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1. Quantum Fluctuation Effects
on Nuclear Fragment and Atomic Cluster Formation

Akira Ohnishi a and Jorgen Randrup b

a. Department of Physics, Hokkaido University, Sapporo 060, Japan
b. Lawrence Berkeley National Laboratory,

Berkeley, CA 94720, USA

We investigate the nuclear fragmentation and atomic cluster formation by means of the
recently proposed quantal Langevin treatment. It is shown that the effect of the quantal
fluctuation is in the opposite direction in nuclear fragment and atomic cluster size distri-
bution. This tendency is understood through the effective classical temperature for the
observables.

1 Introduction

Molecular dynamics presents a powerful tool for elucidating both statistical and dynamical prop-
erties of mesoscopic systems. While quantitative insight can be obtained in many cases, the foun-
dation and interpretation of such approaches can be problematic when quantum systems are ad-
dressed, since the energy fluctuations are necessarily present in wave packet wave functions whose
effects are neglected in molecular dynamics.

We have shown this quantal energy fluctuations significantly affect the statistical properties
of nuclei [1, 2], and that effect can be included in dynamical treatments by means of a quantal
Langevin force. This quantal Langevin force distributes the ensemble according to the probabilities
(exp(—(3H)) and (6(E — H)) in the canonical and microcanonical cases, respectively, within the
harmonic approximation [2], while the probabilities are exp(-(3(H)) and 6(E — (H)) with the
normal treatment.

In this short report, we apply this quantal Langevin model to the nuclear fragmentation and
the atomic cluster formation of noble gases. These two processes have been extensively studied by
using molecular dynamics, although the role of quantum effects is different. While atomic nuclei
are highly quantal objects, atomic clusters are believed to be described by classical dynamics.

2 Quantal Langevin Model

2.1 Quantal Langevin Equation

We first give a condensed description of the recently introduced quantal Langevin model for the
situation when the system can be regarded as being in thermal equilibrium at a given temperature.

The treatment seeks to take account of the energy fluctuations present in a system being
described in terms of many-body wave packets. As we have already discussed in detail in Ref.
[2], this inherent energy dispersion modifies the statistical weight relative to the naive the classical
form,

= (Z\exv(-0H)\Z) # exp(-/m). (1)

Here H = (Z\H\Z) is the expectation value of the Hamiltonian in the given wave-packet state \Z)
and thus the last quantity represent the usual classical statistical weight. The complex parameter

- 1 -
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set Z = {z\,Z2,... ZA) is related to the phase space coordinates, zn = rn/2Ar + ipn/2Ap, where
Ar and Ap are widths of wave packet. By invoking the harmonic approximation, it is possible to
obtain a good description of the statistical weight by means of a simple "free energy",

r0(Z) = -lOgyV0(Z)='^(l-exp(-/3D)) , (2)

where D = a\jE* is the effective level spacing. (The energy of the wave packet relative to its
ground state is denoted by E* and a\ is the associated variance.)

The relaxation towards this approximate quantal equilibrium can be described by the following
Fokker-Planck equation for the distribution 4>{Z) of wave-packet parameters,

D4> dTa
j)t £ s a ~ . 1 • / L i 9 . . ' " ' J 9 . . -r •> 'i — £-*"'*! a~. ' vdy

where g, represents either r n or pn. It is easy to check that the statistical equilibrium distribution,
0eq = exp(—Tp), is a stationary solution to the above Fokker-Planck equation. Moreover, when the
classical statistical weight is employed (i.e. when T^ = 0H), the drift and the diffusion coefficients
of the Fokker-Planck equation satisfy the usual Einstein relation, corresponding to a = 1 in (4).
On the other hand, when the quantal statistical weight obtained with the harmonic approximation
is used, eq. (2), the relation is modified. For example, if the effective level spacing D does not
depend strongly on the wave-packet parameters, the drift coefficient reduced by the factor a,

l e x p ( / ? £ > ) , .

a = f^->. (4)
Since a is smaller than unity, the resulting Fokker-Planck equation gives smaller friction, thus in
effect relatively larger fluctuations will arise.

It is convenient to solve the Fokker-Planck transport equation by means of a Langevin method.
Within the framework of QMD the Langevin equation becomes

p = f - af3Mp -(v-u) - /3MP • u + gp • £p , (5)

r = v + a/3Mr • f + gT • ? , (6)

| r ^ 0 P - » P ' A T = , ' - , ' . (7)

Here r and p are the phase-space centroid parameters for the wave packet, £ is used to denote
random numbers drawn from a normal distribution with a variance equal to two, and u is a local
collective velocity. In these equations, we have omitted the diffusion-induced drift term and that
part of the mobility tensor that connects r and p.

2.2 Thermal Distortion and Observation

In addition to modifying the statistical weight, the energy fluctuation also modifies the meaning of
wave packet ensemble, since it causes a thermal distortion of the spectral strength distribution of the
energy eigencomponents within each wave packet. The distortion operator exp(—(3H/2) reduces
the expectation value of the Hamiltonian in the particular state \Z). The thermal distortion is
calculated by replacing the time t by the imaginary time IT in the equation of motion. The
resulting "evolution" is then described by a cooling equation,

drn 2Ar2

f ( 8 )

with which the state should be propagated until r = h/3/2. Here, v is again replaced by v — u in
order to leave the collective (or cluster) motion unaffected.
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Nuclear Mass Spectra in Box (p=0.012)

10'

Cluster Mass Spectra in Box

10 20 30
Fragment Mass

40 60
Cluster Mass

Figure 1: Nuclear (left) and cluster (right) mass distribution at given temperatures in a box. Solid
circles and open triangles show the results of the simulation with the quantal and classical Langevin
force. In nuclear case, fragment grandcanonical calculation is also shown (solid line).

3 Application to Fragment Formation Processes

In this section, we show the calculated results of nuclear fragmentation [3] and atomic cluster
formation [4] processes by means of Langevin models with and without quantal fluctuations. In a
Langevin model without quantal fluctuations, the classical Einstein relation is kept (a = 1), and
the thermal distortion does not exist.

In Fig. 1, we show the nuclear fragment and atomic cluster mass distributions at given tem-
peratures. In the nuclear case, we put 40 nucleons in a box with periodic boundary condition,
and quantal or classical (normal) Langevin force is included in the Quantum Molecular Dynamics
(QMD) model. In the atomic case, the dynamics of 100 argon atoms in a box interacting via
Lennard-Jones potential is simulated.

It is clear that the quantal fluctuation effect on the atomic cluster mass distribution is opposite
to that on nuclear fragmentation. Namely, the inclusion of the quantum Langevin force tends to
produce more heavy fragments in the nuclear case, and vice versa in atomic cases.

These features are intuitively understood by considering the corresponding effective classical
temperature. The effective temperature can be estimated by means of the Einstein relation as the
square of the diffusion coefficient divided by the drift coefficient. In the case of atomic clusters,
the distances of atoms are much larger than the wave packet width, then the thermal distortion
does not modify the cluster configuration. Then the corresponding effective temperature can be
obtained from Eq. (5),

Teff = ~ = - = D/(l - e-D'T) > T (9)
OLV a

This expectation is indeed borne out, as shown in Fig. 2 where we compare the cluster mass
distribution obtained with the quantal model at T = 0.5e to the result of the classical treatment
carried out at the corresponding effective temperature Tefl- = 0.62f. The quantitative similarity
between the two distributions is remarkable and supports the above discussion.

- 3
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Figure 2: The cluster mass distribution obtained with either the quantal Langevin model at T —
0.5e (solid circles) or the classical Langevin model at the corresponding effective temperature Tefr =
0.62e (open triangles), at the density p — 0.025 a~3.

On the other hand, the thermal distortion strongly modify the nucleon configuration in nuclear
fragmentation, and the above discussion does not hold. In order to illustrate this feature, we
consider here the evolution of the distorted momentum (i.e. the solution to Eq. (8)) which is given
by

p'i(t) = Pi(t,r = — ) = e~D/2T p{(t) . (10)

Thus, in the rest frame of the nuclear fragment, the distorted momenta of the constituent nucleons
are governed by a modified Langevin equation,

p> = e~Dl2Tf - avM2 • p' + e- (11)

We can again
cluster motion,

invoke the Einstein relation and extract an effective temperature for the intrinsic

OLV
(12)

It has been shown that calculations with classical molecular dynamics at this equivalent temperature
Tgff yields results that are very similar to the exact quantal results for the real temperature T, for
non-interacting particles in a harmonic potential [2, 5, 6, 7].

In nuclear fragmentation, the normal Langevin model at this effective temperature T'eS gives a
similar fragment mass distribution to the quantal Langevin model at T, except the region around
the critical temperature. At around the critical temperature, the system is mechanically unstable,
and a small fluctuation induces a large difference after the thermal distortion. At higher and lower
temperatures than the critical one, the system is mechanically stable, and the above discussion
approximately holds.

4 Summary

In the present report, we have applied a recently developed quantal Langevin model to systems of
nucleons and argon atoms in thermal equilibrium. The basic features of the quantal Langevin model
can be summarized as larger fluctuations(a < 1) and the thermal distortion. The combination of
these two points appears as different effects in nuclear fragmentation and atomic cluster formation.
In the atomic case, the distortion effects are small and the effective classical temperature becomes
higher than the actual temperature. Namely, quantum fluctuations gives a steeper slope in the size

- 4 -
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distribution. In the nuclear case, however, the distortion strongly modifies nucleon configurations,
then the quantum fluctuation enhances fragment yield.

As it was pointed out at this meeting, the quantal fluctuation effect shown in this work seems
to be too large in the atomic case, since the distance between atoms is much larger than the width
of the wave packet and the classical dynamics is believed to be valid. However, a small width
in r-space leads to a large width in p-space. Therefore, the associated energy fluctuation can be
non-negligible. In our estimate, the "level spacing" is D « 0.2265 €, where e is the depth of
the Lennard-Jones potential. Compared with the critical (classical) temperature at low densities
(« 0.6e), this value is far from negligible. This may be related to the treatment of cluster intrinsic
degrees of freedom in Ref. [8]. Ikeshoji et al. treat the cluster-intrinsic degrees of freedom in a
different way from the cluster-translation al motion. Therefore, we expect that there is still room
for taking account for the quantal fluctuation in atomic dynamics.
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(2) We? + A -> m? + A,
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3 Interactions

3.1 Zero Point Energy of the C. M. System

AMD JkXftiMLtz AMD

-TCM (12)

TCMttSj&fittx*^--?**). AMD

TCM=<T£)
M>NF =» < 7 j )

M > A - a p < 7 j )
M > ( A ~ ^ F ) (13)

CC"Cx <7g?
)
M > te-"2CD fragment O ^ ^ ^ ^

fit t * f c » C l A b f c / ^ ^ - ^ , iVFtt fragment

; ^ L - , (15)

fa = exp^lz.-^-l2) (16)

AMD
b , fragmentation K|*»fc-5*.<5fc%J*.&ftTV»* [1] A*,

3.2 Effective Interaction

, aTOVolkovNo.1 [5]

= (0.35 + mmaioPaPT) x (-83.34exp(-0.3906r2) + 144.86exp(-1.487r2)) , (17)

AMD X*\$, mmajoit,
 12C ©aSJSttJB** shell ^ J l 3 ^ S mmajo = 0.576 [1] fc 3 a

cluster tfjtefc* m m a j o = 0.65 [9] * # ^ ^ l B K ^ ^ ^ ^ ^ fc^*
9 ftr
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parameterl:
mmajo = 0.576, ap = 0.772, ^ = 0.5, g0 = 0

parameter2:
mm a j o = 0.65, ap = 0.772, ^ = 0.2, g0 = 1.8,

(S^-A, A-A) [9] tt,
AA

= 12, a = 2.0

= -67.12 exp(-0.9353r2) ,
= -43.622(0.1 +0.9/^PT)exp(-0.9353r2)

(18)
(19)

4 Results and Discussion
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1 Introduction
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stabilization method l±*l*:RffiOrt]*#*!>&*:J&K, Schrodinger ^"

no ttz complex scaling method

Kukulin
[l]
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2 Formulation

(1)

*, ME

Ao

Ao ffriftf / > 0 K
[1]

(A < Ao)

c ( A - Ao)

(A
Ao &®X-<D k,(x) <O

kl{x) -
c0 + cxx + c2x

2

l
cMx

M

^ o A > Ao

- tT/2 = k,2.

