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Preequilibrium n emission in the exciton model
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A new model approach to preequilibrium cr emission is presented which does not contain a
preformation parameter or hypothesis. It takes explicit account of a pickup type of emission process.
The correlation requirement proposed for the nucleons forming the emitted cluster is solely based

on the cluster binding energy, and it 6ts readily into the framework of the exciton model. Numerical

calculations are shown to be in good agreement with experimental data.

PACS number(s): 24.10.—i, 21.60.Gx

I. INTRODUCTION

The preequilibrium emission of o. particles has proven
much more diKcult to describe in terms of semiclassical
models than nucleon emission. A number of approaches
[1—13] has been tried and found to require an additional
assumption andior an adjustable parameter regarding
the probability at which the cluster to be emitted is pre-
formed (prior to emission) inside the unequilibrated com-
posite system. Such "preformation parameters, " as they
are often called, are difFerently defined in the various ap-
proaches. Typically, the numerical values extracted by
best fits to experixnental data depend on the composite
system involved, as well as the reaction entrance channel
and the excitation energy. Furthermore, preformation
parameters obtained in difFerent treatments, and for dif-
ferent entrance channels, vary by orders of xnagnitude
and are at variance both with a spectroscopic factors
and a-decay data, raising the question if a part of the
underlying physics is not absorbed into these parameters
instead of being treated explicitly by the reaction model.
The approach to be presented attexnpts an explicit treat-
xnent without recourse to a &ee parameter. It has already
been shown [22] that angular momentum conservation is
a key ingredient for model calculations aiming at a de-
scription of preequilibrium a emission without fit param-
eters. Section II reports progress along these lines and
brieBy describes the reaction model used throughout this
paper. Section III addresses the case of nucleon-induced
a emission, where angular momentum conservation is
unimportant. It is shown that the a particle exnitted
may be "allowed" to contain nucleons from below the
Fermi surface xnerely by using appropriate residual level
densities. Doing so is shown to give good agreement with
experimental data without any need for a preformation
parameter. Section IV gives a summary and a brief dis-
cussion of possible improvements.

II. THE REACTION MODEL AND
ANGULAR MOMENTUM CONSERVATION

The reaction model used in the calculations to be pre-
sented in this paper is the exciton xnodel in the form

given by Gadioli [15]. It groups emission chances ac-
cording to generations of n-exciton configurations, and
it assuxnes configuration mixing within each generation
[14]. This forms a convenient basis for the model refine-

xnents discussed in this paper, and it is worth recalling
what configuration mixing implies:

The intermediate n-exciton states through which the
composite system proceeds toward equilibrium may be
modeled in difFerent ways. On the one hand, they may
be envisioned to be "pure configurations" [14], i.e., states
in which each exciton resides at a well-defined single par-
ticle energy level, ep, so that the n-exciton state wave
function may be written as a product of single particle
wave functions with eigenvalues, ey, each. On the other
hand, the n-exciton states may be envisioned to be linear
combinations of such configurations, and the amplitudes
describing the contributions of each component configu-
ration may —in the absence of theoretical or experimen-
tal guidance —be assumed to be randomly distributed.
The latter concept —called configuration mixing —is
employed in the exciton model [15]. It makes it possible
to formulate preequilibrium emission in close analogy to
evaporation theory [16], i.e., in terms of competing de-

cay rates of n-exciton composite system states and with
only global regard for restrictions pertaining to individ-
ual component configurations: As each n-exciton state is
assumed to contain as components essentially all possi-
ble configurations, it may decay (via emission or intranu-
clear collisions) into any and all daughter states allowed

by general selection rules such as energy conservation,
according to the principle of detailed balance. Conse-
quently, assumptions about the dynamics of the emission
process and the prevailing selection rules are easily ixn-

plexnented into the model, as it is only their inBuence on
residual state densities that needs to be considered. Just
as in evaporation theory, the coalescence of nucleons to
form the cluster —their moxnentuxn correlation, angu-
lar momentum coupling, etc. —enters only as far as it
places constraints on the residual level density accessible.
This is to be contrasted to preformation or coalescence
models, in which the key ingredient is the probability to
form a cluster prior to exnission.

