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A version of the exciton model is being developed to allow the priori calculation
of double differential and angle integrated cross sections for light particle induced
reactions at incident energies of 14 to 200 MeV. It includes shell structure, pairing,
isospin conservation, and surface effects as well as multiple particle emission during
equilibration. A preliminary set of model input for {N,N) reactions developed for
systems in the A = 90 — 100 mass region at incident energies of 18 to 25 MeV is
now being refined by comparisons with data from other mass/energy domains. So
far other mass regions at 18 to 25 MeV and data for a range of masses at 90 MeV
have been studied, and the basic set of input appears to be remarkably stable.

1. Introduction

For nearly thirty years the exciton model has been developed through the inclusion
of additional physics, and it has shown itself to be remarkably successful at describing
experimental results with a small number of model parameters. Thus, because of its
simplicity, its physical transparency, its utility, and its adaptability, it continues to be
used in spite of the development of more microscopic, quantum mechanical models such
as the Feshbach-Kerman-Koonin (FKK) approach.

The long-range goal of the preequilibrium phenomenology program at T.U.N.L. is
to develop the exciton model code PRECO-E with an associated set of global input
to provide a fairly accurate tool for performing calculations of energy spectra and an-
gular distributions for unmeasured or unmeasureable light particle reactions. Incident
energies of 14 to 200 MeV on a full range of targets are being considered. This code
system should be useful in the design of facilities for radioactive ion beam studies as
well as accelerator driven transmutation projects for waste processing and/or tritium
production. In addition, its development requires that areas of interesting physics be
studied, described, and resolved. A number of physical phenomena are already included

'Presented at the International Symposium on Pre-Equilibrium Reactions, Smolenice Castle,
23 - 27 October, 1995
?E-mail address: CWALKER@TUNL.DUKE.EDU

0323-0465/95 © Institute of Physics, SAS, Bratislava, Slovakia - 685




686
C Kalbach

m the Eo«_mr and their importantance in different. mass/ energy domains can now |

anm::.Em;. Ultimately, for maximum utility, the code PRECO-E is Lemmm:m\m to 1 . g
o_:amm in larger Hauser-Feshbach model codes such as GNASH at Los WFB%. O:um o
work is focussed on (nucleon, nucleon) or (N, N) reactions, and this paper 5:. mmmﬁ...wma
recent progress in developing and testing both the model and its 5_:;.. e

2. Summary of the model in PRECO-E

and transparency of the original model proposed by Jim Griffin in 1966 [1]. Additional
.c:%m_nm has _vwms included as needed to describe particular classes of mmnw. As .onoﬂ
:::;. as possible, particularly for the description of the additional v_d\mmo.ﬁ is MMM
from :ﬂmwmz&m:ﬂ sources, while appeals to available data have guided qromn% bet o
alternative formulations and provided values for key model vmwmgmwmem\ , e
In order to minimize the effects of possible experimental errors, an .mm;o; has b
made to use _w&m data sets containing spectra from different ?.\:.mmmw incident me_, s
and lahoratories. Data from multiple reaction channels have been m,n:&ma\&.gczmm .
MHW; no. _ummnmn constrain the model. In the current emphasis on (V. ‘/ ) _,mwn.ﬁo:m %Mm.
m oﬂ“ﬂ%”ﬁﬂ MMMMH.H&% reproducing the relative yields of spectra from the inelastic and
H:m exciton model code PRECO-E uses the two-component version of the model in
Mi.:a_: proton and neutron degrees of freedom are treated separately. This is m::uoi.ma
H.Mm” MM MMmMHMm Mmmwsw_m:n of .mmmnmm such as mrmz structure. Since N::n: of the physics
Lolat nese effects F, contained in the particle-hole state densities, their development
Smﬂumm: :H.m goal wm a great deal of work over the years.
EE_M_KM%MMM %E.Sn__m;mo_m state mmsm;% wm. given by the two-component, equi-spacing
S:.m. .m i M, rmula (2], Oo:”mosoz.m to this formula for collective pairing, shell struc-
[Ure Dnite well depth effects (including surface peaking of the initia] target-projectile
Eﬁﬁ.mnﬁo:v and isospin as a quantum number have all been derived H.rmw am:d_m_.
noﬁmnfozm were applied to the transition state densities for the :um?:.E_ Eﬂmz,wnﬁo:m
causmg nuclear energy equilibration. Now, at last, the pieces of 2,\5 puzzle are com-
ng together so that coherent calculations including all of these effects mwm\voﬁn:&m A
anm:n paper [3] describes how the effects have been combined Ei\ m..m,sw :H:u wwmmt.mm-
m.mﬂwﬁu%o:ﬂ..omm for the shell m:.& pairing gaps and the isospin Symmetry energies. Angular
strbutions and the effective well depth for the first target-projectile interacti e
handled completely trmzoamuo_ommnm:%. e interaction
O::#.. features which are not yet considered are (i) the angular momentum quantum
WcE_uE, (important for calculating the relative yields of ground and mmciwan mnmnmmv (ii
.\M:Mmu EA.uEmzn:.Hw as a mﬁm.nm mmmmn:én {useful in a more rigorous treatment of m:m,:Fa
Istri 2;5.:&, (ii) collective excitations (important for the upper few MeV of inelastic
mtmﬁn@YA (iv) gamma channels, and {v) emission of more than two VL_.:\ les fr .nrm.
system (included in Hauser-Feshbach codes). P fom Bie
. ;Hﬁrm.:wo:m »Om [3] looked at data in the Zr-Mo mass region at incident energies of 18 to
0 MeV. It verified the treatment of shell structure effects in PRECO-E and came up