(2)

(3)

^ Ao l i t !

3 Examples

>v-V

V(r) = -8A cxp[-(r/2.5)2] + 2 exp[-(/-/5)2] (4)

M = A' t Schidingor
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ATOMKI K.Varga

1 Introduction
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6. Quantum Monte Carlo Diagonalization method
as a variational calculation

Takahiro Mizusaki and Takaharu Otsuka
Department of Physics, University of Tokyo, Hongo, Tokyo 113,

and

Michio Honma
Center for Mathematical Sciences, University of Aizu

Tsuruga, Ikki-machi Aizu-Wakamatsu, Fukushima 965

ABSTACT

A stochastic method for performing large-scale shell model calculations

is presented, which utilizes the auxiliary field Monte Carlo technique and

diagonalization method. This method overcomes the limitation of the con-

ventional shell model diagonalization and can extremely widen the feasibility

of shell model calculations with realistic interactions for spectroscopic study

of nuclear structure.

One of the trends in theoretical nuclear structure physics is a stochas-

tic approach for nuclear shell model which describes the dynamics of nu-

cleons strongly interacting each other via residual two-body interaction.

The conventional shell model diagonalization clearly meets the difficulty

as the dimension of the Hilbert space increases, while, several stochastic

approaches are proposed in order to overcome this limitation. For instance,
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Horoi et al. [1] proposed a truncation scheme with stochastic criteria for

the conventional shell model diagonalization. Koonin and his collabora-

tors [2] developed the Shell Model Monte Carlo (SMMC) method based on

the auxiliary field Quantum Monte Carlo method, which turns out to be

a powerful method to extend the feasibility of shell model calculation for

ground state and finite temperature properties. However, this method is

not free of the sign-problem which is a generic problem in Quantum Monte

Carlo method. Consequently it is not enough for investigating spectroscopic

study of nuclear structure. In a glance, Quantum Monte Carlo method and

exact diagonalization seems to be incompatible each other because they are

based on completely different principles. However, we combine advantages

both of methods and develop a new method called Quantum Monte Carlo

Diagonalization (QMCD) method [3]-[7]. In this article, first we outline this

new method and then present the feasibility of the large-scale shell model

calculations by this method.

The ground state energy Eg can be written as

Eg = lim { ' , „„, / (1)

where H is a Hamiltonian and |^) is an arbitrary wave function which is

not orthogonal to the ground state. The e~@H is a ground state projector

with a sufficient large /3 and the ground state is expressed as,

|¥,> = lim e-* f f | ¥>. (2)

In general, Hamiltonian consists of the one and two body interactions. The

latter causes the difficulty in treating Quantum many-body problem. If we

treat it as two-body interaction, exact diagonalization is inevitable and the

ground state projection is often realized by the Lanczos method. In turn, if

we can treat the Hamiltonian as an effective one-bodv interaction, there exist
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two approaches. One is a well-known mean-field approach. The other is an

auxiliary field approach. The SMMC and QMCD methods utilize this aux-

iliary field approach, by which e~@H can be shown by the sum of the e~WCT)

where h(a) is one-body Hamiltonian parameterized by the auxiliary field a.

In the SMMC method, the ground state energy is evaluated by the Monte

Carlo integration over a. As the action of e^^^ to Slater determinant

keeps form of Slater determinant, we can count the number of Slater deter-

minant in the SMMC calculation. In the typical SMMC one [2], the ground

state energy can be expressed by several thousand Slater determinants. In

a sense, these Slater determinants can be considered to be potentially good

basis for describing the ground state. Then, we proposed the diagonalization

of the Hamiltonian evaluated by these Slater determinants [3]. For better

efficiency of this method, we utilize a mean-field knowledge and consider

stochastic methods and explicit treatment of symmetries. Details of the

QMCD method are presented in Refs [3]-[7].

To what extend the QMCD method can describe exact wavefunctions

is an important problem. We have examined the validity of the QMCD

method for the shell model calculations of the sd-shell nuclei where the

exact solutions are known. This has been reported in ref [5], and is not

reported here. Instead, we then proceed to full pf shell calculations, which is

a crossover region between the conventional shell model diagonalization and

the QMCD calculation. The largest calculation [8] which has been carried

out by the conventional shell model diagonalization is for 48Cr with the

KB3 interaction [9]. Figure 1 shows the energies of several low-lying states

obtained by the QMCD method, conventional shell model diagonalization

[8], and the SMMC method [2]. In the results of conventional shell model

diagonalization, different dimensions mean the different truncation schemes:

The maximum number of particles allowed to jump from the 7*7/2 orbit to

- 2 9 -
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Figure 1: Energies of lowest three states of 48Cr and 54Fe plotted as a
function of the basis dimension. The results of the QMCD method are
plotted by lines, In the left figure, the results of the QMCD method are
compared to those of the exact and truncated shell model calculations. In
the right figure, the results of the QMCD method are compared to those
of the stochastic truncation method which are shown by symbols and lines.
The SMMC results are also shown by open square with an error bar.

the remaining ones, denoted t, is given in each truncation differently. In this

figure results for £=0,1,2,3,5 are shown as well as the exact result (i.e. t=8).

The SMMC result corresponds to the finite temperature T=0.5MeV, and

is plotted near the exact results since we cannot define the dimension for

the SMMC calculations. We can see that the QMCD method gives energies

with rather good quality by taking only 600 basis states.

Next we compare the QMCD method to other stochastic methods for
54Fe nuclei. Although there is no exact calculation for this nuclei, two

stochastic methods evaluated the ground state energy of 54Fe nuclei with

the FPD6 interaction [10]. One is a method proposed by Horoi et al.[l]

They truncate the shell model basis based on the unperturbed energies of

the basis states and on the constancy of their spreading widths. Conse-

quently the JT dimensions of the order of a few times 106 are reduced to a

- 3 0 -



JAERI-Conf 97-007

few times 103. The other is the SMMC method. As a realistic interaction

includes both good and bad parts for sign-problem, we need an extrapola-

tion method for extracting physical quantities. In this case, the estimated

ground state energy is shown within a certain error bar [2]. Note that the

QMCD method is free of sign-problem, it can handle any realistic interaction

without any problem. We also evaluate the same nuclei with the same inter-

action by the QMCD method. In the present calculation, the Af-projected

QMCD basis is utilized [4]. Fig.l shows the results of above three meth-

ods. As the lowest energy of the deformed Hatree Fock method in the same

shell model configuration is -167.622 MeV, above three methods are found

to include certain correlations for the ground state. However, in the view of

variation principle, the QMCD method offers the best value among them.

Furthermore, one sees that the QMCD method can describe excited states

too. Although we do not mention in this short article, we can evaluate the

B(E2), Q moment and so on.

In summary, we present the QMCD method, which is a diagonalization

method by the bases generated by the auxiliary field Monte Carlo method.

It is reported that the present QMCD method is superior to other stochas-

tic methods. The present method is useful for the large-scale shell model

calculations.
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10. A WAY FOR SYNTHESIS OF SUPERHEAVY ELEMENTS

M. Ohta, Y. Aritomo, T. Wada, and Y. Abe*

Department of Physics, Konan University, Kobe 658, Japan
• YITP, Kyoto University, Kyoto 606-01, Japan

Abstract

Fusion-fission process in heavy systems are analyzed by Smoluchowski equation tak-
ing into account the temperature dependent shell correction energy. The evaporation
residue cross sections of superheavy elements have been shown to have an optimum
value at a certain temperature, due to the balance between the diffusibility for fusion
at high temperature and the restoration of the shell correction energy against fission
at low temperature. The essential element which realize an significant yield for the
(HI, 4-5n) reaction in superheavy mass region is found to be the characteristic time for
cooling by neutron evaporation.

Introduction
Recent several years, new heavy elements have been synthesized by the so called cold

fusion reaction [1] in which the target of Pb or Bi isotopes near doubly magic nucleus are
bombarded by Ni or Fe isotopes, and the findings of the heaviest elements from 110 to
112 are reported with the cross section of several picobarns [2]. The cold fusion reaction
is aimed to obtain a high survival probability against fission, but it suffers a great loss of
fusion probability into compound nuclei. On the other hand, a symmetric target-projectile
combination can produce a rather cold heavy compound nucleus due to the interplay of the
potential barrier and the Q-value [3], But it turned out that there is a fusion hindrance, i.e., a
necessity of extra- push energy [4]. Therefore, also in those systems, there are the conflicting
requirements of high fusion probability and high survival probability. The purpose of the
present work, thus, is to find out an optimum condition compromising the two requirements
for synthesis of superheavy elements with massive target-projectile combinations [5, 6, 7].

Since there is no pocket around the spherical shape in the potential of the liquid drop
model, and thereby no barrier, there is no formula for fusion probability, neither for fission
decay probability of superheavy elements (remind that Bohr- Wheeler [8] as well as Kramers
[9] formulae are not valid for cases without barrier). Therefore, we have to employ a new
dynamical description at least for the early stage from the di-nucleus complex to the spherical
compound nucleus formation [5, 6] and for its decay before the temperature becomes low
enough for the barrier to appear. In this paper, we describe the whole process by dissipative
dynamics from the contact of two incident nuclei to the formation of the compound nucleus
as well as to the reseparation, namely, fission back into the symmetric fragments. From the
analysis of pre-fission neutrons and fragment kinetic energies, a strong dissipation comparable
to one-body model is recommended [10], which permits us to use Smoluchowski equation for
fusion-fission dynamics as an approximation of Kramers or Langevin equation.

With this diffusion model, we can immediately expect that an optimum condition exists
for residue cross sections. Qualitatively, in formation process, higher temperature is favorable
due to large diffusibility into the compact configuration from the di-nucleus one at contact,

- 4 9 -
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while in decaying process, lower temperature is favored for larger residue probability because
of the higher fission barrier caused by the restored shell correction energy as well as smaller
diffusion coefficient. Therefore, a balance between the above two requirements give rise
to an optimum temperature or excitation energy of compound system for the synthesis of
super heavy elements.

