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Excitation functions of (p, cr) reactions on 6 Ni, ~sKr, and 86Sr
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Excitation functions were measured by the stacked-feil technique for Ni(p, o) Co and
Sr(p, o.) Rb reactions from threshold up to 18.5 MeV. Thin samples of 95% enriched Ni were

prepared by electrodeposition on gold foils, and those of 96.3'Fp enriched SrCO3 via sedimentation
on Cu backing. The radioactivity of the activation products was determined via high resolution
p-ray spectrometry. Statistical model calculations taking into account preequilibrium e8'ects were
performed for the experimentally measured competing reactions induced by protons on the target
nuclei Ni, " Kr, and Sr. The strong (p, n) channel is described well by the calculation. In the
case of weaker channels some discrepancies occurred between the experimental and theoretical data,
in particular for " Kr as target. Regarding the (p, n) process, an attempt was made to include direct
three-nucleon pickup component. For the neutron de6cient target nuclei Kr and Sr the direct
reaction contribution to the (p, a) cross section appears to be small, presumably due to large (p, n)
thresholds. Inclusion of this component in the (p, cx) reaction on the neutron rich target nuclide

Ni, however, led to a better agreement between the experimental and theoretical data.

PACS number(s): 24.60.Dr, 24.50.+g, 25.40.Hs

I. INTRODUCTION

The emission of nucleons in the interactions of light
projectiles with nuclei is generally described in terms of
equilibrium and preequilibrium effects. The emission of
0; and other complex particles, on the other hand, is dif-
ficult to formulate and may involve contributions &om
direct processes, populating low-lying levels of specific
structure. Such contributions are mainly of interest in
nuclear structure studies, but may also become signif-
icant in the case of activation cross section, especially
when other mechanisms are suppressed, e.g. , by Q-value
and/or Coulomb barrier efFects.

Smits and Siemssen [I] developed a semimicroscopic
approach which allows the calculation of three-nucleon
pickup cross sections in terms of spectroscopic factors of
simpler reactions up to a normalization constant com-
mon to all final states. In several investigations on (p, a)
and (n, n) processes concerning nuclear structure and re-
action mechanism, Gadioli et al. showed that the afore-
mentioned normalization constant is, to a good approxi-
mation, independent of the incident energy and changes
little between neighboring nuclei (cf., e.g. , Refs. [2,3] and
other references quoted therein). Due to these prop-
erties the semimicroscopic approach is also of interest
for calculating application oriented data. In the case of

Ti(n, n) Ca and soTi(n, n) "Ca reactions [4], for ex-
ample, we showed recently that the reproduction of ac-
tivation cross sections can be improved by considering a
direct reaction component in addition to the compound
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and precompound contributions. Now we chose to study
the excitation functions of the (p, n) reactions on Ni," Kr, and Sr. The three isotopes occur at different dis-
tances &om the line of stability of elements and are thus
suitable for investigation of Q-value efFects. Due to lack
of spectroscopic information, however, an assessment of
the direct o. component is expected to be more difBcult
than for the 4 ' Ti(n, n) reactions studied earlier.

II. EXPERIMENT

Excitation functions were measured by the activation
method. The details for the Kr(p, n) Br reaction have
already been given [5]. In brief, thin walled metal cylin-
ders, filled with 99.4% enriched sKr, were irradiated in
a row with a well-collimated beam of protons, and the
radioactivity of the product nuclide Br was determined
via p-ray spectrometry. In studies on s4Ni(p, n) Co and
ssSr(p, a)ssRb reactions the well-known stacked-foil tech-
nique, commonly used at Jiilich (cf. Refs. [6—8]), was em-
ployed. Details of measurements are given below.

