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Detailed balance description of energetic photons in heavy-ion collisions
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Photon production cross sections in intermediate energy heavy-ion reactions are calculated using

detailed balance. The model gives substantial photon yields and reproduces qualitatively the experi-
mental observations. A possible influence of the 5-isobar degree of freedom on the high energy
photon yield is pointed out.

Many experimental groups have recently investigated
high energy photon production in intermediate energy
(20 MeV & E„b/3 & 100 MeV) heavy-ion collisions.
Different mechanisms have been suggested for the photon
emission process. ' ' For exatnple, these include
coherent nucleus-nucleus bremsstrahlung, nucleon
bremsstrahlung in the nuclear potential field, and brems-
strahlung from individual neutron-proton collisions. The
majority of these approaches are based on the mechanism
of photon emission in nucleon-nucleon collisions during
the very early stages of the reaction. Hard collisions be-
tween the nucleons of the colliding nuclei, however, tend
to randomize the momentum distributions as the inter-
penetration progresses. Thus contributions to photon
yields from a nearly thermalized source are also to be ex-
pected.

Here we calculate the thermal contribution using an
approach that employs detailed balance. Such a descrip-
tion" ' has proved useful in understanding qualitatively
many features of pion production close to the absolute
threshold. Since this approach does not make use of the
soft photon approximation, one can extend the calcula-
tions to emitted photon energies of several hundreds of
MeV and thereby investigate a possible inAuence of the
6-isobar degree of freedom.

We assume that during the collision the overlapping
projectile and target matter form a composite system
with a volume and a temperature depending on the im-
pact parameter b. The numbers of participating projec-
tile and target nucleons are determined from the volume
of intersection of two rigid spheres each with uniform
density po. Details about the geometry may be found in
Ref. 16 and in Ref. 14, where pion production close to
threshold was investigated. The model is extended here
to study photon emission. For beam energies approach-
ing the lower limit of the range considered here, the
above geometrical procedure is somewhat oversimplified.
Our purpose, however, is to provide a benchmark calcu-
lation that exemplifies the use of detailed balance. Com-
parisons with more realistic and necessarily more in-
volved calculations will then provide additional insight
into aspects of dynamics and approach to equilibrium not
considered here.

Note that produced particles like pions and photons
are not required to be in equilibrium with the constitu-
ents of this composite system. Particle or photon pro-
duction cross sections are thus governed by the available
phase space and rates determined from detailed balance.
The inclusive photon production cross section is then
given by

max Wgb, E)
o. = 2~b db dE,

g f W; (b, Et)dEJ

where E is the energy of the emitted particle or photon
and Wf(b, E) represents the transition rate at impact pa-
rameter b and for energy E of the emitted particle or pho-
ton. The summation index j stands for the emitted parti-
cle species. The limit b,„ is determined from physical
considerations (see below).

The basic formula for the transition rate is given by'

Wjf (b, E)dE =
2 3 trf; (b, E)p dE . (2)

P(U(b)) 2

2tr'A' p E,„(b

The factor g accounts for the total number of intrinsic de-
grees of freedom. For particles, g =(2s+1), where s is
the intrinsic spin. For photons, g =2 from the two (nor-
mally not measured) polarizations. The function p de-
scribes, in the rest frame of the decaying system, the level
densities of the initial and final states of the composite
system at excitation energies E,„(b) and U(b), respective-
ly. of;(b, E) is the inverse cross section at energy E of
the emitted particle (or of the photon) and p is the
momentum.

The denominator in (1) is calculated by considering
only nucleon and photon emission. At the excitation en-
ergies of interest here a particle emission may still be
relevant but its inclusion is mostly expected to reduce
somewhat the overall magnitude of the calculated cross
section. Photon yields are then computed as the sum of
contributions from a cascade that conserves energy on
the average.