The position of the optimum energy crucially depends upon how fast the cooling due to
the neutron evaporation is. If the cooling is fast, so the restoration of the shell correction
energy is, and thus the fission barrier arises rapidly to prevent fission decay of the superheavy
compound nucleus. On the contrary, if it is slow, so the growth of the fission barrier due
to the restoration of the shell correction energy is, and thus the compound nucleus decays
through fission according to the barrier height at the initial temperature. In the former
case, the evaporation residue cross section is mainly controlled by the formation process,
namely higher temperature is preferable. In the latter case, it is mainly controlled by the
decaying process, namely lower temperature is preferable. The neutron evaporation width
is determined by the neutron separation energy. Thus, it is very interesting to investigate
the isotope dependence of the evaporation residue cross section in the present framework.

Formulation
The brief description for the formula used in the present calculation is given following

[5, 6, 7]. The evolution of the probability distribution P(x,l;t) in the collective coordinate
space is assumed to follow Smoluchowski equation;

} ££
The coordinate x is defined as x — Rcm — faA1/3 so that x — 0 corresponds to the spherical
shape, where Rcm denotes the separation distance between the center-of-mass of the nascent
fission fragments in the case of symmetric fission, A the mass number of the nucleus, and
r0 =1.16 fm. The angular momentum of the system is expressed by I. Both the inertia
mass parameter /x and the reduced friction (5 are assumed to be independent of the shape of
nucleus in the present calculations. The parameter /* is taken to be the reduced mass for the
symmetric separation and (3 is 5xl021sec~1 corresponding to the weakest value of one-body
dissipation in a series of shapes.

The time dependent potential energy curve appeared in Eq. (1) is defined as follows;

V(x,l;t) = VDM(x) + k ^ + 1} + Vahdl{x)*{t), (2)

where I(x) is the moment of inertia of the rigid body at deformation x. VDM and Vaheii are the
potential energy of the finite range droplet model and the shell plus pairing correction energy
at T — 0, respectively. Both are calculated with the code developed by Moller [11]. The
potential energy curve along the minimum valley is calculated with the e-parametrization
[12]. The temperature dependent factor $(<) in Eq. (2) is parametrized as;

following the work by Ignatyuk et al. [14], where a denotes the level density parameter of
Toke and Swiatecki [15]. The shell-damping energy Ed is chosen as 20 MeV according to the
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above results. The cooling curve T(t) is calculated by the statistical model code SIMDEC
[13].

Concerning the initial condition, we assume that the kinetic energy of the relative motion
in the entrance channel dissipates completely just inside the contact distance. The initial
probability distribution P(x,l;t = 0) has a sharp Gaussian shape and is imposed at x0 =

Xcont — 0.5 fm, where xcont is the contact distance evaluated as xcont = 2r0 (&\ — ^TQA1^.

The evaporation residue cross section is defined as the probability which is left inside the
fission barrier in the final stage of the cooling process and is proportional to the quantity
d(T0,l;t) at t = oo;

d(To,f;<)= ['"'P(x,l;t)dx. (4)
J

Here, To is the initial temperature and xsad stands for the first saddle point. The evaporation
residue cross section GEV = Hy c(HI, yn) is calculated as;

OEV = r - = - £ ( 2 / + l)d(T0, M = oo), (5)

where fi0 denotes the reduced mass in the entrance channel and Ecm the incident center-of-
mass energy.

Excitation function of the evaporation residue cross section
As an example of reactions forming the doubly closed superheavy nucleus, we consider

the reaction ifLh + If La, - • 298114. The time dependent feature of the probability d(T0,1 -
lO;t) are plotted in Fig.l for five different incident energies which correspond to To = 0.68,
0.79, 0.96, 1.11, and 1.24 MeV. Up to the time of around 30xl0~21sec, the probability
density in the region of the compact configuration is supplied by diffusion from the contact
region and its yield increases rapidly. But during that time, the main part of the probability
initially at XQ has descended down the slope of the potential and thus, the supply ceases.
After £~30x 10~21sec, the probability density accumulated in the compact configuration area
diffuses back over the fission barrier arising from the restoration of the shell correction energy.
At low temperature such as To = 0.68 MeV, 60% of the correction energy is restored and
the fission barrier is about 6 MeV. Therefore, the fission width is very small and d(To,l;t)
becomes fiat quickly. On the contrary, in the case of To = 1.24 MeV, the restoration
takes time for being enough to prevent the system from fissioning, during which the yield
accumulated in the compact configuration area diffuses out rapidly as shown in Fig.l.

The height of the peak around 30xl0~21sec is essentially determined by the diffusibility
into the compact configuration area, while the decrease from the peak value to the final
yield at t<x, = 2000xl0~21sec is determined by how fast the fission barrier glows enough
by the restoration of the shell correction energy. Thus, the final yield surviving in the
compact configuration area is determined by the two factors; the diffusibility depending on
the temperature and the restoration of the shell correction energy.

In terms of the obtained values of d(To,Moo), we can calculate the evaporation residue
cross section OEV with Eq. (5) for several friction parameters; (3 = 2.5 x 1021 sec"1, 5.0 x 1021

sec"1, and 7.5 x 1021 sec"1 [5]. The excitation function of oEV for the 149La + 149La -> 298114
reaction is shown in Fig.2. The corresponding excitation energy to the Bass potential [16] is
indicated by the arrow and it should be emphasized that the optimum cross section can be

- 5 1 -



JAERI-Conf 97-007

realized fairly above the Bass barrier in this reaction system and thereby can be observed
experimentally.

10°

10-10

10-11

/=10

500 1000 1500 2000 20 40
£,(MeV)

60

FIG. 1 The time evolution of the probabil-
ity density in the compact configuration re-
gion d(To,l — 10; i). The curves for five ini-
tial temperatures are plotted; To = 0.68 (short-
dashed), 0.79 (long-dashed), 0.96 (solid), 1.11
(dot-dashed), and 1.24 MeV (dot- dot-dashed).

FIG. 2 The excitation function of the
evaporation residue cross section for 549La
+ 579La —• 298114 reaction calculated from
d(To,i,t<x>). Results for three values of
reduced friction parameter (3 are plotted:
P = 2.5xl021sec-1 (circles), 5.0xl021 sec"1

(squares), and 7.5xlO21 sec"1 (triangles). The
corresponding Bass potential barrier is indi-
cated by the arrow.

Isotope and Z dependence
It is commonly accepted that the use of neutron rich beam will enhance the evaporation

residue cross section of superheavy elements because of the large Tn/Tf ratio. The smaller
neutron separation energy accelerates the cooling by the neutron emission and enhances the
survival probability against fission due to the restoration of the shell correction energy.

We calculated the evaporation residue cross section for a series of Z — 114 isotopes from
N = 176 to 184. We used different cooling curves for each isotope while we neglect the
isotope dependence of the energy surface. Figure 3 shows the calculated evaporation residue
cross section for ^5 '147 '14iU49La + ^5'147'148'149La -,290,294,296,298! u r e a c t i o n s ^ functiOns of
initial excitation energy. The isotope dependence of evaporation residue cross section is
found to be very strong.

The theoretical neutron separation energies averaged over 4 neutron emissions (En) for
the corresponding composite systems, 290,294,295,298! 14^ a r e 7>0, 6.0, 5.5, and 5.0 MeV, re-
spectively. The cooling curves for these isotopes are shown in Fig.4. It can be seen that the
bell shape structure of the excitation function disappears when the neutron binding energy
becomes greater than 7.0 MeV. The average neutron separation energy in shown in Fig.5.
We can see that the cold fusion and the hot fusion may be separated in this plane by the
contours line of 6 or 7 MeV.

A systematic calculation of the evaporation residue cross sections to form the compound
nucleus with the atomic number from Z = 102 to Z = 114 through symmetric entrance
channel for 3 = 5.0xlO21 sec"1 are shown in Fig.6, where the neutron number of the com-
pound nucleus is selected so that the average neutron separation energy becomes about 5
MeV. This means that the cooling curves in these systems are similar each other. We can see
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that the evaporation residue cross sections decrease as the atomic number of the compound
nucleus increases. It is prominent, however, that the enhancement around Ex ~ 25 MeV in
Z = 114 becomes to be distinguished, where the yield of the cross section is reduced up to
the pico barns order. This visible enhancement is coming from the strong shell correction
energy around the nucleus with Z = 114.
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FIG. 3 The isotope dependence of the excita- FIG. 4 The cooling curve calculated by the
tion function of the evaporation residue cross code SIMDEC [13].
section for Z = 114. Figures denote neutron
numbers.
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FIG. 5 The average neutron separation en-
ergy. The cold fusion is only possible for the
experiment of GSI because of the large neutron
reseparation energy.

FIG. 6 The excitation function of the evap-
oration residue cross section that forms the
compound nucleus from Z = 102 to Z = 114
through symmetric entrance channel.
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Summary
A diffusion model which takes into account dynamical evolution of a distribution includ-

ing statistical fluctuations in the deformation parameter space is shown to be a necessary
and appropriate way to describe fusion-fission process for systems without, as well as with,
pocket. With the model, it is shown for the synthesis of superheavy elements that there
exists the optimum temperature or the excitation energy of compound system due to the
balance between the diffusibility for fusion and the restoration of the shell correction energy
against fission. Roughly speaking, the optimum temperature is around the restoration tem-
perature of the shell correction energy. The absolute value of the cross section, of course,
depends on the friction coefficient 7 = n(3 as well as the initial condition, etc. It is confirmed
quantitatively that the separation energy of neutron affects the characteristic time of the
cooling, therefore the formation of neutron rich composite system is called for decisively in
the synthesis of superheavy elements. To get an appreciable yield for the evaporation residue
cross section the in hot fusion, the neutron separation energy of the composite system should
be less than ~ 6 MeV, i.e. a neutron rich system is called for.
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14. Incident Energy Dependence of the Transverse Flow
: from SIS/GSI to SPS/CERN
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N + Â  —> string + string, N + string

s-channel scattering for M-B:

M + B-^tf, R = Nm,A{*)

i i T % M V t > * q | ^ ^ { ± x 2GeV/c2f

Fritiof model [9] t |
Mennessier Off-shell Rosonance model) [10] I

W^0»f?l$(i, dldr \z

T% dTtiH#Ht?2b&c, -
X * •?) o

{i> Skyrme potential

Lund
a ^ i , AMOR(Artru-

<

(i)

L' == Unucl ~\~ VA ~r ^resonance 1

-{- bpg, B = nucl, A, resonance... sb^V

(3)

\ -30MeV H ̂



JAERI-Conf 97-007

Rapidity distribution in Si+Al collsion at 14.6AGeV/c
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E! 1: Proton and n± rapidity distributions for central 14.6AGeV/c Si+Al collision with
experimental data of E802.
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15. Nuclear Multifragmentation Experiment at the KEK 12 GeV PS:
(The first results of the KEK-PS E337 Experiment)

K.H. Tanaka+, Y. Yamanoi, M. Haseno1, Y. Tanaka1, Y. Okuma2, Y. Sugaya3, F. Kosuge4,
Y. Shibata4, K. Nakai4, Y. Inotani5, H. Ochiishi5, S. Morinobu5 R. Muramatsu6,

J. Murata6, K. Yasuda6 and T. Murakami6

(E337 Collaboration)

KEK, National Laboratory for high Energy Physics, Tsukuba, 305, Japan
xNagasaki Institute for Applied Science, Nagasaki, 851-01, Japan
insti tute of Physics, Tsukuba University, Tsukuba, 305, Japan

3Faculty of Technology, Tokyo University of Agriculture and Technology, Koganei, 184,
Japan

4Faculty of Science and Engineering, Science University of Tokyo, Noda, 278, Japan
5Faculty of Science, Kyushu University, Fukuoka, 812-81, Japan

6Faculty of Science, Kyoto University, Kyoto, 606-01, Japan
+Corresponding author. E-mail banpaku@kekvax.kek.jp.

