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Heavy Ion Precompound Phenomena: A Glance at Hard Gamma and
Subthreshold Pion Production *

Marshall Blann and Bruce A. Remington

UCRL~--97262

DE87 014353
Abstract

We test a relaxation model based on two body nucleon-nucleon
scattering processes to interpret phenomena observed in heavy fon
reactions. We use the Boltzmann master equation to accomplish this,
~ By assuming that the projectile nucleons share the total excitation
with equal a-priori probability of all configurations, we are able to
reproduce several sets of neutron spectra from 20Ne and 120
induced reactions on ]65Ho. With no additional free parameters our
model successfully reproduces subthreshold pion production cross
sections, high energy y-ray spectra, and angular distributions of
high energy y-~-rays.

1. Introduction

As heavy ion reaction studies progressed from beam energies below
10 MeV/nucleon into the medium energy range, many non-equilibrium
reaction phenomena have been observed. Nucleons are emitted with
velocities far in excess of the beam velocity and with cross sections
orders of magnitude above the equilibrium expectation.]-al Pions
have been observed at incident energies per nucleon much less than the
free nucleon-~nucleon threshold energy.4-7] Gamma-rays in excess of
100 MeV have been observed at incident energies as low as 20 to 30 MeV
per nucleon.®-13]

The intriguing question is how so much of the total energy
available in the reaction entrance channel becomes focused on a single

s T
entity in the exit channel. We try to understand and interpret these %‘\‘é&
phenomena in terms of nuclear models or nuclear theories. \m

One fascinating and quite successful approach is due to Greiner

15]

and his colleagues, and is based on a collective bremmstrahlung
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resulting from the slowing down of target and projectile nuclei as the
nuclear densities start to overlap. Many other approaches rely on a
mechanism due to incoherent nuclean-nucleon scattering processes in
the nuclear field.'®241 1n this presentation we would like to
attempt an explanation of all these phenomena in a very physically
transparent model of the latter type. The numerical approach we will
take will be the Boltzmann Master Equation (BME), originally applied
to nucleon induced reactions by Harp et 91.25'26]

1 shall first describe the physical model we use and the
mathematical method of computer solution. Next we will test the one
parameter of the model which we guess (based on earlier precompound
studies with alpha particles) by comparing with experimental (HI,n)
spectra. We will investigate changes required to treat pion
production by the introduction of experimental NNv cross
sect1ons.27] and see how well these resylts, with no parameter
adjustment, agree with the available data.

Next we will consider the question of NNy cross sections as a
function of energy, and see how well the BME reproduces absolute
nucleus-nucleus and nucleon-nuclieus y-ray spectra.za] with no free
parameters. Then we will investigate the y-ray angular distributions
predicted by this model, and compare them with the available
data.8'13] Finally we will present our conclusion as to whether or
not the incoherent N-N collision mechanism is one of the viable
explanations for these many non-equilibrium phenomena.

2. Physics and Formulation of the Boltzmann Master Equation

In Fig. 1 we see a diagrammatic representation of the reaction of
two heavy jons. In the upper portion of the figure we see two nuclei
approaching one another in a geometric representation. The nuclei
each have a spherical shape, with the nucleons bound inside each
nucleus by the surface tension. Once the two nuclei touch, the
interface disappears, and the surface tension and beam momentum
combine in the coalescence process.



In the lower portion of Fig. 1 we represent the same reaction in an
energy space represented by the potential wells of the two nuclei.
The formation of the neck described in the geometric picture means
that the nucleons of target and projectile may now begin to interact
in some joint pouvential well formed in the coalescence process, in a
time dependent manner. This energy space is the representation used
in the BME,

The mathematical approach used in solving this prohlem is partly
defined in Fig. 2, where we clarify the indexing used in the potentia)
of the coalesced nuclear system. The model is based on
nucleon-nucleon (N-N) collisions using free NN scattering cross
sections to define collision rates wij. where

= Il @M e+ eI '
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with symbols defined in Table 1. Having defined the intranuclear
scattering rates, we may express the set of master equations as

dNf/dt -g,’zy{z;u(mﬂ_. yekglgminf (4 — 01 — nf) — off~ ugjgkelniny (1 —nf)(1 —nf)]

—n,‘a)f_.,'} +fi(p,n). (2)

with an analogous expression for neutron population relaxation
processes. The dfus/dt term is a source term, representing a time
dependent injection of nucleons and excitation energy during the
coalescence (fusion) process; this term will be discussed shortly. The
(l—ni)terms give the Pauli exclusion. A more thorough discussion of
the BME, as encoded origirally by Harp, Miller, and Berne, and later
modified by Blann, may be found in refs. 16, 25, 26.