A. Ni(p, a) Co reaction

Thin samples were prepared by an electroplating
method [7,8] and consisted of thin layers ( 1 mg cm )
of 95%%u&'& enriched Ni on Au foils. Several stacks, each
consisting of Ni samples, Cu monitor foils, and Al ab-
sorbers, were irradiated with the external beam of the
Compact Cyclotron CV 28 of KFA Julich for about 30
min at proton beam currents of 150—200 nA. The pri-
mary proton energies used were 18.7 and 14.9 MeV. The
beam current was measured by a Faraday cup and was
also monitored through the monitor reactions induced in
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Cu foils (cf. Refs. [9,10]).
The radioactivity of the Ni(p, n) Co reaction prod-

uct (Try2
—1.65 h, E~ = 67.4 keV, I~ = 84.7%%uo) was

determined using a thin high-purity Ge (HP Ge) detec-
tor with a Be window. The detector was coupled to
an Ortec MCA plug-in card which was connected to an
IBM-compatible PC-AT. The full widths at half maxi-
mum (FWHM) of the two p rays of Co at 14.4 and
122 keV measured with the detector were 0.39 and 0.59
keV, respectively. The detector was thus ideally suited
for counting Co. Nonetheless, the peak area analysis
met with considerable difhculty due to the occurrence of
the Kn2 and Knr x rays of Au and Pt (at 66.99 and 66.8
keV, respectively) in the vicinity of the 67.4 keV p ray of

Co. The Au and Pt x rays are emitted in the decay of
Hg and Au radioisotopes formed via (p, xn) and (p, p2:n)
reactions on Au backing. We used a Qexible p-ray anal-
ysis program FGM [ll] which calculates the peak areas
of a doublet by a 6tting method based on a weighted
least squares regression algorithm. The peak areas de-
termined &om spectra taken at two difFerent decay times
agreed within 5%. Nevertheless, for a further check two
other tests were performed.

(a) A few irradiated samples were counted on a 145
crn HPGe detector and the weak 908.6 keV p ray (I~ =
3.7%) of rCo was searched for. Due to the dominant

Cu (Try2 ——12.7 h) and Hg (Try2 ——64 h) activities
the peak area of Co could be obtained only with a large
error. The value, however, agreed with that deduced via
an analysis of the 67.4 keV p ray within +10%.

(b) Four irradiated samples were processed chemi-
cally. Nickel was dissolved in dilute HNO3 and 20
mg each of copper and cobalt were added as carriers.
Cobalt was separated via anion-exchange chromatogra-
phy (cf. Ref. [12]) and counted on the thin HPGe de-
tector described above. A clean peak at 67.4 keV was
observed. There was some uncertainty in the gravimet-
ric yield of the separated sample but the peak area agreed
within +10% with the value obtained without chemical
separation.

From the results of the three counting methods we as-
sumed an error of 8—10% in the peak area analysis. The
absolute activity was determined using the p-ray abun-
dance and the eKciency of the detector. Thereafter the
cross section was calculated using the activation formula.
The overall error was estimated as described in several
earlier publications (cf. Refs. [5,7,8]); it amounted to be-
tween 12% and 15%.

B. Sr (p, cx)ss Rb reaction

For work on this reaction thin samples of SrCO3
( Sr enrichment 96.3%%uo) were prepared by a sedimen-
tation process [13]. A thin Cu foil (25 pm) was used as
backing material and the thickness of the carbonate layer
amounted to about 10 mg/cm . The deposited layer was
covered with a 25 pm thick Al foil; each sample was thus
in a sandwich form. Irradiations and beam current mea-
surements were done as described above for the Ni(p, n)
reaction.

The radioactivity of the reaction product Rb (Try2 ——

86.2 d, E~ = 520 keV, Iz ——46%%uo) was measured several
months after the end of irradiation, i.e. , after the decay of
the shorter-lived radioisotopes. Due to the low level of ac-
tivity involved, the counting time for each sample ranged
between 1 and 5 d. Use was made of the large-sized HPGe
detector (see above) and the peak area analysis was done
using MAESTRO II MCA emulation software. The cross
sections and their errors were obtained as described in
several publications (cf. Refs. [5,7,8]). The error near the
threshold of the reaction was high (up to 60%) due to
relatively poor counting statistics. In general, however,
the error was around 15%.

III. NUCLEAR MODEL CALCULATIONS

The models and parameters were chosen as in our pre-
vious study on 4 soTi(n, n) activation cross sections [4].
The compound nucleus evaporation contribution was cal-
culated taking into consideration angular momentum and
parity conservation and —for completeness —also isospin
eKects. The latter were treated in the framework of a
model proposed by Grimes et al. [14], assuming a mixing
parameter p = 0.4 based on the trend given by Harney,
Weidenmiiller, and Richter [15]. Isospin effects in proton
induced reactions on % ) Z targets favor (p, p') pro-
cesses and reduce the emission of neutrons and o. parti-
cles. For the target nuclei considered here this reduction
was rather moderate; it was of little importance regard-
ing the agreement between experiment and calculations.