A KEK-PS Experiment E337 "Angular correlation of intermediate mass fragments
emitted from the target multifragmentation reactions with 12 GeV protons" is an extension
of the E288 which we performed a few years ago. The E288 revealed that the proton-induced
target multifragmentation (TMF) reactions at 12 GeV showed quite interesting phenomena1

such as 70° peaking angular distributions for intermediate mass fragments (IMF; Z>3). In
order to understand the phenomena we planed to measure detailed angular correlations
among several IMFs and multiplicity-gated angular distributions of IMFs in the E337. For
this purpose we have developed a new large acceptance Bragg Curve Counter (BCC2) array,
which consists of 25 BCCs enclosed in one gas volume and can cover nearly 13% of entire
solid angle. Additional 12 BCCs is prepared in the common horizontal plane which included
the target in order to measure the accurate angular distribution (see Fig. 1). In total the
BCC system can cover about 20% of 4TT.

In December, 1995, the test experiment with 12 GeV protons was started at KEK
using this newly constructed counter array of 37 BCCs. The beam line used was EP1-B
line, which was also newly constructed exclusively for the primary beam experiments. The
intensity of primary proton beam focused on the target was about 4xl09/spill with the spot
size of approximately 5 mm in diameter. The typical thickness of targets used was about
500 ^g/cm2. The data were taken under the minimum bias condition, i.e. a sum of 37
self triggers from individual BCC. A newly developed data taking system consisted of the
68EC030 Auxiliary Crate Controller and the VME on-board Sparc 5CE computer enabled
us to treat such a large number of triggers as about more than 2000 per sec. The main
production experiment was performed in April and May in 1996 after debugging the new
counter system and DAQ system, as well as EP1-B beam line. Data with Au, Tm, Sm and
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Ag targets were successfully accumulated. Now the date are in the analysis stage. Several
interesting features of high energy nuclear reactions have already been seen. Typical Bragg
peak (charge of particles) vs. kinetic energy scatter plots of IMFs obtained by one of the
37 BCCs are shown in Fig. 2. It can be clearly seen that heavier IMFs can be produced in
heavier target reactions. Preliminary results of angular correlations of IMFs as well as energy
spectra, a charge distribution, angular distributions of IMFs with and without multiplicity
gate were presented in the 4-th Symposium on Simulation of Hadronic Many-Body System.
Final results will be published soon.

References
1 K.H. Tanaka et al., Proceedings of the 7-th Varenna Conference on Nuclear Reaction

Mechanisms, Varenna, Italy (1994) p.643.
K.H. Tanaka et al., Nuclear Physics A 583 (1995) p.581.
T. Murakami et al., Perspective in Heavy Ion Physics, World Scientific (publisher), (1996)
p.152.

2 H. Ochiishi et al., Nuclear Instruments and Methods A 369 (1996) 269.

(Cone type BC&)

(Sector type BCC)

1 fn

112QeV proton Beam

(Au Foil Target)

Fig. 1; E337 setup. Vertical (left) and horizontal (right) views.
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Bragg Peak vs Energy Plots for Various Targets
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Fig. 2; Two dimensional charge versus kinetic energy spectrum of IMFs produced in the
Au,Tm, Sm and Ag(p,X) reaction at Ep=12 GeV obtained by one of 37 BCCs.
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16. Freeze Out Temperature on Light Projectile Induced Reaction

J.Murata1, M.Haga2, M.Haseno3, Y.Inotani4, H.Ito1 *, K.Kimura3, F.Kosuge5, S.Mihara1, S.Morinobu4,
T.Murakami1, R.Muramatsu1, K.Nakai5, H.Nakamura4, H.Ochiishi4, Y.Ohkuma2, Y.Okuno3, S.Sawada1 t,

T.Shibata6, Y.Shibata5, Y.Sugaya7 *, K.H.Tanaka8, Y.Tanaka3, K.Ushie3, Y.Yamanoi8, K.Yasuda1

(MULTI Collaboration)
1 Kyoto University, Kyoto 606, Japan

2 Tsukuba University, Tsukuba 305, Japan
3 Nagasaki Institute of Applied Science,Nagasaki 851, Japan

1 Kyushu University, Fukuoka 812, Japan
5 Science University of Tokyo, Chiba 278, Japan

6 Institute for Nuclear Study, University of Tokyo, Tokyo 188, Japan
7 Tokyo University of Agriculture and Technology, Tokyo I84, Japan

8 KEK, National Laboratory for High Energy Physics, Tsukuba 305, Japan

Nuclear temperature was deduced for 12GeV proton induced target multi-fragmentation reactions
on Au,Tm,Sm,Ag targets. Using isotope yield ratios, clear target mass dependence was obtained
for high-multiplicity events. Deduced temperatures for light targets have higher value than those
for heavy targets.

Over the past few decades a considerable number of studies have been made on extracting nuclear temperatures
from experimental data of intermediate or relativistic energy heavy ion collisions. The main aim of the temperature
measurement is a search for a signal of nuclear liquid gas phase transition [1,20-23]. Although temperature extraction
using slope of energy spectra has been an object of study for along time, usually they showed much higher temperatures
than expected. Is is mainly because dynamical effects exist [8-17]. To avoid the difficulty, relative populations of
excited states were used. However this method was experimentally hard to determine the yield of the excited states
[13-19]. Isotope yield ratio has been recently brought to light by the determination of the "caloric curve" [1]. One
advantage of this method is the simplicity. Isotope temperature, as a probe for a chemical freeze out temperature,
can be obtained only by calculating isotope yield ratios [2-5]. This paper is intended as an investigation of deducing
geometrical temperature distribution in light particle induced reactions by means of isotope temperature method.

The experiment (KEK-PS E337) was performed at a newly constructed EP1-B primary beam line of the KEK-PS
with 12GeV proton beam. Four targets (Au,Tm,Sm,Ag) were used. The aim of E337 was to detect IMFs and collect
information about the excitation mechanism of high-temperature nuclear matter with small compression system.
IMFs emitted from the targets were detected by Bragg Curve Counters (BCCs) for 3 < Z < 30, and determined their
charge numbers, kinetic energies and ranges in the counter gas [24,25].

There were 37 BCC-channels surrounding the foil targets. Total acceptance of the counters was about 20% of 4T.
Aiming to measure angular distributions and in-plane correlations, 12 BCC-channels were located within a horizontal
plane from 30° to 150° in laboratory angles at step of 20°. In order to collect information about out-of-plane correlation
and IMF multiplicity, a large cone-type BCC which had 25 channels were located above the target.

IMFs make their loci in Bragg peak-energy-range plot. The loci are separated from each other with the distance
about 9<r in Bragg peak. The excellent Bragg peak resolution split the loci of light fragments (Z < 4) according to
their mass difference. In our experiment, 6Li,7Li,sLi,9Li,7Be,9Be,10Be fragments can be separated from each other
in range-energy plot. In order to estimate the total yield of each fragments, function forms of moving source model
are used for fitting the energy spectra. Some of fitting parameters were fixed to adequate values. It is because the
dynamic range of kinetic energy is not wide enough to make complete fitting.

It is necessary to explain the procedure of isotope temperature. According to simple classical statistical dynamics,
all single ratio R can be expressed as below [2].

where R+ is the »-th single ratio, and PpF,PnF are free proton and free neutron densities in nucleons and fragments
mixed ideal gas of equilibrium temperature T. The index r),£ means rjj — Z\ — Z2 and & = (Ai — Z{) — (A2 —

'Present address: Nippon Telegraph and Telephone Corporation (NTT)
'Present address: Institute for Nuclear Study,University of Tokyo
*Present address: Research Center for Nuclear Physics (RCNP),Osaka University

- 7 7



JAERI-Conf 97-007

Here Aj,Zj indicate mass number and charge number of j - t h particle. A S , is binding energy differences between and
the factor a means a, = (AT;v/2)Al""j42(A1/A2)3/'2t<-'(J41, ZI)/LO(A2, Z2)- Here XTN is the thermal nucleon wave-length.
Internal partition function w = J2jfaj + ^)exp(Ej/T) of the fragment (^4, Z) will contain all known 7-unstable states
in the following calculations, where Sj and Ej are spins and energies of j - t h states.

Three unknown quantity T,ppp and pnF can be extracted from three single ratios. By selecting single ratios which

have AZ d= Z\ — Z2 — 0, we can get only two quantity, T and pnF using two single ratios. It is because 77, = 0 for all
Ri with AZ = 0. The condition AZ — 0 is indispensable to systematic error reduction. There are 377 combinations
which can deduce T and 36 of them satisfy AZ = 0. In this restriction, T can be written as below.

) " (2a)
1=1,2 1=1,2

where ai = £2,^2 = -£ i - °r simply

% <2b>

Because of the exponential function form of Eq.2b, \dR/dT\ shows small value for large B. So,the ratio which has
large B should produce relatively small temperature fluctuations. 6 ratios has been selected due to their large B from
the ratios of AZ = 0. Finally we selected one ratio to be used as a thermometer in this paper as below.

Y(*LifYCBe)
~ Y(7Li)3Y(10Be) { >

This ratio has the smallest statistical error in the 6 selected ratios.
R should be corrected because of sequential decay effects, and the corrected ratio can be simply written as Reoi = KR

[3]. We compare corrected temperature for FNAL inclusive experiment (80 GeV/c p + Xe, Tcoi = 3.9 ± 0.4 MeV [3]
for 76° counter [7]) and the mean temperature of all targets (T = 3.08 ±0.20 MeV for multiplicity = 1,70° counter).
It is because the calculated temperatures have small target mass dependence for low multiplicity events detected by
side-ward BCC channels. Then we got K = 0.235 ± 0.168 using following relation, \/T = 1/TCO, + Intt/B. Using
Rcoi instead of R, Eq.2b are calculated numerically. If w account only their ground states, Eq.2b gives T directly.
Considering all known 7-unstable states, Eq.2b must be solved numerically. Corrected temperatures obtained for in-
plane BCC channels are shown in Fig.3 as a function of laboratory angles with IMF multiplicity selection for all targets.
Independent to multiplicity, side-ward channels show nearly constant temperatures as a function of angles. Although
clear target mass dependences can be seen for high multiplicity events, side-ward channels for low multiplicity events
show small target mass dependences. High multiplicity events show higher temperatures than low multiplicity events
for almost all channels and targets.

