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Hard photons in proton-nucleus collisions
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A calculation of energetic photon production in proton-nucleus reactions at intermediate bom-
barding energies is performed assuming the first chance nucleon-nucleon collisional mechanism.
The elementary nucleon-nucleon bremsstrahlung amplitude is calculated within a meson exchange
potential model which includes the one-body as well as the two-body current contributions. The re-
sults are in reasonable agreement with the recent data by the Grenoble group at the proton incident
energy of TI,b =168 MeV and indicate that these energetic photons are created in a relatively low-

density region in the nucleus (-40% of the nuclear matter normal density). The present model,
however, cannot account for the strong angular dependence observed at Tl, b =72 MeV.

I. INTRODUCTION II. NUCLEON-NUCLEUS BREMSSTRAHLUNG

The investigation of energetic products in nuclear reac-
tions is of great importance since these products carry in-
formation about nuclear reaction dynamics. Among
them, the photon is of particular interest because the
weakness of the electromagnetic interaction makes it a
clean probe. In fact, in the last few years the observation
of hard photons produced in intermediate-energy heavy-
ion collisions has led to considerable efforts to understand
the underlying dynamics. '

To test the theoretical models of photon production, it
is important to study nucleon-nucleus collisions, since
these are much simpler to treat than heavy-ion collisions.
Indeed, in Ref. 6, in connection to the nucleon-nucleon
(NN) bremsstrahlung, we have also investigated
nucleon-nucleus bremsstrahlung. However, there we
were able to reproduce the data then available only under
certain extreme conditions. Very recently, new data on
the hard photon production in proton-nucleus collisions
became available, ' which show that the earlier data of
Ref. 9 is off by a factor of -3. Therefore, in the present
work we analyze these new data.

The formalism we use to calculate the nucleon-nucleus
bremsstrahlung is the same as in Ref. 6. We express the
photon emission probability per unit solid angle and unit
photon energy as

dP ] d 8'p

den dQ 8'~~ d~ dQ
(2.1)

where d 8' z&/den d Q denotes the nucleon-nucleus
bremstrahlung differential transition rate and 8'&& the
total NN collisional rate irrespective of the bremsstrah-
lung. We calculate these quantities in the nuclear matter
approximation. The photon emission probability should
be rather insensitive to certain kind of effects such as the
distortion of the wave functions or the strength of the in-
teraction since it is given as a ratio between the two quan-
tities.

The nucleon-nucleus bremsstrahlung transition rate is
obtained by folding the elementary NN bremsstrahlung
transition rate with the phase-space distribution function
of the target nucleus
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In the above equation, the primed (unprimed) quantities refer to the final (initial) two interacting nucleons' energies
E'„E2 (E„e2), momenta p', ,p2 (p, , p2), total spin S' (S), and its projection Ms. , (Ms). The matrix element in the large
parentheses denotes the photon emission amplitude for a photon with polarization e and momentum k; co denotes its
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energy. The target is characterized only by its Fermi momentum k&. The Pauli blocking operator Q excludes the tar-
get Fermi sphere; in the nuclear matter rest frame

Q = 8(p', —kj )0(pz —k&)

Analogously, the total XN collisional rate is given by

(2.3)
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E(p)=(p +m* )'i

where the effective mass m * is defined as

(2.5)

m*=m+u, . (2.6)

Here u, is the scalar potential; m stands for the nucleon
mass. The actual single-particle energy E(p) is related to
that of Eq. (2.5) by' (in the nuclear matter rest frame)

E (p) =E(p)+ uo, (2.7)

where uo denotes the timelike component of the vector
potential. In principle, both u, and uo depend on the
momentum p of the particle. However, here we assume
them to be momentum independent, which seems to be a
very reasonable approximation. "

The bremsstrahlung amplitude in Eq. (2.2) has been
calculated within a meson exchange potential model
where the strongly interacting particles are treated to all
orders in perturbation theory while the coupling to the
photon is considered only in first order. The model in-
cludes the convection, magnetization, as well as impor-
tant exchange current contributions, so that the photon
emission potential V, is written as a sum of three terms

Vem Vconv+ Vmagn+ ~ exch (2.8)

where V„n„V,„, and V„,h denote the convection,
magnetization, and two-body current contributions, re-
spectively. The latter is dominantly the exchange
currents. ' We have previously parametrized the ampli-
tudes in Eq. (2.8) by simple functions of the nucleon and

where G denotes the NN G matrix associated with the
bare X%potential used.

