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The Boltzmann master equation model has been applied to the question of precompound nucleon
deexcitation of reactions induced by 10—100 MeV/nucleon (c.m.) heavy ions. Test systems of
160+ %Ni and 2’Al+%Kr were selected. Experimental neutron spectra in coincidence with evapora-
tion residue and fission fragments from the *°Ne+ '*Ho system (due to Holub et al.) were repro-
duced quite well by the master equation with exciton numbers between 20 and 23. Exciton values of
projectile mass and projectile mass plus 3 were therefore used in the extrapolations of the master
equation. Results show major fractions of the excitation and up to 35 nucleons removed during the
coalescence-equilibration period. The linear momentum transfer predicted by the master equation is
shown to be in good agreement with a broad range of data. Calculations are provided as to the
range of angular momenta which may be carried off by the precompound cascade.

I. INTRODUCTION

A very large experimental effort is being expended in
the investigation of reactions induced by heavy ions of en-
ergies in excess of 10 MeV/nucleon. An important con-
sideration in this energy range is the prompt nucleonic
cascade which can greatly alter the excitation energy
available for other processes, e.g., fissionlike, or phenome-
na due to a somewhat relaxed composite system. In order
to interpret many of the observable reaction properties it
is helpful to have a model which is useful in predicting
this precompound nucleonic cascade background.

In the present work we will explore the application of
the Boltzmann master equation using the code of Harp,
Miller, and Berne,"? as modified by Blann and Harp to
consider heavy ion reactions.>* We will predict precom-
pound nucleon decay properties of the projectile-target
pairs %0 + Ni and ?’Al + 0K, at projectile energies of
10—100 MeV/nucleon (c.m.). In Sec. II we will review
the master equation model, and in particular the key ques-
tion of the parameters which may influence the initial ex-
citon energy distribution as the target-projectile pair
makes contact and coalesces. In Sec. III we will present
results of the calculations for the two sample systems
selected. We will include estimates of the linear momen-
tum transfer, which will be compared with experimental
results for various projectile-target pairs. In Sec. IV we
will summarize our results, and discuss the types of exper-
imental measurements which would test the model under

consideration more rigorously as to its ability to repro-
|
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where n; is the average occupation number and g; the
number of single particle states per MeV in an energy in-
terval 1 MeV wide measured from the bottom of the com-
pound nucleus well. The wgp, .4 are the transition proba-
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duce the main aspects of the physics involved, and which
might also permit improvements in the important exciton
distribution assumption which contains much of the de-
tailed mechanistic information of the model.

II. MASTER EQUATION MODEL

A. Boltzmann master equation

The code which we use was written by Harp et al."? to
consider the relaxation to equilibrium of high energy nu-
cleon induced reactions. It was later used by Harp and
Miller? for investigating precompound decay for nucleon-
induced reactions in the region of a few tens of MeV of
excitation. This code was modified by Harp and Blann
for use in heavy ion reaction studies.>*

The code used considers a two-component (neutron and
proton) fermion gas. An energy space is considered which
is initially filled below the Fermi energy. Excitation ener-
gy is introduced into the system by bringing nucleons into
the potential well in positions above the Fermi energy.

~The relaxation of these particles by either internal

nucleon-nucleon (N-N) scattering, or by emission into the
continuum, is followed versus time using coupled dif-
ferential equations deriving their rates from phase space
considerations.

The set of coupled differential equations used, as stated,
was for a two-component fermion gas. However, it is
more easily summarized in terms of a one-component fer-
mion gas, :

d
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bilities for nucleons in initial states a and b to scatter into
final states ¢ and d; they are evaluated from free
nucleon-nucleon scattering cross sections. The fractional
occupation numbers (1—pn;) which multiply the free
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nucleon-nucleon collision rates give the Pauli exclusion
correction. The w; ;- give the rate for a particle at energy i
within the nucleus to go to energy i’ outside the nucleus.
The first two terms of Eq. (1) give the rates of scattering
particles into and out of the interval i by two-body (N-N)
collisions, while the third term gives the rate of emission
into the continuum. If this emission takes place before an
internal equilibrium nucleon distribution is attained, the
contribution is part of the precompound spectrum. (An
equilibrium distribution is characterized by an equal
a priori population of every possible particle-hole config-
uration.) For details of quantitative input to the relevant
transition rates we refer to earlier works."?