High multiplicity events should have large centrality on the collision. So they are natural to show high temperatures
than low multiplicity events. The jump between multiplicity = 2 and 3 have been observed already in Fig.2 for single
ratios. In Fig.3, we can find strong target mass dependence for only high multiplicity events. Low multiplicity events
should also have strong target mass dependences as seen in single ratios. The information about the target mass
dependence for low multiplicity events have been lost in the process of calculating multi-ratios. It is because the
single ratio Y(8Li)/Y(7Li) has opposite target mass dependence for low multiplicity events.

The anisotropic distributions imply the chemical freeze out had been established before the total remnant reached
to thermal equilibrium. What must be noticed is that even forward channels show high temperatures as well as
backward channels. One explanation may be that, this is the trace of fire ball which penetrate the target nuclei with
projectile [26]. On this assumption, energy should be deposited in proportion to the path length of the fire ball region,
that is, diameter of the target nuclei. If the deposited energy diffused in the target nuclei, the energy density can be
roughly written as below.

4irrgJ4,/3 - 7r

here Ax is the target mass number and d is the radius of penetrated columnar region, which must be almost independent
to the target mass. The denominator of Eq.4 means the volume of the remnant. r0 is normal nuclear radius. We
should not forget that Eq.4 has only first-order reliability, because they regard the temperature distribution in the
remnant as isotropic. Now we should consider the relation between energy and temperature. It is well known that
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T oc Ell2 in normal nuclear matter. But as be seen in "caloric curve [1]", T is nearly constant during the mixed
phase and T oc E in gas phase on liquid-gas phase transition. So here we put the "phase index" parameter <r and
use the relation T oc E" with Eq.4 to fit the results of target mass dependence for high multiplicity events. Obtained
value of d and a are plotted in Fig.4 and they are almost constant around d ~ 3ro and a ~ 1. The mean value of d
is (3.17 ± O.15)ro. It seems a bit large comparing to the target radius especially for Ag target. It must be noted that
we regard the "tunnel" as column in the volume estimation. So adequate radius should be somewhat smaller. The
phase index parameter a have their mean value 1.06 ± 0.015. This is a clear evidence for the fact that they are in
nuclear gas phase. We should notice that the isotope temperature method suppose the free nucleons and fragments
mixed ideal gas as the system. According to this assumption, we may not use isotope temperature as a probe for
complete free nucleon gas. So if we use isotope temperature, "gas phase" should be defined as phase index equal to
1. To determine the real temperature of such nucleon gas which existed before the chemical freeze out, further efforts
are needed.

There is a further point which needs to be mentioned. The starting assumption of the tunnel formation is the
anisotropy in the angular distribution of temperature. On the other hand, we cannot find such anisotropy for the
temperature distribution obtained by another combination of ratios. They have large error bars compared to those
of the selected combination, and we can say nothing about the angular distributions using such another ratios. Even
we can regard the anisotropy as denominations, good agreement with Eq.4 will support the assumption.

In summary, we have studied isotope yield ratios resulting from 12 GeV proton induced target multi-fragmentation
reactions. Observed isotope yield ratios show a strong linear correlation with target mass numbers. Isotope tempera-
tures were derived from the yield ratios. Sequential decay effects and the influence of 7-unstable states to the partition
functions has been considered. Strong target mass dependence has been observed for both temperatures and single
ratios. It can be explained that the deposited energy diffused in the remnant when chemical freeze out established.
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18.

(April 17, 1997)

Time evolution of hadronic resonance matter in ultrarelativistic nucleus-nucleus collisions are

studied in the framework of cascade models. We investigate the role of higher baryonic resonances

during the time evolution of hot and dense hadronic matter at AGS energies. Although final hadronic

spectrum can reproduced well with and without higher baryonic resonances, the inclusion of higher

resonances is shown to prevent the temperature from going beyond 200 MeV.
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19. Clustering effect of 12C fragmentation in p + 12C, a + 12C and
14N + 12C reactions

Hiroki Takemoto, Hisashi Horiuchi
Department of Physics, Kyoto University, Kyoto 606-01, Japan

Akira Ono
Department of Physics, Tohoku University, Sendai 980-77, Japan

In general, self-conjugate 4n-nuclei have anomalous excited states with the excitation
energy 10—15 MeV, which are recognized to be generated by the change of the structure
from the shell-model-like one into the cluster one due to the activation of the clustering
degrees of freedom [1]. In 12C case these anomalous levels, O^ at 7.65 MeV and 2$ at 10.3
MeV, have been recognized to have 3a structure. Since the excitation energies of these levels
are usually near or above the threshold of the breakup into constituent clusters, it is natural
that the clustering effect is expected to play an important role in heavy ion reactions.

We analyze p + 12C at 55MeV, a + 12C at 22.5 MeV/u and 14N + 12C at 35 MeV/u
reactions using antisymmetrized molecular dynamics (AMD) to investigate the activation of
alpha-cluster degrees of freedom in 12C fragmentation by various projectile reactions.

The formalism of AMD was described in detail in Ref. [2], and only the outline of AMD
is explained below. In AMD, the wave function of A-nucleon system |$) is described by a
Slater determinant

^ (1)

where

<Pi = <faiXai {<*i=pJ\,pltn'\,nl), (2)

2i/\?
exp (3)

0z, represent the spin-isospin wave function and the spatial wave function of the i-th
single particle described by the Gaussian form, respectively, v is the width parameter which
is independent of time and in the following calculations u = 0.16 fm~2. Z — {Z,} represent
the positions of the centers of Gaussians. Thus .4-body wave function |$) is parameterized
by Z. The time development of Z is determined by the time dependent variational principle
which leads to the following equation of motion for Z,

i h ^ C Z and c.c, (4)

where <r, r = x,y,z and V. is the expectation value of Hamiltonian H.
When we apply AMD to heavy ion reactions, nucleon-nucleon collision processes should

be included. In AMD, as is made in QMD, they scatter stochastically when the spatial
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distance between two nucleons is small. But due to the effect of antisymmetrization the
centers of Gaussians Z don't always have the meaning as the positions and momenta of
nucleons. So we have to transform coordinates Z to the physical coordinates W =
which can be interpreted as the positions and momenta of nucleons

( V ) Zif (6)

where

Q

In AMD we treat fermionic nature of nucleons exactly, because the wave function of A-body
system is antisymmetrized by a Slater determinant. Hence Pauli principle has been fully
incorporated in AMD.

We calculate the time development of the system with AMD till a certain time t —
t3W when the produced fragments are thermally equilibrated. At this time many excited
fragments exist, and these thermally equilibrated fragments evaporate particles or 7 ray with
a long time scale. We calculate the evaporation process after tsw by multi-step statistical
decay code [3] which is similar to the code of Puhlhofer [4]. In this paper we call the process
before t3W "the dynamical process" and the one after taw "the statistical decay process".

It should be noted that the AMD method is very well suited for this kind of study, because
AMD describes the time development of the system wave function and, hence, it can describe
quantum mechanical features such as shell effects and cluster degrees of freedom.

Recently we investigated the difference between 12C and 14N fragmentation in 14N + 12C
reaction at 35 MeV/u [5]. Since 12C and 14N have almost the same mass number, if the
fragmentation from each nucleus is different, it indicates the existence of the fragmentation
mechanism which is related to the nuclear structure. The results is following.

1. 4He fragments from 12C are more numerous than those from 14N and this abundance
from 12C mainly originates from the dynamical process.

2. Energy spectrum of 4He fragments from 12C produced during the dynamical process
has the peak near the incident energy.

3. 4He fragments are produced most frequently at semi-peripheral collisions during the
dynamical process.

4. 12C breaks up into 3a particles most probably in all production events of 4He fragments
during the dynamical process.

We concluded that the above features of 12C fragmentation are originated from the activation
of alpha-cluster degrees of freedom by indicating the excitation energy spectra of 12C before
its breakup at the dynamical stage. Excitation energy spectrum before 12C breakup into
any fragments consists of two components. One distributes in the range 7—15 MeV and the
other in the range above 15 MeV. Most of the former component results from the events that
12C breaks up into 3a particles during the dynamical process and these excitation energies,
7—15 MeV, corresponds to excited levels of 12C which are considered to have the cluster
structure. Accordingly the features mentioned above is related to those excited states of 12C
that is considered to have the cluster structure.
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In this report we investigated the projectile-mass dependence of the clustering effect of
12C by comparing 12C fragmentation in p + 12C at 55 MeV, a + 12C at 22.5 MeV/u and 14N
+ 12C at 35 MeV/u. Figure 1 shows the comparison of AMD results with the experimental
data for p + 12C at 55 MeV [6], a + 12C at 22.5 MeV/u [7] and 14N + 12C at 35 MeV/u [8].
Solid and dashed lines indicate the AMD results and the experimental data, respectively. As
is seen, the AMD calculations reproduce the experimental data well in the whole mass range
but underestimate the production cross section of fragments with A = 7 in all reactions.

We show mass distributions in p + 12C at 55 MeV (left panel), a + 12C at 22.5 MeV/u
(central panel) and 14N + 12C at 35 MeV/u (right panel) in Fig. 2. As is shown clearly by
histograms, intermediate-mass fragments are merely produced before statistical decay in the
proton induced reaction, while in a and I4N induced reactions many fragments are produced
before statistical decay. Especially 4He fragments are much produced during the dynamical
process and the high yield of fragments with A=8 with respect to the yields of neighboring
elements is seen in a and 14N induced reactions. In addition, the capture process by the 12C
nucleus appears in the a induced reaction at 22.5 MeV/u, which reflects the low relative
velocity between projectile and target compared with the other two reactions.

2 4 » I II II II II
Mass Number A Mass Number A Mass Number X

FIG. 2. Mass distributions in p + 12C at 55 MeV (left panel), a + 12C at 22.5 MeV/u (central
panel) and 14N -I- 12C at 35 MeV/u (right panel). Solid lines indicate mass distribution after
statistical decay and histograms indicate those before statistical decay.
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display those before and after statistical decay, respectively.

We compare mass distributions in proton-, a- and 14N- projectile reactions directly in
Fig. 3. Since it is meaningless to compare mass distributions one another directly due to
the geometrical effect from different radius of each projectile, the production cross sections
are normalized by the breakup cross section of the 12C nucleus. Left and right panels show
mass distributions before and after statistical decay, respectively. It is clearly seen that the
mass distribution of the proton induced reaction is quite different from other two reactions.
The normalized production cross sections of the fragments with A — 2,3,4 in the proton
induced reaction is smaller than those in a and 14N induced reactions. This difference
appears more remarkably before statistical decay. Especially the normalized production
cross sections of 4He fragments before statistical decay are 3.05 x 10~3, 2.06 and 1.27 in
proton, a and 14N induced reactions, respectively. We can say that alpha-cluster degrees
of freedom in the 12C nucleus are more hardly excited during the dynamical process in the
proton induced reaction than in a and 14N induced ones. In addition, there is the difference
between a and 14N induced reactions before statistical decay. The normalized production
cross section of the fragments with A = 8 in the a induced reaction is larger than that in
the 14N induced reaction. This indicates that the a-cluster degrees of freedom are excited
more easily in the a induced reaction than in the 14N induced one because the fragments
with A = 8 are almost 8Be fragments. But, since incident energies in these three reactions
is different, this difference of the excitation of alpha-cluster degrees of freedom is not due to
the projectile-mass dependence but due to the incident energy dependence.

