynamic range of the present
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bremsstrahlung data allows one to test for the first time the
consistency of models that attempt to describe these two
aspects within a single theoretical framework.

This study was part of the experimental program with the
photon spectrometer TAPS [4–6] at the AGOR facility of
the Kernfysisch Versneller Instituut. A beam of 200 MeV
a particles with a typical intensity of 0.4 pnA was inci-
dent on a liquid hydrogen target [7] contained in a 6 mm
thick aluminum frame with thin �0.55 mg�cm2� window
foils. After filling, the amount of hydrogen corresponded
to a nominal thickness of 56 mg�cm2. The contribution of
the windows to the photon spectrum was measured with an
empty target frame and was corrected for. External conver-
sion of photons was minimized and kept below 1% by the
use of a 70 cm diameter carbon-fiber scattering chamber
with a wall thickness of 4 mm.

The photon spectrometer TAPS was configured in six
blocks of 64 BaF2 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 a
vertical acceptance of 42±. The granularity of the TAPS
setup resulted in an angular resolution better than 5±. Pho-
tons were separated from nuclear particles via their time
of flight with respect to the radio frequency (rf) signal of
the cyclotron. The time resolution of about 2 ns (FWHM)
was mainly determined by the cyclotron system. In addi-
tion, pulse-shape discrimination was employed. The event
trigger required an energy deposition of at least 5 MeV
in a BaF2 module. The signals from the plastic veto
detectors in front of the BaF2 scintillators were used to
© 2000 The American Physical Society
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suppress charged particles. Photons in the energy range
between 10 and 40 MeV are measured with an energy
resolution better than 8%. The relative energy calibration
was determined from the characteristic energy deposited
by cosmic-ray muons. The absolute calibration was pro-
vided by the 15.1 MeV photons originating from excited
12C nuclei populated by reactions in the target windows.
This state also provided an accurate method to subtract
the background from the target window by requiring that
the 15.1 MeV contribution be completely eliminated. A
small residual background from cosmic-ray muons within
the trigger gate was removed by subtracting a photon spec-
trum obtained by gating on a random time window with
respect to the rf. The charged particles were measured in
a forward cone between 6± and 19± with the small-angle
large-acceptance detector (SALAD) [8]. SALAD consists
of two multiwire proportional counters followed by plastic
scintillators. The reaction channel associated with coher-
ent bremsstrahlung could be determined from the energies
and angles of the detected particles.

After transformation to the a 1 p center of mass (c.m.)
frame, the spectra at all angles exhibit the same character-
istic shape as shown in Fig. 1. The shape of this spec-
trum is very different from that of the hard photons in
nucleus-nucleus reactions, for which exponential slopes
are observed. The pronounced peak just below the kine-
matical limit is characteristic for radiative capture. The
data in Fig. 1 have been obtained by integrating over the
TAPS acceptance and extrapolating to 4p solid angle as
shown in Fig. 2, where the photon angular distribution in
the c.m. system is shown for Eg . 22 MeV. The data
were obtained for a narrow band of 8± in azimuthal angle
to avoid acceptance fluctuations. A third order Legendre
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FIG. 1. Inclusive photon-energy spectrum (in the c.m. frame)
for the a 1 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).
polynomial fit to the measured angular distribution allowed
one to extrapolate to the full solid angle with a systematic
uncertainty of 3%. The absolute cross section was deduced
from the known target thickness and the integrated beam
current, corrected for dead time. The systematic error due
to the uncertainty of the beam intensity and the target
thickness is 5%.

