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Ultradipole photon production in 40 and 50 MeV cx-nucleus collisions
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p-ray yields in the energy range 5—35 MeV have been measured in the reactions o. + Au and
Tb at E =40 MeV and o. + Au, Sn, " Ag, and Co at E =5Q MeV at 8 = 9Q'. Angular

distribution measurements have been carried out for the heaviest and the lightest targets at E
50 MeV. A reasonably good agreement with the statistical model calculations is obtained for photon
energies up to the giant dipole resonance region. A nonstatistical component is observed at higher
p-ray energies for all the systems studied. An attempt to understand the production mechanism of
the nonstatistical part is made in terms of the potential bremsstrahlung and the incoherent nucleon-
nucleon bremsstrahlung processes. While the calculations give the right order of magnitude of the
measured cross sections for the highest p-ray energies, they fail to reproduce the measured angular
distributions and the cross sections in the entire p-ray energy range.

PACS number(s): 25.55.—e, 24.30.Cz

I. INTRODUCTION

There are many studies, both experimental and theo-
retical, on high energy p-ray production following heavy-
ion and n-particle boinbardment on nuclei [1—6]. The
photon production mechanism in low energy heavy-ion
collisions (E/A +8 MeV) has been well understood in
terms of the statistical decay of an excited compound
nucleus after incorporating the isovector giant dipole res-
onance (GDR) built on excited nuclear states. In colli-
sions involving higher projectile energies, an excess of
photon yield over that expected on the basis of the sta-
tistical model has been observed, especially for p-ray en-
ergies exceeding the GDR region. This "nonstatistical"
yield has been referred [7] to as ultradipole radiation
(UDR) and has been understood in terms of incoher-
ent nucleon-nucleon collisional bremsstrahlung [1—3,7,8]
with reasonable success, particularly, for beam energies of
E/A )20 MeV. Other mechanisms like nucleus-nucleus
bremsstrahlung [9,10], statistical decay of a thermally
equilibrated fireball [8], and clusters [ll] have been pro-
posed for explaining the UDR but seem to be less success-
ful. Only a few experiments [12—15] have been reported
at beam energies between 10 and 20 MeV/nucleon and
the nucleon-nucleon bremsstrahlung model generally un-
derestimates the UDR yield observed in these cases.

Alpha-induced UDR has been studied by Tarn et al,.
[16] at E =100 and 212 MeV on several targets. These
data can be understood to within factors of 3 on the
basis of nucleon-nucleon bremsstrahlung models. At
low o. energies, significant UDR yields have been ob-
served in 27 MeV n+i5 Sm [4] and 28 MeV n+ Co
[17] reactions, unlike the situation with heavier projec-
tiles at similar beam energies per nucleon. Nakayama and
Bertsch [18] attempted to explain the n+ Sm data in
terms of nucleus-nucleus potential bremsstrahlung as well

as nucleon-nucleon bremsstrahlung. The latter model
underpredicts the data by factors of up to 10, but is
successful in reproducing the energy dependence of the
UDR yield. The potential bremsstrahlung model repro-
duces the observed cross sections only near the kinematic
limit and underpredicts the data at lower photon en-
ergies. An improved version of their nucleon-nucleon
bremsstrahlung model [19] which includes the nucleon
and p-ray energy-dependent T matrices seems to explain
the 10 MeV/nucleon C+ Sm data [4], but has not
been applied specifically to the low-energy o.-induced re-
actions.

In order to understand the production mechanism of
UDR, particularly the role of potential and nucleon-
nucleon bremsstrahlung following o,-induced reactions at
low bombarding energies, we have measured p-ray yields
for E~ 5 to 35 MeV for several targets at E =40 and
50 MeV both in the singles mode and in coincidence with
a set of p-ray multiplicity detectors. Angular distribution
measurements were made in some of the cases. The data
have been compared to the calculations based on poten-
tial bremsstrahlung and the first chance nucleon-nucleon
bremsstrahlung model a la Nakayama and Bertsch [7,19]
with realistic momentum distributions of nucleons in the
projectile and the target. The experimental details are
presented in Sec. II. In Sec. III we present the experimen-
tal data along with the statistical model analysis for the
lower energy part of the p-ray spectrum. In Sec. IV an
attempt to understand the UDR cross sections in terms
of bremsstrahlung models is described. A summary is
given in Sec. V.