At present, there is no suKcient evidence to decide
whether pure or mixed configurations are the better ap-

0556-2813/94/50(3)/1611(6)/$06. 00 50 1611 1994 The American Physical Society



1612 J. BISPLINGHOFF 50

proximation or the more appropriate concept to use.
Con6guration mixing will be assumed henceforth as a
convenient rather than a proven basis. In this framework,
imposing angular momentum conservation is straightfor-
ward, namely by (i) rewriting the basic model expression
for the preequilibrium emission cross section in a form
that pertains to an emission leading from a giving com-
posite system spin to a given residual spin, (ii) replacing
the composite system formation cross section by a partial
cross section describing the formation of the composite
system with a given spin, (iii) replacing the inverse cross
sections by sums over all transmission coefficients that
can mediate a transition Rom a given composite system
spin to a given residual spin, (iv) replacing the residual
level density by its spin dependent form [17] and eval-
uating it for the applicable residual spin, (v) summing
over all reachable residual spins, and (vi) summing over
all populated composite system spins.

The procedure is much like going &om a spin inde-
pendent form of an evaporation calculation [16] to a spin
dependent form [18],and the basic equations involved are
given in Ref. [22]. For computational ease, the model [15]
is used in its most basic form, i.e. , (i) employing Ericson
type [19] particle hole level densities, (ii) neglecting hole
interactions, (iii) using A/8 = a = gx /6 as level den-
sity parameter, (iv) accounting for neutron-proton dis-
tinction only by using appropriate factorials in the level
densities, rather than applying a proper two component
Fermi gas model, (v) using intranuclear collision rates as
derived from quasi-free nucleon-nucleon scattering [20]
and without involving a mean f'ree path multiplier, and
(vi) using emission rates based on standard optical model
inverse cross sections and transmission coefficients [21].
Throughout the calculations reported in this paper, the
initial exciton number, no, was chosen to be

TABLE I. Summary of the terminology followed in equa-
tions.

Notation

S

Ap

A

Ap

Definition
Single particle excitation energy above
the Fermi energy.
Hole energy measured from the Fermi energy.
Total binding energy of n particle (28.3 MeV).
Separation energy for a nucleon (taken to be
the same for all four nucleons composing
the emitted n particle).
a particle separation energy.
Channel energy of emitted o. particle.
Total composite system excitation.
Number of particles excited in the composite system
Number of holes excited in the composite system.
Total exciton number (=p+h).
Initial exciton number.
Particle hole level density.
Single particle level density.
Composite system mass number.
Projectile mass number.

ing the difference between neglecting and observing an-
gular momentum conservation. No equilibrium contribu-
tion was added to the preequilibrium model predictions,
no o.-preformation parameter whatsoever was used, and
the calculations simultaneously reproduce proton pree-
quilibrium spectra to the quality commonly expected
from the exciton model. Taking explicit account of an
important part of the reaction physics —angular mo-
mentum conservation —greatly improves the agreement
between predicted and experimentally observed preequi-
librium o. emission cross sections and eliminates the need
for a preformation type of &ee parameter. The under-

no ——Ap+ 2.

This choice is based on the idea of the projectile being de-
composed into its constituent nucleons upon absorption
into the target nucleus via a nucleon-nucleon collision,
and thus creating one particle-hole pair before preequi-
librium emission begins. The terminology followed in
equations is summarized in Table I.

In Ref. [22], it was shown that angular momentum
conservation changes the predicted preequilibrium o.

emission cross sections drastically in reactions involv-

ing massive projectiles and thus transferring consider-
able amounts of angular momentum to the composite
system, such as (n, n'), ( C, n), or ( N, n) The mech. -

anism causing this change is that the composite system
is "trying to get rid" of high angular momenta by fa-
voring preequilibrium o. emission over nucleon emission.
The calculations presented in Ref. [22] tended to over-
estimate this efI'ect, however, as simplifying assumptions
about angular momentum coupling and about intranu-
clear (equilibrating) collisions were used. Moreover, only
o. to proton emission cross section ratios were calculated.
More recent calculations have been done without such
simplifications and have produced absolute cross section
predictions. Figure 1 shows a typical result, demonstrat-
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FIG. 1. Measured [23] (dots with some error bars) and
calculated exciton model n-emission cross sections with (full
curve) and without (dash-dotted curve) angular momentum
conservation. Data and calculated cross sections are given in

the center-of-mass system.
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lying mechanism is, however, only effective in reactions
involving considerable amounts of angular moxnentum.
The domain of reactions proceeding within the range of
low angular moxnenta is addressed in the following sec-
tion. Another part of the reaction physics hitherto ne-
glected in exciton model calculations will be explicitly
taken into account, namely participation of nucleons from
below the Fermi surface.

III. PICKUP TYPE PREEQUILIBRIUM
a EMISSION
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FIG. 2. Preequilibrium n emission with only excitons par-
ticipating. For de6nition of symbols see Table I and Eq. (2).

