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Abstract: 
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We extend the Nucleon Exchange Transport model to include the emis
sion of pre-equilibrium neutrons as a result of nucleon transfer to unbound 
states. The treatment takes account of the heating of the two nuclei caused 
by the energy dissipation and the cooling due to the pre-equilibrium emis
sion. Furthermore, the transferred nucleons may induce cascading in the 
receptor nucleus by means of direct two-body scattering with the resident 
nucleons, based on a reduced, Pauli-blocked, energy-dependent free N N 
cross section. Qualitative agreement with experimental data is achieved, 
but the absolute multiplicities are systematically underestimated by about 
a factor of two. The dependence of multiplicity on bombarding energy is re
produced. The energy spectra and their variation with angle are generally 
reproduced, although the yield of the highest energy particles is sometimes 
underestimated. 

* This work was supported in part by the Director, Office of High Energy and Nuclear 
Physics of the Department of Energy under contracts DE-AC03-76SF00098 and DE
AC06-81ER40048. 



1 Introduction 

The emission of fast, pre-equilibrium nucleons in heavy-ion induced reactions becomes 
an increasingly probable process as the bombarding speed is increased to values com
parable to the speeds associated with the Fermi motion of the nucleons. Considerable 
progress in characterizing these particles has been achieved in recent years.[1]-[12] At 
a bombarding energy of 20 MeV IN, the probability for a pre-equilibrium neutron to 
be emitted in a typical reaction is near unity. The angular distributions are quite 
forward-peaked and the energy spectra are fairly hard, falling off rather slowly with 
increasing emission energy and extending to energies per nucleon several times that 
of the projectile. The multiplicity of pre-equilibrium particles seems to increase ap
proximately linearly with the bombarding energy. [7] If one attempts to fit the angular 
dependence of the energy spectra in terms of a moving source parameterization, the 
apparent source has a velocity that is roughly half the beam velocity, which is several 
times the velocity of the composite system, and a "temperature" (slope parameter) 
that is several times larger than that of the equilibrated composite system. 

The observation of appreciable yields of nucleons with velocities larger than the 
beam velocity has stimulated speculations about the mechanism at play. The possibil
ity that the coupling between relative motion and Fermi motion could boost transferred 
particles sufficiently to produce such prompt emission was first noted by Bondorf in 
1976.[13] The topic gained further momentum with the independently conceived work 
by Robel and Swiatecki,[14] who coined the term "Fermi jets" to characterize the 
mechanism. Concurrently, Bondorf et al. formulated a simple model for the phe
nomenon [15] and subsequently refined it considerably.[16] In this latter work the term 
"PEP's" (for promptly emitted particles) was introduced to cover both the pure Fermi 
jets (which, in the nomenclature of Swiatecki, are the nucleons that propagate undis
turbed through the receptor nucleus before emission) and secondary prompt ejectiles 
resulting from cascading in the receptor. In the present work, the term "Fermi jets" is 
used fairly loosely and include all the promptly emitted nucleons caused by the nucleon 
transfer mechanism. A number of calculations based on this picture have since been 
reported.[17]-[20] Studies based on the Time-Dependent Hartree-Fock model have also 
been carried out.[21,22] 

The present study is closely related to the study of Bondorf et al. [16] It is also 
similar in spirit to the recent work of Leray et al.[17] and differs from the alternative 
approach represented by the Boltzmann master equation. [24] The basic idea in Fermi 
jet model calculations is that, as the target and projectile make contact, some of the 
individual nucleons that are transferred may, under favorable kinematical conditions, 
be sufficiently energetic in the receptor nucleus to escape promptly, their energy boost 
arising from the coupling of the original internal (Fermi) velocity of the nucleon in 
the donor nucleus with the relative velocity of the reacting nuclei. Obviously, the 
resulting yield of such promptly emitted particles depends sensitively on the underlying 
dynamics of the nuclear collision, specifically its early stage when the relative velocity 
is largest. 

