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Hard photon production in proton-deuteron reactions at intermediate energies
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Energetic photon production cross sections in proton-deuteron reactions at intermediate proton in-

cident energies are calculated by using a meson-exchange potential model for describing the elementary
nucleon-nucleon bremsstrahlung amplitude. The convection, magnetization, and exchange current con-
tributions as well as the kinematics prescribed by the momentum distribution of the deuteron are includ-

ed explicitly. The results are compared with the recent data of the Grenoble and Michigan State groups.
The absolute cross sections are consistently underpredicted by -(20-40)% which indicates that further
work is required for a better understanding of the elementary pn bremsstrahlung process.

PACS number(s): 25.20.Lj, 25.10.+s

There has been a resurgence of interest in proton-
neutron (pn) bremsstrahlung reactions since the first ob-
servation of energetic photons produced in heavy-ion col-
lisions at intermediate energies was reported a few years
ago [1—4]. Theoretical models [5—8] using transport
equations to describe the heavy-ion dynamics require the
elementary pn bremsstrahlung process as the basic in-
gredient for describing the photon production in these
heavy-ion collisions. However, due to experimental
difficulties, pn bremsstrahlung data are far too sparse to
provide the necessary information required in heavy-ion
calculations. Consequently, these calculations have to
rely on theoretical predictions of the elementary pn
bremsstrahlung process. Indeed, to our knowledge, there
are only four reports of pn bremsstrahlung data [9—12] in
the early literature and two more recent reports, one by
Dupont et al. [13] at T„b=76 MeV incident energy and
another by Malek et al. [14] at Tt,b

= 170 MeV. Most of
these data were taken under quite restricted kinematical
conditions. Furthermore, the data by Brady et al. [12]
were taken under kinematical conditions which are very
different from those required for interpreting existing
heavy-ion data. The data by Koehler et al. [11] and by
Edgington and Rose [9] are deduced from the proton-
deuteron (pd) bremsstrahlung reaction. Moreover, there
is some evidence that the data of Ref. [9] may suffer from
a systematic error [11,15—18]. In an effort to provide re-
liable input for calculations of heavy-ion photoproduc-
tion, the pn bremsstrahlung process based on meson-
exchange models has been investigated theoretically
[16,17). The calculations of Ref. [16] and [17] have been
compared with an earlier calculation of Brown and
Franklin [19] and are in excellent agreement, provided

the bremsstrahlung amplitude of Ref. [19] is multiplied
by a factor of &m/s'&m/s which is required to satisfy
the relativistic unitary condition of the nonrelativistically
constructed S matrix [17,20]. The correction to the pn
bremsstrahlung cross sections due to the factor men-
tioned above is, however, of the order of 10% at most at
a nucleon incident energy of TI,b =200 MeV. Although
the present type of calculations of pn bremsstrahlung are
in reasonable agreement with the limited data of Brady
et al. [12] and of Koehler et al. [11] [these data involve
uncertainties of -+(20—50)%], there is a tendency of
these calculations to underpredict the measured cross
sections.

Quite recently, pd bremsstrahlung cross sections have
been measured at a proton incident energy of T&,b =200
MeV by the Grenoble group [21] and at T~,b=145 and
195 MeV by the Michigan State group [22] under
kinematical conditions appropriate for understanding of
the pn bremsstrahlung process as it enters the calculation
of energetic photon production in heavy-ion collisions.
Although the pd bremsstrahlung process is different from
the pure pn bremsstrahlung process, it is much easier to
measure experimentally than the latter process and offers
an important alternative for testing theoretical models of
pn bremsstrahlung reactions. In the present work we cal-
culate, for the first time, pd bremsstrahlung cross sections
using modern meson-exchange potential models and com-
pare the results with the data mentioned above.

The formalism for calculating pd bremsstrahlung is ba-
sically the same as given in Refs. [16] and [23]. We ex-
press the photon emission probability per unit solid angle
and unit photon energy as
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where d Wppy/d co d 0 denotes the pd bremsstrahlung
differential transition rate and 8'&z is the total nucleon-

I

nucleon collisional rate irrespective of the bremsstrah-
lung process.