II. EXPERIMENTAL DETAILS

The experiments were carried out at the Variable En-
ergy Cyclotron Centre, Calcutta, using o, beams of 40

0556-2813/93/48(6)/2845(10)/$06;00 48 2845 1993 The American Physical Society



2846 SHARAN, AGARWAL, BABA, CHAKRABARTY, AND DATAR 48

and 50 MeV, bombarding self-supporting metallic targets
of ~s7Au, ~ssTb, ~~sSn (isotopically enriched to 98%),

Ag, and Co. The details regarding the reactions
studied are listed in Table I. The typical beam current
used was 1 nA (electrical). p rays were measured in
the energy range of 5 to 35 MeV in an array of seven
15 cm thick, closely packed regular hexagonal NaI(T1)
detectors, each inscribed in a circle of 7.5 cm radius.
The detector assembly was placed at 90' at a distance of
100 cm from the target, subtending a solid angle of 0.9%
of 4'. For angular distribution studies additional mea-
surements were made at 45 and 135 for Au and Co
targets at E =50 MeV. The detectors were surrounded
by anti-coincidence plastic scintillators (50x50x5 cms)
on the sides and the top to veto the cosmic ray muons.
The NaI(Tl) detectors and plastic scintillator assembly
was shielded against background p rays by a 10 cm
thick layer of lead placed on the sides and the top. A
5 mm thick lead sheet in front of the detector assem-
bly was used to reduce the count rate due to low energy
p rays and x rays produced in the target. The detec-
tor array was further covered on the sides by boric acid
to reduce the thermal neutron background. In addition,
four 5.1 crn Px5.1 cm NaI(Tl) detectors were placed at a
distance of 8 cm &om the target and were operated in
coincidence with the main detector array giving informa-
tion about the mean p-ray multiplicity associated with
each event.

The response of the detector assembly was Ineasured
at p-ray energies of 6.14, 10.76, 12.84, 17.27, 24.4, and
28.8 MeV in auxiliary experiments using proton induced
reactions on F, Al, and B. The response was also
calculated using the EG84 [20] code and a good agree-
ment (within 10%) was found with the measurements
and hence the calculated response was used to fold
or unfold the p-ray spectra. During the main experi-
ment the calibration and the stability were checked us-
ing the E~ =4.43 MeV line from a Ra-Be source, and
E~ =6.83 MeV peak from the thermal neutron capture
in iodine in each of the seven NaI(Tl) detectors. The data
were recorded in list mode using a CAMAC based data
acquisition system [21]. The four parameters measured
for each event were (1) the total energy (E) deposited
in the main detector array, (2) time difference [time of
Bight (TOF)] between the fast signal &om the main de-
tector (time matched OR of the seven detectors) and the
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cyclotron r.f. signal, (3) pileup parameter (P) derived
from the zero crossover time of the total energy (bipo-
lar) pulse, and (4) the time difference between the time
matched fast QR of the trigger detectors and the main de-
tector. The TOF spectra were projected for 0.5 MeV
bins in E with the appropriate gate on P. The time reso-
lution for the prompt photons was 3 ns for E~ &8 MeV.
Typical TOF spectra &om the 50 MeV o.+ Au runs for
(E) 20 and 30 MeV are shown in Fig. 1. It is clear that
the fast neutrons are well separated from the prompt p
rays up to the highest energies measured. A suitable
gate was set on the parameter P to minimize the pileup
events and the residual pileup (within the gate) was cor-
rected for by an extrapolation procedure. This method of
pileup rejection was tested by comparing the cross sec-
tions derived from two separate runs on Au target
at E =40 MeV, with beam currents of 0.5 and 2 elec-
tricalnA. The results agreed within 10% of each other
throughout the p-ray energy region. The NaI(Tl) detec-
tors also showed moderate pulse shape discrimination for
E 15 MeV which enabled additional neutron rejection
with an appropriate choice of the P gate.

The neutron background Rom the beam dump situated
at 2.5 m from the target was minimized by surrounding
it with a tank (1 mx1 mx1 rn) containing a solution of
boric acid in water, paraKn blocks, and lead. In order
to reduce background from beam halo interaction with
the target frame, large area targets ( 30 mmx30 mm)
supported only &om the top were used. For p-ray ener-
gies &om 10 to 25 MeV, an estimate of the background
contribution was made (a) by placing a 10 cm thick lead
in front of the target and (b) by placing a blank frame
in the target position. In both the cases the background

TABLE I. List of the reactions studied. Eb, is the beam
energy, T is the target thickness, P is the target purity, and
E* is the average excitation energy in the compound nucleus.
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FIG. 1. Typical time-of-flight (TOF) spectra for energy
windows (a)18.7&E&21.3 MeV and (b) 28.0 & E & 32.1 MeV
measured in the reaction n+ Au at E = 50 MeV.
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was found to be less than 5% of yield from the target
in the energy region of interest. Further details of the
experimental setup were discussed elsewhere [22].

III. EX.PEHIMENTAL B.ESULTS

A. Singles measurements and statistical madel
analysis

The measured singles p-ray spectra for difFerent tar-
gets at E =40 MeV and 50 MeV are shown in Fig. 2.
All these spectra show the characteristic isovector GDR
bump followed by an exponential tail (UDR) with a slope
roughly independent of target. Also shown in Fig. 2(c) is
a p-ray spectrum measured in the reaction 0+ Ta at
a beam energy of 84 Me V which populates a similar com-
pound nucleus (at a slightly higher excitation energy) as
in the a+ s Au case at E =50 MeV (Table II). This
measurement was made using the 0 beam &om the
14UD Pelletron accelerator at Bombay. A comparison of
the two spectra provides an empirical evidence for the
nonstatistical nature of UDR in o.+ Au system since

TABLE II. Parameters used in statistical model calcula-
tions. o.g„, is the fusion cross section, / „ is the maximum
angular momentum of the compound nucleus, and XFAcT is
multiplying factor to get the absolute fit in the lower energy
part of the spectra.