Exclusive photon spectra were obtained by detecting the
photons in coincidence with either the a particle or the pro-
ton, or both. The kinematics is overdetermined only in the
latter case. The resulting spectrum is shown in Fig. 3. The
solid circles result from events with overdetermined kine-
matics (triple coincidences) in a restricted dynamic range,
while the open circles result from events with determined
kinematics (double coincidences). The latter data cover the
full dynamic range but may contain a small contribution
from incorrectly interpreted events below Eg � 22 MeV.
The absolute cross section was obtained by matching the
exclusive spectra to the inclusive spectra in the coherent
regime above 22 MeV. For Eg , 20 MeV the cross sec-
tion does not increase with decreasing photon energy as
fast as the inclusive cross section (Fig. 1). This is be-
cause below Eg � 22 MeV the incoherent processes start
to contribute rapidly as the phase space for such processes
increases. Small differences between the spectra in Figs. 1
and 3 for Eg . 20 MeV reflect the differences and uncer-
tainties in the acceptance for the inclusive and exclusive
data. The acceptance has been calculated on the basis of
the potential model, but is determined nearly model in-
dependent due to the large probability of 40%–60% that
photons detected in TAPS are accompanied by a particle
in SALAD [9].

In the following, we interpret the exclusive data in terms
of classical bremsstrahlung on the one hand and radiative
capture on the other. A classical bremsstrahlung spectrum
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FIG. 2. Inclusive photon angular distribution in the c.m. frame
for Eg . 22 MeV. The vertical error bars are statistical only;
the horizontal bars indicate the bin width. Two predictions are
indicated: the potential model �31.6� of [12] (solid line) and the
shape of a classical electrodynamics calculation [9,21] (dashed
line, arbitrarily normalized).
1405



VOLUME 85, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 14 AUGUST 2000
Eγ (MeV)

dσ
/d

E
 (

µb
/M

eV
)

0

0.5

1

1.5

0 20 40

FIG. 3. Coherent bremsstrahlung spectrum (in the c.m. frame)
obtained from kinematically complete events by requiring
double ��� and triple ��� coincidences; see text. The dashed
line represents the classical bremsstrahlung spectrum identical
to that shown in Fig. 1. The solid and dashed-dotted histograms
are obtained from calculations with the potential model �31.6�
and the soft-photon approximation �31.26�, respectively. The
dotted line represents a standard radiative-capture calculation
�30.75�.

obeying energy and momentum conservation depends on
the photon energy, Eg , as [10]

ds

dEg

~
1

Eg

p
1 2 Eg�Emax , (1)

where Emax � 39 MeV is the maximum possible photon
energy. In Fig. 3 we find such a dependence to follow
the shape of the bremsstrahlung spectrum between 10 and
20 MeV. The remaining part can be qualitatively under-
stood in terms of radiative capture populating the unbound
ground and first excited state of 5Li.

We have fitted the photon energy spectrum by assuming
that it consists of two Gaussian peaks and a background
according to Eq. (1), folded with the asymmetric energy
response of the TAPS detectors according to Ref. [5]. We
neglect a possible mixing phase between the various com-
ponents. The free parameters in the fit are the individ-
ual FWHM widths �G�, the cross sections �s� for the
two states, and their positions in energy �Ex�; see Table I.
The fit was restricted to Eg . 22 MeV and the result is

TABLE I. Parameters of the 5Li resonances deduced from the
exclusive photon-energy spectrum and previous values obtained
with conventional R-matrix theory.

Jp Present data R matrix [11]
3

2
2 s �mb� 8.0 6 0.7

Ex �MeV� 2.9 6 0.2 2.08
G �MeV� 1 6 0.2 2.11

1

2
2 s �mb� 4.5 6 0.4

Ex �MeV� 9.3 6 0.4 8.26
G �MeV� 10 6 1 19.8
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shown in Fig. 1 (solid line) together with the two indi-
vidual components (dotted lines). The widths of the two
peaks and their positions are consistent with the adopted
values for the two lowest resonances of 5Li [11]. The
cross section for 10 , Eg , 22 MeV (in the c.m. frame)
associated with the coherent nonresonant component is
s � 4.8 6 1.0 mb, and that associated with photons from
incoherent processes is s � 2.3 6 1.0 mb. The latter is
obtained from the difference of the inclusive and the ex-
clusive data. The errors are systematic and associated with
residual uncertainties in the acceptance.

Clearly, the decomposition of the angle-integrated spec-
trum into a classical bremsstrahlung and a radiative capture
component qualitatively describes the data. However, in a
consistent bremsstrahlung model both aspects should be
described simultaneously. To this end we have compared
the present data with three different models.

