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High energy g-ray production from Be, C, and Al targets with 65 MeV 3He bombardment
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High-energyg rays from targets of Be, C, and Al bombarded with 65 MeV3He ions have been measured by
the use of ag-ray detector system consisting of seven BaF2 scintillators. The energy spectra were obtained up
to the maximum energy kinematically permitted in each collision at detection angles of 35°–144°. The experi-
mental cross sections are compared with calculations of the potential bremsstrahlung on which the theory has
been developed by Nakayama and Bertsch. It is shown that the prediction of potential bremsstrahlung can well
reproduce the production cross sections ofg rays of energy near the kinematical maximum energy in collisions,
while this result is contrary to the previous one of Tamet al. in a and d bombardments.
@S0556-2813~96!01611-1#

PACS number~s!: 23.20.2g, 25.55.2e, 29.30.Kv
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I. INTRODUCTION

Since the late 1980s, high-energyg-ray productions in
nuclear collisions have attracted attention and have been
studied both experimentally and theoretically@1,2#. Charac-
teristics of the energy spectra and angular distributions og
rays of an intermediate energy 20,E,100 MeV, emitted
during heavy-ion collisions, have been well explained with
model assuming that nucleon-nucleon bremsstrahlung is
main radiative process. In the model, the production
nucleon-nucleon bremsstrahlung beyond half the beam
ergy per nucleon can be realized by considering the Fe
momentum distribution of nucleons in projectile and/or ta
get nuclei, and change of the phase space during the c
sion. Cassinget al. @3# performed such calculations in whic
nucleon-nucleon collisions during the reaction are treated
using the transport equation of Boltzmann-Uehlin
Uhlenbeck. However, this theory cannot be applied to
production ofg rays near the maximum energy kinematica
permitted in collision, because the total energy of the syst
is not conserved. Nakayama and Bertsch proposed the po
tial bremsstrahlung@4,5#, where the projectile nucleus is as
sumed as a structureless particle, andg rays are produced
when the projectile is strongly accelerated in the surface
target nucleus.

Although there has been a large amount of experime
work on the production of high-energyg rays in intermediate
heavy-ion collisions, reports on observation ofg rays near
the kinematical maximum energy are very few. In the case
a projectile consisting of many nucleons such as nuclei w
A.10, the potential bremsstrahlung is unlikely to occ
since it is difficult to regard the projectile as a structurele
particle, while in the case of light ion projectiles such asd,
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3He, anda, one can expect to observe the potential brem
strahlung. Nakayama and Bertsch, using an infinite nucl
matter approximation, evaluated the potential bremsstr
lung cross sections and compared with the experime
g-ray spectra@6# from 27 MeV 4He- and3He-induced reac-
tions on a samarium target. Their calculated results poo
reproduce the energy dependence of theg-ray spectra, and
the authors concluded that neither potential field n
nucleon-nucleon collisions can account for measured hi
energy tail. However, the reactions analyzed by Nakaya
and Bertch are not appropriate to the test of the poten
bremsstrahlung, since the contribution of decayg rays from
the giant dipole resonances of the compound nuclei is c
siderable in theg-ray spectra rather than the potential brem
strahlung. Actually, Reffoet al. @7# calculated the contribu-
tion of g rays from the giant dipole resonance excited in
pre-equilibrium relaxation process, and showed a go
agreement with the experimental results. The poten
bremsstrahlung should therefore be sought for in theg-ray
spectra observed at a projectile energy sufficiently high
avoid the contribution of giant dipole resonance. In this p
per, we report on such measurements; energy spectra
angular distributions of high-energyg rays emitted in the
3He-induced reactions at 65 MeV. We have used BaF2 scin-
tillators to measure high-energyg rays, because of its excel
lent timing property@8# and ability of n-g discrimination
through the pulse shape analysis@9#; these properties play an
essential role to reject neutron events in continuumg-ray
spectra. The observedg rays near the kinematical maximum
energy are discussed on the basis of the theory of poten
bremsstrahlung.

