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The absolute cross sections for a number of different reactions resulting from the bombard-
ment of $INi with 38.5, 41,0, 43.5, 46.0, 48.5, and 51.0 MeV 60 ions were determined from
y-ray yields observed from the decay of resulting radioactivities, and from yields of in-beam
v rays. The total cross section was compared to an optical-model calculation. The relative
population of the reaction products was compared to calculations for the statistical decay of
a compound nucleus by 7, p, and a evaporation. This model does account for the general fea-
tures of the experimental results, and agrees reasonably well with the stronger exit channels.

51.0'MeV; measured Ey, I,; deduced o(E).

l:NUCLEAR REACTIONS: ®Ni(0, X), Eys,=38.5, 41.0, 43.5, 46.0, 48.5, and]

I. INTRODUCTION

Heavy-ion bombardments are known to produce
a variety of reaction products including some very
neutron deficient nuclei which have not been pro-
duced in any other way. It is anticipated that in-
creased heavy-ion projectile energies will permit
studies still farther from the valley of B stability.
Efforts have been made to predict these cross sec-
tions but the calculations depend on physical phe-
nomena which are not adequately understood, e.g.,
the reaction mechanism; the competition between
particle emission, y-ray decay, and fission; the
level density dependence on spin; and the energy
dependence of the yrast level. To provide experi-
mental results by which these calculations could
be tested, and implicitly the assumptions made in
these calculations, we initiated a program to de-
termine absolute cross sections for heavy-ion in-
duced reactions with emphasis being placed on ob-
taining the cross sections for as many channels as
possible. Intuitively, we believed that the channels
with weaker cross sections would prove a more
sensitive test of the calculations and of their abil-
ity to predict the very weak cross sections attri-
buted to production of nuclei far from the valley
of 3 stability.

Results for 58:%Nji(*%0, X) reactions were reported
previously.! The cross sections were extracted
from yields of y rays from residual radioactivities
and of in-beam y rays. Here we report the results
for the ®'Ni(*°0, X) reaction. Our rationale for con-
tinuing in the same mass region is twofold: (1)
For a given isotope, some reaction channels are
difficult to observe (e.g., extremely long lifetimes
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resulting in low yields, or large amounts of feed-
ing from the decay of other radionuclides), while
they may be observed easily with another isotope.
As an example, the ®*°Ni(*°0, 2p) channel is readily
identified, but the **Ni(*°0, 2p)"Se channel is not,
due to the large production of "*Se via the ®*'Ni-
(*%0, pn) reaction. (2) It is interesting to deter-
mine if some channels are consistently different
from those predicted.

In this work, absolute cross sections for the
5INi('%0, X) reactions were determined and their
total cross section compared to the formation
cross section calculated with an optical model,
and the relative production of residual nuclei
compared to calculations for statistical evapora-
tion from a compound nucleus. Upper limits have
been determined for cross sections for which
more information is not available. Although the
principal interest is in few-nucleon emission, for
completeness we also looked for nuclei resulting
from one or two particle transfer reactions.

II. EXPERIMENTAL PROCEDURE

Targets of ®Ni were irradiated with 38.5, 41.0,
43.5, 46.0, 48.5, and 51.0 MeV %0 projectiles
from the ORNL tandem Van de Graaff accelerator.
A target of 92.4% enriched ®'Ni, whose thickness
was 0.99 mg/cm?®, was used for the activation
measurements. This was backed by a 7 mg/cm?
gold foil to stop the recoil products. A thick tar-
get of 74.4% enriched ®'Ni, which completely
stopped the beam, was used for the in-beam spec-
troscopy measurements.

The experimental setup was as follows: The
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TABLE I. Experimental yields for the $'Ni(!€0, X) reactions.

Reactions per incident 60 ion (x10~8)

D¢ Eyg(MeV) =38.5 41.0 43.5 46.0 48.5 51.0

n 0.15+ 0.06 <0.12 0.3 £ 0.2 <0.8 <2 5 + 3

b 0.06+ 0.02 0.27+0.09 <0.3 <0.5 <6 <0.5

2n (0.39+0.04)/f (2.7 £0.4)/f 6.3 = 1.0)/ (8 = 1)/ (12 = 2)f (7.4% 0.9/
Z} 5.0 £0.4 29 3 84 10 106 +13 149 =16 115 +12
2p2 (0.13+0.13)f  <0.4/f <4/f (58 +13)/ (34 =12)ff 41 = 8)/f
3n 2 <0.02 <0.15 <0.6 2.6 1.6 11 = 4 31 = 4
p2n <0.06 <0.34 <1.7 5 % 3 22 £ 5 32 + 6
2pm 2 <0.2 3.3 +1.8 23 £ 7 81 +17 166 =+ 30 306 53

