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Experimental excitation functions for the products of the reactions Al + 2Si, 2Si +
83i, %%Fe + 28Si, and Fe + 2Si were measured over the energy range from 65 to 99
MeV. The experimental excitation functions of the reaction products were then compared
to the results obtained from compound nuclear evaporation model calculations. The gen-
erally better agreement obtained with one of the codes suggests the importance of angular
momentum effects in the exit channel. Two-particle evaporations are badly underpredicted
by both calculations in both mass regions. It is possible that part of these cross sections re-
sult from some reaction mechanism other than compound nuclear. The compound nuclear
evaporation model calculations are also very sensitive to the level density parameters a,
which are not well known in the mass 4 ~50 and 4 ~ 80 regions.

NUCLEAR REACTIONS

TAl®Si,xpyny) and  2Si(®Si,xpyny)

E\p=65—-90 MeV; measured o(E,,E).
56Fe(**Si,xpyny) Ep=80—99 MeV; measured o(E,,E).
targets.

%Fe(®8Si,xpyny) and

Enriched

I. INTRODUCTION

This work is part of a continuing program at
Florida State University utilizing ?*Si beams along
with in-beam y-ray spectroscopy to study heavy-
ion-induced fusion reactions in the mass A ~50 and
A ~80 regions. Few statistical model calculations
have previously been done in the mass 4 ~80 re-
gion.!~* 1In the following we attempt to bridge the
gap between a mass region (4 ~50) where statistical
model calculations have been previously done and
one (A ~80) in which few studies have been made.
A comparison of experimental evaporation residue
cross sections with those from statistical model cal-
culations was made for the reaction products pro-
duced with the reactions 2’Al+2%Si, 28Sj-+28Si,
4Fe+288i, and *°Fe+2%Si. In this way, the useful-
ness of these calculations for predicting evaporation
residue cross sections can be determined. The re-
sults of in-beam y-ray spectroscopy experiments
with these reactions have been reported previously in
Refs. 5—8.

Two computer programs ALICE (Ref. 9) and LILI-
TA (Ref. 10) based on two different theoretical cal-
culations were used for this study. ALICE uses the
Weisskopf-Ewing'!"!2 formalism and LILITA uses
the Hauser-Feshbach!® formalism to calculate eva-
poration residue cross sections for multiple particle
emissions. The major difference between these cal-
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culations is that ALICE ignores angular momentum
effects in the exit channels, while LILITA includes
these effects. In fact, if conservation of angular
momentum were removed from the Hauser-
Feshbach (i.e., LILITA) approach it would reduce to
the Weisskopf-Ewing (i.e., ALICE) approach. Be-
cause angular momentum effects in the exit chan-
nels are included in LILITA, the number of exit chan-
nels becomes quite large and the calculation becomes
very complicated. That is, each allowed evaporation
channel is now multiplied by the allowed values of
angular momentum, thus greatly increasing the
number of possible exit channels. The LILITA calcu-
lations are made possible by the use of Monte Carlo
techniques.

II. EXPERIMENTAL PROCEDURE

An inverted sputter ion source'* was used to pro-

duce beams of 2Si which were injected into the
Florida State University Super FN Tandem Van de
Graaff accelerator. 8Si beams with energies of 65
to 99 MeV and currents of 10 to 30 nA on target
were used. Experiments were carried out using tar-
gets of 2’Al, ?8Si, Fe, and *°Fe evaporated onto
tantalum backings 0.53 mm thick. Target
thicknesses were 350 ug/cm? for ?’Al, 400 pg/cm?
for 28Si, 100 ug/cm? for **Fe, and 400 ug/cm? for

2679 ©1983 The American Physical Society



2680 L. V. THEISEN, L. R. MEDSKER, AND S. L. TABOR 27

Gamma rays from the different reaction products
produced with the reactions 2'Al+288i, 28Si+28Si,
MFe+28Si, and °Fe+2%Si were detected with a
Ge(Li) detector. This detector has an 18.6% effi-
ciency at 25 cm source-to-detector distance, relative
to a 7.6 X 7.6 cm Nal(T1) detector. The energy reso-
lution was 2.0 keV full width at half maximum
(FWHM) at 1.33 MeV. Efficiency and energy cali-
brations were obtained using a National Bureau of
Standards!® (NBS) mixed radionuclide source, which
produces y rays of known energy and intensities.
The source was placed at the target location inside
the scattering chamber for calibration. Checks of
the energy calibrations were also obtained using y
rays produced with the contaminant reactions
190 +288i and *C+2%si.