1 



There are several motivations for the present study. First, and foremost, it is 
desirable to employ a dynamical model that has been demonstrated to be capable of 
reproducing a large number of observables in reactions between complex nuclei. There
fore we have used the Nucleon Exchange Transport model,[25] which has no adjustable 
parameters and has successfully reproduced such diverse phenomena as energy dissi
pation in damped reactions,[26] entrance-channel mass asymmetry dependence of the 
probability for fusion,[27] and the time delay observed in collisions of very heavy nuclei 
as probed by electron-positron production.[28] With regard to dissipative reactions, 
the model successfully accounts for the energy loss dependencies of the variances of 
the Nand Z distributions,[29] the magnitude and alignment of the transferred angular 
momentum,[30] and the partition of the excitation energy between projectile-like and 
target-like fragments. [31] 

Second, we wish to determine to what extent one ca~ understand the qualitative 
features of such pre-equilibrium emission, especially the apparent source velocity and 
the spectral shape, in terms of energy dissipation prior to the particular nucleon trans
fer that led to pre-equilibrium emission. 

Third, it is of interest to investigate the importance of direct nucleon-nucleon colli
sions and explore the possibility that the jet mechanism may be be exploited to provide 
information, such as mean free paths, about nucleonic propagation through excited nu
clear matter, an interesting general physical property that is not easily probed by other 
means. 

2 Description of the Model 

As mentioned above, the dynamical model underlying the present calculations is 
the so-called Nucleon Exchange Transport model, which has been described in the 
literature.[25] The reacting nuclei are considered as two Fermi-Dirac gases of individ
ual nucleons moving within the two spherical one-body mean fields. The trajectory 
of the dinucleus is determined by the conservative Coulomb and nuclear (proximity) 
forces and the one-body dissipation resulting mainly from the exchange of nucleons. 

The present calculations are carried out as follows. For a given value of the impact 
parameter, as specified by the initial orbital angular momentum L (equal to the con
served total angular momentum J), the dynamical evolution of the dinuclear system is 
determined by solving the nucleon exchange transport equations. A band of L-values 
of width /:),.L corresponds to a cross section equal to D.uL = 7rn? LD.Lj J.lEreI, where J.l is 
the reduced mass ofthe two nuclei and E rel = ~J.lv:.~l is their relative kinetic energy, i.e. 
the kinetic energy in the CM system. This provides the time-dependent configuration 
of the dinucleus, including the relative separation, R = (R, B), the (equivalent sharp) 
radii of the two reaction partners, RA and RB , their internal temperatures, 'TA and'TB, 
and the effective radius of the neck through which the nucleons are transferred, Ceff. 
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2.1 Inclusion of Fermi jets 

The standard dynamical code is augmented by a routine that follows the fate of the 
individual transferred nucleons as they propagate through the receptor nucleus. For 
the purpose of the Fermi jet calculation, the reaction system is considered as two sharp 
uniform spherical potential wells. Their radii are C A,B = RA,B - b2 

/ RA,B (b= 1 fm is 
the nuclear surface diffuseness) and their relative position is R. The mean current 
of nucleons transferred from one nucleus to the other is given by N A = n07rc;ff where 
no = ~pv ~ 0.263 fm -2 1022S-1 is the standard one-way flux in nuclear matter and 
O'eff = 7rC;ff is the effective neck radius. The quantity NA denotes the one-body transfer 
current, i. e. the mean number of nucleons attempting to transfer per unit time. If there 
were no blocking these would all succeed in transferring but when the Pauli exclusion 
principle is taken into account the actual rate of transfer is much reduced. In the 
present study, it is assumed that the mean currents from nucleus A to nucleus Bare 
the same as those from B to A and, furthermore, that the neutron and proton currents 
are in proportion to the overall neutron and proton numbers of the combined system. 
Though rather rough, these approximations should be quite adequate for our present 
purpose, since they are expected to only affect the overall normalization by at most 
10-20%. Therefore, on the basis of NA , as provided by the dynamical model, it can 
be calculated how many neutrons 6.vN and protons 6.vz attempt to transfer, on the 
average, during a given small time interval 6.t. We use 

N 2 Z 2 
6.VN = NN6.t ~ A n07rCeff , 6.vz = N z6.t ~ A n07rCeff , (1) 

where Nand Z refer to the combined dinuclear system. [To ensure satisfactory nu
merical accuracy, the number of transfers actually considered for each time interval is 
enhanced by a sui table prescribed factor, usually "" 1 03 .] 

The transfers are assumed to occur uniformly over a circular window of radius 
Co determined by the intersect of the two sharp spheres. Of course, a special pre
scription is required for positive surface separations, i. e. when R > C A + CB and the 
geometrical neck radius Co vanishes. In this case, we have chosen to let the transferred 
nucleons originate at the two points where the dinuclear symmetry axis intersects the 
two spheres. The results are not very sensitive to the specific prescription adopted. 
[This feature is not obvious: although the transfer rate is fairly small for such distant 
configurations, the relative nuclear speed is largest at this time.] 