The single-particle energies appearing in Eqs. (2.2) and
(2.4) contain not only the kinetic energy but also the po-
tential energy due to the mean field of the target nucleus.
We assume the single-particle energies to have the rela-
tivistic form'

photon energies, ' and we use that parametrized form in
the present calculation. Here we consider contributions
only from proton-neutron (pn ) collisions because they are
much more efFicient to produce photons than proton-
proton (pp) collisions. The former processes originate a
dipole radiation in lowest order while the latter contrib-
ute to the quadrupole radiation. Indeed, the pp brems-
strahlung is roughly a factor of 4 smaller than the corre-
sponding pn bremsstrahlung in the relevant region of
photon energy here. ' In principle, the bremsstrahlung
amplitude also contains medium effects (in particular, we
should use the G matrix instead of the T matrix); howev-
er, we have shown in Ref. 6 that these effects are small
and therefore may be neglected. For consistency, the T
matrix is used also in Eq. (2.4). A more fundamental
problem that arises in medium is related to the photon-
nucleon coupling vertex itself. The electromagnetic form
factors may (and probably will) change in the nuclear
medium from those in the free space. ' This is as yet an
unsolved problem and certainly beyond our scope here.
We keep them unchanged from their values in free space.

The cross section is obtained by multiplying the proba-
bility rate given by Eq. (2.1) by the cross sectional area of
the target

do. dP
d co d 0 d co d A

(2.9)

with R =1.252' fm and 3 being the mass number of
the target nucleus.

We now consider the parameters in the present calcula-
tion. They are the Fermi momentum k&, the effective
mass m * (or the scalar potential u, ) and the vector poten-
tial uo. Note that uo enters only for the determination of
the local momentum of the incident nucleon.

The results will be rather sensitive to the Fermi
momentum, so we will estimate it taking nuclear surface
effects explicitly into account. We first find the average
density at the %2V collision point from an eikonal model,

f d b f dz p(b, z)op(b, z)exp —f dz'op(b, z')

f ™
d b f dz op(b, z)exp —f dz'crp(b, z')

(2.10)
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Here o. is the XN cross section and p is the nuclear densi-
ty. It is assumed to have the form
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l I
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~ I

p+Tb

p(b, z)= (2.11)1+exp[(r —R )/a]
with po=0. 17 fm, a =0.65, and r =(b +z )'~

Given the average density from Eq. (2.10), we find the
Fermi momentum from the Thomas-Fermi relation

(2.12)
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Next we extract the single-particle energy on the Fermi
surface. For a given target nucleus and proton incident
energy T&,b, the maximum photon energy co „is
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where S is the proton separation energy in the nucleus
with one more proton than the target. Now, within our
model, energy conservation yields for the proton energy
on the Fermi surface 10
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Here, bE, -e Z/R, stands for the Coulomb energy of
the proton. The preceding equation, thus, gives us the
proton energy (the nuclear part) E(p) at p =kf. This
determines the vector potential u 0 in terms of the
effective mass m *,

FIG. 1. The bremsstrahlung differential cross section {in the
laboratory system) for p+ ' Tb at the incident energy of
T~,b = 168 MeV as a function of photon energy and for different
choices of the effective mass m {in units of nucleon mass m).
The photon emission angle is 0=90'. The Fermi momentum is
fixed to be kf = 1.04 fm '. The data are from Ref. 8.

u =E(k ) —(k +I* )'f f (2.15)

We treat m * as a free parameter to be adjusted to best
reproduce the data.