R A b s N et

Toward a global exciton model 687

with a preliminary set of model input. In particular, this work showed that the overall
normalizations of two key pairs of exciton model parameters have strongly coupled
values. These parameters are the densities of single particle states, g and Juo, for
protons and neutrons in the ESM and the normalization constants for the mean square
matrix elements for the residual interactions. The data were insensitive to the ratio
g0 /guo, which was assumed to be Z /N. Instead, the relative yields in the inelastic and
exchange channels were influenced by (M,,)?/ (Mrr)?, and a value of about 0.6 was
indicated. Here the subscripts 7 and v refer to protons and neutrons. The form used

for the matrix elements was [4]
(M7,)? = Kpy A7 (209 + E/n)™ (1)

where E is the excitation energy and n is the total number of particle and hole degrees
of freedom. With this form, the values of the coupled parameters were found to be
gro = Z{(15 MeV), g,0 = N/(15 MeV), Kz, = 3 x 105 MeV® and K,, = K, =
5 x 10° MeV®. In addition it was found that isospin appears to be conserved during
the preequilibrium phase of the reaction but at least partially mixed at equilibrium. In
all cases an initial configuration of 1p0h was assumed so that the first preequilibrium
particle emission occurs from the 2plh states populated in the first target-projectile
interaction. The same input worked well in the Rh-Ag mass region.

3. Recent developments

While the overall agreement with experiment in [3] was quite good, the possible
need to revise the mathematical form of the M? to give more later stage preequilibrium
emission was noted. A second question raised is the sensitivity to the assumed isospin
symmetry energies. Finally, the preliminary input set must be tested for other target
masses and incident energies. These questions are now being investigated.

3.1 Values of the isospin symmetry energies

Isospin symmetry energies are often derived from the Q-values of (p,n) reactions.
These, however, contain the effects of shell structure and the pairing interaction which
are included separately in the exciton model. Thus PRECO-E uses the volume and
surface (V4-S) symmetry energy terms from the semi-empirical mass formula so that

By (T, 1) = A:c MeV A™! - 133 MeV m-Sv (T2 - 12) (2)

Since the Q-value derived energies generally fall between the V result or first term in
eq. (2) and the full V48 result, the sensitivity to the choice between these options was
studied. Results for 18 MeV (p, p') spectra show that using only the volume term yields
too much cross section for the neutron rich targets and destroys the previous systematic
agreement with experiment. Thus eq. (2) has been retained.