In nucleon-induced preequilibriuxn emission of n parti-
cles, angular momentum conservation may safely be ne-
glected, as is readily demonstrated in calculations along
the lines described in the previous section. The compos-
ite system spins populated in these reactions are not high
enough to give any preference of n over nucleon emission.
Yet the experimentally observed nucleon-induced pre-
equilibrium emission of n particles is appreciable, and it
is strongly underestimated by a standard exciton model
calculation. This is because most models assuxne that
the n particle emitted is entirely composed of excitons.
This means that a state of p excited particles and h holes
will produce residual states characterized by (p —4,h) par-
ticles and holes after n emission. Then, in a nucleon
induced reaction, the composite system must pass &om
a 2plh initial state to a 4psh state before n emission is
possible, i.e., it must undergo two thermalizing collisions,
which tend to tie up excitation energy in hole degrees of
&eedom. As a result, the hard part of the n spectrum is
strongly underestimated.

The assumption that preequilibrium n particles xnust

be composed solely of excitons is, however, quite arbi-
trary, as plenty of nucleons residing at levels below the
Fermi surface are available as "teammates" for excitons
to form an n particle in a pickup type of emission pro-
cess [24—26]. Consequently, a emission from, e.g. , (Sp,4h)
configurations can proceed not only as depicted in Fig. 2
but also as depicted in Fig. 3, involving one (or more)

FIG. 3. Pickup type preequilibrium emission.

sub-Fermi nucleons. The possibility of such a pickup type
of cluster emission process may readily be taken into ac-
count in the &amework of the exciton model, and it opens
new ways of preequilibrium a emission: First, (p&4,h)
mother states can decay into (p—3,h+1), (p—2,h+2), etc.
daughter states in addition to the "traditional" (p—4,h)
daughter states via o( emission. Second, (p( 4,h) states
become capable of n emission, which they were not under
the "traditional" assuxnption of an excitons-only coxnpo-
sition of the emitted cluster.

The quantitative effects of these possibilities on pre-
dicted n emission cross sections in the exciton models
are rather drastic, as the inherent [14] model assump-
tion of configuration mixing mandates that any and all
daughter states be accessible &om any and all mother
states, unless energy conservation or the assumed emis-
sion mechanism constrains the exit channel phase space.
Such constraints arise from (i) the requirement that the
cluster constituent excitons carry enough single particle
excitation, as they must provide hole energy for the holes
created in a pickup type emission on top of the exit chan-
nel energy, and (ii) a requirement of correlation (if any)
imposed on all constituent nucleons of the emitted clus-
ter, whether they are excitons or not.

Both types of constraint limit the residual level den-
sity by limiting the depth of the hole(s) created in the
pickup process. It is important to note that within the
model (i.e., under the configuration mixing assumption)
it is only these constraints that enter. No cluster prefor-
mation probability —be it a parameter or calculated
&om state density ratios or from momentum correla-
tion or whatever —is required. The transition consid-
ered to be the emission process is not (n-exciton)~(n-
exciton+cr) ~residue +cr but (n-exciton) -+residue+cr.

The correlation requirement proposed here is very sim-
ple: It pertains only to the single particle excitation
of the nucleons involved, and it requires them to be
"within the n particle binding energy (28.3 MeV) of
one another" in the following sense: The four nucle-
ons forxning the n particle share the excitation energy

+ S = e + 4S~ —B and thus have a mean single
particle excitation
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The correlation requirement proposed may then be stated
as

sI 100 =- ~+

) ]e; —e ]&B lo =

with the sum extended over all four nucleons. It means
that nucleons are eligible as cluster constituents only if
they have a single particle excitation reasonably close
to the mean single particle excitation, e, required for
emission; so close that their excitation (on average, taken
over the four constituents) differs &om e by no more
than B /4.

Consider the case that one sub-Fermi nucleon is picked

up to become a constituent of the o, cluster emitted: The
picked-up nucleon must be elevated to e in the emission
process (cf. Fig. 3), and Eq. (3) implies that the energy

by which it is elevated be smaller than B, i.e. ,
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FIG. 5. Proton spectrum resulting from the same calcula-
tion. Data from Ref. [27].

with the integral extending from eh ——0 to the limit
imposed by Eq. (4) or (5), whichever is more stringent.
Equation (4) may be rewritten as

&h+& + B (4)
0&e I&B —(e +S )/4

The effect of the correlation requirement is to limit the
residual state density by limiting the depth of the hole
created in the pickup process. The three participating
excitons must share a combined excitation of

and yields an upper spectral limit for 1N pickup emission
contributions amounting to
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E =e +S +eh &E (5)
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for energy conservation, which constitutes another limit
to the hole depth. The residual level density accessible
by pickup a emission is then easily calculated to be
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FIG. 4. Exciton model calculations with (full curve) and
without (dash-dotted curve) pick up n emission as compared
to experimental data from Ref. [27] at an incident energy of
62 MeV. No evaporation component was added.