There is sti11 the question of the rate and energy distribution
of nucleons injected during cbalescence in a heavy ion reaction,
namely, the source term of Eq. 2. How to calculate and model this is
a very interesting and stil1 very open question. In the limit of a
light projectile on a heavy target we might expect a random energy
conserving distribution, where the projectile nucleons Ap share the
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total energy; we may assume that the many possible couplings of beam
velocity and Fermi velocity will cause a randomized sharing of this
energy, e.g. that every partition occurs with equal a-priori probabil-
ity. We will do this, and then test the assumption against as broad a
range of appropriate heavy ion data as possible. This assumption
worked well for 1ight forn induced reactions such as (u.p).29'3°]
and we will see if it has some merit for heavy ion reactions as well.
.Cindro and his collaborators have made many fine contributions in
this regard by finding the best ‘exciton number' paran@ter to describe
a wide range of heavy ion induced reactions.31] This work is
jmportant for understanding the detailed dependence of the exciton
energy distributions on e.g. angular momentum and impact parameter,
and perhaps on injection energy. Scobel and co-workers are currently
working on putting this physics directly into the BME.32]

For the present I wish to take a less detailed look at our
assumption and see if, within the experimental uncertainties, it
allows us to globally reproduce nucleon spectra from reasonably
central collisions. By implication, if we have a reasonable
representation of the initial nucleon energy distribution, we may use
the model to see if this distribtuion in turn causes the other
phenomena via the N-N collision process.

The results of the calculation are not very sensitive to the
assumed rate of injection. We assume injection based on the volume of
the projectile passing through a plane with a velocity equal to the
beam velocity (cm system) reduced appropriately for the Coulomb
barrier. We next compare calculated and experimental (HI,n) spectra
from several reactions to test the assumptions of our model.

3. Comparisons of Calculated and Experimental Results
3.1 (HI,n) Spectra

In Fig. 3, we show comparisons between evaporation residue (ER)
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and fission fragment (FF) gated, angle integrated neutron spectra from
the 20Ne bombardment of ]GSHO,Z] and the ER gated reutrons from

the 12C + 165Ho reactions.al. The "experimental results" are
parameterized angle integrated points for the "fast" component. We
show calculated results for these spectra using n=20 for 20Ne
induced reactions and n= 12 for the ]ZC induced reactions. The
value of n = Ap seems to give a satisfactory fit to all the data
within uncertainties due to the angle integration method used, I
should emphasize that the absolute values of the calculated spectra
are compared with the experimental results in Fig, 3 without any
normalization, and are all calculated without adjustment of the
nucleon-nucleon mean free path.

The BME may be seen to give a quite satisfactory agreement for an
a-priori calculation over a broad range\pf incident .energies and
projectiles, yielding spectra correct in'shape and magnitude, without
normalization of the spectral intensities.' We will use the assumption
of n = Ap for the remainder of this work, with the word of caution
that we have only shown a justification for the systems shown in Fig.
3. We are therefore extrapolating in the absence of the desired
experimental data when we treat other systems.

3.3 Subthresho]d\Pion Production \

Early on, Bertschas]

suggested that the Fermi momentum and
relative nucleon motion might couple in heavy ion reactions to give
nucleons sufficient energy to produce pions via a N-N collision
mechanism. Arndt and Verﬁest have tabulated excitation functions for
N+N > N+N + pion. We should be able to add these channels to the
BME to probe the possibility of the N-N collision process as a viable
subthreshold pion production mechanism.18 The input nucleon spectra
for these calculations have been calculated with all energy partitions
equally likely, but with no nucleon having more than (ch + "be;m)z
units of energy where c¢ is the projectile Fermi energy and