688 C Kalbach

17 %
. nwmmn:‘oo
N preeq2
<

N
N

preeq1

do/de:ch (mb/MeV)

N Preeq2
~

0 20 40 60 80
£, (Mev)

.Mw _m.. 1. Ocﬂ:vws.mmssm between calenlation and experiment for proton induced reactions on

Ni at 90 MeV. The data arc from (7, 8] and are shown as points. The solid curves are the
PRECO-E results obtained with the modified matrix clements. On the loft. the dashed curves
show the importance of sccondary preequilibrinm emission while on the Hm\m._; they show the
results with the original n-dependent mean square matnx clements. )

3.2 Secondary preequilibrium particle emission

.H:. order to extend the calculations to incident energies of 200 MeV, preequilibrium
emission of more than one particle must be allowed. Fortunately, in the exciton model
ﬁdm.mm a straightforward process. All of the necessary equations and parameters are
Q&i.m& over directly from primary emission and all of the same physical effects are
considered. Often for the hybrid model [5] and the FKK model [6] the approximation is
:5.% to consider only secondary preequilibrium emission following directly on primary
emission. In the exciton model it is simple to also include secondary emission after one
or more ::mEWmE:m two-hady interactions. Currently, however, only nucleon channels
are considered for secondary preequilibrium emission, even though primary emission of
particles up through mass 4 is calculated. This is physically reasonable and greatly
~.m;.:nmm calculation time, Ap example of the importance of multiple preequilibrium
emission at 90 MeV jg shown in Fig. 1.

3.3 Functional dependence of the mean-square matrix elements

Using multiple preequilibrium emission, a series of {p,zn) and (p,7p) spectra at 90
MeV were mvestigated to see if they, like the data in [3], indicated a need for more

i
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later stage preequilibrium emission. The same parameters were used as in [3] except,
that at 90 MeV isospin is assumed to be fully mixed rather than conserved during
equilibration. Indeed, these calculations showed a deficit in the calculated cross sections
in the intermediate portion of the spectra. To allow more later stage preequilibrium
emission, the exciton number dependence in eq. (1) was eliminated by replacing n with
3, its value for the simplest emitting states. Because the interactions involved are both
residual and effective, the matrix elements cannot be determined a priori. The original
empirical dependence of M? involved only the quantities 4 and E [9], and removing
the n-dependence essentially returns the matrix element to that form. It also slightly
improves agreement with experiment for all of the cases studied in [3] as well as for the
90 MeV spectra. Thus the revised form was adopted. Fig. 1 shows an example of the
sensitivity of the data to this change.

3.4 Exploring other mass/energy domains

Having included multiple preequilibrium emission and revised the mean square
matrix elements, the next step is to explore other mass/energy domains beyond the
A = 90— 120 region at 18 to 25 MeV. This will test the applicability of the preliminary
parameter set and show if any of these regions are sensitive to model options still left
open. This is the area of continuing work. A large set of energy spectra for (N, V) re-
actions from the literature has been assembled. These are being converted to the center
of mass system where necessary and drawn onto working plots. Calculations have so far
been performed for four targets (eight spectra) at 90 MeV and for the full set of target
masses at incident energies of 18 to 29 MeV. A total of about 15 additional spectra at
18 to 20 MeV and 25 spectra at 25 to 29 MeV have been studied. The agreement with
experiment is comparable to that seen for the systems studied in [3].

Fig. 2 shows the level of agreement obtained for the four targets at 90 MeV when
isospin is mixed. Assuming isospin conservation during equilibration raises the preequi-
librium (p, n) cross section by differing amounts for the three lighter targets (the largest
being a factor of 1.5 for 8Ni) while leaving the (p, p') spectra almost unchanged. Thus
the systematic agreement seen in Fig. 2 is destroyed. The 90 MeV results are insensitive
to shell structure and pairing effects.

At 18 to 25 MeV, the lightest target considered was 27Al, for which an (n,n’)
spectrum was calculated. This showed good agreement except in the region of the
inelastic peak and the strong collective states.

The largest number of spectra was for the 4 = 50 — g5 region. Sample results for
data from [10]-[15] are shown in Fig. 3. Spectrain this region are relatively insensitive
to shell structure effects when the default degeneracies of the levels on either side of the
shell gap are used, though shell structure is clearly needed for the “Co(p, n) spectrum
at 25 MeV. If the default degeneracies are replaced by the corresponding shell model
values, however, shell effects become much larger and the systematic agreement with
experiment is destroyed. Isospin effects are relatively unimportant in this region except
for the (p,n) reactions leading to T, = 0 residual nuclei. There isospin conservation
increases the preequilibrium yield by roughly a factor of 1.5. The "y spectrum is
better fit when isospin is conserved while 5 Fe and "8Ni prefer mixed isospin. However,