Reaction

16O +181 T
o. +'"Aun+'" Tb
o. +'"Au
n+ Sn

o. +"Co

(MeV)
50.7
36.4
37.3
45.9
47.6
50.0
50.5

&fus ~max @GD R
(mb) (MeV)
200 20 13 0
1108 17 13.0
1300 17 12.1/15.7
1400 21 13.0
1300 21 15.2
1300 20 15.5
1100 18 17 0

I GDR XFAGT
(MeV)

6.0
5.5
4/6
6.0
6.8
7.0
8.5

0.66
1.10
0.93
1.12
1.06
0.60

Prolate deformation used in the case of o;+ Tb, resulting
in the split resonance with the two values of EGDR and 1 GDR
shown.
The factor deviates from 1.0 beyond the experimental un-

certainties only in the case of n+ Co. No obvious reasoning
for this can be provided. It may be mentioned that a similar
diKculty in 6tting the p-ray spectrum in the reaction n+ Co
at E =28.4 MeV has also been reported in Ref. [17].
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FIG. 2. Measured p-ray spectra at 0~ = 90 . Solid lines
show the statistical model fits using the code GAscADE (with
the parameters given in Table II) after folding with the de-
tector response function.

the p-ray spectrum in the reaction 0+ Ta can be
explained by statistical model calculations in the entire
energy range (shown by the solid line). For this calcula-
tion we have used a modi6ed version of the code CASCADE

[23] with the relevant parameters shown in Table II.
Similar statistical model calculations have been done

for all the other o.-induced reactions and are shown in
Fig. 2 by the solid lines after folding the calculated spec-
tra with the detector response function. For the statisti-
cal model calculations the important inputs are the level
density, the GDR parameters, and the fusion cross sec-
tions. In all these calculations the level density prescrip-
tion of Reisdorf [24] has been used. The GDR strength
has been fixed at 100gp of the classical sum-rule strength.
The choice of GDR parameters is guided by the systemat-
ics in literature [17,25]. The best fit values are obtained
by varying these parameters within a reasonable range
in order to describe the shape and magnitude of the low
energy part of the p-ray spectra. The input fusion cross
sections are either experimental [26,27] or those obtained
&om semiclassical estimates. All the relevant parame-
ters used in the statistical model calculations have been
listed in Table II. The absolute magnitudes of the mea-
sured cross sections agree reasonably well (described by
XF~C~ in Table II) with the statistical model below the
GDR region except for Co.

As can be seen &om Fig. 2, the statistical model cal-
culations underestimate the measured p-ray yields in the
UDR region for the o.-induced reactions. This observa-
tion is independent of the choice of level density parame-
ters within reasonable limits. The inclusion of the isovec-
tor giant quadrupole resonance with IOOFO classical sum-
rule strength also does not alter this conclusion in any
significant manner. This implies a nonstatistical UDR
component in the p-ray spectrum for all the n-induced
reactions as mentioned earlier. From the measured p-ray
yieMs, the energy differential cross sections have been
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which could be +20% for reactions with 50 MeV n beam
on ~s7Au, " Ag, and ssCo targets and up to +40% for
the rest.

The energy dependence of the UDR cross sections can
be approximated by an exponential, viz. , exp( —E~/Eo),
for E~ &20 and 25 MeV at E = 40 and 50 MeV, respec-
tively. The slope parameters Eo extracted &om the 90
data (Fig. 3) are listed in Table III. Also shown in the
table are the energy-integrated cross sections for E~ &25
and 30 MeV. These are obtained by summing the exper-
imental UDR differential cross sections at 90 up to the
highest E measured, adding a contribution beyond
E &om the integral of the extrapolated exponential
tail and finally multiplying by 4m.
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B. Coincidence measurements

p-ray spectra measured in coincidence with the multi-
plicity detectors are found to be essentially similar to the
singles spectra for all the reactions studied. The ratio
of the coincidence to singles yields in the main detector,
which is proportional to the mean p-ray multiplicity, is
shown as a function of p-ray energy in Fig. 4. The mean
multiplicity remains roughly constant over a wider range
of E~ for Co compared to that for the heavier targets.
This is consistent with the fact that for Co the statis-
tical model fits the data up to higher Ez compared to
the rest. In the UDR region there is a general decrease
(up to 30%) of the mean multiplicity with Z~ in all the
cases, which suggests that the highest energy p rays arise
from more central collisions.