Excitation functions—measurements of intensity
as a function of beam energy—were taken in 5 MeV
steps over the laboratory energy ranges of 65—80
MeV for ¥’Al+288i, 65—90 MeV for 2Si+28Si, and
80—99 MeV for **Fe-+8Si and *’Fe+28Si. The step
size is acceptable because we are only interested in
the overall shapes and not the fine structure of the
excitation functions. Furthermore, the energy loss
in the targets was on the order of 3 MeV. Normali-
zation between beam energies was obtained by using
the total integrated beam charge. The singles y-ray
spectra for the excitation functions were measured
at an angle of 90° to the beam axis. These measure-
ments were used to obtain accurate values for the
relative intensities of y rays. The singles spectra
were analyzed using a modified version of the com-
puter code PEAKFIT.!® The program performs a
least squares fit of Gaussian distributions to the
peaks in a spectrum by varying the FWHM, height,
and background parameters of the Gaussian curves
in an iterative procedure to best agree with the data.

Intensity measurements of the y rays originating
from all transitions to the ground state of a residual
nucleus were used for relative cross section measure-
ments. These transitions were summed to form the
evaporation residue relative cross section for a given
residual nucleus. The heavy-ion reactions used pro-
duced highly aligned residual nuclei which decay
primarily down the yrast line to the ground state.
Therefore, the transitions mentioned above are be-
lieved to be representative of the cross sections of
the respective residual nuclei. Also, the direct popu-
lation of the ground states of residual nuclei from
these reactions is expected to be small, because of
the high energies and large angular momenta in-
volved.

In practice, calculations used for y-ray spectros-
copy only need relative cross sections for use in
predicting product yields. Therefore, relative in-
stead of absolute cross sections of the residual nuclei

were measured. In addition, LILITA (Ref. 10) does
not calculate absolute cross sections, but, rather, rel-
ative cross sections, due to the complexity of the cal-
culation.

Corrections to the ground state transitions were
made for the anisotropy of the y-ray intensities and
for feeding due to radioactivities produced in the
target. The intensity corrected for the anisotropy of
the ¢ emission is Iy=1(6)/W(60), where I(0) is the
intensity of the y ray at an angle 6, and W(0) is ob-
tained from fitting angular distribution data for the
y-ray transition to a Legendre polynomial function.

The angular distribution measurements were
made only at one energy. The correction obtained at
this energy for the anistropy of the y-ray intensity
was then used for all energies, since the angular dis-
tributions are expected to be similar over the energy
range of interest.!’ 1

The correction for feeding due to radioactivities
was obtained by using the equation I;=1,(1—e™)P.
I, is the intensity of the daughter nucleus (the nu-
cleus for which the correction is needed) due to feed-
ing from the parent nucleus, and I, is the measured
intensity of the parent nucleus. P is the fraction of
the time the parent feeds that level in the daughter
nucleus whose ground state transition is being stud-
ied. A equals 0.693/T /,, where T/, is the half-life
of the parent nucleus. Finally, ¢ is the amount of
time for which the data were collected. After all
corrections to the intensities were made, the result-
ing cross sections were compared to those obtained
from statistical model calculations. The errors in
the experimental evaporation residue cross sections
were from 10 to 20 %.

III. DISCUSSION OF CALCULATIONS

Many heavy-ion reactions are well described by
the fusion or compound nucleus reaction process.
In these reactions large numbers of compound states
are excited and the phases between these states are
distributed randomly, so the decay of the compound
nucleus is independent of its formation.”® As stated
above, two statistical model calculations were used
for this study: (1) ALICE, which uses a standard
Weisskopf-Ewing evaporation calculation with mul-
tiple particle emission of n, p, d, and a particles, and
(2) LILITA, which uses a Hauser-Feshbach calcula-
tion in conjunction with the Monte-Carlo method to
predict the relative intensities of reaction products.