FIG. 6. Calculated preequilibrium (plus evaporative)
cx-particle spectra compared to experimental data in the mass
55 region. The data points depicted by the triangles were

taken from Ref. [28], the open circles from Ref. [27], the
crosses from Ref. [8], the dots from Ref. [29], and the squares
from Ref. [11].The equilibrium components are indicated by
dashed lines.
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90 region.

(7) IV. SUMMARY AND CONCLUSIONS

This offers the possibility of an experimental test.
The treatment is readily extended to the pickup of two

or three nucleons, but the resulting restrictions analogous
to Eqs. (4), (5), and (7) tend to limit contributions to the
softer part of the o. spectrum, where they are entangled
with the evaporation component. They were ignored in
the calculations presented.

Figure 4 shows the result of an exciton model calcula-
tion with one nucleon pickup o. emission along the lines
described above. The contribution from 3p2h states-
the first in line &om the 2plh entrance channel to allow
pickup type emission —is shown separately (thin dotted
curve). Including the contribution of 4p3h states yields
the thin dashed curve, and including 5p4h contributions
(full curve) comes already close to the limit of signifi-
cance, where the hard part of the spectrum is concerned.
The pickup mechanism is obviously very important, and
the data are reproduced quite well in terms of absolute
cross sections —again without introducing a &ee pa-
rameter. The proton spectrum resulting from the same
calculation fits the data with customary exciton model
precision (Fig. 5).

A crucial test for all statistical model treatments is
whether the results scale correctly as the excitation en-

ergy is varied. This question is addressed in Figs. 6 and
7, which show o. spectra observed in reactions spanning
some 70 MeV in composite system excitation. It seems
that the pickup mechanism passes the energy scaling test
rather nicely. Both the shape and the absolute magni-
tude of the experimentally observed cross sections are
reproduced reasonably well without involving preforma-
tion parameters.

The data used for comparison in Figs. 4—7 were taken
&om the literature as indicated. Some are published as
angle integrated in the center-of-mass system, some in
the laboratory system. Where data were available in
the center-of-mass system (Refs. [8,11,23]), the calculated
spectra are presented likewise in the figures. Where not,
the calculated results were plotted on a channel energy
scale, which conforms more nearly —although certainly
less than exactly —to the laboratory system. The re-
sulting inaccuracies are insignificant with respect to the
conclusions drawn.

The exciton model of preequilibrium emission was ex-
tended to take explicit account of angular momentum
conservation and to allow for a pickup type of cluster
emission. It was used in its most basic form, so as to
keep the consequences of the model assumptions as trans-
parent as possible, and no fit parameter such as cluster
preformation probability was introduced or used. Calcu-
lations of a preequilibrium emission spectra were carried
out for a number of nuclear systems and spanning almost
an order of magnitude in composite system excitation en-

ergy.
Both angular momentum conservation and a pickup

of nucleons &om below the Fermi surface seem to play
an important, if not a commanding role in preequilib-
rium o, emission. Taking them into account gives about
the right spectral shape and the right order of magni-
tude of emission cross sections without recourse to any
adjustable parameter. In particular, no cluster prefor-
mation parameter or assumption is needed.

Numerous refinements of the approach described in
this paper are conceivable, such as the use of more so-
phisticated level densities, explicit account of hole inter-
action, etc. Furthermore, the generalization to ejectiles
other than o. particles is straightforward. Whether such
improvements and extensions will result in a satisfactory
overall description of preequilibrium cluster emission re-
mains to be seen. Given the simplicity of the concept,
however, and given —most importantly —the absence
of any adjustable parameter, the agreement between data
and model predictions seems quite encouraging.

ACKNOWLEDGMENTS

The author is greatly indebted to Professor M. Blann
for his stimulating interest in this work and his pointed
criticism. T. Komoto s help in calculating equilibrium
components of emission spectra is gratefully acknowl-
edged. This work was performed under the auspices of
the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract No. W-7405-Eng-
48.