Finally we display in Fig. 4 the excitation energy spectra of 12C before its breakup into
any fragments during the dynamical process in proton, a and 14N induced reactions. Long-
dashed, solid and short-dashed lines indicate those in proton, a and 14N induced reactions,
respectively. As is seen clearly, the proton induced reaction is quite different from other
two reactions. In a and 14N reactions excitation energy spectra have two component. One
distributes in the region of 7—15 MeV and the other distributes in the region above 15
MeV. As was shown in Ref. [5], most of the former distribution results from the events of
12C breakup into 3a particles and these excitation energies correspond to excited levels of 12C
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which have cluster structure. Therefore it is expected that alpha-cluster degrees of freedom is
excited in a- and 14N-projectile reactions during the dynamical process. On the other hand,
the excitation energy spectrum of 12C in proton induced reaction has only one component
which distributes above 15 MeV. This energy roughly corresponds to the threshold of the
one nucleon emission from the 12C nucleus. Hence in proton induced reactions it is difficult
for alpha-cluster states to be excited during the dynamical stage and it is expected that
shell-model-like excited states are mainly excited. This conjecture is also supported by the
normalized production cross sections of a nucleon shown in Fig. 3. This cross section is the
largest in the proton-projectile reaction, so a nucleon emission from the 12C nucleus most
probably in the proton induced reaction. Moreover the cross section in the 14N-projectile
reaction is larger than that in the a-projectile reaction. This may result from the difference of
the effect of nucleon-nucleon collisions, because the 14N nucleus constitute of more nucleons
than the 4He nucleus and the contribution of nucleon-nucleon collisions becomes large in the
14N-projectile reaction. The different size of projectile also changes the mean-field effect,
which is expected to excite alpha-cluster degrees of freedom. But, as was mentioned above,
the incident energies of all three reactions analyzed here is different, so we can not conclude
immediately that these differences results from the projectile-mass dependence. It is one of
future problems to investigate the incident energy dependence in each projectile reaction.
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Abstract

Energy dependence of the ratio of the isovector and isoscalar strengths in the
imaginary part of the nucleon optical model potential at the medium energy
range was extracted from an analysis of proton and neutron induced total
reaction cross sections on uLi with a theoretical framework called quantum
molecular dynamics (QMD). The isovector/isoscalar ratio was found to be
about 0.8 at 100 MeV, and decreased almost linearly in log(E) to 0 at several
hundred MeV. This result was consistent with an estimate at lower energy,
and was also in good accord with the values used by Kozack and Madland for
the analysis of nucleon + 208Pb reactions.

I. INTRODUCTION

In recent years, the intermediate-energy nuclear reactions have come to be more and
more important for various reasons related with not only the basic but also the applied
research fields [1]. It is obvious that the optical model potential (OMP) remains to be an
important quantity in the researches of nucleon-induced nuclear reactions at medium energy
range as was the case at the lower energy region.

The nuclcon optical potential has been studied intensively in the past by many authors
from many points of view [2-19]. It is known that the proposed potentials give excellent re-
sults in many cases. However, it is also recognized that they are still far from perfect in many
aspects, and there are many ambiguities which prevent the OMP to be defined uniquely. If
we look into the status of the imaginary isovector part of the OMP, the situation seems to
be particularly poor: In the low energy region where the surface absorption is dominant, the
strength of the surface imaginary isovector potential is distributed in the range from 9 MeV
[10] to 16 MeV [9]. This shows that the imaginary isovector strength has an ambiguity as
large as a factor of 2 in spite of the huge efforts to define the potential at low energy region
where both the neutron and proton data are available. At the intermediate energy region
where the volume absorption becomes dominant, the proposed global potentials do not give
the isovector volume imaginary potential explicitely [3 12] (except one by Kozack and Mad-
land [13]). This is against the idea of the Lane model [20] (and its relativistic extention
[21]) on which the OMPs have been based. It is true that the difference of the nucleon-
nucleon (N-N) interaction between the identical (p-p, or n-n) and non-identical (p-n) pairs

- 9 3 -



JAERI-Conf 97-007

of nucleons, that is the origin of the isovector term in OMP, becomes smaller and smaller
as energy increases, and finally reaches to zero at several hundred MeV. This fact, together
with small asymmetry {(N — Z)jA) range spanned by most of the stable nuclei, may make
the net effect of the isovector part less and less significant in the intermediate-energy region.
However, it cannot be a justification of ignoring the imaginary isovector term from the basic
point of view.

For exotic nuclei such as u Li, the effects of imaginary isovector term will be significant
because they have large asymmetry parameters. In the case of nLi, there are 8 neutrons
and only 3 protons. Due to the big difference between the proton and neutron numbers,
the isovector effects will be magnified in these nuclei. Furthermore, these exotic nuclei are
known to have an outer region consisting only of neutrons, i.e., the neutron halo or neutron
skin [22]. Due to this structure, the incident particles will interact firstly with only neutrons,
so it is expected for these nuclei to respond quite differently depending on the (z-component
of the) projectile isospin. Therefore the effects of the isospin-dependent N-N interaction will
still be noticeable for such exotic nuclei at intermediate energy while the Coulomb correction
is kept to be negligible.

It is the basic idea of this work to use the feature of the exotic nuclei as an amplifier of
the isospin-dependence in the N-N interaction to investigate the imaginary isovector OMP.
For this aim u Li was selected as the target nucleus, and the total reaction cross sections for
neutron and proton projectiles were calculated by a theoretical framework called quantum
molecular dynamics (QMD) [23-25]. We use a QMD framework developed at JAERI [26],
which has been used intensively for investigations of light-ion induced reaction mechanisms
at intermediate energy region [27^30]. This framework, however, was not satisfactory in
several senses. We then modified it for the present purpose as 1) to be Lorentz covariant
[31], 2) to include the momentum dependence in the effective N-N interaction, 3) to include
the Pauli potential to simulate the Fermion nature of the nucleon system better, and 4) to
include a revised N-N collision term. As a check of the new framework, we have carried out
an analysis of total reaction cross sections for carbon target with various kinds of projectiles,
including "Li, for which experimental data are available.

II. BRIEF EXPLANATION OF THE QMD

The details of the formulation we adopted will be given elsewhere [32], so only a simple
explanation is given in this paper. We start from representing each nucleon (denoted by a
subscript i) by a Gaussian wave packet in both the coordinate and momentum spaces. The
total wave function is assumed to be a direct product of these wave functions. Thus the
one-body distribution function is obtained by the Wigner transform of the wave function,

/(r.P) = i:/,(r,p> =

where L is a parameter which represents the spacial spread of a wave packet, Ri and P,
corresponding to the centers of a wave packet in the coordinate and momentum spaces,
respectively. The equation of motion of R, and P; is given, on the basis of the time-
dependent variational principle, by the Newtonian equation:
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R, —
dH dH

"an,-1 (2)

and the stochastic N-N collision term [26,36]. The Hamiltonian H was taken to be a sum of
the zero-th component of the 4-momentum vector of each particle [31]:

(3)

The scalar potential Lr, consists of the Skyrme-type effective N-N interaction [35], Coulomb
and symmetry energy terms, the Pauli potential and the momentum-dependent potentials:

cs + E

2po + + 2po ^ 1 +
(4)

where "erf denotes the error function, and c, is 1 for proton, and 0 for neutron. Other
symbols in this equation are defined as

< pi;> = J = E / dxpi{T)pj
3±i

i&

*

and

ft
exp

Pa

Pij
(5)

ij = P.- + Pj (6)

The (/; and p, are the coordinate and momentum of particle i in the 4-vector representation,
respectively. It is easy to note that the variables Aqfj and Apfj defined above are Lorentz
scalars. In addition, this form of Hamiltonian gives the equation-of-motion equivalent with
the Relativistic QMD [33,34] with a special choice of the time-fixation [31].
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The parameters in the above Hamiltonian were determined to reproduce the saturation
dentisy p — p0 = 0.168 /m~3 , minimum energy E/A — -16 MeV, the energy dependence
of the real optical model potential, and the effective mass m" jm — 0.8 at the Fermi surface.
Furthermore, the parameters of the Pauli potential were chosen for the kinetic energy of
the QMD to be equal to the total energy of the free Fermion systems [24]. From these
conditions, the following values were determined: A — -127.68 MeV, B — 204.28 MeV, r
= 4/3, C, = 25 MeV, V?,l) = -258.54 MeV, V™ = -375.60 MeV, /*, = 2.35 MeV, /.i2 = 0.4
MeV, L - 1.75 fm2, Vp = 140.0 MeV, p0 = 120.0 MeV, and q0 = 1.644 fin.
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Fig. 1 Energy dependence of the real part of OMP Fig. 2 Binding energy per nucleon

Fig. 1 shows the energy dependence of the real part of the OMP. The solid curve shows
the potential depth calculated from Eq. (4) without the Coulomb and the Pauli potentials.
It is understood that the present parameterization reproduces the energy dependence of real
OMP obtained experimentally [12] fairly well. The binding energies per nucleon of several
stable nuclei calculated with QMD are compared with experimental data in Fig. 2. This
figure shows that the QMD calculation gives a very good description of such basic nuclear
structure information.

i

density distribution
P"1— QMD Particle

QMD Gaussian

-T 1 1 1 r

->9Li + X at 790 MeV

• QMD
Exp.
o = 21 MeV/c

= 80 MeV/c

8 10
0
-400 -200 0 200 400

Transverse Momentum [MeV/c]
2 4 6

r(fm)
Fig. 3 Nucleon density distribution of nLi Fig. 4 Transverse momentum distribution of 9Li

from the nLi + C reaction at 790 MeV/A

The nucleon density distribution of u Li is shown in Fig. 3 with the experimental data
[22]. The smooth curve denotes the nucleon distribution calculated by QMD while the broken
curves denote the upper and lower bounds of the experimental uncertainty [22]. In the same
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figure, we show the "particle" distribution by the histogram, which means the distribution
of the center of the Gaussian wave packets. The "particle" distribution shows the existence
of valence neutrons outside a core (9Li). The neutron halo structure is reproduced well
by the present calculation. The binding energy for n Li was calculated to be 44.89 MeV,
which is consistent with the experimental value of 45.54MeV. Fig. 4 shows the transverse
momentum of 9Li for the reaction n Li + C at 790 MeV per nucleon. The 2 components
in the experimental data by Tanihata et al. [22] are reproduced excellently by the QMD
calculation.