The fourth term in Eq. (1) contains a major portion of
the physics in applying the master equation to heavy ion
reactions. It represents the time dependent injection of
excitons into the coalescing system. This should involve
the microscopic aspects of the energy dissipation mecha-
nism, and makes the model useful in testing energy dissi-
pation models. In this work, as in earlier work, we will
make simple phase space arguments similar to those used
in exciton models over the past decade.*~® We discuss the
evaluation of the “injection” term of Eq. (1) in the next
subsection.

B. Exciton injection distributions

The basis of our approach is the assumption that, for
the interacting nuclei, the center of mass and Fermi mo-
menta of the participant nucleons may couple in an equal
a priori, energy conserving fashion.® This is an extension
of the argument used in precompound decay models in
which, e.g., an a projectile is characterized by a four-
exciton distribution. But we must consider the ways in
which a heavy ion reaction differs from a light projectile
induced reaction, so that we may judge success in our
heavy ion reaction test with consideration of our uncer-
tainty limits. We therefore next engage in a speculative
discussion of this point.

In a nucleon induced reaction, we may clearly view the
process as one exciton (the projectile) entering the nuclear
potential. It may either be emitted, or it may scatter
internally. This is clearly a one-exciton initial configura-
tion which may go to the three, five, etc., exciton configu-
rations via two-body interactions. Consider next a col-
lision between symmetric heavy ions (e.g., Kr + Kr).
Here as the nuclei come into contact, neither nucleus is
clearly the target and the other the projectile. Nucleons
will be expected to pass back and forth between both
partners.” We might therefore expect a larger number of
degrees of freedom (exciton number) to characterize this
reaction relative to the “projectile’” nucleon number than
for a nucleon or a induced reaction. In addition collective
degrees of freedom may be important in the heavy ion re-
action.

For nucleon induced reactions it is clear that the exci-
ton phase space properly includes the capture Q value.
For heavy ion reactions the dinuclear shape is very de-
formed during the early stages of interaction during
which nucleonic relaxation is expected to begin taking
place.® This shape is far from the compound nucleus

equilibrium shape, and therefore a significant amount of
excitation may be unavailable for nucleonic (exciton) exci-
tation. Additionally, large amounts of rotational energy
may be unavailable to nucleon excitation in heavy ion re-
actions.” These collective effects are expected to be
dependent on the particular target-projectile combination,
impact parameter, and bombarding energy.

It is clear that the exciton distribution for heavy ion re-
actions is not expected to be as straightforward as for
light ion induced reactions. The real challenge may be in
the formulation of reaction models for the dissipation
process to give time dependent exciton spectra which may
be used in Eq. (1) to generate nucleon emission spectra,
which in turn may be compared with experimental results.
The dynamics of the coalescence process may be impor-
tant in determining the exciton spectra; however, in this
work we will simply use distributions characterized by ex-
citon numbers which seem to give a reasonable reproduc-
tion of some experimental results, in order to generate ex-
trapolated results. We will use single exciton numbers to
represent the initial energy partitions, recognizing that
careful considerations of the problem would lead at least
to distributions represented by weighted sums over a
range of exciton numbers, with some additional energy
constraint for collective effects. We do this because our
goal is use of the master equation to provide first-order
guidance of the expected nucleon cascade, rather than to
solve the problem of microscopic injection. We feel that
more extensive experimental results are necessary to guide
the microscopic modeling.

The absolute maximum energy a single exciton could
have as two heavy ions begin to coalesce would be the ex-
citation energy of the compound nucleus, if it were
formed; of course we would expect a vanishingly small
probability of such a rare coupling. Energy tied up in col-
lective modes (rotation, deformation) would be expected to
decrease the hypothetical maximum exciton energy below
the compound nucleus value. The exciton state density
expression'® apportions a maximum excitation energy E
among p particles and 4 holes with equal a priori proba-
bility of energy per exciton (where n =p +h is the exciton
number),

N(E)=(E)"~Y/phi(n—1), 2

where the energy E is expressed in units of the excitation
energy E*, E =gE*, and g is the single particle state den-
sity in levels/MeV. We will assume a hole number of
zero for estimating initial exciton populations for heavy
ion reactions.

We may integrate Eq. (2) over energy intervals of width
AU to calculate the number of excitons in an energy inter-
val between U and U +AU,

N(UAU=[(E -U)""!'—(E —U — AU~ '|/E"~ !,
3)

Equation (3) was used in earlier works* for treating heavy
ion reactions, where it was assumed that some number of
projectile excitons n (¢) entered the exciton mix at time ¢
n (¢) multiplied by Eq. (3) gives the energy distribution of
these excitons, and this became the injection term of Eq.