We calculate the pd bremsstrahlung transition rate by

simply folding the elementary NN bremsstrahlung transi-
tion rate with the momentum distribution function of the
nucleons in the target deuteron:

d 8'~ 1 dp2 d p) d p2
n (p2)2m' gd~dQ Ei (2m) s~ (2') e', (2m. ) E',
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—
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In the above equation, the primed (unprimed) quantities refer to the final (initial) two interacting nucleons' energies
e'„ez (e„e2), momenta p'„p2 (p„p~), total spin S' (S), and spin projection Mz. (Ms). The matrix element in curly
brackets denotes the photon emission amplitude for a photon with polarization e and momentum k; co stands for the
photon energy. The momentum distribution function of the nucleons inside the target deuteron is denoted by n and Q
is the Pauli blocking operator which prevents nucleons in the final state from having the same momenta.

Analogously, the total NN collisional rate is given by

p2 dp) dp2
n(p&)f,', ,', g —y lv'Ei. 2(pl p2 S MS' 7lpi, p2 SMS~VE1E2l' '

(2n ) e~. (2~) E', (2m) E2 4 sM
S'Ms
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—p2)5(e&+e2 —
E&

—s2), (3)

where T denotes the NN T matrix associated with the
bare NN potential used.

The single-particle energies appearing in Eq. (2) and

Eq. (3) are assumed to have the relativistic form

e(p) =+p'+m', (4)

where m stands for the nucleon mass.
The elementary NN bremsstrahlung amplitude has

been calculated [16,17] within a meson-exchange poten-
tial model where the strongly interacting particles are
treated to all orders in perturbation theory while the cou-
pling to the photon is considered only in first order via
the minimal substitution in the nonrelativistic nuclear
Hamiltonian. The model includes convection, magneti-
zation, as well as important exchange-current contribu-
tions. Since the proton-proton (pp) bremsstrahlung pro-
cess is known to be negligible compared to the pn process
[17],we include only the latter mechanism.

The photon cross section is obtained by multiplying
the photon emission probability rate given by Eq. (1) by
the total pd cross section o.

&
..

(7 d pdy—0'
d 67 d 0 d co d 0

Before comparing our results with the recent data a
few remarks are in order. Recently, we have applied a
parametrized form of the pn bremsstrahlung amplitude
[24] in the description of photon production cross sec-
tions in proton-nucleus collisions [23]. The parametrized
amplitude is inappropriate for applications to pd brerns-

strahlung since in this case, due to much smaller Pauli

I

blocking effects compared to the proton-nucleus case,
photon energy regions very near the end point are strong-
ly sampled where the parametrized amplitude is inaccu-
rate.

The importance of considering the phase-space distri-
bution of the nucleon inside the deuteron in the pd
bremsstrahlung calculation is illustrated in Fig. 1, where
the pd bremsstrahlung cross section (solid curve) is com-
pared to the elementary pn bremsstrahlung cross section
(dashed curve) at a proton incident energy of T„.b=200
MeV and for a fixed photon emission angle of 0=90'.
For the pd total cross section we use the experimental
value of cr &=61+4 mb at T„b=208 MeV [25]. We see
that the pd and pn bremsstrahlung cross sections are
practically the same for photon energies up to co-70
MeV. For higher photon energies, however, these cross
sections behave quite differently. In the elementary pn
bremsstrahlung process, the maximum photon energy al-
lowed by the kinematics is co-90 MeV at T~,b=200
MeV; however, in the pd bremsstrahlung process at the
same incident energy photons with much higher energies
can be produced. This is because in pd bremsstrahlung
the NN center-of-mass (c.m. ) energy involved can be
much higher than in elementary pn bremsstrahlung due
to the momentum distribution of the nucleon inside the
deuteron. In Fig. 1 we have also displayed the recent pd
bremsstrahlung cross-section data from the Grenoble
group [21] which, together with the theoretical curves, il-

lustrate the importance of an adequate treatment of the
phase-space distribution of the nucleon inside the deute-
ron for describing an energetic photon production pro-
cess. The results in Fig. 1 also indicate clearly that the
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FIG. 1. Proton-deuteron bremsstrahlung cross section (solid
line) in the laboratory frame as a function of photon energy co at
a proton incident energy of T],b=200 MeV and photon emis-
sion angle of 0=90'. An experimental value of o~z =61+4 mb