III. CALCULATION OF REACTION CROSS SECTIONS FOR I2C TARGET AS A
VERIFICATION OF THE COMPUTATIONAL METHOD

The reaction cross section was calculated based on the following formula, which is equiv-
alent with the optical limit of the Glauber approximation:

a R = 2irJb{l-T(b))db (7)

where the T(b) denotes the transparency, i.e., the probability that the projectile having
the impact parameter b causes no interaction with the target nucleons. In the Glauber
approximation, such quantity is evaluated along a straight line trajectory, while in QMD it
is calculated on a more realistic trajectory determined by the mean-field described by the
effective two-body potential Eq.(4) including the Coulomb interaction.
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Fig. 5 Total reaction cross sections of 12C for incident proton (left-top), deuteron
(left-bottom), a (right-top) and 12C (right-bottom).
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The reaction cross sections for 12C were calculated for projectiles of proton, deuteron, a
and 12C, and are shown in Fig. 5 with experimental data [37-40]. These figures confirm that
the QMD gives satisfactory descriptions of the reaction cross sections of various projectiles
on carbon even though no parameter was adjusted for this purpose. The only exception is
the case of d -f 12C for which the QMD overestimates the reaction cross section noticeably.
The reason of this was found to be related with the stability of deuterium in the QMD
simulation: Deuterium is a nuclei in which a proton and neutron bind each other with the
biding energy of 1 MeV per nucleon. Such system is not stable enough in QMD calculation,
so it breaks into a neutron and proton when it reaches to the carbon target and feels the
mean-field (real OMP) of the target without causing any N-N collision (which is the origin
of the imaginary OMP). In other cases, it could be concluded that the QMD calculation to
be reliable.

The total reaction cross sections for 12C target induced by several Li isotopes are shown
in Fig. 6. Again, the QMD calculation reproduces the basic feature of the experimental
data [41,42]. The agreement is particularly good for n Li on 12C case.

1500

1000

€
500

0

I ' \ ' I ' I ' I
ALi (800 MeV per nucleon)
- e — QMD

# Tanihata et al.

1 I
12C

i I

5 6 7 8 9 10 11 12
A

Fig. 6 Total reaction cross sections of I2C for incident 4Li, where A = 6, 7, 8, 9 and 11.

IV. EXTRACTION OF THE ISOVECTOR/ISOSCALAR RATIO OF
IMAGINARY NUCLEON OMP AT INTERMEDIATE ENERGY

Based on the success of the previous section, we proceed to extraction of the isovec-
tor/isoscalar ratio of the imaginary OMP. Firstly we define a quantity a to be

Q =
<TR(P) + oR{n)

(8)

where on{i) denotes the total reaction cross section for incident particle i. The quantity
a was calculated at 100, 200, 400 and 800 MeV for n Li target by QMD, and is shown in
Fig. 7. This quantity is found to be about 0.27 at 100 MeV, so the isospin dependence
in the N-N collision really affects the total proton and neutron cross sections significantly.
Such difference, however, becomes smaller and smaller as energy increases, and the effect is
negligible at several hundred MeV. This is an intuitively understandable behavior.
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Then, we take the 1st order expansion of aR with respect to the imaginary OMP (W)
around Wo;

aR(W = W0±eWl) = aR(W0) ±(Wl—aR(W0) (9)

where + applies to incident protons and - to neutrons, Wo denotes the imaginary isoscalar
strength, the W\ the isovector strength, and e = (N — Z)/A. By using this formula, the
quantity a can be written also to be

a{W)

V '

The ratio W\/WQ is calculated by putting the 2 a's in Eqs. (8) and (10) equal;

~ <rR(n) aR(WQ) 1

aR(p)

The first factor of the right hand side was already obtained by the QMD calculation (Fig.
7). We have then calculated the 2nd factor by employing the following classical expression
for aR obtained with the Glauber approximation for uniform sphere of radius R [43,44],

where k denotes the wave number and E the projectile energy. The imaginary isoscalar
strength WQ was taken from Finlay's parameterization [45],

~ 8°)2
= 6 6 + (E - 80)* + 137.8*

The ratio WI/WQ calculated based on Eq. (11) is shown in the left part of Fig. 8.
This figure shows that the ratio Wi/WQ has a value of about 0.8 at 100 MeV, then decreases
almost linearly in log (E), and reaches to 0 at several hundred MeV. This energy dependence
is consistent with that of the difference of the cross sections between the identical and non-
identical pairs of nucleons. The error bar was obtained from the statistical uncertainty in
the factor o, and by assuming (rather extremely) the error of Wo to be 50 %. The main
source of error comes from the uncertainty in Wo at 100 MeV, while the statistical error is
dominant at 800 MeV. Anyway, the results are rather insensitive to the choice of the Wo
parameter.

In the right part of Fig. 8, the low-energy limit of this ratio was calculated with the
\Valter-Guss potential [8] at 10 MeV, and plotted with the presently obtained results. The
energy dependence obtained in this work extrapolates smoothly to the lower energy value.
The result calculated from the parameters of Kozack and Madland [13] are shown by the
dash-dotted curve in the same figure. These values were obtained by adding the (Lorentz)
scalar and vector imaginary potential strengths for each of the isoscalar and isovector com-
ponents. Their value is slightly higher than the present estimate at 100 MeV. However,
these 2 curves become closer as energy increase, and finally they are consistent at 300 to
400 MeV region.
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Fig. 8 The isovector / isoscalar ratio for imaginary nucleon OMP derived as Eq. (11). The left

figure shows present result, while the right one includes the lower-energy estimate [8] and values
used by Kozack and Madland [13].

V. CONCLUDING REMARKS

A QMD (quantum molecular dynamics) framework was used to extract information
on the imaginary isovector term in the intermediate-energy nucleon OMP. The n Li was
selected as an amplifier of the isospin-dependence in the nucleon-nucleon interaction which
is the origin of the isovector potential. The difference in the reaction cross sections induced
by neutron and proton on n Li indicated that the imaginary isovector potential plays a
noticeable effect on the observables for such exotic nuclei at intermediate energy. The
present result were found to be consistent with a lower energy estimate and with the values
used by Kozack and Madland for the analysis of N + 208Pb observables.

It must be noted that there is a slight inconsistency in the generation of ground states
for stable nuclei and nLi. For the stable nuclei, the ground states were generated by the
Metropolis method with the temperature of 2.5 MeV by using the parameters for the effective
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nucleon-nucleon interatcion as given in the text. On the contrary, the temperature was set
to be 0 MeV and another parameter set was used for nLi. Although this inconsistency
does not alter significantly the conclusion of this work, a consistent description is definitely
preferred. This will be one of the future subjects on this work.
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1 Introduction

Nucleon-induced preequilibrium reactions have been studied extensively to enhance the un-
derstanding of non-equilibrium phenomena in excited nuclei. In the preequilibrium reactions
at energies of more than tens of MeV, multistep direct (MSD) processes into continuum be-
come dominant and the energy spectra with smoothly forward-peaked angular distributions
are observed at the intermediate outgoing energy region. Various MSD models have been
proposed and applied to analyses of experimental data[l], i.e., phenomenological models
including several versions of the exciton model and statistical quantum-mechanical (SQM)
models such as the Feshbach-Kerman-Koonin (FKK) model[2], the Tamura-Udagawa-Lenske
(TUL) model[3] and the Nishioka-Weidenmuller-Yoshida (NWY) model[4]. More recently,
microscopic simulation methods based on the Quantum Molecular Dynamics (QMD)[5] and
the Antisymmetrized Molecular Dynamics (AMD)[6] have been applied as a new approach
to study the nucleon-induced preequilibrium reactions

As an alternative SQM model, we have proposed the semi-classical distorted wave (SCDW)
model[7, 8, 9]. The SCDW model is based on DWBA series expansion of the T-matrix and
its energy average in a given energy bin of the exit channel as the other SQM models. It
is greatly simplified by the local density Fermi-gas model to describe nuclear states, a local
semi-classical approximation to the distorted waves, and the Eikonal approximation to in-
termediate state Green functions. Under these assumptions and approximations, the double
differential emission cross sections of each MSD step can be expressed in a simple closed
form in terms of the distorted waves, the nucleon-nucleon scattering cross sections, and the
nucleon density distribution, as will be described in the next section. If these quantities
are given either empirically or theoretically, no free adjustable parameter is involved in the
SCDW model. Furthermore, the expressions for the cross sections allow us a simple intuitive
interpretation which gives a justification for a basic assumption of the intra-nuclear cascade
(INC) model[10] that the reaction proceeds via sequential nucleon-nucleon collisions in a
nucleus and each reaction path has no interference.

In our previous report^l]1 , we presented some results of the SCDW model calculations
for 1- and 2-steps of (p,p'x) and (p, nx) reactions at energies up to 200 MeV, and pointed

'There were numerical errors in the calculated 2-step cross section by an order of magnitude in Figs. 1
through 3.
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out that the calculations involving higher-step processes (at least 3-step) were necessary for
comparisons with the other model calculations. In this paper, we report on the present
status of the SCDW model, showing some new results of the SCDW calculations for the
leading three MSD steps of (p,p'x) reactions.

2 Outline of the SCDW model

The detail of the SCDW formulation has been described elsewhere[7, 8, 9]. Only the final
SCDW formulae are given below. The 1-step cross section is expressed by

)

where A is the target mass number, kc and A:c(r) (c=i and / ) are the wave number at infinity
and the local wave number in the initial (i) and final(/) channels, xtix]) 1S the distorted
wave in the initial (final) channel, p(r) is the nucleon density, and

4rofc,(r)

dEf(r)dSlf(r)
(2)

is the local average differential cross section of N-N scattering where K — (k,(r) — k)/2
(K' = (k_f(r) — k')/2) is the relative momentum in the two-nucleon cm. system where
k(k') is the momentum of the struck target nucleon in the initial (final) state. The local
average cross section, however, is put to zero if the Pauli principle, A:/(r0) and k' > kf(r0),
is violated. The local kinetic energy, Ef(r) = h2kf(r0)

2//i, and direction, O/(r) = k/(r0), of
emission correspond to Ej and f2/ at infinity, respectively. In Eq. (2),

is the yV-./V scattering cross section with the momentum transfer q = K' — K — k^(r0) —ki(r0),
where m is the nucleon mass and u(x) is the two-body potential acting between two nucleons.

In the calculation of 2- and 3-step cross sections, the Eikonal approximation to the
intermediate Green function is made as an additional approximation[8]:

<
1

Em~K-U IT) |r2

where r^r^) is the first (second) collision point, and km = [(2/i/^.2)2(£m~f/m)]1/2 = «
is the complex local wave number in the intermediate state.

As given in Ref.[8], the final form of the 2-step SCDW cross section is expressed by
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where Em — h2k^n/2/j, and Hm is the direction of | r2 — rj |. The local average cross sections
are given by Eq. (2) with approximate substitutions of coordinates and momenta.

The extension to the 3-step is straightforward and the cross section is deduced to the
following expression:

=
 VJTT) JdE^JdE^Jd^Jd^j

d2a

/»(ri) (6)

In the (p,p'x) reaction, there are two types of the 2-step processes, (p,p")(p",p') and
(p, n)(n,p'), in accordance with the kind of intermediate fast particle, either proton or neu-
tron. Similarly, the 3-step process consists of four different paths; (p,p")(p'^p/")(p"^P')^
(p,p")(p",n)(n,p'), (p,n)(n,p")(p",p') and (p,n)(n,n')(n',p'). Hence the final expressions of
the 2- and 3-step cross sections are given by the incoherent sum of each contribution.