The central ingredient in (2) is the inverse cross section
o.f, for photoabsorption on nuclei. We therefore discuss
photoabsorption cross sections in some detail.
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PHOTOABSORPTION CROSS SECTIONS

Fortunately, good quality data for photoabsorption on
nuclei ranging from Li to Pb in their ground state are
available. ' Absorption cross sections per nucleon are
found to be nearly independent of target mass. For de-
tails of current understanding from a theoretical stand-
point we refer the reader to the reviews in Refs. 19—22
(we will discuss later the influence of finite temperature
on absorption cross sections). In Fig. 1, a sample of the
measured photoabsorption cross sections per nucleon as a
function of incident photon energy is shown by the dots.
Three distinct regions may be observed.

(1) The giant resonance region (E» &40 MeV) H.ere
the photon is mainly absorbed in dipole transitions either
through direct or through resonant channels. The
Lorentzian parametrization of the classical photoabsorp-
tion (L =1) sum rule

(rE )'
(E )

60NZ 2 1» b (3)
A ~I, (I,E, )'+(E'

with I,=6 MeV and Ez ——34A ' MeV reproduces the
gross features of the data. N, Z, and A are, respectively,
the number of neutrons, protons and the mass number of
the composite system.

(2) The quasideuteron region (50&E &140 MeV)
The cross section is a slowly decreasing function of ener-

gy and is due to the interaction of a photon with a pair of
nucleons, i.e., a quasideuteron. An estimate of the photo-
absorption cross section in this energy range can be ob-
tained by

0 QD(E» )=300 E» fpa(E» ) mb
A

The function fpB(E» ) accounts for Pauli blocking of the
final state nucleons which becomes progressively stronger
as the photon energy is decreased below twice the Fermi
energy EF. It is phenomenologically accounted ' for
by a function of the form exp( D /E—) with
D =(60—80) MeV. Here we use an interpolating pro-
cedure to best fit the data.

(3) The b, isoba-r region (140&E &500 MeV) Ab. ove
the pion threshold, absorption is dominated by the transi-
tion to the first excited state of the nucleon, the 6 reso-
nance. The data can be fitted with a Lorentzian

(I 2E»)
o t (E» ) =0.4A

z 2
mb

(1 2E» ) + (E» Ett )—
using I z

——300 MeV and Ez ——(2. Im + 30) MeV.
For 0 & E & 500 MeV, the photoabsorption cross sec-

tion o»„/A is calculated from (3)—(5) by joining smooth-
ly the cross sections per nucleon at the energies connect-
ing the different regions. The solid curve in Fig. 1 shows
our fit to the data. Since the measured photoabsorption
cross section does not strictly scale with A in the vicinity
of the isovector giant resonance (L =1), a good agree-
ment between the data and the fit is not expected at low
energies. For E & 40 MeV, the absorption cross sections
per nucleon are almost the same for all nuclei within ex-
perimental uncertainties.

For nucleons the inverse cross section is taken to be
the geometric absorption cross section.

O 8 ~ i ~

0.4--

I I I I I

PHOTOABSORPTION ON EXCITED NUCLEI

The discussion above refers to y absorption on nuclei
in their ground state. Note, however, that (2) requires in-
verse cross sections for systems with considerable excita-
tion energies. The resulting high temperatures are ex-
pected to alter significantly the cross section for absorp-
tion in the giant dipole resonance region. We are, how-
ever, interested only in the energy region above E =50
MeV, i.e., in the quasideuteron and the 5-resonance re-
gions. We consider now these two regions in turn.

(i) The quasideuteron region Relation. (4) is based on y
absorption on a pair of nucleons. For E~ &2EF, Pauli
blocking of final states is absent and Levinger's original
formulation may be used. Explicitly,

NZ 2m. (1—aro)
aQD(E» ) oD(E» )

$
(a +k )

(4m.r o /3 )a

0 )

0 i00 200 300
I

400 500 where o.
D is the y-absorption cross section on a deuteron,

a '=[Pi /(2. 23MN)]'»

E» (MeV)
FIG. 1. Photon absorption cross section per nucleon as a

function of incident photon energy. The dots show representa-
tive data points from Ref. 18. The solid curve is obtained from
a smooth fit using Eqs. (3)—(5) (see text for details).

is the deuteron scattering length (MN is the nucleon
mass), and ro-=(1.3 —1.4) fm. The averaging is per-
formed over all possible values of the relative momenta k
for a pair of nucleons in a Fermi gas. Retaining the pic-
ture of y absorption on a pair of nucleons, an estimate for
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N(k, T)= E
k f dE

pod

1+e—(a+b)
X 1+in 1+e(a+b)

(9)

Here 2k=k, —k2, K=k, +k2, and

K
2mT 4 T

and

f2b= Xk.