3p <0.15 1.2 £0.8 2.0 = 1.0 4.0+ 1.8 10.1+ 3.4
a 0.05+0.01 0.08%0.04 0.11+ 0.14 <0.4 1.2 1.0 <1.0

om @ 0.38+0.11 3.5 £0.5 15.8 + 2.4 31 £ 5 76 +11 101 +15

ap 0.41+0.04 3.6 0.4 11 0+ 1 19 + 2 57 +17 37 + 4
a2n <0.01 <0.03 <0.05 <0.08 <0.5 <0.1

apn <0.01 <0.1 1.5 + 0.4 3.5+ 0.9 <6 30 + 4

2a <0.02 0.35+0.06 1.4 = 0.3 1.7+ 0.2 <3 6.2+ 0.9
f2ga (0.38+0.07)/f (1.3 = 0.3)/f (2.2 0.5)/f 4.9+ 1.6)/f (7.8+ 1.3)/f
laya <0.16/f <0.09/f <0.21/f <0.5/f <0.9/f <0.9/f

15y a <0.19/f <0.08/f <0.19/f <0.5/f <0.8/f (1.1 0.5)/f
g2 <0.4 <0.17 <0.4 <0.8 <1.6 <3.2

2 These are reactions for which a thick target was used, which completely stopped the beam. For the other reactions,

the 180 energy loss in the target was ~4 MeV.

beam was on target for a predetermined time.

At the end of the irradiation time, the beam was
stopped and the target moved to the detector posi-
tion. A 16384 channel analyzer was started, and
a series of sequential 2048 channel spectra was
taken with a Ge(Li) detector. At the end of the
detection period the target was returned to the
beam position and the cycle repeated. In addition,
a record of the beam current was kept by storing
current integrator pulses in a second analyzer as
a function of time. For irradiations of more than
an hour, the target was removed from the chamber
after irradiation and taken to a lower background
area for y-ray detection.

Identification of the y rays from the radioactive
products was based on their energies and relative
intensities, and on the half-lives associated with
their decay in intensity.

The irradiation and detection times were chosen
to emphasize nuclei of particular lifetimes (see
Ref. 1). In the present work, a bombarding time
of 2000 sec followed by six 320-sec spectra was
used to look for radiation products with half-lives
from a few seconds to an hour, and a bombarding
time of several hours followed by seven 1-h spec-
tra was used to look for longer lived products.

y-ray spectra were also taken with the target
in-beam using a Ge(Li) detector to observe stable

TABLE II. Products of the !Ni(!%0,X)Y reactions. For
each reaction product is given the technique used (A=ac-
tivation, I=in-beam), the y-ray transition used to obtain
the cross section, the nucleus in which the transition oc-
curs, and the ratio f of this y ray intensity to the total
intensity.

X Y  Method E, (keV) (Nucleus) f
n Ky A 315.7 “Br 0.36%0.02
P ey A 559.5 6se 0.71+0.04
2n Kr A 132.4 "5Br Unknown
5
12)2} 7511;1:} A 286.5 Se  0.91%0.05
2p  "Se I 286.5 5Se Unknown
sn MKr I 429 “Kr 0.90+ 0,10
p2n “Br A 634.6 "Se 0.98+0.10
2pn "Se I 634.6 MSe 0.90% 0,10
3p  MAs A 596.0 "Ge 0.58+ 0,03
« BSe A 360.9 BAs 0.97+0.05
an  "Se I 862 2Se 0.90% 0.10
ap TAs A 834.0 Ge 0.77+0.04
a2n "se A 147.2 "As 0.47+ 0.02
apn "As A 174.9 "Ge 0.90+ 0,05
20  %9Ge A 1106.4 89Ga 0.28+ 0,02
20 6&5gzp I 115.1 85%7n Unknown
uN 8y I 670.4 83cu Unknown
5N 820y I 247.0 62cy Unknown
15 62y I 1162.9 62N 0.90+ 0,10
g 80N I 1332.5 60 0.90+0.10
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reaction products. Identification in this case was
by energy and intensity only.

III. RESULTS

The method of obtaining cross sections is dis-
cussed in detail in Ref. 1. Our results are sum-
marized in Table I. In this table is given the ex-
perimental yield per '°0O projectile for each reac-
tion. The absolute efficiency of the Ge(Li) detec-
tor for a given geometry was typically determined
to £8%. The target thickness was determined from
weight and area measurements to an uncertainty
of £5%.