The primary physical quantities necessary for the SCDW calculation are (a) the dis-
torting potentials, (b) the two-nucleon scattering cross sections and (c) the nuclear density
distribution, as shown in Eqs. (1), (5) and (6). Basically, the same input data as in [9] are
used for those quantities. The global optical potentials of Walter and Guss[12] are adopted
as (a) for energies less than 80 MeV and those of Schwandt et al.[13] for energies above 80
MeV. For neutrons of the intermediate fast particles, however, the real part of the optical
potential parameters of Ref.[13] is modified according to Madland's method[14]. The non-
locality of the distorting potentials is considered by means of the well-known Perey factor
[15]. Note that the Perey factor is unity for bound state wave functions in the Fermi gas
model because of normalization. The nonlocality range /3 in the Perey factor is taken to be
0.85 fm[15]. For (b), two options are took into account: two-nucleon scattering in free space
or in nuclear medium. The free N-N cross sections are given by the same empirical formula
of the differential yV-jV cross section as in Ref.[9], i.e., the parameterized cross sections taken
from Ref.[16] and angular distributions given in Ref.[17]. In-medium N-N cross sections cal-
culated in nonrelativistic Brueckner approach using the Paris potential by Kohno et al.[24]
are used to take into account two-nucleon scattering in nuclear medium with the framework
of the SCDW model. For (c), the nuclear density distribution of the Woods-Saxson shape
with Negele's geometrical parameters[18] is employed.

3 Results and discussion

3.1 Comparison of calculated angular distributions with exper-
imental data

Using a Monte Carlo integration method with quasi-random numbers[19, 20], we have im-
plemented SCDW calculations for 58Ni(p,p'x) reactions at incident energies of 65, 120, and
200 MeV, and 90Zr(p,p'x) at 160 MeV.

Figures 1 and 2 show comparisons of the SCDW angular distributions of 58Ni(p,p'x)
reactions for 120 and 200 MeV calculated using the free N-N cross sections with the experi-
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mental ones[21]. In these figures, each MSD step is decomposed to see how the contribution
varies with proton emission energy; the dotted line, the dash-dotted, and the dashed lines
represent each component of 1-step, 2-step and 3-step processes. Their sum is represented
by the solid lines. The SCDW calculation with no free parameters is in overall agreement
with the experimental data except at very small and large angles, although underprediction
is seen over the whole angular region at the lowest emission energy for both incident energies.
For the highest emission energy, the SCDW calculation has a peak around 20° and overes-
timates the experimental data by a factor of about two. Similar peaks are also seen in the
angular distributions at other emission energies, and they become broader with decreasing
proton emission energy. Similar results were obtained for the other reactions.

Comparing the stepwise components in Figs. 1 and 2, we can see that proton emission via
the 1-step process is dominant in the intermediate angular region and contributions from the
2- and 3-step processes become appreciable with increase in emission energy and angle. It
is found, however, that the MSD components cannot compensate enough the discrepancies
between the 1-step cross sections and the experimental data at backward angles. That is
possibly because higher momentum components of target nucleons above the Fermi momen-
tum cannot be taken into account properly by the degenerate Fermi-gas model assumed in
the SCDW model. The 1-step angular distributions fall off steeply toward 0° at all outgoing
energies as shown in our previous calculation[9]. On the other hand, the 2-step and 3-step
cross sections have smoothly forward-peaked angular distributions and their values are not
zero at 0°.

3.2 Comparison with other model calculations

We compare the SCDW calculations with the results of the other models (AMD[6], QMD[5],
and FKK[5, 22, 23]) to see similarities and differences among them in Figs. 3 and 4.

First, a comparison with the AMD[6] is given for 58Ni(p,p'x) at 120 MeV in Fig. 3.
Agreement is generally good, although the SCDW 1-step and 2-step cross sections are smaller
than the AMD ones. It is interesting to note that the AMD 1-step cross sections also show
peaks near the angle corresponding to the quasi-elastic scattering(QES), though slightly
shifted forward. Such the peaks do not appear in the calculations based on the other models
(QMD and FKK) as will be shown later.

Second, we compare the SCDW angular distributions with the QMD ones[5] for 58Ni(p, p'x)
at 120 MeV in Fig. 3 and 90Zr(p,p'x) at 160 MeV in Fig.4. From comparisons between two
model predictions, we notice that the shape of 1-step angular distributions is different, es-
pecially at very small angles and backward angles. The QMD calculations show the forward
peaked 1-step angular distributions without the steep fall-off near 0°. According to Ref.[5],
the behavior of the 1-step cross sections near 0° is strongly influenced by the refraction effect
due to the mean field potential. The SCDW model also takes into account the refraction ef-
fect by the distorting potentials of the entrance and exit channels. It is, however, is expected
to be weak because the depth of the real potentials including the Coulomb potentials becomes
shallow with increasing proton energy. The difference seen at backward angles is due mainly
to the momentum distribution of target nucleons as discussed in Ref.[5]. The QMD calcula-
tion includes the target nucleons with higher momenta than the Fermi momentum, whereas
the SCDW* model assumes the degenerate Fermi-gas model with the zero-temperature. As
for the 2 and 3-step cross sections, both calculations are almost similar, though the SCDW
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yields rather smaller the cross sections at the highest emission energy than the QMD.
Third, a comparison of the SCDW with the FKK[5] is made in Fig.4. It should be noted

that the FKK calculation includes an adjustable parameter Vo to fit the magnitude of exper-
imental data. Both the models are based on the DWBA approach. However, a considerable
difference is shown between both predictions of 1-step cross sections, although the multistep
components do not differ much. The FKK gives steeper 1-step angular distributions than
the SCDW. As a result, the relative contributions from the 2- and 3-step processes for the
FKK are large at backward angles compared with the SCDW. In addition, one can compare
with the FKK analysis of 58Ni(p,p'z) by Richter et al.[22]. They showed that the QES com-
ponent based on the DWIA calculation was necessary to reproduce the experimental angular
distributions especially at high emission energies. According to Ref.[22], the cross sections
in the angular region of 40° to 70° for the emission energy of 100 MeV in Fig. 1 cannot be
reproduced well by the FKK calculation alone, but the discrepancy can be resolved by the
addition of the QES contribution. Our SCDW model prediction is in excellent agreement
with the experimental data at the corresponding angular region.

From the comparisons among those three model predictions, we conclude that the shape
of the 1-step angular distributions depends strongly upon the models, but the multistep
components are not different much in shape among those models. A general trend shows
that the relative contribution to each step is almost similar .

3.3 In-medium effect on SCDW calculation

We have recently calculated in-medium N-N cross sections from G-matrix of the nonrela-
tivistic Brueckner approach[24]. The result is shown in Fig.5. The solid curves are obtained
from the parametrization of the in-medium N-N cross sections as a function of the inci-
dent energy and the nuclear density. As the incident energy increases, the in-medium N-N
cross sections become close to the free N-N cross sections presented by the closed circles.
This trend is different from that of in-medium cross sections calculated in the relativistic
framework by Li and Machleight[25] which are reduced from free ones even at intermediate
energies. We understand that the difference does not appear as one of pure relativistic ef-
fects, but is rather due to the flux renormalization represented by an effective mass m*. The
appearance of m* is related to the nonlocality of the single particle potential. In SCDW, the
nonlocality is taken into account by the Perey factor as mentioned in the section 2. Thus,
one should use the in-medium cross sections without the flux renormalization, namely the ef-
fective mass m* being replaced by the bare mass m, to avoid double-counting the nonlocality
effects in the SCDW calculations.

The SCDW calculation in which the free cross sections are replaced by the in-medium
ones is shown in Fig.7. From the comparison with Fig.l, there is found to be no appreciable
difference between both calculations. Similar comparison was also made for the reaction
58Ni(p, p'x) at a low incident energy of 65 MeV, where the in-medium cross sections are
largely reduced from the free ones at normal density p0. However, the in-medium effect on
the SCDW calculation does not appear obviously, because the predominant 1-step process
occurs mainly in the peripheral region of a nucleus where the density is enough low and the
in-medium cross sections are close to the free ones.
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4 Summary

The SCDW model to describe the preequilibrium MSD reaction was extended so as to in-
clude the 3-step process. The MSD calculations of 58Ni(p,p'x) at energies of 65, 120 and 200
MeV and 90Zr(p,p'x) at 160 MeV were carried out using the extended SCDW model and
compared with the experimental data. The calculations with no free parameter showed over-
all good agreement with the experiment, although underprediction is seen at very small and
backward angles. We found that the 2- and 3-step contributions were not so large enough
to compensate the difference between the 1-step cross sections and the experimental ones at
backward angles. The discrepancies seen at very small and large angles is possibly respon-
sible for the local Fermi-gas model which does not work well in the nuclear surface region.
The comparisons of the SCDW calculations with the AMD, QMD and FKK calculations
led to an interesting result that the differences in the shape of 1-step angular distributions
are remarkable among the models, but the multistep components are rather similar in the
shape of angular distributions and the step-wise contribution is not so much different. The
in-medium N-N cross sections were calculated in the nonrelativistic Brueckner framework
with the Paris potential, and were parametrized as a function of the incident energy and the
nuclear density. The SCDW calculation with the in-medium N-N cross sections was not so
different from that with the free ones.
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to If 1 Pa-s(N-s/m')=10P(*TX)(g/(cm-s))

lm 2 /s=10'St(x h -

tl

MPa( = 10bar)

1

0.0980665

0.101325

1.33322 x 10"'

6.89476 x 10"3

kgf/cm 2

10.1972

1

1.03323

1.35951 x 10"'

7.03070 x 10"2

a t m

9.86923

0.967841

1

1.31579 x 10"1

6.80460 x 10"2

mmHg(Torr)

7.50062 x 103

735.559

760

1

51.7149

lbf/in !(ps0

145.038

14.2233

14.6959

1.93368 x 10"2

1

X

IV

1

ft

k

J( = 10'erg)

1

9.80665

3.6x10'

4.18605

1055.06

1.35582

1.60218 x 10""

kgf*m

0.101972

1

3.67098 x 10 s

0.426858

107.586

0.138255

1.63377 x 1O-20

k W - h

2.77778 x 10"'

2.72407 x 10"'

1

1.16279 x 10-'

2.93072x10'

3.76616x10-'

4.45050 x 10-2'

cal(itfttt)
0.238889

2.34270

8.59999 x 10s

1

252.042

0.323890

3.82743 xlO'2 0

Btu

9.47813 x 10-'

9.29487 x 10"3

3412.13

3.96759 x 10"3

1

1.28506 xlO-3

1.51857xl0"22

ft • lbf

0.737562

7.23301

2.65522 x 10'

3.08747

778.172

1

1.18171 x l O ' "

eV

6.24150x10"

6.12082 x 10"

2.24694x10"

2.61272x10"

6.58515x10"

8.46233x10"

1

Bq

3.7 x 10"

Ci

2.70270 x 10"

1

Gy

1

0.01

rad

100

1

C/kg

2.58 x 10-'

R

3876

1

1 cal = 4.18605 J(Itf tf t)

= 4.184J m<t¥)

= 4.1855 J (15 "O

= 4.1868 J(

1 PS

= 75 kgf-m/s

= 735.499 W

Sv

1

0.01

100

1

(86*p 12/1 26



B