The function N(k, T) gives the probability density for the
relative momentum k of a pair of particles and is shown
in Fig. 2 for T =0 and T =20 MeV, respectively. The

o.
&D at finite temperature is obtained by using the

thermal average

(tr2+k 2) —1( T)

= f f dk, dkzP(k„T)P(kz, T)(a +k )
' (7)

in (6). In (7), P(k& 2, T) are Fermi-Dirac functions each
normalized to unity. After performing the angular in-
tegrations in (7), we obtain

(a +k ),„'(T)=f dk N(k, T)(a +k ) ', (8)

with

magnitude of mean relative momentum at 1 =20 MeV is
-0.63kF, only slightly larger than -0.51k+ for the zero
temperature case (unless otherwise stated we use
pe=0. 15 fm or kF—-1.31 fm ' throughout). The mag-
nitude of (a +k ),„'(T) in (6) is determined largely by
the magnitude of N(k, T) for momentum values less than
the above mean momenta. As the probabilities for finite
T are in general smaller than for T =0, the correspond-
ing o&D are also smaller.

In Fig. 3 we show ( a +k ),„'(T) /( a +k ),„'(0) as
a function of temperature. At T = 15 (20) MeV, this ratio
is 0.75 (0.66). Finite temperatures thus reduce rr(2D by at
most 30% at the largest beam energy of interest here. In
discussing our results later we will take this into con-
sideration in the form of a downward correction factor.

The density dependence of ( a +k ),„'(0) is governed
largely by terms of 8(kF ). More precisely,
(a +k ),„'(0)=3.95, 2.86, and 2.02 fm for p=0. 5po,

po and 2po, respectively. The corresponding values at
T =20 MeV are (a +k ),„'(T)=2.11, 1.89, and 1.58
fm, respectively. At the bombarding energies of interest
here it is unlikely that a significant compression of matter
is attained. Our choice of po ——0. 15 fm is thus to be
thought of as a reasonable representative value for the
density of the composite system.

For E &2EF and for T=0, Pauli blocking of final
states for the neutron and/or proton suppresses the ab-
sorption process relative to that given by (6). For photon
energies of interest here (Er ~50 MeV), the relevant
range to consider is —,

' &Er &1 with P =E /2EF. In
this range the distribution for the initial state relative
momentum k is given by

I
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T=O MeV
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l
I
I

4s0
V

Os4$
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k (fm ')
FIG. 2. The probability density distribution from Eq. (9) for

the relative momentum k of a pair of nucleons inside a nucleus.
The dashed (solid) curve is for a nuclear temperature of T=0
(20) MeV.

0.6 I

1Q
T (MeV)

BQ

FIG. 3. The ratio (a +k~),„'(T)/(a'+k ),„'(0) as a func-
tion of temperature (see text).
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N(k, O) — 1 E—„—
2 3/2

kF

0110
5(I /2)=

I /2
)00 ()00

I /2 I /2

Npa(k, O) = .

where

k/kF & (1 E—r )'

N(k, O), k/kF ) (1 E—~)'

(10)
(12)

where %&1, is the isobar-hole Hamiltonian in medium.
We can estimate the size of this effect by evaluating the
fluctuation in a Fermi gas at finite temperature:

(5Tq ) = fdkP(k, T)[b1,+p
—Ek]