The potential model of Baye et al. [12] accurately treats
the computational problems associated with transitions to
continuum states and with the Coulomb contribution. In
the present calculations the so-called Kanada potential [13]
was employed that reproduces the elastic scattering phase
shifts of the a 1 p system. The restriction to real po-
tentials is not considered to be a severe limitation for the
a 1 p system because of the high breakup threshold of
the a particle. In Fig. 3 the potential-model calculation
(solid histogram), folded with the detector response, is
compared with the exclusive spectrum. The model cross
sections were multiplied with a factor 1.6 to match the peak
cross section of the data. The model describes the rapid
decrease as a function of energy and the enhancement in
the capture region. However, this calculation would fit the
low-energy region without the normalization factor. Hence
the model can not quantitatively account for the classical
and the capture component of the bremsstrahlung spectrum
simultaneously.

Various implementations of the soft-photon approxima-
tion can be found in the literature. It has been applied with
some success to the a 1 p bremsstrahlung in previous
studies at proton energies between 7 and 45 MeV. How-
ever, the data of these experiments were very limited [14].
To describe processes with resonances in the final state, a
covariant generalization of the Feshbach-Yennie approxi-
mation [15,16] was applied to the present data. The input
is the experimentally known elastic-scattering phase shifts
[17]. The result of this calculation, multiplied by a nor-
malization factor of 1.26, is compared (dashed-dotted his-
togram) with the data in Fig. 3 after folding with the TAPS
response. This calculation, however, underestimates the
data at the lower energies. Its classical �1�Eg� behavior
sets in at a much lower photon energy (a few MeV, not
shown in the figure).

An additional calculation, which extends the model of
direct capture into bound states to the case of direct capture
into unbound states, was performed using the technique of
Ref. [18] and is shown as the dotted line in Fig. 3. This
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calculation employed a complex optical model potential,
obtained from fitting the elastic-scattering angular distri-
butions [19], to describe the incoming channel. The en-
ergy dependent real potential [20], used to describe the
two lowest states of 5Li, was constructed to reproduce the
experimentally determined elastic-scattering phase shifts.
The normalization factor in this case is 0.75. This model
follows the soft-photon approximation quite well in shape,
although the classical region appears to set in at higher en-
ergy, but still underestimates by far the data.

The shape of the angular distribution is quite well pre-
dicted by all models. As an example we show in Fig. 2
the potential-model prediction (solid line). In fact, a cal-
culation based on classical electrodynamics [9,21] already
reproduces the shape (dashed line), indicating that it is
determined by the charge asymmetry of the system as a
consequence of direct capture.

In the capture part of the cross section we find agree-
ment between all three models within a factor of 2. The
variations at low photon energies are much larger. The
opening of inelastic reaction channels in this energy re-
gion, e.g., the resonances decaying into d 1 3He, may re-
quire a more detailed description than available from any
of the models. A coupled-channel approach may be neces-
sary. Note that the models differ strongly in the treatment
of the absorption. For a proper understanding of nuclear
bremsstrahlung it is desirable to learn for which photon
and beam energies coherent bremsstrahlung approaches the
classical dependence, and to establish the role of the nu-
clear structure of projectile and target. Experimentally, one
can study these aspects for the present system by measur-
ing the photon spectra as a function of beam energy. In
particular, at higher energy the dynamic range below the
breakup threshold could be extended, and its possible im-
pact on the coherent bremsstrahlung mechanism could be
studied more extensively.

In summary, we have observed hard photons associated
with coherent bremsstrahlung in the a 1 p reaction.
Photon-particle coincidences allowed us to extend the co-
herent bremsstrahlung spectrum to photon energies as low
as 10 MeV. The low-energy photon spectrum appears to
have a classical 1�Eg shape. Photons with energies close
to the kinematic limit have been associated with direct
capture to the two lowest states of the unbound 5Li. The
data have been compared with model calculations in which
coherent bremsstrahlung and direct capture are treated
consistently as the same process. The calculations quali-
tatively reproduce these two features of the data but do
not reproduce their relative magnitude.
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