For later convenience we define the mean-field poten-
tial energy as

(2.16)

III. RESULTS

In this section we compare our results with the recent
data by the Grenoble group. '

Figure 1 shows our results for p+' Tb at T&,b =168
MeV and for a photon emission angle of 0=90' as a func-
tion of photon energy and for various value of the
effective mass. At this incident energy the NX cross sec-
tion inside nucleus is about o.=41 mb. ' Equations
(2.10)—(2.12), then, give for the Fermi momentum the
value of kf =1.04 fm ' which corresponds to about 45%
of the nuclear matter normal density. Then, the mean-
field potential energy at the Fermi surface, extracted
from Eq. (2.16), is

U(kf =1.04 fm ')= —41.7 MeV .

This is a quite reasonable value as compared, for exam-
ple, to those from phenomenological optical potentials.

As can be seen from Fig. 1, the inhuence of the
effective mass is to enhance the cross sections. One of the
effective mass dependences arises from the determination
of the local momentum of the incident nucleon. As m*

decreases the local momentum increases which means
that the effective nucleon energy increases. Now, the XN
bremsstrahlung transition rate depends very little on the
incident energy, while the total NX collisional rate has a
rather strong incident energy dependence and it decreases
as the incident energy increases. Since what determines
the photon cross section for nucleon-nucleus bremsstrah-
lung is the ratio between the bremsstrahlung rate and the
total collisional rate (the latter is independent on the pho-
ton energy), we see that the cross section will be shifted
up if the effective mass is decreased. The effective mass
has also another effect on the photon cross sections which
comes from energy conservation. In the NX center-of-
mass (c.m. ) frame we have

2e(p) =« Ip'+ &/2I )+s( I
p' —It/2I )+~.

where p(p') denotes the initial (final} NN relative momen-
turn and co, the photon energy. This gives

(3.2)

From the preceding equation we see that if the effective
mass is decreased the available final-state phase space will
increase since the single-particle energy s(p) as defined in
Eq. (2.5} will decrease. It is also easy to see that this
effect increases as the photon energy increases. This ex-
plains the larger enhancement of the photon cross sec-
tions for higher photon energies as m * decreases in Fig.
1. We observe that the conditions given by Eqs. (2.14)



40 HARD PHOTONS IN PROTON-NUCLEUS COLLISIONS 2523

co, =y(1 —P cos8)co, (3.3)

where co and 0 denote the photon energy and emission
angle in the laboratory frame and 13 and y are the usual
Lorentz frame transformation parameters. For a given
photon energy in the laboratory frame, the cross section
will decrease if the photon emission angle is increased
since co, gets larger leaving less available phase space.

and (2.15) are always satisfied for dift'erent values of m *.
From Fig. 1, we see that the effective mass of

m*-0.9m seems to best reproduce the data in the high
photon energy region (co) 75 MeV). This value of the
effective mass also seems reasonable. In the low-energy
region, the data prefer a much smaller value of m *, but
for such a low density this is probably unrealistic. We
will discuss this problem later and take for the moment
the value of m *=0.9m since we are primarily interested
in the high-energy tails.

Once the m* is fixed, all the parameters are fixed and
we can now compare the present predictions with the
data. In Fig. 2 the results for the same system as in Fig. 1

are shown for different photon emission angles. As we
can see, the agreement is reasonable for high-energy pho-
tons. Here, it is worthwhile to mention that, in the labo-
ratory frame, the available phase space for backward
emissions is less than for forward emissions. This is easy
to see from Eq. (3.2) together with the fact that the pho-
ton energy transforms from the laboratory to the NN
c.m. system according to

We also observe that the rather pronounced angular dis-
tribution shown by the data in the high-energy region can
be reproduced only for a relatively small value of the Fer-
mi momentum as in the present case. In fact, the angular
distribution becomes more and more isotropic as the Fer-
mi momentum increases (see Fig. 4). This indicates that
these energetic photons are originated more from the sur-
face region rather than from the interior of the nucleus.