Table II shows, for each reaction ®’Ni(*°0, X)Y,
the reaction products, the method used (activation
or in-beam spectroscopy), the y-ray transition
used in the cross-section determination, the nu-
cleus in which the transition occurs, and the ratio
f of the y-ray intensity to the total intensity. For
low energy y rays a correction was included for
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FIG. 1. Experimentally determined absolute cross
sections for reaction products from €0 ions incident
on 8Ni. Probable errors are indicated by the flags.
The energies are in the laboratory system.

internal conversion. The ratio f often did not have
error assignments. In these cases, an assumed
value of +10% was used. For in-beam y-ray stud-
ies, the cross sections were obtained from the
2"~ 0" intensity in the even mass cases by assum-
ing an f of 0.90+0.10. Details of the evidence for
assigning y rays to specific reaction products are
given in Appendix A.

To correct for target thickness, curves were
fitted visually to the experimental yields given in
Table I. From these curves the cross sections
corrected for target thickness were extracted.
These cross sections, which were the principal
goal of this work, are plotted in Fig. 1. Since
these cross sections were determined from smooth
curves, experimental points are not shown. How-
ever, error bars are given for each curve in Fig.
1, indicating the probable error for that cross sec-
tion. The total probable error for the best cases
is 11%. In some reactions the ratio f was com-
pletely unknown. The dashed curves in Fig. 1 are
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FIG. 2. Comparison of the cross sections for neutron
emission obtained by Bair et al.? and in the present work
for 160 irradiation of ®!Ni. The uncertainty in our curve
is £11%.
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for such reactions with f set equal to 1.0 and rep-
resent, therefore, lower limits for the cross sec-
tions for these reactions. The curve labeled SUM
is the sum of the cross sections actually observed.

The targets used for the activation measure-
ments contained 5.3% ®°Ni and 0.9% ®Ni, and the
targets used for the in-beam measurements con-
tained 15.6% °°Ni and 4.8% %Ni. Corrections for
reactions with these other isotopes were made by
means of the published cross section results for
8°Ni (Ref. 1) and some additional measurements
made with a ®Ni target. The cross sections in
Table I and the curves in Fig. 1 include these
corrections.

As an independent check we have compared our
results with some recent work of Bair et al.> They
measured the total number of neutrons emitted in
the Ni +'%0 reactions as a function of projectile
energy by means of a large graphite sphere with
embedded BF, counters. Their results for the
SNi target are shown in Fig. 2. The solid line
gives the sum of our measured cross sections,
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FIG. 3. Comparison of absolute cross sections as a
function of isotopic mass for reaction products from
160 ions incident on %860 61Ni. The straight lines are
to guide the eye. When no symbol appears at the end of
a line, an upper limit is indicated.

each being multiplied by the number of neutrons
emitted by the particular reaction.

Our results are lower by ~18% at the higher pro-
jectile energies. Their being lower is to be ex-
pected if any significant channels emitting neutrons
are not included. The most important of these is
probably the (*%0, 2#) reaction, which was not sep-
arated experimentally from the (*°0, pn) reaction.
If the calculated ratio of the (*°Q, 2n) cross sec-
tion to the (**0, pn) cross section is assumed to be
approximately correct (see Sec. IV), and the
(*%0, 2x) cross section based on this calculation
is included, then the difference between our work
and that of Bair ef al. is reduced to ~13% at the
higher projectile energies.

IV. DISCUSSION

The cross sections for ®'Ni(**0, X) are shown in
Fig. 1. The curves all rise rapidly with projec-
tile energy because of the Coulomb barrier. It is
apparent that the total cross section is divided
among a large number of exit channels, and that
charged particle emission competes strongly with
neutron emission. In Fig. 3, a comparison is
made among the cross section results for 58Ni,
%Ni, and ®'Ni (the first two from Ref. 1). This
illustrates the degree to which proton emission
decreases and neutron emission increases as the
isotopic mass increases. This trend has been
pointed out by Nolte e/ al.,® and is supported by
the total neutron cross-section work of Bair ef al.?