A. ALICE

The computer code ALICE (Ref. 9) evaluates the
Weisskopf-Ewing!"'? formula over a weighted dis-
tribution of emitting nucleus excitation energies for
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all but the first particle emitted. This is done in 1
MeV intervals for the emission of n, p, d, and « par-
ticles. The default options for this code were used
in our calculations. An optical model routine con-
tained in ALICE was used to calculate the particle
emission probabilities. The rigid body moment of
inertia was used in the ALICE calculations. The S-
wave calculation option was not used. The level
densities in the daughter nuclei were calculated us-
ing a Fermi gas level density without a pairing ener-
gy correction. A value of A4 /8 was chosen for the
level density parameter because it approximately
reproduces the experimental results over a large re-
gion of nuclei.”!
B. LILITA

The second computer code used for the calcula-
tion of evaporation residue cross sections was LILI-
TA.'0 LILITA is a Hauser-Feshbach!® calculation al-
lowing for multiple particle emissions and is used in
conjunction with the Monte Carlo method.

In the Hauser-Feshbach picture, the compound
nucleus statistically decays into all possible chan-
nels, where the number of available channels
changes rapidly with the angular momentum of the
compound nucleus. The Hauser-Feshbach'? formu-
lais

ZT ‘I's’ zTals

(2J +1) I's’
(21 + 1)(21 + 1 ) 2 Ta”I”s” ’
al's"

ola,a')=mk*y,

where a,l,s refer to the incident channel, o’,l’,s’ to
the exit channel, and a",!"”,s" to all possible chan-
nels. Each channel a has channel spin s, orbital an-
gular momentum /, and total angular momentum J;
and i and I are the intrinsic spins of the projectile
and target nucleus, respectively. The summation in
the denominator is over all known discrete levels
and continuum levels computed from level density
equations.!?

The fusion cross section for the compound nu-

cleus is
2J+1 J
TS —=T" __ ST s
Ttm= 2"(21+1) (2i +1) <" ob

where T are the optical model transmission coef-
ficients describing the probability of compound nu-
cleus formation in state a. If the sharp-cutoff
model is used for the transmission coefficients, the
fusion cross section reduces to

Opus =R AT, +1)%,

where J, is defmed as the critical angular momen-
tum, (e, Tos=1 for J<J. and Tl,=0 for
J>J.).?> This leads to the determination of the

compound nucleus momentum probability density
function

(2J +1)

, (1
(J,+1)?

) =
which is the starting point for the calculation,'®?%23

LILITA uses different approximations for evaluat-
ing the level densities p(€,,1,), depending on wheth-
er the excitation energy under consideration is in the
continuum region or the discrete region. The level
densities in the continuum region of the various nu-
clides were determined from a constant temperature
approximation to the Fermi gas formula.?! The
discrete level densities are uniform level densities
equal to the average level density for the discrete re-
gion.

The information needed by the computer code
LILITA includes the 4 and Z of the projectile and
target and the laboratory energy. Also, the exact
masses of the projectile, target, compound nucleus,
and every allowed residual nucleus in the N-by-Z
evaporation matrix are needed for the calculation.
These values were obtained from Refs. 24 and 25.
The critical angular momentum was calculated us-
ing the classical equation

Jerit=0.219R[ w(E, . —V)1'%,
where

R=1.5(4/"+4,")
and

V.=144Z,4, /R,

and E_ is the center of mass energy. V, is the
Coulomb barrier and R is the grazing distance. The
actual J;, values used are listed in Table I. In addi-
tion, the calculation requires that pairing energies,
threshold energies, and cutoff energies be supplied
for each evaporation residue in the N-by-Z evapora-
tion matrix. The pairing energies were obtained
from Ref. 21 and the threshold and cutoff energies
were obtained from the separation energies listed in
Ref. 25. The ground state spins and discrete level
densities of the residual nuclei in the N-by-Z eva-
poration matrix were taken from the Nuclear Data
Sheets. The discrete densities were chosen as uni-
form level densities calculated from the number of
known levels up to the cutoff energy.