II. EXPERIMENT

The experiment of high-energyg-ray production was per-
formed with 65 MeV3He beams from the AVF cyclotron a
Cyclotron and Radioisotope Center, Tohoku Universi
Natural self-supporting foils of Be, C, and Al with thicknes
of 18.5, 11.3, and 27.0 mg/cm2, respectively, were bom-
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2430 54M. HOSAKA et al.
barded andg rays were measured with a high-energyg-ray
detection system. As shown in Fig. 1, the detector w
shielded with lead blocks of 10 cm in thickness and mount
on a turntable which can rotate around the target in a pla
containing the beam axis from 35° to 144°. The solid ang
of high-energyg-ray detector was defined to be 7.85 ms
with a lead collimator of 15 cm in length. Measuremen
were performed at angles of 35°, 60°, 90°, 120°, and 144°
Be target and at 35°, 60°, 75°, 90°, 105°, 120°, and 144°
C and Al targets.

Figure 2 shows the high-energyg-ray detection system
which consists of seven BaF2 crystals, being optically sepa-
rated from each other. Each crystal has a hexagonal cr
section with a length of the side of 3.75 cm and an axi
length of 20 cm. Through a thick collimator,g rays can hit
the central BaF2 crystal only, and part of its energy may
escape as scattered Comptong rays or electron bremsstrah
lung. The escape radiations from the central crystal are m
sured with the surrounding six crystals. Thus the total ener
of a high-energyg ray is obtained by summing up signal
from the central and surrounding detectors. The energy re
lution ~FWHM! is about 9% in the energy range from 25 t
76 MeV. The detector responses for high-energyg rays were
measured, separately, by using a tagged photon facility@10#
of LNS, Tohoku University and are shown in Fig. 3. In th
measurement, the on-line calibration of the energy scale w
made with 15.1 MeVg rays from the excited state of12C*
~15.1 MeV,T51, Jp511!. A broad peak corresponding to
the energy deposited in a BaF2 crystal by cosmic muons
were also used for a high-energy calibration point. In ord
to monitor both the gain shifts of the electronics and th

FIG. 1. Layout of high-energyg-ray measurement system.

FIG. 2. Construction of the high-energyg-ray detector.
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pileups during the experiment, used was a light emitting d
ode from which the light was fed into the BaF2 crystal
through optical fibers. Signals of neutrons produced b
nuclear reactions were reduced by placing a paraffin block
front of the detector. Remaining neutrons were eliminated b
using a time-of-flight technique; the accelerator rf signal an
the detector pulse were used as the start and stop sign
respectively. Figure 4 shows a TOF spectrum obtained wit
a 0.5 m flight path. The time resolution~FWHM! of the
g-ray peak is 1.0–1.5 nsec which is mainly due to the beam
time structure. The resolution was small enough to separa
g rays from neutrons in case of the C and Al targets. In th
case of the Be target, however, not only this separation tec
nique but also then-g discrimination was needed because o
a large amount of neutrons. Cosmic-ray backgrounds we

FIG. 3. Response functions forg rays of 28.7 and 72.3 MeV.
Solid curves are the calculations based on Eq.~6!.

FIG. 4. n-g discrimination by the T-O-F technique.
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eliminated by discriminating the events whose energy
higher than 10 MeV in the surrounding BaF2 crystals. A
reduction factor of 1/20 000 for the cosmic-ray backgroun
could be achieved by this discrimination combined with th
time-of-flight one. However, it cost the validg-ray events;
for instance, 11% of the valid events ofg rays at 76.5 MeV
were eliminated.

Figure 5 shows energy spectra of high-energyg rays ob-
tained at laboratory angles of 35°, 90°, and 144°. As show
g-ray events are distributed continuously up to the kinema
cal maximum energy, and sharpg-ray peaks are not ob-
served except for the C target case, where the 15.1 M
transition is clearly seen. The spectra indicate that theg rays
were emitted neither isotropic nor symmetric about 90°. T
observed asymmetry is remarkable especially forEg>40
MeV, and should be interpreted as the Doppler shift of r
diations in the projectile frame. Since theg-ray yields in the
lower-energy region are expected to containg rays decaying
from the giant dipole resonance, our discussion in this pa
is mainly focused on the production ofg rays of the energy
above 40 MeV.

III. THEORY

The one-dimensional formula@4,5# for the probability of
potential bremsstrahlung per unit solid angle and unit phot
energy is expressed by

d2P

dv dV
5zp

2 avMp

~2p!2PiPf

3(
«k

U E dx eikxxc i~x!
«k•P

Mp
c f~x!U2. ~1!