(1). The number n(t) for neutrons (protons) was calculat-
ed as the projectile neutron (proton) number times the
fractional volume of the projectile which would pass
through a plane in a single time increment (which in our
calculations is 2 10723 sec) at a constant velocity deter-
mined by the center of mass velocity at the top of the
Coulomb barrier. We would expect realistic coalescence
dynamics to cause large excursions from this value (main-
ly to longer mix times); however, increasing the coales-
cence period does not significantly affect the results of
calculations with Eq. (1).

Use of Eq. (3) involves the implicit assumption that a
single exciton may (with very minimal expectation) have
the full energy available. This is quite reasonable for a
nucleon induced reaction for which the incident nucleon
begins with the full energy. However, for heavy ion reac-
tions each nucleon has but a small fraction of the total en-
ergy. We argue that coupling with the Fermi motion
makes a large portion of this energy available.® Consider
as an example a reaction induced on a very heavy target
by 10 MeV/nucleon *®Ne. The total available excitation
energy would be ~200 MeV (if there were no collective
restrictions). Yet if the Fermi energy were a maximum of
40 MeV, the maximum nucleon energy would be expected
to be nearer (V'10+1v40)2=90 MeV. If nucleons in the
half-density nuclear region were primarily responsible for
the precompound processes, a lower effective Fermi ener-
gy and lower maximum exciton energy might be appropri-
ate. The density region over which nucleon exchange is
taking place is a significant consideration for the ultimate
use of model calculations of the type presented herein.

These considerations would suggest that Eq. (3) be re-
placed by a distribution function giving the number of ex-
citons in a given energy range when there is an equal
a priori distribution of energy, but with the constraint
that no exciton may have more than some energy F. If
C(E,n,F) is defined as the number of ways of distributing
E identical objects (energy quanta) among n cells (exci-
tons) such that no cell has more than F objects,

(E=U,n—1,F)

C
PU)= C(E,n,F) @
The value of C(E,n,F) is given by
C(EnF)-———l——-—df—(l+x+x2---xF)". (5)
7ty E! de

We have used a subroutine'! based on Egs. (4) and (5) to
provide the injection term of Eq. (1) in order to investigate
the consequences of Fermi coupling constants on the exci-
ton distribution function. We find that this constraint
versus Eq. (3) is not important, and have used Eq. (3) in
this work except where otherwise noted.

C. Exciton injection parameters

- Before performing fairly global predictive calculations
with the master equation model, we must consider how
well experimental data are reproduced by this approach.
Ideally we would like to test the model versus neutron and
proton spectra in coincidence with evaporation residues,
for incident heavy ions of energies in excess of 10
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MeV /nucleon and over the entire energy range of interest.
Some data are available for the reaction of °Ne + !$*Ho.
In particular precompound neutron spectra in coincidence
with fission fragments and evaporation residues were re-
ported for 220, 290, and 402 MeV incident 2°Ne energy.!?
In Fig. 1 we compare experimentally deduced spectra
with results of the master equation calculation of Eq. (1)

. using Egs. (4) and (5) for the exciton injection spectra, as-

suming that either 20 or 23 excitons partition the avail-
able excitation. The upper limits of excitation energy
were used, i.e., the compound nucleus values which were
164, 228, and 326 MeV for incident 2°Ne energies of 220,
292, and 402 MeV, respectively. The experimental, angle
integrated results shown in Fig. 1 are based on a Maxwel-
lian fit to the high energy neutron spectra; the evapora-
tionlike component (which is partially included in our cal-
culated result) is not included in the experimental spectra
of Fig. 1. The calculated results of Fig. 1 are absolute and
unnormalized. The phase space arguments previously
stated, coupled with the unadjusted nucleon-nucleon
scattering cross sections which give the “spreading” rate,
yield the results of Fig. 1. The degree of agreement be-
tween calculated and experimental spectra is somewhat
subjective. We feel that the 20 exciton result is satisfacto-
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FIG. 1. Experimental and calculated precompound spectra
for reactions induced by 220, 292, and 402 MeV (lab) *°Ne ions
on '*Ho. The experimental points from Ref. 12 represent neu-
tron spectra in coincidence with evaporation residues (open tri-
angles) and fission fragments (closed circles). Calculated results
are for initial exciton numbers of 20 (dashed curves) and 23
(line). A calculation using 20 excitons with the intranuclear
transition rate divided by two is shown as a dotted curve for the
402 MeV case. All results are compared on an absolute, un-
normalized basis.
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ry for all three bombarding energies. The experimental
results certainly seem ‘‘bracketed” by the 20 and 23 exci-
ton results. [The trend of differences between experimen-
tal evaporation residue (ER) and fission coincident neu-
tron spectra are suggestive of increased rotational energy
with increased beam velocity for the fission-gated spec-
tra.] Based on these observations we will use no=4, and
Ap +3 for the calculations to be performed on the
160 + Ni and ?’Al + 86Kr systems, giving a range of re-
sults, and indicating the sensitivity of results to the exci-
ton number parameter.