[25] for the pd total cross section is used. The dashed line

represents the corresponding elementary pn bremsstrahlung re-
sult. The data are from Ref. [21].

shows the results for pd bremsstrahlung cross sections as
a function of ro/T„b at a proton incident energy near
T] b

=200 MeV and for three photon emission angles of
0=60', 90, and 120. For the pd total cross section we
use the experimental value of o.

&
=61+4 mb at

T„b=208 MeV [25]. The data at an incident energy of
T„b=200 MeV (triangle) are from the Grenoble group
[21];the T&,b =195 MeV data (circle) are from the Michi-
gan State group [22]. The 200 MeV data from Ref. [21]
are corrected for photons produced via ~o decay and for
radiactive capture by the deuterium', however, these
corrections are small. The present theoretical calcula-
tions do not account for these contributions. The data
from the Michigan State group [22] are uncertain to
within at least +25%%uo in absolute value [28]. First of all,
the figure illustrates the level of agreement between the
data from the two groups. At the photon emission angle
of 0=90, the agreement is excellent. At 0=120' the
agreement is reasonable, but at 8=60' there is clear

2.5

present pd bremsstrahlung calculations underestimates
the data. This and other features of the present calcula-
tion will be discussed later with more systematics. The
pn bremsstrahlung calculation accompanying the pd
bremsstrahlung data in Ref. [21] has been taken from
Fig. 3 of Ref. [17) and differs from the present calculated
pn bremsstrahlung cross section shown in Fig. 1 because
the result in Ref. [17] corresponds to photons emitted at
8=90' in the pn c.m. frame (cross section in the pn c.m.
frame), while the present result is calculated in the labo-
ratory frame in order to compare directly with pd brems-
strahlung results. In particular, the pn bremsstrahlung
cross section in the laboratory frame at 0=90' is reduced
with respect to the corresponding cross section in the pn
c.rn. frame since it is more forward peaked in the labora-
tory frame than in the c.m. frame. We note that the pn
brernsstrahlung cross section has roughly a dipole shape
in the c.m. frame [17].

For energetic photons, the calculated results will be
sensitive to the phase-space distribution of the nucleon
inside the deuteron. In Fig. 2, the product p n(p) is
shown for two different deuteron wave functions based on
XN potentials developed by the Bonn group [26,27]
which yield deuteron D-state probabilities of 4.25%%uo and
5.61%. As can be seen, there is practically no difference
between the momentum distributions calculated from
these potentials for nucleon momenta up to —1.5 fm
since the S-state wave function is well determined, not
only for the potentials considered here, but also for most
realistic potentials in the literature. The difference we see
around p -3 fm ' is due to the difference in the D-state
wave function between the two potentials, which is
rejected in different D-state probabilities. The pd brems-
strahlung reaction is primarily sensitive to the momen-
tum distribution up to p —1 fm ' and cannot probe the
relatively large differences at larger p because the cross
section becomes negligibly small for larger bound state
momentum p.