2

N(k, o) =
kF kF

3 k 1 k
2 kF 2 kF

dkP k, T ~k+p —~ (13)

where, as in (7), P(k, T) is the Fermi-Dirac occupation
factor and

is the probability density in (9) at T =0. The distribution
Npa(k, O) differs significantly from N(k, O) only for E
approaching the lower limit of the range considered. We
recall that in our fit to the data [see (4)] full account of
Pauli effects is already contained. Such a hindrance is
less severe at finite temperatures due to the availability of
partially filled states. Thus 0 &~ af finite temperatures is
somewhat enhanced relative to the T=0 case. Rather
than using such enhancements due to effects of finite tem-
perature in this energy range, we shall use the results of
Fig. 3 and an overall reduction factor in our total y-
production cross sections. This procedure should un-
derestimate slightly the magnitude of y emission from
this source.

(ii) The b, resonanc-e region Com. pared to the y-
nucleon absorption cross section (o rN) in this region, the
y-nucleus cross sections per nucleon (o r „/A ) show two
distinct features. ' ' Firstly, the half-width for the latter
is somewhat larger (with reduced peak cross sections)
than for cr&N. Secondly, the peak position is shifted
slightly upward. For the most part, the first of these two
features is understood as due to the Fermi motion of tar-
get nucleons while the second feature is due to binding
energy effects. For details on other medium-dependent
effects see the review articles in Refs. 19—22. To illus-
trate the changes brought about by finite temperature in
the y-absorption cross sections, we will concentrate on
the effects due to Fermi motion. We follow closely the
isobar doorway state approach of Ref. 20 in which near
resonance the dominant contribution from the coupling
to the second doorway state is an increase in the half-
width

and

k
k MN+

2M N

(k+pr)
+P 2M

kfdkP(k, T)
N

4M kfdkP(k, T)
M~ N

(14)

Near resonance, i.e., pr —= (Ma —n1N+30) MeV, the
dominant contribution to (14) comes from the second
term. This term has an explicit kF dependence and
reflects the density dependence of the increase in the
half-width. In Table I, results for the increase in the
half-width are shown for several values of temperature
and for kF-=1.04 fm ' and kF -=1.31 fm '. The associ-
ated decrease in the peak cross sections are listed in the
last column.

The increase in the half-width has the effect of enhanc-
ing the y-absorption cross sections close to the pion
threshold relative to the zero temperature case. The peak
cross sections are reduced correspondingly. While these

After performing the angular integrations involving k p
in (13), we find

2
2 2

f dkP(k, T)
M~ N

TABLE I. Results from Fermi broadening of the 5 resonance for incident p~—= (M~ —MN+30)
MeV. The second column gives increase in the half-width from 75 MeV for p~ =324 MeV. The last
column gives the decrease in the peak cross section.

T
(MeV)

0
5

10
15
20

5(I /2)
(MeV)

kF -1.04 fm-'
7.3
8.7

11.8
15.5
19.5

6(o.g)
(%)

—9.8
—11.7
—15.8
—20.7
—26.0

T
(MeV)

0
5

10
15
20

6(I /2)
(MeV)

kF=-1.31 fm
11.7
16.8
20.1

24.5
29.3

5(o.g)
(%)

—15.5
—16.8
—20.1

—24.5
—29.3
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changes do not affect significantly the total y-production
cross sections, they are important if the possible influence
of the 5 resonance on photon production is investigated.

d G'

dE„bdQ„b
P lab

Pc.m.

d 0
dE, dQ,

(15)

RESULTS AND DISCUSSION

To compare the results of our calculations with the
available data, we have collected in Table II most of
the reactions investigated below 85 MeV per nucleon
beam energy. Source velocities, slope parameters of the
differential cross sections, and total cross sections for
E~ ~ 50 MeV are then listed in order.

The calculated source velocities &p, ) are averaged
over the impact parameter b and are in good agreement
with those extracted from the data. This agreement lends
some support to the geometrical concepts of the model
and the kinematics of the source from which photons are
emitted. Since the mass of the composite system is gen-
erally more than twice the projectile mass for reactions
involving unequal masses, results for &p, ) are slightly
smaller than the velocity of the nucleon-nucleon center of
mass.