The particle transmission coefficients were derived
&om global optical potentials proposed by Rapaport,
Kulkarni, and Finlay [16],Mani, Melkanoff, and Iori [17],
and McFadden and Satchler [18] for neutrons, protons,
and o. particles, respectively. The neutron potential is de-
Gned only for incident energies exceeding 7 MeV; below
this limit we assumed an energy independent strength
of the surface absorptive potential with the value pre-
scribed at 7 MeV. The n particle potential of Ref. [18]
was slightly modified as described in Ref. [19]. These
optical potentials for protons and o. particles were em-
ployed for the direct reaction calculations, too. For the
p-ray transmission coe%cients we used a "generalized
Lorentzian" in the case of the dominant E1 and a "stan-
dard Lorentzian" in the case of Ml and E2 radiation (for
details see Refs. [20,21]); the single particle model was
applied for the less important multipole types M2, E3,
and M3.

The information on low-lying levels was taken &om re-
cent issues of the Nuclear Data Sheets [22]. The level
densities were derived &om the model of Kataria, Ra-
mamurthy, and Kapoor [23] supplemented for lower ex-
citation energies by a constant temperature formula (see
Ref. [4] for more details). The level density parame-
ters were determined by reproducing the number of low-
lying levels and the average s-wave resonance spacing
Do compiled by Mughabghab, Divadeenam, and Holden
[24]. Unfortunately, for most of the nuclei encountered
in reactions considered here no information on Do val-
ues is available since they are unstable. Therefore the
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level density parameters for these nuclei had to be found
by interpolation &om neighboring nuclei. Though the
level density model of Kataria et al. [23] is rather well
suited for interpolations, since it explicitly accounts for
shell effects, the level density of each of these nuclei is
aRicted by considerable uncertainties, thereby affecting
the calculated cross sections.

The preequilibrium emission —as in Ref. [4]—was
treated in the &amework of the exciton model, account-
ing for angular momentum as proposed by Shi Xiangjun,
Gruppelaar, and Akkermans [25]. a particle emission
rates were chosen according to the model of Milazzo-
Colli and Braga-Marcazzan [26] with a preformation fac-
tor P = 0.25; more details on the preequilibrium contri-
butions can be found in Ref. [4].

Direct reaction cross sections were calculated with the
distorted-wave method. Inelastic scattering populating
low-lying collective levels were considered for all three
target nuclei; the deformation parameters were taken
&om Ref. [22]. These cross sections reduce the combined
compound and precompound contribution by a few per-
cent.

For the Ni(p, n) reaction we considered direct contri-
butions to the low-lying levels in an analogous way as in
Ref. [4]. The processes were described as pickup of a tri-
tonlike cluster in the framework of the semimicroscopic
model of Smits and Siemssen [1] under rather simple as-
sumptions. For all Bnal states the two neutrons were con-
sidered to be picked up &om the 1fs~2 shell model orbit
and to form a pair coupled to angular momentum J = 0,
and so the spectroscopic factor for the two neutrons can
be lumped into the normalization factor. The Anal states
considered extend up to an excitation energy of 2.6 MeV;
those were strongly populated in the s4Ni(p, n) reaction
[27] and in the proton pickup process s2Ni(d, sHe) [28].
For those states the proton is picked up from the Ifr~2
orbit or the s and d orbits of the Z = 8—20 major shell;
the relevant spectroscopic factors for proton pickup were
taken from Ref. [28]. The three-nucleon cluster bound
states were generated in a Woods-Saxon potential with
a reduced radius of 1.25 fm and a diffuseness of 0.60 fm.
The distorted-wave calculations were performed in the
zero-range approximation. The choice of the normaliza-
tion constant is described in the next section.

For the Kr(p, n) and ssSr(p, n) processes we ne-
glected the direct reaction contributions for the follow-
ing reasons (i) Spectroscopic information and absolute
cross sections required for the normalization are not avail-
able. (ii) The combined contributions of compound nu-
cleus evaporation and preequilibrium emission reproduce
or even overpredict the (p, n) activation cross section so
that no meaningful assessment of the direct component
is possible.