690 C Kalbach

100

10 4 N

- JF ¢
W 100 E E
3 - 58, ]

s 10 3 S
/m\ 100 ] m
. m s oon u

E 10 n 4
Ul 3 E
. “ ]
~N E 209, E
b 3 Bi 3
el J. 9 o - I”

0 20 40 60 80
£, (Mev)

0 20 40 60 80 100
e, (Mev)

F Hm., 2. Ooa.ﬁms._.mou between calenlation and experiment for proton induced reactions at 90
MeV. The points show the data of 7, 8] for the indicated target nuclides while the curves give

the PRECO-E results. )

these are all weak channels. There is no real sensitivity to the choice between simple
and collectjve pairing corrections.

For 4 = 150 — 185, between shell closures, five (p,n) spectra, five (p,p’) spectra,
and two (n,n’) spectra have been calculated. All of the (p,n) and (p,p’ spectra are
well reproduced, while the (n,n') spectra tend to be underestimated by a factor of 1.5
to 2 and are discussed below.

In the lead region, only seven spectra were available, Four (p,n) spectra measured
on different isotopes of lead at 25 MeV were all underestimated by about 15 to 20% in
the preequilibrium region; a *™Bi(n, n’) spectrum at 18 MeV was underestimated by
20-25%; while 2%Bi(n, n') spectra at 20 and 26 MeV (taken at a different laboratory)
were :.D&mammaam.nma by about a factor of two Just as in the previous mass region.
Removing shell structure effects from the calculations makes agreement for the (p,n)
mvmnﬁ.m slightly worse while slightly improving agreement for the {n,n’) spectra. Given
the similarity of the 20 and 26 MeV (n,n’) results with those in the 4 = 150 — 185
mass region, removing shell effects is not indicated. All of the lead region results were
relatively insensitive to assumptions about Isospin mixing.

The problem with the (n,n’) spectra at 20 to 26 MeV was also noted in [3]. The
spectra at those energies were taken [13, 16] at Ohio University and show an increasing

ot
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Fig. 3. Comparison between calculation and experiment for nucleons of the indicated incident
energies incident on targets in the nickel mass region. The points show the data from [10]-[15]
while the curves give the results of the PRECO-E calculations.

discrepancy with calculation as the target mass increases. There is good agreement in
the nickel region, but problems are already quite evident for **Nb, The 18 MeV spectra
[15, 17] are from Tohoku University and probably show a similar but very much muted
effect; agreeing with calculation up through A = 93 and showing a small discrepancy
for 29Bi. This suggests the possibility of a background problem in the data, though a
problem in the calculations with increasing incident energy cannot be ruled out.

4. Conclusions and future directions

The work of [3] described exciton model calculations which include shell structure,
pairing, isospin conservation, and finite well depth effects. A preliminary set of model
input, for (IV, N) reactions was derived for the 4 — 90 — 100 region at 18-25 MeV and
was shown to work well up to A = 120. In the present work, agreement with experiment
for these systems was improved slightly by removing the exciton numher dependence of
the mean square matrix elements; a change which was also indicated by 90 MeV data.
The same set of input has also been shown to work well in other mass regions at 18-25
MeV. With the inclusion of multiple preequilibrium emission, a range of targets at 90
MeV can also be reproduced if isospin is switched from being conserved to being mixed
during equilibration. Thus the foundation has been laid for a truly glohal exciton model
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tool based on the author’s code PRECO-E. The use of the default degeneracies for the
levels on either side of the shell gap seems to be indicated. None of the systems studied
s sensitive to the choice between simple and collective pairing corrections.

A number of open questions remain. The treatment of isospin for T, = 0 nucle;
needs to be reviewed, and the transition from conserved to mixed isospin as a function
of incident energy should be explored. Additional (n, n') data need to be studied to
decide whether there is a problem with background in the data, especially for heavy
targets, or whether there is a deficiency in the calculations for these systems. Finally,
the whole energy region from 90 to 200 MeV needs to be explored. A number of fea. :
tures of the model may change as the incident energy becomes comparable to the pion
rest mass. These include the energy dependence of the mean square matrix elements, :

the ratio (M, )2/(] »n)?, and, perhaps, the behavior of surface effects for the direct
interaction. All of these areas are under investigation.
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