For each impact parameter b, the differential spectra in
the laboratory and the c.m. systems are related through

with E, =y, [E„b—p, p~,bcos(8&,b)]. One can use

& P, ) in place of P, without much loss in accuracy
since the latter is a slowly varying function of b. We shall
adopt this procedure when comparing the calculated lab-
oratory differential spectra with those measured. The
magnitudes of p, shown in Table II are small enough
that the angle integrated spectral distributions do not
differ much between the laboratory and c.m. systems.

For photon energies well above the giant resonance re-
gion and up to the maximum energy measured so far, the
photon yields decrease roughly like exp( E„/E—o). The
slope constant Eo listed in the table was obtained from
the calculated differential cross sections in the energy
range 50 MeV &E~ & 100 MeV. Most of the experimen-
tal slopes given in the table also refer to E y50 MeV
and for O~,b

——90'. On the average the calculated slopes
are slightly smaller than experimentally observed. This is
reminiscent of similar trends encountered in pion produc-
tion close to threshold. '

TABLE II. Comparison of calculated and experimental results. Photon source velocities are in units of the velocity of light. Slope
parameters E0 are extracted from the 50 & E~ & 100 MeV region. Integrated cross sections shown are for E~ & 50 MeV in the labora-
tory system. Where possible experimental cross sections have been corrected for detector response.

Reaction

12C+ 12C

lab

(MeV)

48
60
74
84

0.16
0.18
0.20
0.21

& p, ) (expt)

0.18+0.02
0.20+0.02
0.21+0.02

E0
(MeV)

10.6
13.2
15.7
17.2

E0(expt)
(MeV)

19+1.5
20+1.5
23+1.5
27+1.5

(pb)

36
67

108
138

o ~(expt)
(pb)

3819
60+13

100+17
160%35

Ref.

26

86Kr+ 12

Kr+ Ag
Kr+ Au

'2C+ Sn
4'Ar+ Ge

44
44
44
84
15
24

0.19
0.15
0.14
0.16
0.08
0.11

0.17+0.01
0.18+0.01
0.14+0.01

10.5
12.9
12.7
17
6.3
8.4

11.6+0.5

12.5+0.3
12.1+0.2

25+1
4.0
6.5

205
2730
4773
1131

26
143

55+10
450+60
440+35

31

' N+Ni
40Ar + 158Gd

Ar+' Au

35

30

0.11

0.13

0.10

0.24+0. 1

0. 12

9.3

11.7

9.4

13.5+1

12.6+0.6

7.5

91

1532

663

50+15

50+20

27

30

29

32S+2 Al
32S+ Ni
32S+ 197Au

22
22
22

0.11
0.10
0.09

7.4
7.8
7.7

10.8+1
10.0+1
9.1+1

29
67

188

35+17
60+30
91+45

33

14N +208Pb

14N+ 12C

20
30
40
20
30
40

0.07
0.09
0.10
0.11
0.13
0.15

0.08
0. 11
0. 10
0.08
0. 10
0. 12

6
8.2
9.8
4.9
7.5
9.5

10.0
12

14.2
7.7
11.1

13.3

34
150
350

1.7
10
26

7.2
39
150
1.2
7.2
20

28

16O+ W

16O+ 58Ni

15

44
95

0.07

0.13
0.19

10.9
19.5

6+1 10

201
1142

0.07 32

Fig. 6
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1

3

52S 197~

2 Mev

9Q

0.3

C:

b
0.03

0.01
40 eo eo

E„(MeV
120

FIG. 4. Comparison of calculated (solid line) and experimen-
tal photon differential cross sections in the laboratory system.
The histograms are the uncorrected data from Ref. 33. Data
corrected for detector response are shown by the dashed lines.