In Fig. 3 we show the results for p+' Ag with the
same condition as in Fig. 2, but for very forward photon
emission angle of L9=30. Since in our model the dom-
inant dependence on the target nucleus arises from the
geometrical cross sectional area [see Eq. (2.9)] we have
just rescaled the results for p +Tb for 0=30', i.e., the pa-
rameters of the model are the same as in Fig. 2. We see
that the quality of the agreement with the data is similar
to that of Fig. 2.

In the low-energy region (co (70 MeV) our results un-
derestimate the data by a factor of -2. There are two
ways to cure this problem within the present model. One
way is to decrease the effective mass, as has been seen in
Fig. 1, and at the same time also to decrease the value of
the Fermi momentum kf. The latter is necessary in order
to keep the agreement with the data in the high-energy
region. In fact, we can get a good agreement over the en-
tire energy region if we choose m*-0.7m and kf -0.8

fm . However, this parameter set is not realistic be-
cause for such a low density we do not expect a small
effective mass. The second possibility is that the low-
energy photons come from a higher-density region than
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FIG. 2. The bremsstrahlung differential cross section (in the
laboratory system) for p +"Tb at the incident energy of
Tl,b

= 168 MeV as a function of photon energy and for different
photon emission angle 0. The values of the Fermi momentum
and the effective mass are kf =1.04 fm ' and m*=0.9m, re-
spectively. The data are from Ref. 8.

T = 168 MeV

10
M

0 ~S
R

g
10

8=30

Cm
O
3o

CV
b -4

10

II

I(ii

-5
10 ~ I

1
~ ~

/
l I I

'
~ I

/
I ~

1
f

10 40 70 100 130 160 190

(NeV)
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the high-energy photons. For higher densities we have
much stronger mean-field potential and consequently the
cross section may increase. In order to illustrate this
point, in Fig. 4 we show the results when we use
kf =1.36 fm ' and m*=0.7m. Of course, we cannot
answer the question here why low-energy photons would
come from higher densities than high-energy photons.
Perhaps some of the lower-energy photons come from
multistep collision processes. Certainly, these are more
important for low-energy photons than they are for
high-energy photons.

We now examine the Fermi momentum dependence of
the photon cross sections in more detail. The kf depen-
dence enters in two ways:

(i) Neglecting the Pauli principle, the available phase
space goes up when kf is increased. This is easily seen
from Eq. (3.2); the average p in this equation is larger
when kf is increased.

(ii) Second, the Pauli blocking is more effective for for-
ward photon emissions than for backward emissions.
This can easily be visualized from Fig. 5, where the mo-
menta of the nucleons before and after the photon emis-
sion are displayed together with the corresponding pho-
ton momentum. Around the target nucleon we have the
Fermi sphere (actually an ellipsoid due to the Lorentz
boost) which blocks the final-state phase space. Then, for
high-energy photons, due to the recoil momentum
( —k/2) of the scattered nucleons, it is easy to see that
the Pauli blocking is more effective for forward photon
emission than for backward emission.

From the above considerations it is clear that these two
effects, (i) and (ii), of the Fermi momentum kf on the
bremsstrahlung cross section work against each other.