Herea~51/137! is the fine-structure constant andv, ek , and
kx are the energy, the unit polarization vector, and thex
component of the momentum of the photon, respectively.Mp
andZp denote the mass and the atomic number of the p
jectile. Pi is the initial momentum before crossing th
nuclear surface andPf is the final momentum after crossing
it. ci and cf are the initial and final wave function of the
projectile in the Woods-Saxon potential, which is given b

V~x!5
V0

@11exp~2x/a!#
. ~2!

Here,V0 ~,0! and a are the depth and diffuseness of th
potential. We consider the production of high-energyg rays
near the kinematical maximum energy, namely, the end po
of the bremsstrahlung spectrum. In such a drastic proce
the projectile nucleus might receive the nuclear force stro
ger than in the case of elastic scattering. Thus, we treatV0 as
a parameter, the value of which is not necessarily same
that determined from the elastic scattering data, while t
radius of nucleus and the diffusenessa are geometrical pa-
rameters and they should not depend on collision proces
~i.e., potential bremsstrahlung and elastic scattering!. We use
the values ofa obtained from the numerous elastic scatterin
data of3He bombardments. Because of small atomic numb
of the target nuclei Be, C, and Al, the Coulomb distortion
is
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ci and cf is not considered in the present calculation, a
though it is needed especially in the case of heavier tar
nuclei.

The differential cross section for the potential bremsstra
lung is obtained by integrating over the impact parameteb
and the azimuthal angle of projectilef in consideration of
the spherical geometry of the nuclear surface of target:

d2s

dvdV
5E

0

R

bdbE
0

2p

df
d2P

dvdV
, ~3!

where the initial momentumPi in Eq. ~1! is adopted as the
normal line componentP' of the momentum on the nuclea
surface. It is required that the projectile in the final sta
keeps the same internal structure as that of the initial st
Thus the effectiveQ value for the potential bremsstrahlun
is expected to be smaller than the actualQ value of the
reaction and to be related to the cluster structure consis
of projectile and target nucleus. We designate this effect
Q value byS and treat it as a parameter in the present theo
For a givenP' , the maximum available energy to the pote
tial bremsstrahlung is given by

vmax5
P'
2

2Mp
1S. ~4!

The formulation discussed above does not include
contribution of the target. If the target nucleus can be
garded as a point charge, then it can emit a photon also
the simplest potential model assumes for both the projec
and the target nuclei to be point charges, the correction
to the spatial extent of the charge should be made. Usua
the following factor is used for the correction:

S FP~k!2
ApZt
ZpAt

FT~k! D 2, ~5!

whereAt andZt stand for the total nucleon number and th
atomic number of the target nucleus andFP(k) andFT(k)
are form factors, respectively, for charge density of the p
jectile and the target nucleus. IfF(k)51.0, the nucleus can
be regarded as just a cluster of nucleons which behaves
point charge for a given momentum transfer. Since the
served maximumg-ray energy in the present work is abou
60 MeV, one can assumeF(k)51.0; the spatial extent can b
neglected for such a small momentum transfer. Nakaya
and Bertsch assumedFP(k)5FT(k)51, which reduces the
cross section greatly. Nevertheless, it is not enough argum
for the potential bremsstrahlung. Since the potential is ori
nated from the nucleon-nucleon interaction, theg-ray energy
is released by the nucleon interacting with the other nucle
Therefore, in order to regard the photon as emitted fro
whole projectile or target, it is required that the recoil m
mentum of the nucleon, which emits a photon after~or be-
fore! the interaction, should be shared with the remaind
nucleons so as to form the ground state of the projectile
the target nuclei. Thus one needs to consider a time exten
well as the spatial one.