The calculated energy spectra for 8„~=90' are com-
ared with the experimental spectra for the reactions
S+ Au at 22 MeV per nucleon and Kr+ C at 44

MeV per nucleon in Figs. 4 and 5, respectively. Good
qualitative agreement with the data is obtained. The rate
of exponential fall off may be understood by examining
the energy-dependent factors in (2) for the transition rate.
The factors involving the level density give rise to the
-exp( —Er/T) behavior, where T is the temperature of
the composite system. For 0 & Ez & 140 MeV, the inverse
cross section falls off like Ez . As a result the slope
constant Eo is slightly less than T in the energy range
considered. This innate feature of the model applies to
all systems considered and for photon energies below the
photo-pion threshold. For the spectrum in Fig. 4,
T =8.4 [9.4] MeV for impact parameter b =0
[0.8&&(R&+Rr)] while the slope constant Eo ——7.7 MeV.
This is reasonably close to the slope constant 9.1+1 MeV
of the experimental spectrum. For the spectrum in Fig.
5, T =12.5 [14.2] MeV for b =0 [0.8 X (R~+Rr )) while
the slope constant ED=10.5 MeV. This is to be com-
pared with E0=11.6+0.5 MeV of the experimental spec-
trum.

The calculated total cross sections for photon emission
shown in Table II also refer to E ~50 MeV. Likewise
the experimental data. Effects of temperature-dependent
absorption cross sections have been incorporated in the
quoted y-production cross sections. For reactions with
equal masses, the temperature T remains constant as a
function of impact parameter. In the case of asymmetric
systems T increases only slightly with impact parame-
ter. '" Results from Fig. 3 therefore serve as downward
correction factors to cross sections calculated with the

10

0.3—

0.1—

0.03—

0.01
40

E„(MeV)hb
80

FIG. 5. Comparison of calculated (solid line) and experimen-
tal photon differential cross sections in the laboratory system.
The data are taken from Ref. 31.

zero temperature y-absorption cross sections. As yields
in the 6-resonance region are down by about an order of
magnitude compared to those in the QD region, they do
not contribute significantly to the total y-production
cross sections. For many cases, the calculated cross sec-
tions are somewhat larger than the data. For intermedi-
ate mass systems, the discrepancy between the model and
the data is more marked. One should, however, exercise
some caution in interpreting agreement or lack thereof by
comparing the calculated and experimental cross sections
integrated above some threshold value, e.g., E~=50
MeV. A direct comparison is meaningful only when the
slope constants of the calculated spectra agree with those
measured. Our calculations systematically underpredict
slope constants. Results for integrated cross sections de-
pend on both the threshold chosen and the slope constant
and therefore can be used only to make qualitative state-
ments when comparing with the data. The important
point, however, is that a substantial part of the observed
cross sections could stem from thermal sources.

Note that the model assumes full stopping, viz. , all the
beam energy is utilized in heating the participant nucleus.
It is likely that the fireball geometry overestimates the
number of participant nucleons. If a smaller number of
nucleons were to constitute the source of photon emis-
sion, smaller cross sections than shown would be ob-
tained since the inverse y cross sections scale with nu-
clean number. Concomitantly, the temperature of the
source would be larger than given by the fireball
geometry and higher slope constants would result. The
final result would then depend on the interplay between
effects associated with the smaller nucleon numbers but
larger temperatures.
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In the present approach, the angular distribution of the
emitted photons is isotropic in the rest frame of the hot
composite system. No general consensus has yet been
reached experimentally about the nature of the photon
angular distributions. Some investigators ' report dis-
tributions that are isotropic in the nucleon-nucleon
center of mass, while others ' ' report dipole com-
ponents of different magnitudes. Such dipole components
may be obtained from the present model if angular
momentum conservation is taken into account. Note
that k R, —1 for photon energies and source sizes
relevant here.

We turn now to features of photon yields for E & 140
MeV, i.e., above the photo-pion threshold. Note that the
inverse cross sections in Fig. 1 are sizable as a conse-
quence of the 6-isobar degree of freedom coming into
play. To investigate their influence, we have calculated
the differential cross section dor/dE& for the system
' 0+ Ni at energies available in the existing accelera-
tors.