For the case of 402 MeV incident 2°Ne energy we have
performed a calculation (ny=20) in which the intranu-
clear transition rate was half the default value. This
would approximate the result expected if the nucleon ex-
change took place predominantly in nuclear matter of
considerably less than half-density. This result (Fig. 1)
may be seen to overestimate the experimental yields.
Higher n, values would be required to get better agree-
ment at the higher neutron energies with the reduced in-
tranuclear transition rate. This may be the reason that
Holub et al. found higher “best” exciton numbers than
we find in this work, in their otherwise similar analysis of
their spectra.'?

Figure 1 indicates that the master equation gives a quite
reasonable prediction of the high energy precompound nu-
cleon spectra over a reasonably broad range of excitation.
We will therefore use this approach to estimate some
characteristics of the precompound cascade in heavy ion
reactions both within this excitation range and beyond it.
While it would be beneficial to have spectra similar to
those of Fig. 1 to assess the validity of the calculation at
higher energies, we are not aware of the availability of
such data. We therefore proceed, leaving open the ques-
tion of microscopic modeling of dynamic collective effects
and their influence on the exciton distributions.

III. RESULTS AND DISCUSSION

In the previous section it was shown that the master
equation calculation gives a quite satisfactory reproduc-
tion of the precompound neutron spectra for the systems
analyzed (Fig. 1), with the parameter for the initial exci-
ton selected to be equal to or several units greater than the
projectile mass number. We now proceed to use the mas-
ter equation as a tool to give a gross guide to the question
of energy and nucleon loss during the coalescence-
equilibration process, using an exciton number parameter
based on the analysis of the preceding section.

We will consider two systems differing somewhat in
mass and charge, '°O + °Ni and ?’Al + %Kr. A range of
energies from 10 to 100 MeV/nucleon (c.m.) will be con-
sidered in order to show how the relaxation process
changes with the available excitation energy. We will as-
sume effective exciton numbers of 16 and of 19 for the
180 induced reactions, and of 27 and of 30 for the ¥’Al in-
duced reactions. In Sec. III A we present a broad, general
discussion of the deexcitation process; in Sec. IIIB, we
consider the implications of the predicted nucleonic cas-
cade on the average linear momentum transfer to the ex-
cited equilibrated reaction residues.

A. Precompound deexcitation

The decay characteristics predicted by the master equa-
tion are displayed graphically in Fig. 2 for the Al 4+ Kr
system for the assumption of 27 initial excitons; results
for both test systems are summarized in Tables I and II
for n =4, + 3, and in Tables I and IV for n =A,. The
graphs in Fig. 2 show many of the predicted decay prop-
erties versus time for the example shown; characteristics
of proton emission are similar to neutron emission. Simi-
larly the %0 + ®Ni system has the same features as the
Al + Kr system. For these reasons we exhibit only one
figure of this type. Discussion of Fig. 2(h) linear momen-
tum transfer and of additional assumptions necessary to
its calculation, is deferred to Sec. III B. Results similar to
those shown in Fig. 2 for proton emission are available .
from the calculation and are summarized in Tables I-IV.

The time at which the infusion of nucleons from the
projectile to the composite system is complete is indicated
in Fig. 2(b) and in Tables I—-IV. Determining the approx-
imate time at which a given system has equilibrated is
more subjective. We have taken the results in Fig. 2(b)
and extrapolated the linear regions of the curves at long
times to shorter times. The region first showing an ac-
celeration in the rate of neutron emission is taken as the
equilibration time. Dashed curves have been added in
Fig. 2(b) to illustrate this procedure. The times for fusion
and for equilibration are summarized in Tables I—IV.
Both start from time zero defined as the time of the initial
target-projectile contact, i.e., the beginning of the coales-
cence process.