The source of the transferred particles is an isotropic Fermi-Dirac gas having the 
instantaneous nuclear temperature. This assumption, that the excitation generated by 
previous transfers has already been fully equilibrated within each nucleus, corresponds 
to the idealization of a quick intrinsic relaxation time and is only expected to have 
approximate validity. When picking the velocity of a transferring nucleon the Fermi
Dirac distribution is properly weighted with the velocity component normal to the 
window (the standard "flux" factor). As a result of the relative translational motion 
of the two nuclei, and their individual overall rotations, the source in the donor nucleus 
has a certain "drift" velocity as seen from an observer residing in the receptor nucleus. 
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If the momentum of the transferred nucleon is denoted by PI, as seen in the receptor 
frame, the attempted transfer is realized with the probability that the momentum PI is 
available in the receptor nucleus, It = 1- !(PI), where !(PI) denotes the Fermi-Dirac 
occupation probability in the receptor gas. This condition guarantees that proper 
account is taken of the Pauli exclusion principle and thus ensures that the momentum 
distribution of the transferred nucleons is consistent with the distribution assumed 
in the derivation of the expressions for the transfer rates in the Nucleon Exchange 
Transport model. [When the blocking is considered, the momentum PI should be 
referred to the local receptor frame, which is in motion relative to the overall receptor 
frame due to the nuclear rotation; after the .transfer, the further fate of the nucleon 
is considered in the global receptor frame, which is comoving with the entire nucleus. 
The distinction between local and global frames is not very important in the present 
problem, since the nuclei have acquired only little rotation at the relatively early times 
when jetting occurs.] 

If the transfer is accepted, the intruder nucleon is propagated through the receptor 
nucleus along its (straight) classical trajectory. During this propagation, it is assumed 
that the dinuclear configuration remains unaltered. This convenient simplification is 
justified when the nucleonic speed is large relative to the dinuclear velocities; it will 
introduce some distortion in the differential cross sections of the emitted particles. In 
general, the nucleon may suffer binary collisions with other nucleons residing in the 
receptor nucleus and in this manner it may change its velocity and give rise to cascading 
(see below). When a propagating nucleon reaches the equivalent sharp nuclear surface, 
it is checked whether the kinematics permits its ejection: it must be a neutron and its 
normal speed must suffice to overcome the depth of the nuclear potential well. [In the 
present study we only consider the possibility of neutron emission, since this is by far 
the most dominant process at the energies of interest. If these conditions are satisfied, 
the nucleon escapes with a probability equal to the quantal transmission coefficient 
over a diffuse potential step of height 45 MeV,[32] 

T = 1 _ (sinh[7ra(k< - k»])2 , (2) 
sinh[7ra( k< + k»] 

Here k< and k> denote the wave numbers associated with the motion inside and outside 
the nucleus in the direction normal to the surface, and a nuclear diffuseness parameter 
a = 0.5 fm- I is used. In a purely classical treatment, the transmission coefficient 
would be unity. However, as has been known from neutron absorption studies since 
the early days of nuclear physics, the quantal reflection from the potential step is 
quantitatively important close to the threshold.[33] The normal speed of an emitted 
nucleon is appropriately reduced, giving rise to a deflection of the trajectory, and the 
particle is subsequently transformed into the laboratory frame and "observed", i. e. 
collected in a suitable accumulative table, usually organized according to the energy 
and angle of the emitted particle. 

Those agitated nucleons that do not succeed in escaping promptly are assumed to 
equilibrate with the residual nucleus and we do not consider the further fate of the 
ensuing hot fragment as it ultimately deexcites by sequential evaportion. 
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2.2 Inclusion of two-body collisions 

As the intruder nucleon propagates through the receptor nucleus, It may experience 
direct two-body collisions with the resident nucleons. This effect is quantitatively 
significant and we incorporate it to all orders in the collision number. In a refined 
treatment, one need consider neutrons and protons separately. However, for the sake 
of simplicity, and in the spirit of the approximations discussed around eq. (1), we have 
based our calculations on the the isospin-averaged free N N scattering cross section 
[34] 

1 1 . 
ii~N = -app + -apn.~ 34 + 620 e{E/27 MeV) mb . 