FIG. 3. Excess p-ray cross sections over the statistical
model predictions as a function of E~ at 8~ = 90 . Errors
shown in the figure are statistical only and do not include
systematic uncertainties. Solid lines are the sum of the calcu-
lated cross sections from the PB and the NNB mechanisms.
A sharp-cutoff approximation (k~ ——1.36 fm ) is used for
the momentum distribution of target nucleons in the NNB
calculations (see text).

obtained after unfolding the p-ray spectra using an iter-
ative technique [22]. The excess cross sections over those
calculated &om the statistical model are shown for all
the targets in Fig. 3. The errors shown in the figure are
statistical and do not include systematic uncertainties

C. Angular distributions

The p-ray yields have been measured for the reactions
o.+ Au and o.+ Co at E~=50 MeV at the laboratory
angles of 45, 90, and 135 with respect to the beam
direction. The ratios of the yields at 45' (R45) and 135
(R135) with respect to those at 90' are shown in Fig. 5 as
a function of p-ray energy . Before calculating the ratios
the data have been binned to 1 MeV and 2 MeV inter-
vals for E~ &17 MeV and E~ &17 MeV, respectively. The
measured ratios are normalized at 9.3 MeV and 12.3 MeV
for Au and Co, respectively, to the values obtained
assuming isotropy in the rest &arne of the compound nu-

TABLE III. Slope parameters (Eo), integrated cross sections (o~), and the probability (P~) per
n pcollisions [2] extracted -from the UDR spectra. o~() E) is 4n times the integral cross section
at 90 for E~ & E.
Reaction

o, + Au
o. + Tb
o. + Au
o. +'" Sn

o. +59 Co

&beam
(MeV)

40
40
50
50
50
50

(MeV)
2.8 + 0.2
2.7 + 0.3
3.9 + 0.6
3.6 + 0.6
4.4 + 0.8
3.9 + 0.5

o~()25 MeV)
(s b)

2.0 + 0.3
4.0 + 0.8
14.5 + 1.0
13 2+2.2
17.5 + 1.6
13.1 + 1.0

P~()25 MeV)
x10'

0.7 + 0.1
1.5 + 0.3
4.8 + 0.3
6.3 + 1.1
8.8 + 0.8
9.9 + 0.8

0.9 + 0.4
4.5 + 0.8
4.4 + 1.6
6.1 + 1.4
3.7 + 0.7

0.4 + 0.2
1.5 + 0.3
2.1 + 0.8
3.0 + 0.7
2.8 + 0.6

o~()30 MeV) P~ ()30 MeV)
(pb) x10
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b tion from the compound nuclear decay is (5% for is7Au
and (10% for Co over the entire p-ray eiiergy range.
Fig. 5 shows that the experimental asymmetries increase
with p-ray energy and are much greater than those pre-
dicted by these calculations.
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cleus and incorporating the appropriate Doppler shifts.
The normalization factors are 1.35 and 1.10 for R45 and
R135, respectively, for Au and 1.48 and 1.05 for Co.
The calculated asymmetry in the p-ray angular distribu-

FIG. 4. Relative p-ray multiplicity (in arbitrary units) ob-
tained from the ratios of the trigger-gated and singles p-ray
yields as a function of E~.

IV. BREM SSTRAHLUNG CALCULATION S

The typical characteristics of the nonstatistical UDR
spectra, viz. , an approximate exponential shape with
a slope parameter of s(E/A)b, and large angu-
lar asymmetries, are similar to those observed at higher
beam energies [1,2]. In view of the reasonable success
of the nuclear bremsstrahlung models in explaining these
high energy data, an attempt has been made to inter-
pret the present UDR spectra in terms of such a mech-
anism. There are basically two different models in this
class: (i) potential bremsstrahlung model, in which the
projectile nucleus radiates as a result of acceleration in
the nuclear field of the target and (ii) nucleon-nucleon
bremsstrahlung model in which the photons are emit-
ted mainly from collisions between the projectile and the
target nucleons. Nakayama and Bertsch [7] argue that at
low incident energies the potential bremsstrahlung should
be important, particularly near the kinematic limit, i.e.,
E " = EcM+Qo, where Qo is the ground-state Q value.

197
A+ AU
50 MeV

0
o g =45

08=135

A. Potential brernsstrahlung (PB)

In our calculation we have used the classical
bremsstrahlung formula [28] in which the emission prob-
ability is written as

XE1—
x x x

d2P

dE~dO

2e~ v, -e
4vr2hcE~ - 1

vf
1 —Vf . k

59
o(+ Co
50 MeV

where v; and vf are the velocities (in units of c) of the
projectile outside and inside the target potential, e is the
photon polarization, k is the unit vector in the direction
of the photon momentum, E~ is the photon energy, and.
e ~ is the effective charge of the projectile-target system
given by

(2)

v
x

I

10
I

15 20

E (Me V)

FIG. 5. Ratio of the p-ray yields (i) W(45')/W(90') and
(ii) W(135')/W(90') as a function of E~. The solid and
the dashed lines show the calculated anisotropies (i) and (ii),
respectively, from the statistical+PB+NNB processes after
folding with the detector response function.