In Tables I—-IV we have multiplied the neutron (proton)
multiplicities for precompound nucleons by the neutron
(proton) binding energies. With the implicit assumption
that the values used in the calculations represent reason-
able averages, this allows us to estimate the total (kinetic
plus binding) energy removed during equilibration. These
results are summarized graphically in Fig. 3. One in-
teresting trend in Fig. 3 is the decrease in rate of precom-
pound excitation removal above 50 MeV/nucleon. For
the case ny= 4,, the fractional results shown in Fig. 3 are
not distinguishable for the two systems under considera-
tion.

The figures and tables show a rapid increase of precom-
pound decay as projectile energies exceed 10
MeV/nucleon, as pointed out earlier.>*% The systems
may be seen to relax rapidly toward equilibrium following
the conclusion of coalescence, i.e., in periods of the order
of 2—5% 10722 sec. Nonetheless these periods are in the
range of the collective times required to go from contact
to an equilibrium composite configuration (particularly in
the “extra” push region), and from the compound shape
to saddle. Many nucleons may be emitted during this
time, considerably altering both the excitation energy and
angular momentum of the hot, equilibrated residue. For
example, for Al+ Kr at 100 MeV/nucleon, our model
calculation predicts approximately 35 nucleons (and prob-
ably additional d, t, a, etc., clusters) removed during this
short period, and 1800 of the 2700 MeV of maximum
available excitation removed. Interpretation of, e.g., coin-
cident fission fragments in such an experiment would
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FIG. 2. Calculated precompound decay quantities versus time for reactions induced by 10, 20, 30, 50, and 100 MeV /nucleon (c.m.)
YAl ions on %Kr. For each bombarding energy the figure shows the following versus time: (a) the number of neutrons emitted dur-
ing each time step (At) (23X 10~ sec) of the computation; (b) the kinetic energy removed by neutrons during each At; (c) the energy
per neutron removed during each At [i.e., the quotient of (b) by (a)]; (d) the total neutrons emitted up to time ¢; (e) the total kinetic en-
ergy removed by neutrons up to time ¢; (f) the average neutron energy of all neutrons emitted up to time #; (g) the average nucleon
(neutron plus proton) kinetic energy removed up to time #; and (h) the fraction linear momentum remaining on the heavy residues up
to time f. In (b) the up arrows indicate the time at which fusion was complete for each incident energy; the intersections of the
dashed lines with the calculated curves were used to estimate an equilibration time. The incident energies are shown in (g) and (h).
The ordering shown in (g) is valid for (a)—(g). In (h) the dashed curves represent the calculated linear momentum if it is assumed that
all nucleons are emitted at 0° to the beam, i.e., if the angular correction of Eq. (6) is not made.
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TABLE I. Calculated decay prior to equilibration for reactions of *’Al + **Kr assuming a 30 exciton partition.

Epp YAl 1gX102 15, X 102 NG KE,* KE, AE® - (E/A)qm.
(MeV) (sec) (sec) pp S A N, NS (MeV) (MeV) (MeV) AE/E"™ v, (MeV/nucleon)
beam
355 4.7 22 092 13 128 065 122 104 40 015 31 10
710 4.8 1.4 079 48 395 242 62 54 170 0.32 4.8 20
1065 5.1 12 067 92 674 441 137 121 350 044 6.0 30
1775 6.6 1.0 048 187 122 847 334 295 800  0.60 7.9 50
3350 7.8 0.8 028 355 200 145 826 720 1830 068 108 100

2Estimated fraction of linear momentum transfer.

®Angular momentum removal prior to #.,.

°Number of neutrons emitted prior to feq.

YNumber of protons emitted prior to z,.

°Neutron kinetic energy removed prior to teg-

fProton kinetic energy removed prior to ..

8Sum of neutron plus proton kinetic and binding energy removed prior to .

hRatio of energy removed by precompound particle emission to total available compound nucleus excitation energy.
WV A(E— V)/A, where V is the Coulomb barrier and A4, the projectile mass number (27).

TABLE II. Calculated decay prior to equilibration for reactions of '°0 + “Ni assuming a 19 exciton partition (column headings
are as defined in Table I).