2 2 
(3) 

This approximation is expected to affect our results only at the level of a few percent. 
In most of our calculations the free N N cross section, as given by the above expres

sion, has been multiplied by one-half in order to obtain a mean free path at zero tem
perature more consistent with empirical observations. [35,36] This correction, which is 
attributed to the presence of the nuclear medium, is sometimes characterized in terms 
of an effective nucleon mass m* ~ 0.5 m.[37] The resulting effective scattering cross 
section, a'lN = 0.5 iifV'N, determines the "classical" mean free path AO of the propa
gating nucleon (i. e. the mean free path if there were no blocking) or, equivalently, the 
"classical" collision rate Vo. This latter quantity is given by 

(4) 

Here p ~ 0.17 fm -3 is the nucleon density and g = 4 is the spin-isospin degeneracy. 
Furthermore, VI2 = IVI - v21 is the relative speed of the two colliding nucleons. The 
velocity of the intruder nucleon is denoted by VI and we have VI = VOAO. The velocity 
of the resident collision partner is V2 and !(P2) is the corresponding Fermi-Dirac 
occupation probability. Since the scattering cross section depends on the relative 
energy E 12 , the mean free path depends both on the energy of the intruder nucleon 
and on the temperature of the medium through which it propagates. The flux factor 
VI2 will counteract, and to a large degree compensate, the strong increase of aNN at 
low energies (which is a technical advantage). 

On the basis of the mean free path Ao, a tentative path length is picked randomly 
and a tentative scattering angle is picked isotropically. The corresponding final mo
menta are P~ and p~. The Pauli blocking is taken into account by allowing such a 
tentative collision to occur only with the probability that the final state is available, 
J(p~)J(p~). This condition reduces the actual collision rate from Vo to v and, accord
ingly, increases the actual mean free path from Ao to A, where 

It is often convenient to write A = 'rJAo, where 'rJ = vo/v is the so-called blocking 
factor which measures the relative increase in the mean free path effected by the Pauli 
exclusion. Its dependence on the energy of the intruder nucleon and the temperature of 
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the medium was first discussed in ref. [38], based on an isotropic energy-independent 
scattering cross section. Later on, more elaborate studies have been made. [35,39] Some 
typical values obtained for the mean free path are shown in fig. l. 

Whenever such a nucleon-nucleon collision occurs, the scattering partner is agi
tated and becomes an additional cascade nucleon which is also propagated. [It turns 
out to be sufficient to propagate only nucleons that are unbound; this is a substantial 
calculational advantage.] In this manner each transferred nucleon, and all generations 
of (unbound) cascading nucleons, are propagated through the nucleus until they arrive 
at the surface, where they may be emitted if the kinematics are favorable, as described 
earlier. It should be added that the heat loss due to the nucleon emission is incor
porated self-consistently into the calculation of the dynamical reaction trajectory; the 
effect is typically only a few percent on the multiplicity. 

This process is performed for each time interval tl.t throughout the reaction. [In 
practice it suffices to consider only times up to when the relative velocity of the two 
nuclei has dropped to a value where pre-equilibrium emission is no longer significant.] 
The entire procedure can be repeated for different partial waves L contributing to a 
particular reaction. 

3 Illustrative Results 

In this section we show some examples of the time evolution of a reaction. We also show 
the effects of various ingredients of the model. Finally, we investigate dependencies on 
impact parameter and bombarding energy. 

3.1 The Time Evolution of a Typical Collision 

We show in fig. 2 the time dependence of a number of quantities for the L= 46n 
partial wave in a reaction of 402 MeV 2°Ne with 165Ho. We have included the effect 
of two-body collisions in this illustration. It is seen that the pre-equilibrium emission 
rate reaches a maximum as the neck is opening up. The maximum in the rate occurs 
after there has been considerable kinetic energy damping and when the temperature 
of the projectile-like fragment has nearly reached its maximum value. The fact that 
considerable kinetic energy damping has occurred before the most probable time for 
pre-equilibrium emission may account for the fact that the apparent source velocity 
derived from fits to data is only about half of the beam velocity. The fact that there 
has been appreciable heating due to energy dissipation is important in generating the 
most energetic particles. 

Pre-equilibrium neutrons originating in the projectile are generally forward-peaked, 
and those from the target backward-peaked. The separation between the two compo
nents depends on the bombarding energy and the impact parameter. An example of 
the angular distributions of the two components integrated over L= 0 to 62n, is shown 
in fig. 3. 

6 

\I 



" 

.. 