1616 J. BISPLINGHOFF 50

[1] L. Milazzo-Colli and G.M. Braga-Marcazzan, Phys. Lett.
38B, 155 (1772).

[2) C.K. Cline, Nucl. Phys. A193, 417 (1972).
[3] L. Milazzo-Colli and G.M. Braga-Marcazzan, Rev. Nuovo

Cimento 3, 535 (1973).
[4] L. Milazzo-Colli and G.M. Braga-Marcazzan, Nucl. Phys.

A210, 297 (1973).
[5] I. Ribansky and P. Oblozinsky, Phys. Lett. 45B, 318

(1973).
[6] L. Milazzo-Colli, G.M. Braga-Marcazzan, and M. Mi-

lazzo, Nucl. Phys. A218, 274 (1974).
[7] F.E. Bertrand, R.W. Peelle, and C.K. Cline, Phys. Rev.

C 10, 1028 (1974).
[8] A. Chevarier, N. Chevarier, A. Demeyer, G. Hollinger,

P. Pertosa, and Tran Minh Duc, Phys. Rev. C 11, 886
(1975).

[9] W. Scobel, M. Blann, and A. Mignerey, Nucl. Phys.
A28T, 301 (1977).

[10] P. Oblozinsky and I. Ribansky, Phys. Lett 74B, 6 (1978).
[11] A. Ferrero, E. Gadioli, E. Gadioli-Erba, I. Iori, N. Molho,

and L. Zetta, Z. Phys. A293, 123 (1979).
[12] H. Machner, Phys. Lett. 86B, 129 (1979); H. Machner,

Phys. Rev. C 21, 2695 (1980).
[13] A.A. Cowley, C.C. Chang, H.D. Holmgren, J.D. Silk,

D.L. Hendrie, R.W. Kontz, P.G. Roos, and C. Samanta,
Phys. Rev. Lett. 45, 1930 (1980).

[14] J. Bisplinghoff, Phys. Rev. C 33, 1569 (1986).
[15] E. Gadioli and E. Gadioli-Erba, Nucl. Instrum. Methods

146, 265 (1977).
[16] V.F. Weisskopf and D.H. Ewing, Phys. Rev. 57, 472

(1940).
[17] F.C. Williams Jr. , Nucl. Phys. A166, 231 (1971).

[18] D.G. Sarantites and B.D. Pate, Nucl. Phys A93, 545
(1967).

[19] T. Ericson, Philos. Mag. Suppl. 9, 425 (1960).
[20] E. Gadioli, E. Gadioli-Erba, and P.G. Sona, Nucl. Phys.

A21T, 589 (1973).
[21] M. Blann, OVERLAID ALICE, ERDA Re-

port COO-3494-29, 1976; M. Blann and J. BisplinghoK,
ALICE/LIVERMORE 82, Lawrence Livermore National
Laboratory Report UCID-19614, 1982.

[22] J. Bisplinghoff and H. Keuser, Phys. Rev. C 35, 821
(1987).

[23] J. Bisplinghoff, J. Ernst, R. Lohr, T. Mayer-Kuckuk, and
P. Meyer, NucL Phys. A269, 147 (1976).

[24] A. Iwamoto and K. Harada, Phys. Rev. C 26, 1821
(1982); J. Dobes and E. Betak, Contribution to The
International Symposium on Reaction Models, Bala-
tonfored, Hungary, 1977 (unpublished).

[25] E. Fabrici, E. Gadioli, E. Gadioli-Erba, M. Galmarini, F.
Fabbri, and G. Reffo, Phys. Rev. C. 40, 2548 (1989).

[26] I. Cervesato, E. Fabrici, E. Gadioli, E. Gadioli-Erba, and
M. Galmarini, Phys. Rev. C 45, 2369 (1992).

[27] F.E. Bertrand, W.R. Burrus, N.W. Hill, T.A. Love, and
R.W. Peele, Nucl. Instrum. Methods 101, 475 (1972);
F.E. Bertrand and R.W. Peele, Phys. Rev. C S, 1045
(1973); F.E. Bertrand and R.W. Peele, Reports ORNL-
4469, ORNL-4638, ORNL-4450, ORNL-4455, ORNL-
4460, and ORNL 4471.

[28] J.R. Wu, C.C. Chang, and H.D. Holmgren, Phys. Rev.
C 19, 698 (1979).

[29] S.M. Grimes, R.C. Haight, K.R. Alvor, H.H. Barschall,
and R.R. Borchers, Phys. Rev. C 19, 212? (1979).