Now, we consider the emission of 50 MeV photons by
MeV 3He bombardments. The reaction timetR to produce a
photon of 50 MeV is estimated to be 4 fm/c in accordance
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with the uncertainty relation. Assuming the interaction ran
between two nucleons as 1.4 fm, we can consider the em
sion process where two of the three nucleons sequenti
transfer their energies to the remaining one which emits s
of the three nucleon’s energies as one photon: the inter
tion time 1.43252.8 fm/c,tR . Of course, the crossing time
through the surface 2a/vp should be equal or longer than th
reaction timetR ~we assume the length of nuclear surface
2a and denote the velocity of projectile asvp!. On the other
hand, a nucleus which consists of more than three nucle
is expected not to produce such a high-energy photon by
reason mentioned above. In the present case, we can th
fore neglect the contribution from the target nuclei~Be, C,
and Al! to the production of high-energyg rays. This is the
reason that, in high-energy heavy-ion collisions,g rays near
the kinematical maximum energy have not been observed
the experiments up to now. For even higher-energy light-i
collisions ~E.100 MeV!, the g rays near the kinematical
maximum energy are not expected in the potential brem
strahlung because the reaction time for such high-energg
rays becomes too short.

FIG. 5. g-ray spectra from Be, C, and Al targets bombarde
with a 65 MeV3He beam.
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IV. DISCUSSION AND CONCLUSION

Three origins can be considered for the production of co
tinuous high-energyg rays; emitted from a nucleus highly
excited through the compound reaction process, the nucle
nucleon bremsstrahlung, and the potential bremsstrahlu
The contribution ofg rays from the compound nuclei can be
estimated by the statistical model calculation. We have pe
formed such calculations by using the codeCASCADE @11#
with standard parameter values for the level density and t
giant dipole resonance. The result of the calculation for th
3He1Al reaction is shown in Fig. 6 with the experimenta
data. Although theg rays emitted through the giant reso
nance make a broad peak structure around 20 MeV,g-ray
yields for Eg.30 MeV are at least 1 order of magnitude
smaller than the experiment. Thus, the contribution of th
decayg rays is negligible.

In the nucleon-nucleon bremsstrahlung model, the emitt
g rays are considered to be created incoherently from ea
nucleon-nucleon interaction in the mean field during the co
lision. The emission ofg rays with energies higher than half
of the incident energy per nucleon, then, requires the hig
momentum component of the Fermi motion of the nucleon
the projectile and target nuclei. The simplest estimatio
based on the nucleon-nucleon bremsstrahlung is to calcul
the first chance nucleon-nucleon collision with the exper
mental value of the bremsstrahlung cross sections. In th
case, however, the energy-momentum conservation of
whole system cannot be incorporated; this requirement
essential especially for the present case where the alm
available energy is converted to the singleg-ray emission.
Generally, more sophisticated calculations, such as BUU c
culations, have been performed using the transport equat
with collision term. However the momentum-energy conse
vation of the whole system is not incorporated in most of th
calculations. Therefore, the calculation with the convention
code usually overestimates near the kinematical maximu
energy; if the system has enough energy after theg-ray emis-
sion, the calculation is worthy to be compared with the ex
periment. Knowing these restrictions, we have compared t
production cross sections for the3He112C reaction with
those calculated by using the BUU code@3#. As shown in

d

FIG. 6. Comparison with the cascade decayg rays.



er
ur

al
s-
t-
-
es.

gy
n

ion

n-
:

°.

54 2433HIGH ENERGYg-RAY PRODUCTION FROM Be, C, . . .
Fig. 7, the calculated yields at aroundEg540 MeV are
smaller than the experiment. Although the calculated yield
the maximum energy becomes same order of magnitude
the experiment, this is due to the lackness of the momentu
energy conservation as discussed above. Therefore, the c
tribution of the incoherent nucleon-nucleon bremsstrahlu
is at least one order of magnitude smaller than the observ
yields for Eg.40 MeV and a large contribution of other
bremsstrahlung should be considered in this energy regi
Tam et al. investigated the bremsstrahlung for the4He112C
reactions atE/A525 MeV andE/A553 MeV and also for
the 2H112C reaction atE/A553 MeV @12#: the calculation
of BUU reproduces both the experimental cross sections
bremsstrahlung for the4He112C reaction atE/A553 MeV
and those for the2H112C reaction atE/A553 MeV, and it
overestimates for the4He112C reaction atE/A525 MeV.