3.2 Influence of Various Ingredients in the Model 

The simplest version of the model we have considered is one where the heating of the 
nuclei during the collision is neglected, and where the scattering of the transferred 
particles due to two-body collisions is also ignored. This gives rise to a relatively 
soft and very forward-peaked angular distribution. Including the effect of selecting 
nucleons from the appropriately heated gas leads to a large increase in the yield of 
the most energetic particles, as can be seen in fig. 4. Finally, inclusion of two-body 
scattering increases the yield at intermediate and backward angles. It also makes the 
energy spectra more exponential at forward angles, and, perhaps surprisingly, increases 
the apparent temperature characterizing the slope of the spectra. 

The dependence of the multiplicity of pre-equilibrium neutrons on these ingredients 
is shown in fig. 5. It is seen that including the heating effect leads to an increased 
multiplicity, because a larger fraction of the transferred particles have sufficient kinetic 
energy to escape from the receptor nucleus. The decrease in the yield with inclusion of 
nucleon-nucleon scattering is due to the fact that the more energetic particles, which 
have a higher chance of escaping, are more likely to lose than gain energy in a collision. 
As mentioned previously, we have used an effective nucleon-nucleon scattering cross 
section to account for medium effects on the mean free path. In a test calculation 
for 20Ne + 165Ho at 402 MeV, we find that doubling the cross section, i.e. halving 
the mean free path, results in an additional reduction of 46% in the multiplicity of 
neutrons originating in the projectile-like particle. The effect on neutrons originating 
in the target-like partner is only 12%, since the dimensions of the receptor nucleus, 
2°N e, is comparable to the mean free path. 

3.3 Dependence of Multiplicity on Bombarding Energy, Im-
pact Parameter, and Entrance-Channel Mass Asymmetry 

It can be seen from fig. 5 that the multiplicity increases linearly with bombarding 
energy for the 2°Ne + 165Ho system. Furthermore, we find that for a particular partial 
wave, for this mass-asymmetric entrance channel, the multiplicity increases approxi
mately in proportion to the energy above the Coulomb barrier, rather than as the speed 
at the point of contact. This result is consistent with the trend shown by Holub et 
al. [7] who compiled the results of a number of studies of asymmetric systems, although 
the scatter in the data precludes a quantitative conclusion. 

This is not a general result for all systems, however. We have also performed cal
culations for the symmetric entrance channel leading to the same compound nucleus, 
and find a faster-than-linear increase of the multiplicity with bombarding energy. We 
have also tested the scaling used in some attempts to systematize the missing mo
mentum transfer in incomplete fusion reactions (ref. [40]). We show in Fig. 6 the 
multiplicities calculated for the two entrance channels as a function of the velocity 
at contact. Neither system exhibits a scaling according to the velocity, and the more 
symmetric system exhibits a higher multiplicity for a given velocity. We attribute this 
latter result to both the larger window which develops in the more symmetric system 

7 



and the fact that for transfers originating in the projectile the smaller receptor nucleus 
in the symmetric system gives rise to less attenuation by two-body scattering. It is 
interesting to note that a recent study (ref. [41]) of the more symmetric reaction 40 Ar 
+ 68Zn has shown a larger missing momentum at a given net relative velocity than 
given by the systematics for the more asymmetric systems. 

It should be remembered that a direct comparison between neutron jet multiplic
ity and missing momentum is not valid. As the bombarding energy increases pre
equilibrium a emission becomes increasingly important and is known to account for a 
sizeable fraction of the missing momentum. 

The dependence of the multiplicity on impact parameter at 402 MeV is shown in 
fig. 7. The multiplicity is fairly constant over the L-range leading to evaporation 
residues in a sharp-cutoff approximation (0-69fi),[7] but is falling fairly rapidly over 
the L-range corresponding to fission (70-105fi). This latter result is in contrast to that 
reported by Leray et al., where the multiplicity remains larger than half its maximum 
value through L=110fi. We attribute the falloff observed in our calculations to the 
decrease in the radial kinetic energy at contact as L increases. 

4 Comparison with Experiment 

In this section we compare the results of our calculations with measured total multi
plicities and energy spectra at various angles. We consider first the results of Holub et 
al.[7] and Hilscher et al.,[12] which provides an extensive body of data for the 2°Ne + 
165Ho system covering the bombarding energy range from 11 to 30 MeV IN. Results are 
presented separately for multiplicities in coincidence with evaporation residues and in 
coincidence with fission fragments. We concentrate our attention on the former, where 
there is less sensitivity to the dependencies on the range of L-values contributing to 
the class of events under consideration. 