The sum of the experimental cross sections has
been compared in Fig. 4 with the reaction cross
section calculated with an optical model using the
computer code GENOA developed by Perey.* We
have used two sets of optical-model parameters
which are appropriate for reactions between O
and Ni. One is denoted as Set I by Christensen
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FIG. 4. Comparison of the sum of the experimental
cross sections with the total reaction cross section
calculated with the two sets of optical model param-
eters given in Refs. 5 and 6, and with the parabolic
barrier potential parameters given in Ref. 7. The ex-
perimental uncertainty is +11%.
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et al. in Ref. 5, and the other is from Obst,
McShan, and Davis.® According to the statistical
model, the (*°0, 2p) reaction was the only signifi-
cant channel not experimentally observed. Its
¢ .0s8s sectici: wa. estimated from the statistical
decay calculations to be 2—-9% of the total cross
section (see Fig. 5), and was added to the experi-
mental sum in Fig. 1 in order to make a more
valid comparison with optical-model predictions.
The experimental total cross section was also
compared in Fig. 4 with calculations made by a
procedure suggested by Vaz and Alexander.” They
used a parabolic barrier potential which led to an
expression for the reaction cross section®

0 = (3R 2)(iwy/E) In{1 + exp[27(E - E,) /fiw,]} .

The cross section is averaged over barrier heights
E, in the range E;— A to E;+A. Parameters from
their systematics appropriate for the ®'Ni + %O re-
action are R;=9.16 im, E,=32.5 MeV, 7w,=4.0
MeV, and A=3.0 MeV. Note in Fig. 4 that these
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FIG. 5. Comparison of the relative probability of one
and two particle emission as determined experimentally,
and as calculated with a statistical evaporation model.
The relative probability is in percent.

systematics underestimate the reaction cross sec-
tion, while the optical-model calculations tend to
overestimate it.

We have calculated the relative population of the
reaction products, assuming statistical decay of
a compound nucleus, with the computer code
ALICE developed by Blann and Plasil.® A com-
parison between our experimental results and the
calculations is shown in Figs. 5 and 6. Both ex-
perimental and calculated results are given as the
percent of total decay at each projectile energy.
Binding energies used in the calculations came
from mass excesses compiled by Wapstra and
Gove.'® The calculations include the dependence
of the nuclear level density on spin. In addition,
each emitted neutron, proton, and « particle car-
ries off, respectively, 2, 3, and 10 units of angu-
lar momentum.

Many of the channels have cross sections in
reasonable agreement with the calculated values.
However, the experimental results for the ®'Ni-
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FIG. 6. Comparison of the relative probability of three
particle emission as determined experimentally, and as
calculated with a statistical evaporation model. The
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(*0, 3n)"*Kr reaction, which leads to the nucleus
farthest from stability, are two orders of magni-
tude larger than the calculations (see Fig. 6). This
result, while significant in that it suggests that
the cross sections for production of neutron de-
ficient nuclei may be larger than present calcula-
tions indicate, is surprising since the *°Ni(*°0, 2x)-
"™Kr reaction, which leads to the same residual
nucleus, was in reasonable agreement with the
calculations.’

Other channels whose cross sections differ sig-
nificantly from the calculations are (*°0, 3p),

(*°0, p), and (*°0, a). However, the latter two
channels do have large experimental uncertainties.
The (*%0, '2C) and (*°0, 3a) reactions lead to the
same reaction product. Since the calculated rela-
tive population for 3« is <0.1%, the (*°0, '2C) reac-

tion is believed to predominate.

A possible cause of the differences between cal-
culated relative population and experimental re-
sults may be the fact that y-ray competition is not
included in the code ALICE . As pointed out by
Grover and Gilat,'* y-ray competition is not negli-
gible, and is especially important for excitations
within a particle binding energy of the yrast level.
Other possible causes of the differences could be
incorrect binding energies, variation of level den-
sity from one nucleus to another, and noncom-
pound nuclear processes.

APPENDIX A: EVIDENCE FOR IDENTIFICATION
OF THE REACTION PRODUCTS

In this Appendix, evidence for the different reac-
tion products is discussed. The degree of confi-
dence for identifying a particular product depends
on the extent of similarity between the y-ray en-
ergies, intensities, and decay half-lives deter-
mined here and those previously reported. Col-
umn 4 in Table II gives the y-ray transition used
to obtain the cross section for each reaction.

The production of "Kr +# was based on the 315.7-
keV v ray from the decay of "®Kr.'? A y ray of the
same energy was also produced by the decay of
Br, which had one of the largest cross sections.
Also, production of "*Kr from the %Ni in the tar-
get was significant at the lower projectile ener-
gies. These contributions were subtracted from
the total yield. As a consequence, the uncertain-
ty of this cross section is large.