Eiwp 01X 102 15, X102 Al KE, KE, AE (E/A),
(MeV) (sec) (sec) ~—-pp L (# N.» N, (MeV) (MeV) (MeV) AE/E v, (MeV/nucleon)
beam

141 3.8 22 0.98 1 016 020 1.15 2.4 6.6 006 2.4 7.0
218 3.8 1.8 0.94 5 052 056 52 8.3 23 0.13 3.2 10.8
314 42 1.4 0.88 12 105 115 137 20.4 54 0.22 4.1 15.5
800 5.0 0.8 0.64 59 405 115 99 119 291 0.46 6.9 39.5
1013 6.0 0.8 0.54 8 55 56 153 179 431 0.54 7.8 50.0
1600 6.1 0.6 041 137 80 80 305 332 780 0.62 9.8 79.0
2027 6.2 0.6 036 167 92 9.1 408 435 1007 0.63 111 100.0

TABLE III. Calculated decay prior to equilibration for reactions of 2’Al + %Kr for n=27 (column headings are as defined in
Table I).

Eip VAl X107 14X 107 Al KE, KE, AE ' (E/A)m.
(MeV) (sec) se) 2L #® N, N, (MeV) (MeV) (MeV) AE/E vy (MeV/nucleon)
Pbeam .

355 438 22 091 15 154 081 157 135 49 019 31 10
710 5.4 1.4 074 59 485 302 79 70 215 041 48 20
1065 5.6 1.2 062 106 7.8 52 167 148 024 053 60 30
1775 6.6 1.0 042 209 133 926 389 343 919 069 7.9 50
3350 6.8 0.8 026 365 20 146 898 780 1964 073 108 100

TABLE IV. Calculated decay prior to equilibration for reactions of '*0 4 ®“Ni for n=16 (column headings are as defined in Table
D.

Euwp 901X 102 15, X 102 Al KE, KE, AE (E/A)om.
(MeV) (sec) se 2 %) N, N, (MeV) (MeV) (MeV) AE/E v, (MeV/nucleon)
Dbeam
202 5 1.8 0.92 7 061 069 65 107 286 018 3.1 10
405 5.0 1.4 076 24 221 235 38 51 120 040 41 20
606 5.6 038 062 62 384 396 8 105 259 054 69 30
1013 6.0 0.8 045 102 64 644 201 227 543 068 7.8 50

2027 6.4 0.6 0.27 190 10.1 9.9 489 514 1182 0.74 11.1 100
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FIG. 3. Percent energy loss versus relative velocity for

160 + ®Ni and ?’Al+ **Kr at c.m. energies of 10—100
MeV/nucleon. Calculated points from Tables I—IV are shown
versus the relative velocity (abscissa) as defined in Table I. The
calculated points have been joined by straight line segments as a
visual guide. Calculated results are for initial exciton numbers
equal to the projectile mass number (dotted curve) or three
greater than the projectile mass number (solid and dashed
curves).

therefore suggest an analysis in terms of a much cooler
fissioning system, and of significantly lower mass, than
given by the composite system mass and c.m. projectile
energy. Precompound decay of nucleons should become
of major importance as projectile energies go beyond 30
MeV/nucleon, and it is predicted to be a very significant
process at somewhat lower energies.

B. Fractional linear momentum transfer
and angular momentum decrement

1. Linear momentum transfer

The precompound nucleonic cascade described thus far
should be related to the momentum transfer in heavy ion
reactions. The factors necessary to completing the rela-
tionship which have not been addressed are the angular
distribution of ejectiles and the contributions of non-
nucleon ejectiles, e.g., «, d, t, etc. (A preliminary discus-
sion of the linear momentum transfer question has already
appeared.)

We will make some very simple assumptions and ap-
proximations for these points. For the angular distribu-
tion of nucleons, we begin by considering a diffraction
limit to the angular distribution as first suggested by
Mantzouranis et al.,'?

RAO>7/k (6)