We show first in fig. 8 the comparison of the bombarding energy dependence of the 
pre-equilibrium multiplicities. The experimental data are based on a decomposition of 
the energy spectra at different angles into evaporation and pre-equilibrium components 
each with a single source velocity. Two curves are shown: the lower curve is the 
pre-equilibrium multiplicity for neutrons originating in the projectile, and the upper 
(dashed) curve includes also neutrons originating in the target. Since the latter have 
lower energy and are less forward peaked they are likely to be at least partially included 
in the evaporative component in the decomposition of the experimental spectrum. 
Thus it is probably most appropriate to compare the data with the lower curve. This 
comparison suggests that the present calculations somewhat underestimate the yields. 
We emphasize at this point that no parameters have been adjusted to attempt to fit 
experimental multiplicity data. 

We turn now to an examination of the energy spectra at various angles. Comparison 
with the results of Holub et al.[7] at 402 MeV are shown in fig. 9. The calculations 
give about the correct yield at the intermediate energies and most forward angles, 
where most of the neutrons are emitted. It fails, however, to account for the highest-
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energy neutrons. This is in contrast to the model of Leray et al., whose calculated 
spectra are harder in spite of the fact that their nucleons are picked from a cold Fermi 
gas. Leray et al. account for the loss of primary particles by means of an absorptive 
imaginary potential but otherwise neglect two-body scattering, which we find to be 
important because the mean free path even in cold nuclear matter is only about half 
the diameter of the target nucleus. We have also compared our model with the energy 
spectra of neutrons in coincidence with fission fragments reported by Kasagi et al. 
[11] for the 160 + 238U reaction at 20 MeV IN. These data are in coincidence with 
a single fission fragment detected near 90°. The inclusive fission cross section is not 
known at this energy. We have performed calculations for an L range between a and 
lOOn. [Another calculation extending up to L = 140n gives very similar spectra as the 
neutron multiplicity is falling off rapidly for L values above lOOn.] With this range 
our calculated absolute multiplicities are again a factor of about two too low, but 
the shapes of the energy spectra are remarkably well reproduced, as is the angular 
distribution. This is illustrated in fig. 10 where we show the results of our calculations 
multiplied by a factor of two. The overall comparison with the data of Holub et al. in 
fig. 9 would also be improved if the calculated spectra were multiplied by a factor of 
two. 

We have examined the stability of our results with respect to certain assumptions. 
vVe have tested an alternate form of the medium correction to the free nucleon-nucleon 
cross sections by evaluating the expression for jj~N(E) in eq. (3) at an effective energy 
of twice the actual energy, rather than simply multiplying the free cross section by one 
half. Such a change reduces the differential cross section somewhat at forward angles 
and hardens the spectrum at 90° for 402 MeV 2°Ne + 165Ho. The multiplicity of 
neutrons induced by transfer from the projectile dropped by about 15%. Thus some of 
our results are sensitive to details of the two-body scattering but the total multiplicity 
is less so. 

We have also considered the possibility that our jet particle angular distributions 
are too sharply peaked due to the classical way the particle is propagated through and 
out of the receptor. Mantzouranis et al.[42] have pointed out that there is a quantum 
mechanical indeterminacy in angle dependent on the maximum angular momentum 
the emitted particle can have. They evaluate the full width of this delocalization to be 
8m = 27rlkJ..R = hll, where I = nkJ..R is the angular momentum of the nucleon. We 
have performed an approximate test of this effect by introducing a dispersion of this 
magnitude on to the emission direction of the particle as it leaves the receptor nucleus. 
The effect of this spreading is discernible in an energy-projected angular distribution 
but is not apparent in a plot such as given in fig. 9. The relative insignificance of 
this refinement probably arises from the fact that considerable angular dispersion is 
alrea,dy introduced by the random nature of the original Fermi motion and by two
body scattering. Much of the final sharpness of the observed angular distribution 
arises from the transformation to the laboratory system. This is particularly true for 
the lower-energy particles for which the quantum mechanical spread is largest. 