In the discrete region LILITA uses the Fermi
parametrization

Ca

Tio= (B,—e)

I+e /A€sB;

to calculate the transmission coefficients. € is the



2682 L. V. THEISEN, L. R. MEDSKER, AND S. L. TABOR 27

TABLE 1. The critical angular momenta used in the LILITA calculations. The beam was

28Si

28Si target
E MeV)  Ju

YAl target
E (MeV) J erit

Fe target
E (MeV) J rit

*Fe target
E (MeV) J erit

62.9 11 62.6 5
70.0 18 69.7 15
75.0 21 74.8 19
79.1 24 78.8 22
82.8 25
87.9 27

79.6 10.5 78.3 11
84.6 20.5 83.3 21
89.6 27.0 88.3 28
94.6 32.0 93.4 33
98.6 35.5 97.4 37

center of mass energy. C, and Ac, are parameters

determined from optical model transmission coeffi-
cients using standard techniques. a takes on the
values n, p, or a (neutron, proton, or alpha particle,
respectively), for the type particle evaporation al-

lowed. The barrier energy (centrifugal plus
Coulomb) is
Z,\Z,e? h?
B= + (I+1/2)
RC 2.u'cRcz

and . is the reduced mass.!® These transmission
coefficients did not differ greatly from those used by
ALICE.

Continuum level densities were calculated using a
Fermi gas level density including a pairing energy
correction.?! Initially the level density parameter a
was chosen equal to 7.5, then it was varied by up to
ten percent to obtain the best possible fit to the data.
This technique was used at both the lowest and
highest energies for which data were taken, then an
average for each value of a (the level density param-
eter) was obtained. These average values were then
used for the LILITA calculations at all energies.
Much larger variations of the level density parame-
ters were tried, but they did not improve the overall
quality of agreement. The fits for some residual nu-
clei became better, while those for others became
worse.

In addition to the above parameters a transmis-
sion coefficient cutoff parameter’® was set equal to
10~ and the moment of inertia .# was set equal to
one half the rigid body moment of inertia .#,.
Changing the transmission cutoff parameter from
10~3 to 10~7, the moment of inertia from 7.y, to
S 1ig> and the critical angular momentum by a few
units of angular momenta had a net effect of about
10% on the calculations. This is believed insignifi-
cant since errors in the data are 10 to 20 %.

IV. RESULTS

The results of the comparison of the experimental
evaporation residue cross sections with those ob-

tained from the evaporation model calculations AL-
ICE and LILITA are presented below. It should be
noted that the normalization of the data to the cal-
culations in all cases was obtained by summing the
cross sections for all experimental reaction products
and setting this sum equal to the same summation
for each of the calculations.

A. TAl4+%Si

The experimental relative cross sections for the
excitation functions of the reaction products pro-
duced in the 2’Al+2%Si reaction are given in Table
II. Figure 1 shows the data, as well as the results of
the ALICE calculation, for the excitation functions of
the reaction products produced in the 2’Al+42Si re-
action. As indicated in the figure, the shapes of the
three-particle evaporation *V(a2p), *“Cr(apn),
2Mn(2pn), and 2Cr(3p) excitation functions are
fairly well reproduced by this calculation. However,
the calculation underpredicts. the experimental re-
sults by a factor of 2 for ¥’V and “Cr, while it over-
predicts the experimental results by about a factor of
2 for *Mn. In the case of four-particle evaporations
S1Cr(3pn) and >'Mn(2p2n), the ALICE calculation
peaks at too high an energy, although the magnitude
of the calculation is approximately correct. ALICE
underpredicts *°Cr(ap), the two particle evapora-
tion, by a factor of 4 and is peaking at much too low

TABLE II. Experimental relative reaction product
cross sections produced in the reaction 2’Al1+4 2%i.

E; (MeV)

Product 62.9 70.0 75.0 79.1
52Mn(2pn) 76 100 107 92
S!Mn(2p 2n) 2.3 5.8 9.8 16
2Cr(3p) 48 49 44 41
SICr(3pn) 5.9 33 70 114
OCr(ap) 33 44 52 58
®Cr(apn) 5.6 41 65 86
“V(a2p) 45 100 134 201
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FIG. 1. Comparison of the evaporation model calcula-
tion ALICE to experimental excitation functions for the
products of the reaction 2’Al4 28Si.

an energy—at least 15 MeV lower than the data.