€peam |5 the beam enmergy per nucleon. We assumed n=Ap which,



recalling the recent Berlin results (Fig. 3), gave excellent agreement
between calculated and measured nucleon spectra in the pion production
energy range. The rate equations for pions may be represented by:la]

(3)

with the collision rate expressions given by:18)

(4)

We use the experimental NN«° production rates due to Verwest and
Arndt.27] Results of these caiculations via the BME for a fairly
broad range of experimentally measured systems are summarized in Table
2. The calculated yields include a crude =° emis;ion attenuation
factor estimated for a 2 fm mean free path. More Eetails may be found
in Ref. 18. The results are also gquite sensitive to the value of the
Fermi energy assumed for the projectile, which was 35 MeV in all
cases. We might, for example expect lower values for the lightest
projectiles. 1In view of the uncertainties of these calculations, we
subjectively feel that agreement within a factor of 3-4 between
calculated and measured yields is confirmation that the N-N collision
is one (but by no means the only) viable mechanism far subthreshold
pion production. This is seen to be the case for all the systems
summarized in Table 2, except 4°Ca v 40Ar. where the discrepancy

js a factor of five, and for the 25 MeV/nucleon data. For the latter,
we reasonably reproduce the D+Ni data if we assume a target Fermi
energy of 30 MeV. Even this fails for the 0+A) case. This, however,
does not exclude the N-N mechanism, it merely requires smaller
collision angles than the 9Q° assumed in the present application of
the BME. For alternative explanations one should e.g., read the

interesting nucleus-nucleus bremsstrahlung model due to Greiner and
his col]aborators.14]



3.4 Production of High Energy y-Rays

3.41 Enerqy Distributions

The BME may be modified for y-ray production by addition of the
rate for inelastic NNy scattering.19]

dN__ 1 _a_3 |aes sy
dE,d, E, m2\|1-§:8 '-ap;

‘ll’tnc(l'f'z\'). (5)

with symbols as defined in Table I. We need not consider nny or

ppy rates, because these quadrupole cross sections are expected to

be much smaller than the pny dipole cross section.34] This rate,
given in Eq. 5, 1s entered into the BME (Eq. 2) and we sum over all np
collisions to give the total rate of production of y-rays of energy m

d*NL/dE di

=¥ wf' umglefskefninf (1 —nf)(1 —nf). (6)
1jkl

We use a semi-classical radiation formula with two modifications, to
calculate the y-ray yield per np collision. 19,35,36]

(n

In (7) a = 1/137 is the fine structure —constant, Bi and ﬂf

are the initial and final proton velocities (in units of c) and é1,
éz and § are the unit vectors for the two directions of polarization
and the y-ray propagation direction. The modifications to the semi
classical formula are given in the last two factors. OF these P .

= Bfo/BiYi is a fipal state phase space correction.aa].

The (1+X) factor allows the magnitude of (7) to be varied. It was
suggested34] that failure of eq. (7) to include meson exchange
processes should reqguire X~1 as a correction. 'This approximation may
be tested against the p+d» y spectrum of Edgington and Rose,za]



measured with 140 MeV protons (Fig. 4). Because ppy<< pny.aq]

the deuteron target approximates a neutron target with some internal
motjon. 1In Fig. & we see the result of Eq. (7) with X=0, but averaged
over the target neutron internal motion,37] and the latter result
with X=1. The agreement is quite satisfactory, so we use X = 1 for
the remainder of this work,

Neuheuser and Koonin have recently evaluated the quantum mechani-
cal analog of Eq.(7)3a]. We show their result in Fig. 4 also.

Because the agreement with the d(p,y) spectrum is poor we do not

adopt this result; we will, however, show results of this formulation
in several figures. A weakness of our reljance on Eq. (7) with X=1
confirmed by the d(p,y)results is that we have only the 140 MeVv data
set, Clearly similar data sets at other incident proton energies would
be extremely valuable to confirm our reliance on Eq. (7) with X = 1.