where Zz(p) and A„~z~ are the proton and nucleon number
of the projectile (target). The cross sectioii is calculated
by integrating the emission probability over impact pa-
rameters. Although the classical formula is expected to
fail near the kinematic limit, we 6nd that our results
agree to within 30% with the one-dimensional quantum
mechanical calculation of Ref. [7] up to E~ 0.8E
which is higher than the maximum E~ measured in all
the present cases. In the PB calculation of Nakayama
and Bertsch [7,18] the Coulomb interaction between the
projectile and the target has been neglected. However
the Coulomb repulsion slows down the projectile as it
approaches the target. This should lead to a larger ac-
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celeration once the nuclear potential is felt and, hence, to
a larger PB yield. On the other hand the deHection in the
Coulomb field for nonzero impact parameters reduces the
radial component of the projectile velocity. This lowers
the maximum impact parameter that can contribute to
the PB yield for a given E~ leading to a lower cross sec-
tion. We find that the two effects almost cancel one an-
other at low energy (E~ (15 MeV). However, at higher
p-ray energies the first efFect dominates leading to an
overall increase in the UDR cross section. For E~ 35
MeV this increase is about 40% and 15% in the case of

Au and Co, respectively.
The results of our PB calculation including the

Coulomb effect for the Au and Co targets at
E =50 MeV and 0~ = 90 are shown in Fig. 6 by dashed
curves. A potential depth of 100 MeV is used in these
calculations. (Decreasing the potential depth to 50 MeV,
for example, reduces the cross sections by a factor of 2
to 3.) As can be seen in the figure the calculated cross
section is about half the measured cross section in the
case of Au at 34 MeV but further underestimates
the data at lower p-ray energies. However, the PB cross
section is negligible in the case of Co mainly due to
the much smaller effective charge. In Table IV we have

FIG. 6. Calculated cross sections from PB (dashed),
NNB-convective (dotted), NNB-exchange (dash-dotted) pro-
cesses, and their sum (solid), shown in comparison with
the data at 8~=90'. A sharp-cutoff approximation
(k~ ——1.36 fm ) is used for the momentum distribution of
target nucleons in the NNB calculations.

listed the calculated cross sections and the maximum im-
pact parameters (b ) for diB'erent p-ray energies, for all
the targets. A comparison of these cross sections and
their Z dependence show that the PB mechanism cannot
be the only source of the UDR for the reactions studied.
A mechanism of enhancing the PB yield would be to in-
clude a resonance in the o,-nucleus final state. Such a
mechanism would show up as a structure in p-ray yield
at Eb, —E~, where E~ is the resonance energy of the
alpha particle in the compound system. From our data,
particularly for o.+ Au and o.+ Sn at E~=50 MeV,
possible indications of such structures at E~ 24 and
21 MeV, respectively, are seen in Figs. 2 and 3. While a
suitable choice of energy and width of the resonance can
give an enhancement [29] in the resonance region lead-
ing to a better agreement with data for the Au target,
this mechanism cannot explain the data on the lighter
targets.

B. Nucleon-nucleon bremsstrahlung (NNB)

The incoherent nucleon-nucleon bremsstrahlung has
been found to be an important mechanism for pro-
ducing high energy p rays in heavy ion collisions at
E/A ) 20 MeV. The dominant contribution comes from
the neutron-proton collisions. The higher energy part of
the gamma spectrum (E~ ) E/2A) arises in this model
as a consequence of the boost in the effective collision
energy due to the Fermi motion of nucleons in the target
and the projectile. The general decrease of cross section
with E~ comes mainly kom the Pauli blocking in the fi-
nal state of the colliding nucleons which becomes more
efFective as the p-ray energy increases. In a complete
treatment of the problem one should follow the evolution
of the phase space distribution of the projectile and tar-
get nucleons. Photon emission is possible at all stages of
the collision. However, it has been argued that the dom-
inant contribution to photon emission is &om the first
chance neutron-proton collisions [2]. At our energies this
should be a good approximation. We have followed the
prescription of Nakayama and Bertsch [7,19] to calculate
the UDR cross section in the alpha induced reactions.
Our motivation in these calculations is to find out how
far this model can work at low beam energies. This would
bring into focus some subtleties which are probably not
important at higher beam energies.

In this first chance collision model the calculation is
done in the momentum space. Nucleons in the projectile

TABLE IV. Calculated p-ray cross sections in nb MeV sr and the maximum impact param-
eters in fm (in parentheses) at e~ = 90' in the PB model.