Figure 2 displays the LILITA calculations and ex-
perimental data for the excitation functions of the
reaction products produced in the ?’Al+23Si reac-
tion. LILITA calculations for the reaction products
resulting from the evaporation of three particles,
®V(a2p), *Cr(3p), *Mn(2pn), and *Cr(apn),
reproduce the data extremely well. That is, both the
magnitude and shape of the calculated excitation
functions agree with the data very well for three-
particle evaporations. The shapes of the excitation
functions for four-particle evaporation [namely,
SICr(3pn) and *'Mn(2p2n)] are well predicted by
this calculation. The *!Cr(3pn) magnitude also
agrees with the calculation; however, the calculation
overpredicts the magnitude of >'Mn(2p 2n) by about
a factor of 4. The LILITA calculation for the two-
particle evaporation *°Cr(ap) also poorly predicts
the shape and magnitude of the cross section.

Both calculations ALICE and LILITA are deficient
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FIG. 2. Comparison of the LILITA evaporation model
calculation to the experimental excitation functions for
the products of the reaction 2’Al428Si.

in predicting both the magnitudes and shapes of the
excitation function for the reaction product
Cr(ap). Both calculations are sensitive to the level
density parameters a which are poorly known in this
mass and energy region.

B. 288i428§i

Experimental excitation functions for the relative
cross sections of the reaction products produced
with the reaction 28Si+2%Si are given in Table III.
A plot of the calculated excitation functions from
ALICE and the data for the reaction products pro-
duced in the reaction 28Si+28Si are shown in Fig. 3.
As shown in this figure the only reaction products
that are well predicted by ALICE in both shape and
magnitude are >’Cr(4p) and >>Fe(2pn). Other three-
and four-particle evaporations are not as well repro-
duced. The shapes of the excitation functions for

TABLE III. Experimental relative reaction product cross sections produced in the reaction

288j 4 288,
EL (MCV)

Product 62.6 69.7 74.8 78.8 82.8 87.9
S4Fe(2p) 18 29 27 23 16 11
3Fe(2pn) 10 40 70 70 58 44
53Mn(3p) 22 58 100 114 110 97
2Mn(3pn) 2 7 12 22 30
S'Mn(ap) 1 3 5 6 5 5
52Cr(4p) 9 17 25 30 35
Cr(a2p) 11 40 67 98 120 140
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FIG. 3. ALICE calculations compared with the experi-
mental excitation functions for the products of the reac-
tion 28Si+2%Si.

the two-particle evaporations **Fe(2p) and
S!Mn(ap), as well as the magnitudes for these prod-
ucts are poorly predicted by ALICE.

A graph of the excitation functions of the reac-
tion products from the 28Si+28Si reaction along
with the LILITA calculations for this reaction is
shown in Fig. 4. Excitation functions resulting
from the evaporation of three particles, *°Cr(a2p),
3Fe(2pn), and *Mn(3p), are well reproduced in
both shape and magnitude by LILITA, although
53Mn(3p) peaks about 5 MeV too low. Magnitudes
of the four-particle evaporations >’Cr(4p) and
2Mn(3pn) are well predicted by the calculation, but
the calculation peaks at too high an energy in both
cases. Again, the two-particle evaporations are un-
derpredicted, in the case of >*Fe by a factor of 7.
The calculations for both *'Mn(ap) and **Fe(2p)
peak at too low an energy.

Comparing Figs. 3 and 4, i.e., ALICE and LILITA,
for the reactions 28Si+28Si, one sees that LILITA
does a better job of fitting the data than ALICE.
Both LILITA and ALICE are deficient in reproducing
the two-particle-evaporation reaction products, indi-
cating that some other effect is important that is be-
ing ignored in the calculation for two-particle eva-
poration products.
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FIG. 4. LILITA evaporation model calculations com-
pared with excitation functions of products of the reaction
283 4 288i.

C. 3*Fe+ 288

The calculations discussed above have been ex-
tended into the mass 4 ~80 region using the
54Fe+ 28Si reaction. Table IV gives the results of the
experimental data for the reaction products mea-
sured in this reaction. One of the shortcomings of
using this reaction is that the ground state transition
for 7Sr is unknown, so the relative cross section for
this reaction product could not be measured. Also
Sr is predicted to be one of the strongest reaction
products in both calculations. This does have an ef-
fect on the overall normalization, but is not expected
to affect the relative cross sections to a great extent.