We include results of a broader nucleus Fermi momentum and further
test Eq. (7) by using it with Eqs. (5) and (6) in the BME for the
]2C(p.y) and Pb(p,y) inclusive spectraza] shown in Fig. 4. The
agreement, with no normalization (having accepted X = 1 in Eg. (7)) is
excellent. Next we perform the calculation for nucleus-nucleus data
sets, using all published results we were aware of. These results are
presented in Figs. 5-9, ‘

In Fig. 5 we show the results of Stevenson et gl.a] who used a
stack of lucite as Cerenkov detectors. The agreement of spectra calcu-
lated with no parameter variation, is excellent. The quantal
resu]taa] gives spectra which are a 1ittle high. In Figs. & and 7
we see results of Nifenecker et al, using 40Ar9] and 86Kr pro-
jecti]es10] at 30 and 44 MeV/u, respectively, This represents an
extraﬁo]ation of the assumptions on nucleon distributions based on
results shown in Fig. 3. Nonetheless we find excellent agreement
between calculated and experimental results. These data wer ™ measured
with a stack of plastic scintillators followed by a Nal detector. In
fig. 8 we show results of Alamanos et al. for 35 MeV/u 14N reactions
on Ni nuc]ei]]] meas:.~ed with lead glass detectors; our calculation
fails to reproduce these data satisfactorily. )

In fig. 9 we show the results of Grosse et a1]2']3] for 48-84
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MeV/u 12C projectiles on "°C an

U targets. Again our

calculation seriously underestimates the data. The quantal result, on
the other hand, is in satisfactory agreement with these data. Lead
glass detectors were used in measuring the data in Fig. 9.

We follow an- idea from Morrisseyag]

in Fig. 10 and integrate
the experimental and calculated y spectra for EY>50HeV.

showing the results scaled by reaction cross section plotted versus
the beam energy. At the lower energies, calculation and experiment
are in quite reasonable agreement. At the higher energies there is a
divergence. This may represent the appearance of a secend mechapism
at the higher energy (e.g. coherent nucleus-nucleus bremmstrahlung).]4]
it may represent a difference in calibrations between lead glass and
plastic scintillator /Nal detectors, or a breakdown of Eq. (7) for
higher nucleon collision energies. This is an open question and an
important question to answer as more data become avzilable.

3.4 Gamma-Ray Anqular Distributions

Since Eg. (7) has an angular dependence for the y-ray, we may
treat the (relativistic) kinematics for the nucleon-nucleon scattering
process and calculate the y-ray angular distribution. We first do
this for the d(p,y) case where we average over the neutron internal
momentum. We compare this absolute calculation with the data of
Edgington and Rose 28) in Fig. 11; the agreement is excellent. We
also compare with data for the ]ZC (p,y) inclusive reaction (Fig.

11). The latter calculation is arbitrarily normalized in magnitude in
order to compare the shape of the angular distribution, which is also
in quite reasonable agreement with the experimental result.

We next consider heavy ion reactions. Here we must consider two
additional complications over the d(p,y) case. First, the coupling
of the Fermi and beam velocities leads to an energy spread and an
angular spread about the peam axis for the injected nucleons. Second,
for lower energy y-rays we must consider not only first collision



processes, but also higher order collisions. We use the BME to make
this division. We then make the overeétimate that higher order
collisions give an isotropic y-ray angular distribution, while the
first collision contribution comes from Eq. (7) folded over initial
injection angles and averaged over Fermi momenta.

Results of these relative calculations are shown in Fig. 12 for
the data of Stevenson et gl.a] The calculated results are in quite
reasonable agreement with the data which are between the first and
multiple collision limits given. We have made a similar comparison
for the uata of Grosse et gl]2'13] for which we get similarly good
agreement,and of Alamanos et al, for which we do not. On the whole,
the NNy mechanism seems to give quite satisfactory agreement with
the major share of experimental data for many y-riy energies.

IV, Conclusions

The BME model is transparent in the physics used to treat the
equilibration process, specifically, a series of N-N collisions deter-
mined by free scattering cross sections moderated by the Pauli exclu-
sion principle. The BME is very versatile and it is easy to use to
test ideas; e.g., pion production cross-sections, incomplete momentum
transfer. The model works guite well in reproducing nucleon emission
spectra for central collision processes using an input distribution-fw
based on n = Ap. More work needs to be done in modeling the initial
distribution function with the coupling constraints, phase space
constraints, and with consideration of angular momentum averaging.