where R is the nuclear radius, A6 the angular uncertainty,
and k the nucleon wave number. In Fig. 4 (from Ref. 14)
we show the half-angle A8 of Eq. (6) as a function of nu-
cleon energy and nuclear mass number. In Figs. 5 and 6
(also from Ref. 14) we show the experimental angular dis-
tributions for neutrons of 9 and 14 MeV from the
90Zr(p,n) reactions with 25 MeV (Refs. 15 and 16) incident
protons, and for 20 and 30 MeV neutrons with 45 MeV
incident protons.!® The dotted curves in Figs. 5 and 6
represent the results of a calculation for which it was as-
sumed that nucleons entering or leaving the nucleus are
uniformly scattered (due to quantal processes) over a
half-angle A, ,, given by Eq. (6). For the case of a nu-
cleon entering followed by a nucleon leaving the nucleus,
we have folded the single scattering kernel with itself
under the assumption that quantal phenomena such as re-
fraction will be present in both entrance and exit channels.
Greater detail and discussion of these results are to be
found in Ref. 14. It may be seen that this result gives a
quite good representation of the angular distributions over
an angular range containing ~80% of the cross section.
The calculation used in generating the angular distribu-
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5 10 50 100
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FIG. 4. The diffraction limit of angular constraint for nu-
cleons versus nucleon energy for nuclei of mass number 27, 90,
and 200. This figure is from Ref. 14 and results from Eq. (6).
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FIG. 5. Experimental and calculated neutron angular distri-
butions for 25 MeV proton induced reactions on *°Zr. Experi-
mental results (circles and vertical bars, Refs. 15 and 16, respec-
tively) are shown for 9 MeV (upper) and 14 MeV neutrons. The
dotted angular distribution histogram results from folding the
entrance channel and exit channel trajectories about the angles
given by Eq. (6). This folding process is explained in detail in
Ref. 14. The solid and dot-dash histograms represent a similar
folding when an additional N-N scattering kernel is included.

tions in Figs. 5 and 6 is too computationally tedious to use
in the master equation approach, but does demonstrate
that the diffraction angle limit is a reasonable one. There-
fore we calculated the momentum decrement due to nu-
cleon emission by multiplying the nucleon momentum by
cos(A8) from Eq. (6),

p11=V2Mecos(AO) 7

if AB<90°, and by zero if AG@>90°. A value of AG>90°
still will represent some forward peaking of the angular
distribution. However, the forward peaking becomes
slight when this is the case, so we make the isotropic as-
sumption stated above for nucleons with a broad angular
distribution.. Figure 4 shows that these will be nucleons of
a few MeV which should have undergone considerable re-
laxation toward equilibrium. In Eq. (7), M represents the
nucleon mass and € the kinetic energy.

The second point to consider is the influence of the
emission of clusters such as d, t, «, etc., on the emission
cascade. We have made a minimum correction to the
momentum loss from the nucleon-cascade based on clus-
ter multiplicities measured for reactions induced by 39,
62, and 90 MeV protons on a wide range of targets.!”!®
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FIG. 6. As in Fig. 5 for 45 MeV incident protons and 20 and
30 MeV emitted neutron energies.

The ratios p:d:it:’He:a were found roughly to be
10:1:0.02:0.02:0.5. We have used this ratio, assumed that
it holds equally well for the neutron as well as proton cas-
cade, and assumed a cluster kinetic energy of half the nu-
cleon kinetic energy. This increases the momentum decre-
ment by 8% over the pure nucleon cascade result. Be-
cause the correction under discussion is a small fraction
of the total, a fairly large uncertainty in the assumed in-
tensities and average energies would not seriously alter the
results. Two points should be mentioned in this regard.
The first is that in the inclusive measurements of Awes
et al.’® for 10 + 7Au, cluster multiplicities very much
larger than those assumed in this work were observed.
The second point is based on the model prediction of
Bisplinghoff et al.?° that high angular momenta should
significantly enhance precompound cluster emission. In
view of these considerations we must view our results as
lower limits to the linear momentum loss, and observe
that spectra of nucleons and clusters in coincidence with
evaporation residues and fission fragments would be very
valuable in constraining results of model precompound
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FIG. 7. Calculated and experimental linear momentum
transfer for heavy ion reactions at energies up to 100
MeV/nucleon (c.m.). The ordinate gives the fraction linear
momentum transfer; the abscissa is relative beam velocity as de-
fined in Table I. The experimental result shown by closed cir-

cles with error bars are from the summary of Ref. 19; the origi- |

nal sources are to be found in Refs. 20—27. The open points
with error bars are from Ref. 28, and the open triangle is from
Ref. 29. The dashed curve is the calculated linear momentum
transfer for Al + %Kr assuming a 30 exciton energy partition;
the solid curve is for %0 + ®Ni assuming a 19 exciton energy
partition. The dotted curve is for 27Al + %Kr assuming a 27 ex-
citon partition, and for '°0 + **Ni assuming a 16 exciton parti-
tion.

decay calculations of linear momentum transfer in heavy
ion reactions.