Finally, we have investigated the effect of assuming that the nucleon mass is re-
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duced to meff = 0.5 mfree inside the nurlear medium. Since the Fermi momentum 
remains unaltered (the nucleon density p '" p~ stays the same), the constituent nucle
ons acquire speeds that are typically twice as large. Furthermore, in order to retain 
the same chemical potential 11 ~ -8 MeV, the potential is correspondingly deeper: 
rather than the ordinary value of ~45 MeV it should now be ~82 MeV. Because the 
nucleonic velocity is doubled, so is the kinetic energy increase arising from the boost 
by the relative nuclear motion. (However, because of the lighter mass and the higher 
potential step, the energy of an emitted nucleon is only affected rather little.) It is not 
obvious what the appropriate scattering cross section should be. We have used the free 
scattering cross section (3), without the reduction by one half, but evaluated at the 
increased (~doubled) kinetic energy. This results in a generally substantially increased 
mean free path of the propagating nucleons. At the surface there is energy conserva
tion (the nucleon motion is still governed by a time-independent Hamiltonian, even 
though the mass is now position dependent) and conservation of the angular momen
tum (the Hamiltonian is rotationally invariant). The net result is a reduction of the 
jet multiplicity by typically 30% at the highest bombarding energy, probably because 
there is much less cascading. Furthermore, the most probable ejection energy is shifted 
upwards somewhat, whereas the spectral fall-off is faster. In view of the theoretical 
uncertainties associated with the consistent incorportion of off-shell effects, we have 
not, for the results presented in this paper, attempted to further refine the treatment 
but have employed the simple halving of the scattering cross section throughout. 

We turn now to a comparison of our model with the results of a rather different 
kind of experiment. Remington et al.[lO] have examined the neutron energy spectra 
on both sides of the beam when a projectile-like fragment is detected on a particular 
side of the beam. They present neutron spectra gated by different Z-values and by 
specific kinetic energy ranges of the detected projectile-like fragment. We concentrate 
on events where a Z=6 (carbon) fragment is detected in 14N bombardment of 165Ho. 
Events with lower Z-values likely result with increasing probability from sequential 
decay of projectile-like fragments. In our particular example, the neutron spectra 
were gated by carbon ions with laboratory kinetic energies between 300 and 470 MeV. 
Comparison with the predictions of the transport model suggest that partial waves 
between L = 1151i and L = 1651i contribute to these inelasticities, and that scattering 
to a negative deflection angle has accurred for most of the contributing partial waves, 
i. e. a projectile initially approaching with a "positive" impact parameter is pulled 
through the beam direction so that it emerges with a "negative" deflection angle. 
It is interesting to note that Tsang [43] has reported negative deflection angles for 
carbon fragments in this reaction, although her observationwas made at 35° whereas 
we compare with Remington's results [10] obtained with the carbon detector at 10°. 
We compare our results for the neutron energy spectra at positive and negative angles 
( i. e. for neutrons emerging on the same and opposite sides of the beam as the projectile
like fragment) with the results of Remington.[10] There is one overall normalization 
involved, as we are not in a position to quantitatively predict the fractionation of 
the different L-values between different possible combinations of Z and energy loss 
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of the projectile-like fragments. It is seen from fig. 11 that the calculations account 
for most of the characteristic features observed. The slopes of the energy spectra 
are generally in agreement with experiment except for the smallest angle, where an 
additional contribution from sequential neutron decay of a projectile-like fragment 
(e.g., 13C) is expected. The near-equality of yields on both sides of the beam for 
the most forward and backward angles is also reproduced, as is the enhancement of 
neutrons on the opposite side of the beam at intermediate angles. The latter arise in 
our calculations from neutrons induced by transfers from the target to the projectile. 

5 Concluding Remarks 

We have presented an extension of the Nucleon Exchange Transport model, incorpo
rating the effects of nucleon transfer to unbound states which may lead to promptly 
emitted neutrons. We demonstrate the importance of including the heating of the 
reaction partners due to previous exchanges (and the dissipation associated with the 
neck evolution). An examination of the time dependence of the collision reveals that 
the temperature of the projectile-like fragment is near its maximum value when the 
jet production is at its maximum. We have also demonstrated the importance of two
body scattering in the receptor nucleus. Careful attention has been paid to the energy 
dependence of the scattering and to Pauli blocking. Two-body scattering attenuates 
the multiplicity of pre-equilibrium neutrons, softens the shape of their energy spectra, 
and broadens their angular distribution. 