The fact that the cross section is almost insensitive on kf
for forward angles in the present case (compare Figs. 2
and 4, and also Figs. 6 and 7) is that they compensate
each other. For backward emission angles the effect (i)
dominates.
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FIG. 5. The relative momenta of the two interacting nu-
cleons in the initial nucleon-nucleon center-of-mass frame be-
fore (p and —p) and after (p' and —p') the emission of a photon
with momentum k. The Lorentz boosted Fermi sphere with
momentum kf blocks the final-state phase space around the tar-
get nucleon with momentum —p. y is the usual Lorentz trans-
formation parameter, The situation in the figure corresponds to
the case where the target nucleon in the laboratory frame has its
momentum along the z direction.
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FIG. 6. The bremsstrahlung di6'erential cross section (in the
laboratory system) for p+' Au at the incident energy of
T&,b =72 MeV as a function of photon energy and for various
photon emission angle 8. The values of the Fermi momentum
and the effective mass are kf =0.93 fm ' and m =0.9m, re-
spectively. The data are from Ref. 7.
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for high-energy photons. This means that the only way
to increase the cross section at these angles is to decrease
the e6'ective mass while also decreasing the Fermi
momentum at the same time in order to satisfy Eq. (2.14)
(compare also Figs. 2 and 4). The point is that we will
not be able to describe this strong angular dependence in
the present model within a reasonable range of the Fermi
momentum and the mean-field potential. We also men-
tion that the elementary pn bremsstrahlung cross section
does not show such a strong angular dependence, ' al-
though, this fact doesn't imply that the nucleon-nucleus
bremsstrahlung cannot have a stronger angular depen-
dence.

IV. CONCLUSIONS
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FIG. 7. Same as in Fig. 6, but for kf =0.7 fm

We next consider photon production at a lower in-
cident energy, p +' Au at T] b =72 MeV. Here we used
a cross section of o. —86 mb, which is a weighted average
of the pn and pp cross sections at this energy. The in-
teraction density is then —

—,'po and the equivalent Fermi
momentum is 0.93 fm '. We have also chosen
m*=0.9m as in the previous case. We see from Fig. 6
that, although for 0=50 and 90' the agreement seems
reasonable, we cannot describe the data for very forward
and backward angles. We might think that these high-
energy photons come from a lower-density region than
that corresponding to the value of kf estimated here. It
may be that for these incident energies a simple estimate
of the density as in Eq. (2.10) is not as good as for higher
incident energies. To illustrate this, in Fig. 7 we show the
results when the Fermi momentum is chosen to have the
very small value of kf =0.7 fm '. The agreement now is
much better for 0=150'. However, we still underesti-
mate the data at 0=30' which are a factor of -3—5
larger than those at 0=50'. Such a strong angular depen-
dence is not observed at higher incident energies (see
Figs. 2 and 3). The reason for the strong sensitivity of
high-energy photon cross sections on kf for backward
photon emission angles has already been mentioned. A
comparison of Figs. 6 and 7 reveals that, in the region of
Fermi momentum involved here, the forward emission
angle cross sections are insensitive to the value of kf even

We have investigated the energetic photons produced
in intermediate-energy nucleon-nucleus collisions consid-
ering the first chance NX collisional mechanism. The
phase-space distribution of the target nucleus have been
simulated by a Fermi sphere. For the elementary NX
bremsstrahlung amplitude we use the parametrized ver-
sion of Ref. 13 which reproduces the meson exchange po-
tential model calculation of Ref. 6.

The present calculation reproduces rather well the re-
cent data by the Grenoble group at Tj,b =168 MeV and
indicates that these hard photons are created in a rather
low-density region in the nucleus (-40% of the nuclear
matter normal density). It also indicates that lower-
energy photons are produced in a difT'erent way than the
high-energy photons. It is very interesting to repeat the
calculation within a model in which other processes, such
as the contribution of secondary collisions, can be includ-
ed. This will help a Inore complete understanding about
the origin of low as well as high-energy photons.

The present model cannot describe the strong angular
dependence shown by the data at the incident energy of
T&,b=72 MeV. However, it is not clear whether the
discrepancy is due to the inadequacy of our model. A
more detailed calculation seems to be needed. On the
other hand, it is of crucial importance to have more com-
plete angular distribution data in order to clarify this
problem.

Note added in proof. After submitting the present
work for publication, we have learned from Pinston'
that their data for p+ Au at 72 MeV may contain a pile-
up between photons and fast protons for forward photon
emission angles (9-30 ). This could explain the
disagreement between the present prediction and their
data observed in the high-energy part of the y spectrum.

The authors wish to thank J. Pinston for providing us
with his data prior to publication.
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