FIG. 7. Comparison with the nucleon-nucleon bremsstrahlun
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The present experimental cross sections for the3He112C re-
action at E/A521.7 MeV are larger than those of the
4He112C reaction atE/A525 MeV, whereas the calculated
cross sections of BUU for the former reaction are one ord
of magnitude smaller than those for the latter reaction. O
results are just contrary to those of Tamet al. @12#

Calculating the production cross sections of potenti
bremsstrahlung in accordance with the last section, tran
forming them into the laboratory frame, and then convolu
ing them with theg-ray energy response function, we ob
tained cross sections corresponding to the experimental on
We did not unfold the experimentalg-ray spectra since the
g-ray cross sections at the kinematical maximum ener
could not be obtained owing to relatively poor statistics. I
order to facilitate comparisons with our experimentalg-ray
spectra, we present the response function of our detect
system forg rays of the energyE0 ~in MeV!, which is de-
duced by fitting a Gaussian function jointed to an expone
tial left-hand tail to the experimental spectra shown in Fig. 3

FIG. 8. Energy spectra of the potential bremsstrahlung at 90

g.
Y~E,E0!5H X13exp@2~E2X2!2/X3#, E>X22
X33X4

2
,

X13exp@~E2X2!X41X33X42/4# E<X22
X33X4
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with

X150.320.003E0 ,

X2520.5110.97E0 ,

X351.110.08E0 ,

X450.9720.021E010.000 13E0
2. ~6!

The detection efficiency due to the rejection of cosmic mu
rays is taken into account in the above equation.

We fitted the theoretical cross sections to the experime
ones, by changing the parameters ofV0 andS. The geometri-
cal parametera was taken as 0.774, 0.784, and 0.805 fm
the targets of Be, C, and Al, respectively, as was deduced
on

tal

or
by

Trostet al. @13# The results on the energy spectrum obtained
at 90° are shown in Fig. 8 and those on the angular distribu
tion in Fig. 9, where the solid curves represent the theoretic
cross sections for the potential bremsstrahlung. It is see
from these figures that the predictions of the potential brems
strahlung well reproduce the experimentalg-ray spectrum,
especially in the energy region near the kinematical max
mum energy. As a result of comparisons with the potentia
bremsstrahlung, we can recognize another component o
continuumg rays in the spectra of Be, C, and Al, respec-
tively ~Fig. 8!. This component is expected to be the poten
tial bremsstrahlung of two nucleons in3He, because the
maximum energy of this bremsstrahlung is estimated to b
approximately 40 MeV in consideration of the beam energ
per nucleon. Development of a theory for such potentia
bremsstrahlung is strongly desirable.
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For the potential bremsstrahlung of 50 MeV, the react
time tR , the interacting time of nucleons in3He nucleustI ,
and the crossing time through the nuclear surfacetC are
estimated to be 4, 2.8, and 8 fm/c, respectively, and satisfy

FIG. 9. Angular distributions of the potential bremsstrahlun
ion

the time relations oftR.t I andtR,tC mentioned in the last
section. Pinstonet al. @14# measured high-energyg rays in
the3He-induced reactions at 280 MeV. In this case, howev
the emission ofg rays of high energy near the kinematic
maximum energy cannot be expected, sincetR for 280 MeV
g rays is 1.4 fm/c, i.e., tR,t I . Actually such high-energy
g-rays were not observed in their data.

Table I presents the best fit values ofV0 andS. We also
list in this table the experimental values ofV0 deduced from
3He elastic scattering data by Trostet al. @13# and theQ
values@15# corresponding to the difference between the to
mass of projectile and target nuclei and the mass of th
fused nucleus. The values ofV0 for the potential bremsstrah
lung are about 2.5 times larger than those of the elastic s
tering. This fact denotes that the projectiles are strongly
celerated in the case of potential bremsstrahlung. The va
of S are smaller than theQ values. This can be interpreted i
such a way that the three nucleons of projectile can exis
3He particle in the fused nucleus only with the excitatio
energies higher thanQ-S. Thus, we conclude that the exper
mental data in the high-energy region ofEg.40 MeV can be
interpreted as the potential bremsstrahlung.
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TABLE I. Best-fit values ofV0 andS.

Target
V0 ~MeV!

Potential brems.
V0 ~MeV!
Elastic scatt. S ~MeV! Q value ~MeV!

Be 2275 2105.8 21.0 26.3
C 2275 2105.7 12.1 12.1
Al 2241 2109.8 5.5 17.9
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