(MeV)
15
20
25
30

'"Au
(40 MeV)
72.3(4.6)
54.2 (4.6)
29.6(3.8)
13.6(2.O)
2.4 (1.3)

159Tb
(40 MeV)
60.7(4.7)
40.9(4.5)
22.6(3.8)
11.0(2.9)
2.9 (1.6)

197A

(50 MeV)
7O.0(5.2)
59.2(5.2)
37.4(4.7)
22.9(4.0)
13.2(3.3)

116S

(50 MeV)
32.6(5.1)
20.7(4.7)
13.2(4.2)
8.4(3.7)
5.1(3.1)

nest A
(50 MeV)
28.4(5.1)
19.2(4.8)
12.4(4.4)
8.0 (3.9)
5.1 (3.4)

59C

(50 MeV)
O.5(4.7)
6.0(4.3)
3.9(3.9)
2.6(3.5)
1.6(3.0)
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d2o. d2P

dE~dO ""dE~dO '

where

V, )
(T~ = vrR 1—E-) '

V, = 1 44z„z. t, /B (MeV),
R = 1.4(A„~ + A, ) (fm),

(4)

and

with their internal momentum distribution, collide with
nucleons in the target, which is treated as nuclear matter
characterized by the Fermi momentum k&. The cross
section for gamma production is written as a product of
(1) the probability of p-ray production in the basic n @-
collision, (2) the weighted average number of n ppai-rs
in each projectile nucleon-target nucleon collision (N „),
and (3) the total reaction cross section((r~) as

where the W„~ and W„are proportional to the p-ray
production rate in n-p collisions and the n-p collision rate,
respectively. These are calculated using the square of the
basic npp and np matrix elements and folding them over
the momentum distribution of the target and projectile
nucleons, taking into account the Pauli blocking in the
final state. It should be noted that in the convective pro-
cess [see Eq. (10) below] there is no spin-isospin flip of the
nucleons implying that the Pauli blocking in the o. parti-
cle should not be considered. The exchange contribution
[see Eq. (11) below] for which there may be spin-isospin
Hip and hence the need for Pauli blocking, is, however,
relatively less important in the present cases. Moreover,
as discussed below, the internal momentum distribution
of the nucleons in the o. particle is very diffuse. Therefore,
in all the calculations the Pauli blocking in the projec-
tile has been neglected. The numerical integrations were
performed by the Monte Carlo technique.

The photon emission amplitude in the basic n-p colli-
sion is written as a sum of three terms, viz. ,

(ZpNt + Zt, &„)rr„„
(ZpN, + Z, Np)o„, + Z„Z,re„+iV„N,o„„

Here Z„~&~ and N„~z~ denote the proton and neu-
tron numbers of the projectile (target) and cr„„, etc. ,
are the two-body collision cross sections. Assuming
cr z

——30„„=3o (a valid approximation in the range of
collision energies relevant in the present case) and noting
that the projectile in the present case is self-conjugate,
one gets N z

——0.75. The relative probability of gamma
emission is given by

dP dW„„~ 1

dE~dO dE~dO Wp„'

Vem = Vconv + Vmagn + Vexch. (9)

Here V, „stands for the convective current, V g„ for
the magnetization current, and V, ,h for the exchange
current contributions. These amplitudes, calculated in
the soft photon limit, are expressed by Nakayama and
Bertsch in terms of the energy-dependent T matrices [19].
The energy dependence (both on E, and E~ in the n
p center of mass) has been parametrized and tabulated
in Refs. [19,30]. In our calculations the magnetization
contribution has been neglected in order to save com-
putational time, since it is checked to be small ((5jo).
The matrix elements for the convective and the exchange
terms are written, following Ref. [19], as

(e, k; p'S'M'IV, „„IO;pSM) =
I k I

T.o (E , E~)~ss 4s~. '
I

V

1 —v'. k) (10)

(e, k; p's'M'Iv, „,hI01 psM)

(27rl' 'lf'r' 1, , ~i. q~2. q= 2e/ —
/ /

—
/

S'M'/ 2e q —(E~. EE'E g+ e'1' @F2' E( /SM). (11)
&s ) v'+ u' v'+ u'

The momenta p and velocity v (the primed quantities
in the final state) correspond to those in the n pcenter--
of-mass kame and are obtained by suitable relativistic
transformations. O.

q and o2 are the Pauli spin matri-
ces, S and M are the total spin and its projection, q is
the momentum transfer, and k is the magnitude of the
photon moinentum. The amplitudes T, „„and (f/p)
relevant for the convective and exchange contributions
are calculated from the parametrizations in Ref. [30].