A broader range (projectile and projectile energy variations) of
nucleon and cluster emission spectra gated on central collisions would
be welcome as a more severe test of the BME and other precompound
decay models. Measurement of nucleons at the highest kinetic energies
may give crucial information on the microscopic details of the
coalescence process, in particular the coupling of relative motion and
Fermi motion of the projectile nucleons, and of the viability of the
N-N collision process for subthreshold pion production.



A1l caveats considered, simple precompound decay models yield a
wealth of insight into the dynamics of heavy ion reactions. Many of
the predictions, made as early as 1974 by use of these models 16,40]
are now being realized in experimental measurements. These models
should continue to be strong tools in the interpretation of heavy ion
reactions. We have shown that all the phenomena analyzed in this work
may be interpreted in terms of a N-N collision mechanism, getting
excellent agreement with nearly all data without parameter variation.
Similar tests of other models and theories would be usr<ul to narrow
the choice of viable interpretations. '
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Figure Captions

Diagrammatic representation of a heavy ion collision in geometric
(upper) and energy space. This figure is described in the text.

Representation of a Fermi gas nucleus as treated in the Boltzmann
master equation. The nucleus is divided into 1 MeV wide energy

bins, indexed by i, j, k or 1 counting from the bottom of the
Fermi sea.

Calculated and experimentally deduced spectra for the reactions
165Ho(lzc,n) at 300 Mev. Experimental points from Refs. 2,3
result from an integration of a moving source fit to experimental
yields for the fast component only. Experimental yields for
20Ne projectiles were gated on evaporation residues (ER) as
represented by open triangles, and on fission fragments (FF)

shown by closed circles. Results for 120 were aated on ER.



4)

)]

6)

1

8)

9)

Calculated results are shown for the BME with n = A_ in the
exciton distribution function, where we assume total excitation
is shared by n excitons with equal a-priori probability.

Calculated and experimental y-ray spectra resulting from 140

MeV protons incident on d, C, and Pb targets. Data are from
(28). The thin dashed 1ine in the p+d spectrum is the
calculation of eg. (7) for X=0. The long dashed curve is the
result of folding over the neutron Fermi motjon. The solid 1ine
is the result of next setting X=1 in eq. (7). The open symbols
represents data points. The dot-dash curve is based the results
of Ref, (38).

Calculated and experimental y-ray spectra from Yy

bombardment of ]zc and Pb at 20, 30 and 40 MeV/nucleon. Data
are from ref. (8). The solid lines are the predicted spectra
based on using eq. (7) with X = 1 in the BME. The dashed curves
are the result of using the vaiues from Ref. (38).

Results of the BME compared with experimental y-ray spectra for
30 MeV/u 40 on "%7au. Data are from (9). cCalculation

uses eq. (7) with X = 1, denoted 'classical X 2'.

Calculéted (BME) and experimental y-ray spectra from

44 MeV/u Kr on C and Ag targets. Experimental results are from
ref. (10).

Calculatd (BME) and experimental y-ray spectra from 35 MeV/u
Yy + Ni. Data are from ref. (11). '

Calculated (solid 1ine) and experimental y-ray spectra for

]zc bombardment of 2330 at 84 MeV/u(top set), and on ]20

targets at 84, 74, 60 and 48 MeV/u, as indicated. Data are

from refs., 12 and 13. The dashed line shows the results of a BME



10)

1)

12)

calculation using spectra from ref. (38) as input rather than
from eq. (7).

Yields of y-rays above 50 MeV, experimental and calculated,

versus beam energy (MeV/nucleon). The ordinate has beén scaled
fo; .eaction cross section. The solid 1ine is drawn to guide the
eye through the experimental data points; the dashed line through
the calculated data points. This figure is discussed in the text.

Calculated and experimental angular distributions for p + d and p
+ ]zc reactions. Calculations used eq. (7) averaged over inter-
nal target nucleon momenta for a single collision process. Data
are from ref. {28), The lower calculation has been arbitrarily

normalized in absolute magnitude,

Experimental and calculated y-ray angular distributions for

40 MeV/u ]4N on Pb and ]2c targets. Data are from ref.

(8). The y-ray energies are shown on the right side of the
figure. The dashed line is the result of the first collision
only. The solid line uses an estimate of fractional contribution
fromAhigher order collisions from the 8ME to include an estimated
isotropic contribution, which has been averaged with the first
collision result,



TABLE I. Definition of symbols.