We now compare our results with the data. Figure 3
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FIG. 2. The product p n(p) [with n(p) denoting the single-
particle momentum distribution function in the deuteron] as a
function of nucleon momentum p. The solid line corresponds to
the full Bonn potential [26] with a D-state probability of 4.25%,
while the dashed line corresponds to the Bonn C potential [27]
with a D-state probability of 5.61%.
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disagreement between the data for co/T„b (0.25 which
corresponds to photon energies below co-50 MeV. With
the exception of the 0=90 case, we also note that the
data from the Grenoble group [21] are systematically
lower than those from the Michigan State group [22] for
to/Thb &0.4 corresponding to co & 80 MeV, approximate-
ly. Now we see that, overall, the theory underestimates
the measured cross sections. This is particularly clear for
the photon emission angle of 8=90', where the data are
very accurate; the underprediction is about 40%. At

1oo

10&

10&

101

1O0
10&

1O2,-
C

e=40o

T)ob=200 MeV-

T)ab=200 MeV:

102

1 01

(a)

=200 MeV:

10-& =

Ti~b =1S7.5 MeV- 101

U
3

100

CV

100

10
102

8=120

Tlab —200 MeV-

10-2 =

101 10'

e=6o. 1 0o T)at =200 MeV

e=90

100

8=1 50a

1 0-&

1O-~ .-
T~ab = 197.5 MeV

1 0-1

100

60
1 0-&

120 180 0

(Mev)

Tiab=l 95 MeV:

60 120

10-1 .- Z

10-2 =

8=90e

10-2 .-

L
VJ

1 0-&
100e

10-l .-

e=45.

Tlab=1 95 MeV:

1 0-&

10-&--

Tlab=l 95 MeV:

10-i = R

10-2 =

T~,b = 197.5 hleV: 1 0-& .-

3
1 0-&
10o

CV

U
Tiab=1 95 MeV-

10-& .-

1 0-4
10-& t

10-2 =

8=1 20o

Tlab=1 95 MeV:

10-& =

8=1 20& 10—2 = 10-& .-

e—
1 35a

0.0 0.2 0.4 0.6 0.8 1 .0

~j lab
FIG. 3. Proton-deuteron bremsstrahlung cross section in the

laboratory frame as a function of cu/Tl, b at an average proton
incident energy of T],b = 197.5 MeV and for three photon emis-
sion angles of 0=60', 90, and 120'. An experimental value of
tr ~=61+4 mb [25] for the pd total cross section is used. The
data are from Ref. [21] at a proton incident energy of T„b =200
MeV (triangle) and from Ref. [22] at T„b= 195 MeV (circle).
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FIG. 4. (a) Proton-deuteron bremsstrahlung cross section in
the laboratory frame as a function of photon energy co at a pro-
ton incident energy of Ti,b =200 MeV and for various photon
emission angles 0. An experimental value of o~d=61+4 mb

[25] for the pd total cross section is used. The solid lines corre-
spond to the present prediction, while the dashed lines corre-
spond to the present results multiplied by an arbitrary normali-
zation factor of %= 1.67. The data are from Ref. [21]. (b) Same
as (a) for a proton incident energy of Tl,b =195 MeV. The data
are from Ref. [22].
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8=120, the theory yields cross sections that are roughly
30% smaller than the data. At the photon emission angle
of 0=60', the calculated results are closer to the Greno-
ble data than to the Michigan State data; the latter are
underestimated by -40%. However, as is better illus-

trated in Fig. 4, the calculated shapes of both the energy
and angular distributions agree much better with the
Michigan State data than with the Grenoble data.

Since the Gre noble [21] and Michigan State [22]
groups have also reported pd bremsstrahlung cross sec-
tions at photon emission angles which differ from each
other, we now compare these data separately with the
corresponding theoretical results. For completeness we
also include the cases shown in Fig. 3. The difference of 5

MeV in the proton incident energies between the data
from the Grenoble and Michigan State groups is taken
into account in the calculated results. However, this
smaB energy difference affects the calculated results only
for photons near the end-point energy where the uncer-
tainties in the data are large.