The production of ®Br + pwas based on the 559.5-
keV y ray from the decay of Br.!* Three other
7 rays which should be produced by this decay
were not observed with the correct intensities
and half-life. Production of "Br from the ®2Ni
in the target caused large uncertainty in this
cross section, and made possible only an upper

limit determination for projectile energies above
42 MeV.

Evidence for the production of *Kr +2# was
based on the 132.4-keV y ray from the decay of
Kr.!*15 The ratio f of the decay of this y ray
to the total decay was completely unknown, so
only relative cross sections were obtained for
this channel.

The sum of "Kr + 2z and "Br + pn production
was determined by the 286.5-keV y ray from the
decay of ™Br.!® Twenty-three other y rays were
observed from this decay, and all had the correct
intensities and half-life,

The production of "Se +2p was based on the

27, 37)~ 3" 286.5-keV y ray of °Se observed in-
beam.'® A y ray of this energy was observed, but
its yield as a function of projectile energy did not
follow the pattern expected for a thick target.
Thus, only upper limits for this reaction cross
section could be obtained.

The production of "Kr + 3# was based on the 2*
- 0" 429-keV ¥ ray and the 4" ~ 2" 674-keV v ray
of ™Kr observed in-beam.® A correction for an-
other 429-keV y ray produced in the 5!Ni(*°0, 2x)
reactions was applied. Production of "Kr from
the °°Ni in the target was significant at lower pro-
jectile energies. This contribution was also sub-
tracted from the total yield. The cross sections
determined separately with the 429-keV and 674~
keV v rays agreed with each other within experi-
mental error.

The production of "Br + p2n was determined by
the 634.6-keV v ray from the decay of "Br.'”
Eighteen other y rays were observed which were
attributed to this decay, and all had the correct
intensities and half-life. Production of ™Br from
the °°Ni in the target was significant at lower pro-
jectile energies. Corrections were made for this
contribution to the Br yield.

The production of "Se +2pn was determined by
in~beam y-ray spectroscopy of the 2~ 0" 634.6-
keV y ray in "Se.'” Production of "“Se from the
%Ni in the target was significant at lower projec-
tile energies. Corrections were made for this
contribution to the ™Se yield.

The production of "As +3p was based on the
596.0-keV ¥ ray from the decay of As.'® Ay
ray of this energy was also produced by the de-
cay of ™Br, which had one of the largest cross
sections. The contribution from "Br was sub-
tracted from the total yield. As a consequence,
the uncertainty in this cross section is large.

The production of *Se + @ was based on the
360.9-keV y ray from the decay of "3Se.'® This
y ray had the correct half-life. However, no other
Y rays were observed, so intensity comparisons
could not be made. Production of "3Se from the
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5Ni and ®2Ni in the target was especially signifi-
cant at higher projectile energies. This contribu-
tion was subtracted from the total yield. As a con-
sequence, the uncertainty in this cross section is
large.

The production of "?As +ap was based on the
834.0-keV y ray from the decay of ?As.?° Four
other y rays were observed which could be attri-
buted to this decay, and all had the correct inten-
sities and half-life.

The production of "‘Se + @2n was based on the
147.2-keV vy ray from the decay of "*Se.?! This v
ray was not observed in any spectra. From statis-
tical fluctuations of the background radiation at
this energy, upper limits for this reaction cross
section were obtained.

The production of "*As + apn was based on the
174.9-keV y ray from the decay of "*As with a half-
life of 62 h.22 Analysis of the yield curve of this y
ray showed it to be a doublet with a short-lived
component (7,,,=1.3 h), which was dominant at
low projectile energies and disappeared at higher

projectile energies. A least-squares analysis
was performed with the short half-life and both
intensities as variable parameters, and the con-
tribution to the production of "*As was determined.
Production of ™As from the ®°Ni in the target was
significant at lower projectile energies. Correc-
tions were made for this contribution to the "'As
yield.

The production of °°Ge +2a was based on the
1106.4-keV y ray from the decay of **Ge.?® This
v ray had the correct half-life. No other y rays
from this decay were observed, however, so in-
tensity comparisons could not be made.

The production of "Se + an, %Zn+'C, **Cu+MN,
©2Cu+'°N, ®Ni+'®0, and °°Ni+'"O was based on
the y rays and f values shown in Table II, which
were obtained from Ref. 24, In most of these
cases, only upper limits were obtained. The ¥
rays from ®Ni which might result from the
8INi(*°0, 1"0) reaction could be completely ac-
counted for by Coulomb excitation of the *°Ni in
the target.

*Work supported in part by Oak Ridge Associated Uni-
versities. :
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