We have compared the model with two classes of experimental data, one empha
sizing the more central collisions, and another involving more peripheral reactions. 
No adjustments of parameters to fit data have been made. The bombarding energy 
dependence of the jet multiplicity for the more central collisions (fusion leading to evap
oration residues) is well reproduced, although the absolute multiplicity is somewhat 
underestimated. The latter difficulty might be relieved by the use of a longer mean 
free path, as our choice of the effective nucleon-nucleon cross section leads to mean 
free paths close to the lower limits of empirical determinations. The high-energy tails 
of the neutron spectra reported by Holub et al. [7] for fusion reactions are somewhat 
underestimated by our model, although we reproduce the spectra of Kasagi et al.[12] 
and of Remington et al.[IO] quite well. For the latter results we also reproduce quite 
well the angular distributions and a preponderance of neutrons at intermediate angles 
on the side of the beam corresponding to transfer from the target to the projectile. 
Possible refinements of the model have also been explored. 

After the completion of this work we have, through a private communication, be
come aware of a similar study by S. Bhattarcharyya et al .. [44] The results of the two 
studies seem to be in general agreement. 

We thank J.J. Griffin for a helpful comment on mean free paths, and D. Hilscher and 
B. Remington for providing us with data prior to publication. This work was supported 
in part by the Director, Office of High Energy and Nuclear Physics of the Department 
of Energy under contracts DE-AC03-76SF00098 and DE-AC06-8IER40048. 
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Figure captions 

Figure 1 
The mean free path A employed in the calculation, shown as a function of the tem
perature of the medium, T, for three values of the (asymptotic) energy of the intruder 
nucleon, Eo, as calculated by using half the free N N scattering cross section given in 
eq. (3), ulYN = 0.5 a-lYN· 

Figure 2 
The time evolution of a typical collision. The upper panel (a) shows the radial com
ponent of the kinetic energy. The second panel (b) shows the internuclear separation 
R (upper curve) and the neck radius; the solid curve is the radius of the cylindrical 
neck Co and the dashed curve is the effective neck radius Ceff which includes the effect 
of the juxtaposed diffuse surfaces outside the cylinder. The third panel (c) shows the 
temperature of the projectile-like nuclide, TA (solid curve), and that of the target-like 
nuclide, TB (dashed curve). The fourth panel (e) shows the time-differential multiplic
ity of emitted neutrons induced by transfer from the projectile, i. e. the time-dependent 
total neutron emission rate. 

Figure 3 
The angular distribution of preequilibrium neutrons induced by transfer from the pro
jectile (solid curve) and the target (dashed curve). 

Figure 4 
Illustration of various ingredients of the model on the energy spectra at different an
gles. The dashed curves neglect temperature and two-body collisions, the long-dashed 
curve includes the time-dependent temperatures TA and TB, and the solid curve in
cludes both the temperature and the two-body collisions. 

Figure 5 
Dependence of the multiplicity of pre-equilibrium neutrons induced by transfer from 
the projectile without temperature or two-body scattering (dashed curve), with tem
perature (long dashed curve), and with both temperature and two-body scattering 
(solid curve). 
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Figure 6 
Comparison of multiplicity of pre-equilibrium neutrons produced by transfers from the 
projectile nucleus, for two entrance channels of different mass asymmetry leading to 
the same compound nucleus, plotted as a function of the relative speed at contact, 

Vcontact = J2(EcM - Vc)/p. 

Figure 7 
Dependence of the multiplicity of pre-equilibrium neutrons on the initial angular mo
mentum L. The full and dashed curves are the multiplicities for neutrons originating 
in the projectile and target, respectively. 

Figure 8 
Comparison of the calculated multiplicity of pre-equilibrium neutrons with the mea
sured multiplicities of Holub et al. [7] and Hilscher et al. [12], as a function of the 
bombarding energy. The experimental multiplicities are based on a moving source fit 
and hence represent to lowest order only the multiplicity of neutrons originating in the 
projectile. The full and dashed curves are the multiplicities for neutrons induced by 
transfer from the projectile or target, respectively. 

Figure 9 
Comparison of the calculated energy spectra (solid curves) at different angles with the 
measurements of Holub et al. [7] (dots). The dashed curves at low energies represent 
their fit to the evaporation component. 

Figure 10 
Comparison of calculated energy spectra at different angles (solid curves) with the data 
of Kasagi et al .. [ll] The calculated results have been multiplied by an overall factor 
of two to exhibit the agreement with the measured slopes and angular variation. The 
dashed curves are the fitted evaporative contributions. 

Figure 11 
Comparison of neutron spectra at various angles and on different sides of the beam, 
relative to the side where the projectile-like fragment is predicted or observed. The 
experimental data [10] are gated on Z =6 fragments detected at 10°. The calculated 
results are indicated by dashed and solid curves for emission on the same or the op
posite side as the projectile-like fragment, respectively. 
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