Symbol

Definition

X X
ni oy

XY
ik

Elx

nj

By

X
g

Blef 4 ef — e —eD)

E*

M

e +¢)

UXY'O(EI‘FE])

Fraction of population of the nucleons of type X
{neutron=n, proton=p) emitred per unit time
from a bin at energy / measured from the bottom
of the Fermi sea.

Rate at which one nucleon of type X at energy i
scatters with one nucleon of type Y at energy j
into final energies k and /.

Number of states for a particle of type.X in a
1 MeV wide energy bin centered at energy i with
respect 10 the Fermi energy. ’

Fraction of the g levels in bin i which
are occupied at time ¢,

Binding energy of a nucleon of type X.

Single particle energy of a nucleon of type X in
bin i, measured from the bottom of the Fermi sea.

Rate at which a particle of type X at energy i
with respect to the bottom of the nucleon well
and energy i’ with respect to the unbound
continuum is emitted into the continuum.

Unity when initial and final nucleon energies
conserve energy, otherwise zero.

Composite system excitation energy.

The nuclear volume, calculated in this work
using a square well with radivs parameter
1.2x16~" fm.

N ‘cleon mass.

Cross section for a free nucleon of type X and
energy ¢ to collide elastically with a free
nucleon of type Y and energy ¢).

Cross section for a nucleon of type X at energy
€ to collide with a nucleon of type Y at
energy € to produce a #° plus nucleons X

and Y with final energies such that mass and
energy are conserved.




Table 11. Summary of Calculated and Experimental
Subthreshald Pion Production Cross-Sections

Emitted?

Projectile Mey Calc.  Expt. talc. Ref. Calc. €% ipay)

Target Nucleon  Expt. aw*{ub) av*{ub) Exptl. fatten
12,238, 84 0.6 174.(21) na. b 0.2 93
12¢/58y 84 2.4 12.(9) 5. b 0.3 835
2c 12 84 0.7 19.(23) 1a. b 0.42 58
12,238, 14 0.7  64.(10) a6. b 0.26  82)
120,58y 74 2.4 .4 1. b 0.34 13
120,12, 18 1.6 8.5(10) 4. b 0.42 458
12,238, 80 0.7 13.(2) 3.2 b  0.28 661
12¢,58y, 60 0.6 19.(23) n. b 0.34 597
'zc/”c 60 0.8 1.7(3) 1.8 b 0.42 374

405,238y a4 0.5 6.(3) 2.9 ¢ 0.23 1375
40,119, 4 a1 1.7(8) 2.6 ¢ Q.21 1297
40,,/40ca a4 0.2 2.2(8) 0.33 ¢ 0.3 880
14y/184, 15 0.4 0.160(20)  0.058 4 0.26 440
"‘N/“m 15 a.5 0.120(15) 0.061 d 0.3 395

LY 35 0.4 0.070(16)  -0.028 4 038 34
160,58y 25 0.04  0.0023 0.001 e 030 M
160,58y 25 0.3 0.0023 o.0006f e 0.0 an
60,270y 25 0.08  0.0013 0.00m%9 e  0.37 265

a) Calculated as product of ca1cu1at=d pions/interaction times % times F
where o -(1 Z(A 1/3 '/3

numners.

b) H, Nall et al., Phys. Rev. Lett. 48, 732 (1982).

€) H. Heckwolf et al., Z. Phys. A 315, 43 (1984).

d) J. Stachel et al., in Proceedings of the Inst. for Nuclear Studies, RIKEN
Symposium on Heavy lon Physics, Tokyo Japan (1984) unpublished.

e} G. R. Young et al., Phys. Rev. C 33, 742 (1986).

f) Calculated assuming a target Fermi energy of 30 MeV.

g) This experimental excitation is below the threshold for N-N production in a
90° collision. The calculated yield 4s an artifact of Following
prabability flux rather than individual nuclean populations.

atten’
)xlo ] s, With AT and A target and projectile mass
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