ALICE calculations for the excitation functions of
the reaction products measured in the *Fe-+2%Si re-
action are shown along with the data in Fig. 5. The
calculation agrees in both magnitude and shape with
the experimental cross sections of the four-particle
evaporation products "®Rb(3pn) and "*Kr(4p), al-
though the calculation for ®Kr(4p) peaks at too low
an energy. 'Rb(3p) and "*Kr(a2p), resulting from
the evaporation of three particles, are well predicted
in magnitude by the calculation. However, the
shapes of the calculated excitation functions for
these two products are incorrect. They peak at too
low an energy. In the case of Rb(3p) the calcula-

TABLE IV. Experimental relative reaction product cross sections produced in the reaction

S4Fe 4 288i. :
E; (MeV)

Product 79.6 84.6 89.6 94.6 98.6
808r(2p) 28.2 39.7 41.6 40.6 33.4
Rb(3p)- 32.4 67.1 100.0 143.2 158.9
Rb(3pn) 9.2 39.8 86.3 152.3
BKr(4p) 6.5 22.9 64.0 106.5
*Kr(a2p) 7.7 24.6 53.8 105.9 142.3
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FIG. 5. Experimental excitation functions for the reac-
tion *Fe+ 2Si, compared with the evaporation model cal-
culation ALICE.

tion is peaking at a laboratory energy 15 MeV lower
than the data. Again, as was the case in the mass
A ~ 50 region, both the shape and magnitude of the
two-particle evaporation are poorly reproduced.
LILITA calculations for the excitation functions of
the reaction products from the *Fe+28Si reaction
along with the data are shown in Fig. 6. The LILITA
calculation agrees well with the data for the eva-
poration of four particles. Both the shapes and
magnitudes of the excitation functions of "*Kr(4p)
and "Rb(3pn) are well reproduced by this calcula-
tion. The three-particle evaporations Kr(a2p) and
Rb(3p) are well predicted in magnitude by this cal-
culation. The "Kr(a2p) shape is also well repro-
duced, but the Rb(3p) calculation peaks at 5 to 10
MeV below where the data peaks. For 3°Sr(2p), the
two-particle evaporation, both the shape and magni-
tude of the excitation function are poorly predicted
by LILITA. However, ALICE predicts this product to
fall off rapidly with energy, and LILITA has it in-
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FIG. 6. Comparison of the evaporation model calcula-
tion LILITA to the excitation functions of the products of
the reaction *Fe+ 28Si.

creasing rapidly with energy. In both cases two-
particle evaporations are poorly predicted.

D. Fe+28si

The reaction **Fe+28Si was also used to compare
the evaporation model calculations ALICE and LILI-
TA in the mass 4 ~80 region. Table V gives the re-
sults of the experimentally measured excitation
functions for this reaction.

None of the reaction products produced in the
56Fe+28Si reaction are predicted correctly by ALICE.
In all cases the shapes of the calculated excitation
functions are incorrect (see Fig. 7). ALICE for the
three-particle evaporations ¥!Sr(2pn), 8'Rb(3p), and
BKr(a2p), predicts the excitation functions to peak
at a much lower energy than the data peaks. How-
ever, the magnitudes of the calculated excitation
functions for these products are approximately
correct. The magnitude of *Kr(4p) is reasonably
well predicted by ALICE, but the calculation also

TABLE V. Experimental relative reaction product cross sections produced in the reaction

S6Fe+ 28Si.
EL (MeV)

Product 78.3 83.3 88.3 93.4 97.4
828r(2p) 31.3 47.1 57.4 55.5 42.6
81Sr(2pn ) 44.8 81.0 100.0 117.6 129.3
805r(2p2n) 6.0 12.6 19.2
81Rb(3p) 17.0 29.6 40.9 47.9 50.8
Rblap) 53 14.5 20.1 21.0 19.9
8K r(4p) 5.1 12.7 21.1 30.0
®Kr(a2p) 11.9 39.0 66.5 103.6 134.8
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FIG. 7. ALICE evaporation model calculations com-
pared with the experimental excitation functions of prod-
ucts of the reaction *Fe + **Si.