In Fig. 6 the calculated results are shown at
Ehb/A =44 MeV and E~»/A =95 MeV, respectively.
The differential cross sections break away from an ex-
ponential decrease for photon energies in excess of -140
MeV. This feature is more pronounced for the higher
beam energy shown in Fig. 6. For photon energies near
the peak of the b resonance, cross sections are a factor of
about 5-10 larger than given by a continuation of the ex-
ponential falloff. Up to half the resonance energy, finite
temperatures have the effect of enhancing the absorption
cross sections due to an increase in the half-width com-
pared to the zero temperature case. Incorporation of
such effects will modify the differential cross sections

10='
I

I
I

I

100

-1
10 5 Mev

10

10

10
50

somewhat over those shown in the figure. The possibility
to study such effects along with the role of the 6-isobar
degree of freedom in photon production cross sections is
intriguing. Observations of an effect from the 6-isobar

00000
10 o0

o
0

I I ii I

0 100 150 200 250 300
Ey(MeV)teb

FIG. 7. Comparison of pion (dashed line) and photon (solid
line) differential cross sections in the laboratory system. The
data are taken from Ref. 27 for photons (solid squares) after
correction for detector response and Ref. 34 for pions (open cir-
cles).

1000—
100 =

100 = &e0 eeN.

10

0.1
0.1

b 0.01 =

0.001
Elab

~ 001

0001 =

0
0

0
0

0.0001
0 100 200

E„(MeV)ieb
FIG. 6. Calculated photon differential cross sections in the

laboratory system. Beyond the photo-pion threshold of 140
MeV, the exponentially falling trend is broken due to the
influence of the 5-isobar degree of freedom.

0.OOO1 I XI I

0 50 100 150 200 250 300 350
Ey(MeV) lab

FIG. 8. Comparison of pion (dashed line) and photon (solid
line) differential cross sections in the laboratory system. The
data are from Ref. 35. Symbol designations for the data are
solid squares for photons and open circles for pions.
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on photon spectra might provide interesting information
about the position and width of the 5-isobar in hot nu-
clei. We therefore suggest that accurate photon yield
measurements be carried out in this energy range.

We now inquire into the relative yields of photons and
pions at the same total energy, i.e., E =E =m +T .
For a fixed excitation energy of the composite system
with A particles, Eqs. (1) and (2) yield the simple relation

do. /dE
der z/dE&

'2
1 cr~w(T„) p
2 err, (Er=m +T ) pr

The numerical factor here arises from the number of in-
trinsic degrees of freedom for neutral pions and for pho-
tons, respectively. Note that the inverse cross sections
are to be taken at the same total energy for both photons
and pions. This relation holds strictly for a given impact
parameter b. Results obtained by using the most prob-
able b are, however, close to those obtained by averaging
over b.

In Figs. 7 and 8 the calculated spectral distributions of
photons (solid lines) and pions (dashed lines) are com-

pared with those measured ' ' for the systems
' 0+ Ni at 35 MeV per nucleon and ' 0+ Li at 84
MeV per nucleon, respectively. Symbol designations for
the data are solid squares for photons and open circles for
pions. The inverse cross section for neutral pions on nu-
clei are those used in Ref. 14. At the same total energy,
experiments find about an order of magnitude more pions
than photons. Our calculations are in qualitative agree-

ment with the data. For both cases shown the calculated
ratios are somewhat larger than measured. Note also
that for high ejectile energies calculations give a steeper
falloff of both pion and photon yields than found in ex-
periments. Nevertheless, it is interesting that a qualita-
tive understanding of the relative yields is obtained by
combining the experimentally accessible cross sections
with a theoretical analysis that employs detailed balance.

In summary, we have shown that a detailed balance ap-
proach gives substantial contributions to photon emission
in intermediate energy collisions. The model also pre-
dicts that sufticient energy will be made available to make
the 6 resonance a viable source of high energy photons.
This suggests the desirability of accurate photon yield
measurements in this energy range using the existing ac-
celerators. We also find qualitative agreement with the
data for the ratio of pion to photon yields at the same to-
tal energy of the ejectile using the principle of detailed
balance.
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