The nucleon momentum distribution in the target is
assumed to be constant up to a maximum value k&. The
distribution of internal momentum k;nt of the nucleons
inside the alpha particle has been parametrized [31] as

1
P(k;„t) =

1+ exp [(k;„,—k, )/a]' (12)

with kq ——0.4 fm and a = 0.2 fm . In the calculations
involving high energy projectiles the effective momentum
k; of the projectile nucleon in the target rest kame is usu-
ally taken as k, = kb + k;„q, kb being the wave vec-
tor of a nucleon with energy Eb, /A Abetter prese.rip-
tion should take into account the mean field seen by the
projectile nucleons in the target, viz. , k; = kb + k;„t
where, kb is the wave vector corresponding to the en-
ergy [(Eb, /A)+E+++Qo/4] where E& is the Fermi en-
ergy in the target. Here EJ,, + Qo/4 is the effective mean
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field potential for the projectile nucleon. Further the
maximum energy E available to the nucleon for colli-
sion is limited to E = Eb + E& + Qp in which case
the other three nucleons are at the top of the target Fermi
sea. Such a limit is not important in high energy heavy
ion collisions. In the present Monte Carlo calculation
we sample over the one-nucleon momentum distribution
in the o. particle without ensuring, however, that all the
four nucleon momenta add to zero in the projectile frame.
A sample calculation, in which the momentum conserva-
tion together with the condition that all the four particles
are above the Fermi sea in the target was implemented,
shows that the p-ray cross section reduces to 70 % for
all p-ray energies but does not change the angular distri-
bution. The choice of the Fermi momentum k& for the
target in these calculations is not very clear. This can be
taken as the nuclear matter value of 1.36 fm if the col-
lision takes place in the volume of the target. This may
not be realistic if the collision takes place at the surface,
in which case a lower value may be relevant because of
the lower local density. In order to estimate the efFect
of k& on the UDR cross section, we have made calcula-
tions for k+ ——1.36 and 1.0 fm, corresponding to about
1.0 and 0.4 times, respectively, the saturation (nuclear
matter) density. It should be noted that in our method
a decrease in k+ also decreases the efFective mean Geld
potential. The comparison for the above two choices of
k+ shows that the slopes of the cross sections are almost
the same and the magnitude decreases by about 30% for
the lower A:+ value. The results of the NNB calculations
for o,+ Au and o.+ Co systems at E =50 MeV and
0~ = 90 are shown in Fig. 6 for k+——1.36 fm . The
convective and exchange contributions to the UDR cross
section have been shown separately by the dotted and
the dash-dot-dash lines. The exchange term contributes

10% to 35% for E~ = 15 MeV to 35 MeV. As seen
in the figure neither PB nor NNB can explain the data.
While it is not clear whether these two processes are inde-
pendent, a sum of the two contributions is shown by the
solid lines in Fig. 6 and also, for all the cases studied, in
Fig. 3. In order to compare the experimental angular dis-
tributions with the calculations, the statistical, PB and
NNB cross sections were summed and folded with the de-
tector response functions at each measured angle. These
were then binned into the experimental steps before tak-
ing the ratios (see Fig. 5). It is seen from Figs. 3 and 5
that (1) the calculated cross sections systematically un-
derpredict the data by a factor ranging from 5 to 2
for E~ 20 to 34 MeV for all targets and (2) the energy
variation of the calculated anisotropies cannot reproduce
the data. The failure in understanding the angular distri-
butions can well be related to the incorrect prediction of
the UDR cross sections. We have also relaxed the sharp-
cutofF approximation for the momentum distribution of
the target nucleons in the NNB calculation. The results
of such calculations with a realistic momentum distribu-
tion [32] are shown in Fig. 7. The overall UDR cross
section increases but the predicted fall of the cross sec-
tion with E~ is very slow leading to an overestimation at
the highest p-ray energies. Also the calculated angular
anisotropies still fail to reproduce the data.
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~ I
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~g
4
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50 MeV

59
Q+ Co
50 MeV
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b
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o
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15 20 25 30 15 20 25 30
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FIG. 7. Calculated cross sections from NNB (dashed) pro-
cess using a reaIistic momentum distribution for the target
nucleons, and PB+NNB (solid) processes, shown in compari-
son with the data at 8~ = 90

= A-p—
with the difFerential cross section given in Eq. (3). Here
x = E~/Eq, Eq ——E„+S„,E„,S„being the incident
energy and the proton separation energy, respectively.
The beam energy dependence of the parameters A, a and
the function f (x) are expressed as

A = (2.05+ 0.003
a = 0.24,

f(x) =1, x(xp
=1.0 —m (*-

xp ——0.5,
m = (1.67+ 0.006

EI) x 10 MeV 'sr

*o), » xo,

E,) (m&2) .

(14)

At this point it may be worthwhile to extract the "ex-
perimental" values of the probability of gamma emission
per n-p collision and compare with the systematics de-
rived from the higher energy data as shown in Fig. 14
of Ref. [2]. For this the integral cross sections above
E~ =25 and 30 MeV are divided by % „sr~ as defined
in the above reference. These are shown in the last two
columns of Table III. Compared to the above systemat-
ics the present values are about a factor of 3 to 10 higher.
This also probably signifies the failure of the NNB model
for describing the low energy data.