Results of the linear momentum calculation described
are shown in Fig. 7 for the two test systems selected in
this work. Various experimental results®' 3! are also
shown in Fig. 7. Reference to Fig. 2(g) shows that the
momentum transfer value has some sensitivity to the time
assumed for equilibration. There is therefore some uncer-
tainty in the calculated value due to subjectivity in select-
ing an equilibration time, and indeed all results quoted
probably have a +£10% uncertainty for this reason alone.
Nonetheless, the calculated results based on the sample
phase space master equation model of Egs. (1) and (2) are
in very good agreement with the experimental results. We
hope that this, coupled with the generally satisfactory
reproduction of precompound nucleon spectra using exci-
ton numbers in a reasonable range, suggests that the
model reproduces the main aspects of the precompound-
relaxation physics, although surely not the finer details.
If this is so we might also estimate rough values of the an-
gular momentum removed by the precompound cascade,
as this could considerably alter the macroscopic trajec-
tories of the interacting target-projectile systems. We con-
sider this question in the following subsection.

2. Angular momentum decrement in precompound cascade

In the previous subsection we presented results based on
the estimated forward component of momentum removed
by the precompound decay cascade. This is semiclassical-
ly related to the angular momentum decrement by

I(A)=pXR =p;;'R . (8)

Where p is the momentum decrement and p;; and decre-
ment parallel to the beam. To get some rough estimates
of the angular momentum decrement we need only select
a value of the radius. This could be done in any number
of ways, but let us simply assume the composite system
mass and a spherical system (recognizing that at very high
angular momenta, equilibrium ground state shapes may
have semimajor axes in excess of twice the spherical nu-
cleus value). We will use an R, value of 1.5 107 ® cm, a
“square well” value. Then if we let f be the calculated
fractional linear momentum transfer from Tables I—IV,
based on Eq. (7), €, the laboratory projectile energy, and
A, the projectile mass, the angular momentum removed
by the precompound emission cascade may be estimated
by

AlA)~[(1—f)V24,€,]1R
~0.34(1— )1V 4,€,4. " . 9

This is intended to give only a very rough estimate of the
angular momentum removal possible due to the nucleon
precompound decay. Results of using Eq. (9) for the two
test systems are summarized in the fifth column of Tables
I-IV. It may be seen that very significant angular
momentum decrements may result from the precompound
decay; many higher partial waves in the entrance channel
may lead to compound nucleus formation than might
have been expected by ignoring this phenomenon. Simi-
larly higher partial waves and rotational energies will af-
fect the initial exciton-energy partition in the coalescence
process. We should not, therefore, be discouraged by the
fact that a single initial exciton number does not repro-
duce the precompound spectra at all bombarding energies.
We must first understand the dynamics of the reactions
better before drawing quantitative conclusions about the
model. Perhaps some better understanding of the ranges
of the exciton parameter values versus bombarding energy
would result from an iteration over distributions calculat-
ed using excitation energies decreased by rotational ener-
gies, using Eq. (9) with the output to get a range of
relevant partial waves.

IV. CONCLUSIONS

We have used the Boltzmann master equation as a
guide to the precompound nucleon emission cascade for
reactions induced by heavy ions in the 10—100 MeV per
nucleon region. The results will have a sensitivity to the
initial exciton distribution assumed. As discussed, we do
not understand all the macroscopic-microscopic details
which would affect the exciton distribution, and the pur-
pose of this work was not to investigate this potentially
fertile area of physics. Rather we wished to see how the
energy and precompound nucleon emission might vary
with projectile energy. Because our simple excitation dis-
tribution function is reasonably successful in reproducing
the experimental precompound spectra, our calculations
should give guidance as to the expected precompound de-
cay cascade versus projectile energy. )

The results of the calculations are summarized in the
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figures and in Tables I-IV. We see that very large frac-
tions of the total energy are expected to be removed prior
to equilibration at the higher energies considered, and that
the residual composite system may have much lower an-
gular momentum than is introduced in the entrance chan-
nel. This simple phase space calculation seems to give
linear momentum transfer results which are quite con-
sistent with experimental results.

Open questions include those of the multiplicities and
spectral distributions of clusters emitted in coincidence
with evaporation residue and fission fragments, and of the
nucleon emission spectra for the same coincidence mea-
surements. These data, extending beyond the 20
MeV /nucleon limit of Fig. 1, would allow better estimates
of the reliability of the various calculated quantities sum-
marized in Tables I-IV, and help decide if the result of

Fig. 7 should be viewed as an upper limit only, or as a
proper estimate of the fraction linear momentum transfer.
In this way the crude calculation presented should become
a more reliable tool for predicting the precompound decay
contribution to energetic heavy ion reactions, and in
developing a convenient time dependent model.
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