Figure 4(a) shows the results for pd bremsstrahlung
cross sections (solid curves) as a function of photon ener-

gy at a proton incident energy of T„„=200MeV and for
various photon emission angles. The theory underesti-
mates the data by —(30—40)% depending on the photon
emission angle, except for a photon emission angle of
0=60' where the prediction is much closer to the data
than at other angles. As we have seen in Fig. 3, however,
the uncertainty in the data at this photon emission angle
is much larger than at other angles in the sense that there
is considerable disagreement with the corresponding data
from the Michigan State group [22], especially in the low
photon energy region where the theory even overesti-
mates the measured cross sections of Ref. [21]. In order
to assess the level of agreement/disagreement between
the calculated and measured cross sections more easily,
we also show the theoretical results multiplied by an arbi-
trary normalization factor of N=1.67 (dashed curves).
Although absolute cross sections are underpredicted, the
overall agreement of the shape of both the energy and an-
gular distributions with the data is comparable to that
obtained for proton-nucleus bremsstrahlung [23], except
again for 8=60'. In Fig. 4(b) a comparison with the data
of Clayton [22] is shown for a proton incident energy of
T] b

= 195 MeV. We use the same experimental value of
o-

d =61+4 mb for the pd total cross section. The solidpd
and dashed curves correspond to the unnormalized and
normalized [with the normalization factor of N = 1.67 as
in Fig. 4(a)] results, respectively. Similar features to
those observed in Fig. 4(a) can be seen; the cross sections
are underpredicted by -40%. The shapes of both the en-
ergy and angular distributions are much better repro-
duced than in the case of the T&,b =200 MeV data in Fig.
4(a). The underprediction of the relatively accurate pd
bremsstrahlung cross sections by —(30—40)% observed
in Fig. 4, which is consistent with similar results obtained
for the elementary pn bremsstrahlung reaction [16,17],
strongly suggests that some significant contribution to
the elementary pn bremsstrahlung process is still not tak-
en into account. It is, however, difficult to think of a
process(es) which might give such a significant contribu-
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FIG. 5. Same as Fig. 4(a) for a proton incident energy of
T~ b

= 145 MeV. The data are from Ref. [22].

tion, at least in the NN c.m. energy domain involved in
the present calculations. The only obvious term which
has been left out of the present calculation is the relativis-
tic spin correction. This correction is known to reduce
the cross section considerably in pp bremsstrahlung
[29,30]; if the inclusion of this term should also reduce
the pn bremsstrahlung cross section, this would further
increase the discrepancy with the existing data.

The results at a lower incident energy of T&,b=145
MeV are shown in Fig. 5 together with the data from
Ref. [22). At this energy no pd total cross-section data
are available. An estimate using the pn and pp total cross
sections at T&,b =145 MeV incident energy in an eikonal
model yields o~d -70 mb. This value of o.

~d yields the pd
bremsstrahlung cross sections which are in good agree-
ment (similar to that shown in Fig. 1) with the calculated
pn bremsstrahlung results for low energy photons. We
see that the cross sections are underestimated more in the
1ow photon energy region, especially at forward photon
emission angles. As a result the shape of the calculated
cross section (without the renormalization) is seen to be
in significantly poorer agreement with the data than near
T&,b =200 MeV. Unlike heavier systems, where multistep
contributions can be significant in the low photon energy
region, such a discrepancy is not easily understood in pd
bremsstrahlung.

In summary, we have investigated the production of
hard photons in intermediate energy pd reactions. Abso-
lute cross sections are underpredicted by -(20—40)%
which is consistent with the results obtained for the pn
bremsstrahlung reaction and suggests that further work
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is needed for a better understanding of the elementary pn
bremsstrahlung process. This underprediction of the pn
bremsstrahlung cross section should be considered when

applying our pn bremsstrahlung calculation to the
description of more complicated processes. As far as the
shapes of both the energy and angular distributions are
concerned, the agreement with the recent data from the
Michigan State group [22] at T„b=195 MeV is better
than the agreement with the data from the Grenoble
group [21] at Ti,b=200 MeV. At Tl,b =145 MeV in-

cident energy, the present model underestimates the cross
section more in the low photon energy region than in

high energy region. This kind of discrepancy is not easy
to understand since, for pd bremsstrahlung, we do not ex-

pect secondary collisions to play a significant role. It
would be interesting to have pd brernsstrahlung data at
lower proton incident energies in order to see whether the
discrepancy increases or decreases at lower energies.
This could provide helpful insight as to the origin of the
disagreement.
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