peaks at too low an energy. The shape of the calcu-
lated excitation function for the evaporation product
80Sr(2p2n) is incorrect. In this case ALICE peaks at
too high an energy, and it overpredicts the data by
about a factor of 9. ®Sr(2p) and "Rb(ap), the
two-particle evaporation products, are poorly repro-
duced by ALICE. Both the shapes and the magni-
tudes of the calculated excitation functions do not
agree with the data. The unusual shape of the cal-
culated ’Rb(ap) excitation function can possibly be
explained by the fact that part is due to the two-
particle evaporation ap and the balance is due to the
five-particle evaporation 3p2n.

Results of the LILITA calculation for the reaction
36Fe+28Si are shown in Fig. 8. LILITA predicts both
the shapes and magnitudes of the three-particle eva-
poration products 3!Sr(2pn), "®Kr(a2p), and
81Rb(3p), although the ®'Rb(3p) calculation peaks
about 7 MeV lower than the data. The shape of the
calculated excitation functions for the four-particle
evaporations, namely, *°Kr(4p) and ¥Sr(2p2n), also
agrees with the data. However, 3Sr(2p2n) is over-
predicted by about a factor of 6. The calculated ex-
citation functions for Rb(ap) and ¥Sr(2p) do not
reproduce the data to any extent. Both calculations
peak at much too high an energy, and the magni-
tudes are underpredicted by a factor of about 10 to
20.

Comparing ALICE and LILITA calculations for the
reaction *’Fe+28Si (Figs. 7 and 8), one sees that LIL-
ITA is superior to ALICE in most cases, although the
two-particle evaporations are poorly reproduced by
both calculations.

V. CONCLUSIONS

In the discussion above, the compound nuclear
evaporation model calculations, ALICE (Ref. 9) and
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FIG. 8. Comparison of the evaporation model calcula-
tion LILITA to the experimental excitation functions of the
products of the reaction °Fe+ 25Si.

LILITA,'® were compared with the experimental re-
action product relative cross sections in the mass
A ~50 region using the reactions 2’Al+2Ai and
2884+ 288i. This study was also carried out in the
mass A ~80 region using the reactions >*Fe+ 2%Si
and ®Fe+28Si. Several conclusions can be drawn.

(1) The results of this investigation indicate that
LILITA generally reproduces the data better than AL-
ICE. Since LILITA includes conservation of angular
momentum in the exit channel and ALICE does not,
these results suggest that angular momentum effects
are important in both mass regions. This has previ-
ously been shown to be true for heavy-ion reactions.

(2) ALICE reproduces the data better in the mass
A ~350 region than in the mass 4 ~80 region, while
LILITA does an equivalent job in both mass regions.
This suggests that angular momentum effects may
be more important in the mass 4 ~ 80 region.

(3) Some deficiencies in the calculations may be
explained by the uncertainty in the continuum
level-density parameters a. The evaporation model
calculations are very sensitive to these level-density
parameters; a~A /7.5 for each residual nucleus.
These parameters are not very well known in either
mass region and were adjusted somewhat in the
present calculations.

(4) Finally, the two-particle evaporations are bad-
ly underpredicted by both calculations in both mass
regions. One possible explanation is that the two-
particle reaction product cross sections may be par-
tially due to some mechanism other than the com-
pound nuclear reaction. An investigation into this
phenomenon is continuing at Florida State Universi-
ty.

Other investigations®® have also shown the impor-
tance of a proper treatment of angular momentum
in the statistical decay process. A number of com-
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parisons have been made between experimental eva-
poration residue measurements and the results of
LILITA calculations for compound nuclei around
mass 30.222%27.22 Reasonably good agreement was
seen between the calculated and predicted distribu-
tion of evaporation residue strength for these light
systems. Another code which treats angular
momentum in statistical multiparticle decay is CAS-
CADE.?” Several comparisons of the results of this
code with experimental data for compound nuclei in
the mass 30 to 50 range have reported reasonably
good agreement.” 3! CASCADE has been reported,*
however, to badly underpredict the cross section of
nuclei produced when only one particle is emitted

from the compound nucleus. It is possible that this
failure is related to the underprediction of two-
nucleon emission observed here.
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