Another attempt to calculate the high energy photon
spectrum is made by folding the experimental p nucleus
p-ray spectra over the efFective nucleon energies in the
projectile. In this procedure the efFect of folding the
elementary npp cross section over the momentum dis-
tribution of the target nucleons is empirically included.
However, the shortcoming in this approach is the lack
of low energy p nucleus p-ray cross sections. We have
parametrized. the data available at 72, 104, 145, 168, and
200 MeV proton energies [33—35] as
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The above parametrization reproduces the p-nucleus
data at 0& ——90 for E~ &30 MeV. While folding the p-
nucleus cross section, we calculate the momentum of the
projectile nucleons by adding the internal nucleon mo-
mentum to the beam momentum per nucleon. The nu-
cleon momentum distribution inside the alpha is assumed
as given in Eq. (12) above. The nucleon energy calculated
from the resultant momentum becomes the effective inci-
dent energy. This is taken as E~ in the above equations
after neglecting the effective separation energy S = Qs/4.
The upper limit on the projectile nucleon momentum is
decided by (JEST, + gE;„t ) or E, + Qo whichever
is lower, and the lower limit, by (gE~, —gE;„t ) or
E~ whichever is higher. Here E;„t is the internal kinetic
energy of the nucleon in the alpha, E, is the energy in
the o. nucleus center-of-mass system. Another assump-
tion made for simplicity is the isotropy of the p nucleus
p-ray cross section. Figure 8 shows the results of these
calculations. The calculated cross sections are about an
order of magnitude lower than experiment for E~ 20 to
35 MeV. However, the above parametrization of the p nu-
cleus UDR data at 90 for E~ in the 20 to 30 MeV region
is not good (data up to a factor of 2.5 to 1.6, respectively,
higher than that given by the above parametrization). In
addition, the angular distribution effects could bring an-
other factor of 1.5 to 2.5. Finally, the preliminary mea-
surements of Gossett et at. [36] at E„=33.5 MeV shows
the p-ray cross sections to be 4 to 5 times more than
our parametrized values. All these factors may lead to an
order of magnitude enhancement of the calculated cross
sections, and hence, to a reasonable agreement with the
data.

V. SUMMARY AND CONCLUSIONS

We have measured o.-induced photon spectra for
E~ ~5 to 35 MeV in o.+ Tb and Au at E =40 MeV
and n+ Co, " Ag Sn, and Au at E =50 MeV.

10
15 20 25 30 15 20 25 30

E (MeV)

FIG. 8. o;-nucleus p-ray cross sections calculated by fold-
ing the p nucleus p-ray cross sections described by the
parametrization in the text, shown in comparison with the
data at 0~ = 90 .

The low energy part of the spectra for E~ & EGDR
agrees reasonably with the statistical model and shows
a large excess in the UDR region, viz. , E~ ) EGDR.
For E =50 MeV the integral p-ray cross section
(Ez )25 MeV) is approximately independent of the tar-
get and is between 13 and 17.5 pb. The relative photon
multiplicity associated with UDR emission red. uces by
about 30%%uo f'rom the lowest to the highest p-ray energies.
The angular distributions measured at E =50 MeV for

Co and Au show near isotropy for E~ & EG.DR and
an asymmetry which increases with E~ in the UDR re-
gion. At the highest E~ the ratio W(45')/W(90') and
W(135 )/W(90 ) is 2.0 and 0.6, respectively, for both
the targets. We have performed PB and NNB calcu-
lations for all the reactions studied. The PB calcula-
tions show a strong target dependence due to the large
variation in the effective charge from Co to Au, at
variance with our data. Even for the case of o.+ Au,
where the PB gives the largest contribution the calcu-
lated cross section is 50%%uo of the experimental cross
section at E~ 34 MeV. The NNB calculations were
done following Nakayama and Bertsch where only the
first chance n-p collisions were considered. Using a realis-
tic momentum distribution for nucleons in the o. particle
and a flat Fermi distribution (with A;& ——1.36 fm ) for
nucleons in the target gives a cross section which is 5 to
2 times smaller than the experiment in the UDR region
for E~ 20 to 34 MeV, respectively. Using a realistic
momentum distribution for the target increases the cross
section. However, the calculated spectrum is even harder,
underpredicting the data by 3.6 at E~ =20 MeV and
overpredicting the data by 3.0 at E~ =34 MeV. Also
the calculated angular distributions remain essentially
the same for the flat or the realistic momentum distri-
bution in the target and gives the ratio W(45')/W(90')
which is less strongly varying with E~ as compared to
the data. The ratio W(135')/W(90') roughly agrees
with the experiment. A separate calculation has been
done folding the experimental p nucleus p-ray cross sec-
tions over the momentum distribution of the projectile
nucleons. While this procedure seems to give the cross
sections of the right order, one should reserve judgment
about the success of these calculations due to the paucity
of low energy p nucleus data.

In conclusion, the potential and the nucleon-nucleon
bremsstrahlung calculations fail to reproduce the p-ray
cross sections in the full UDR region and also the an-
gular distributions. There is a need for more low en-
ergy p nucleus data in order to judge whether a folding
approach works for o.-induced bremsstrahlung where the
Pauli blocking for the projectile should not be important.
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