The calculations were performed with the codes
MAURINA [29] and DWUCK4 [30] which are combined by
suitable interface routines.

IV. RESULTS AND DISCUSSION

The experimental data on the Kr(p, n) Br reaction
were reported earlier [5]. The measured cross sections for

TABLE I. Measured cross sections of the Ni(p, o.) Co
reaction.

Proton energy
(MeV)

5.04+0.60
6.63+0.55
7.80+0.52
8.26+0.51
8.41+0.50
9.26+0.48
9.60+0.47

10.38+0.44
10.72+0.43
11.25+0.42
11.77+0.40
12.02+0.40
12.62+0.39
12.73+0.37
13.23+0.36
13.52+0.36
14.12+0.33
14.30+0.33
14.80+0.32
15.26+0.31
15.46+0.29
16.53+0.26
17.56+0.23
18.55+0.20

Cross section
(mb)

0.02+0.003
0.62+0.09
1.48+0.19
1.98+0.25
1.76+0.23
3.44+0.44
3.95+0.50
5.09+0.65
6.58+0.84
8.75+1.10

10.17+1.37
11.80+1.85
10.84+1.37
11.37+1.44
12.78+1.61
14.02+1.45
14.52+1.83
14.87+1.87
15.00+1.60
16.28+2.05
17.23+2.16
18.69+2.34
17.35+2.18
17.97+2.25

TABLE II. Measured cross sections of the Sr(p, n) Rb
reaction.

Proton energy
(MeV)

7.82+0.52
8.71+0.55
9.91+0.48

10.69+0.44
11.74+0.40
12.43+0.40
13.38+0.38
14.01+0.36
14.89+0.32
15.49+0.29
16.29+0.27
16.85+0.25
17.63+0.23
18.16+0.22

Cross section
(mb)

0.25+0.13
0.19+0.07
0.32+0.22
0.54+0.32
2.38+0.62
2.75+0.73
3.98+0.70
4.13+1.06
4.54+0.53
5.65+0.68
5.54+0.68
9.5?+1.20
?.2?+1.12

14.66+1.82

the 4Ni(p, n)s~Co and ssSr(p, n) s Rb processes are given
in Tables I and II, respectively. For both the reactions
no data were available in the literature.

The results of nuclear model calculations are shown as
curves in several diagrams (see below). Since we were
mainly interested in investigating the applicability and
predictive power of simple models, we did not attempt
to improve the reproduction of the data by exploiting
the uncertainties in the model parameters. For the same
reason we compare, besides the (p, cr) activation cross
sections under consideration, also experimental data on
competing reactions with the results of model calcula-
tions.
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A. Protons on 64Ni 20

Calc. comp.

The experimental Ni(p, n) Co activation cross sec-
tions are compared with the results of model calculations
in Fig. 1. The solid curve describes the sum of com-
pound nucleus evaporation and preequilibrium emission,
and the dashed curve the sum of these processes as well
as the direct component. For lack of independent experi-
mental data we normalized the direct (p, o.) contribution
such that the sum of the three calculated contributions
reproduced the experimental cross section at 15 MeV.
The reproduction of the experimental excitation function
was considerably improved through the inclusion of the
direct component, which is illustrated on a linear scale
in Fig. 2, and is compared with the statistical contri-
bution. In view of the difFerent energy dependences of
the calculated compound and direct contributions, and
considering the fact that a change in the level density
parameters for the products Co and 4Cu did not lead
to a satisfactory reproduction of the measured (p, n) ex-
citation function, we found the necessity of inclusion of
a direct contribution. However, it must be emphasized
that the absolute magnitude of the direct (p, n) contri-
bution is strongly a8'ected by the previously mentioned
uncertainties in the compound and precompound com-
ponents. The experimental activation cross sections for
the competing s4Ni(p, n) Cu reaction (cf. Ref. [8]) are
compared with the results of model calculations in Fig. 3;
here the solid and the dashed curves coincide. The re-
production of the data is not excellent but, apart from
the high-energy end of the excitation function, quite rea-
sonable.

16-

~12—E'

O
0 ~
O
V

CA 80

12
Proton energy (MeV)

20

FIG. 2. Comparison of energy dependence of compound
nucleus plus preequilibrium model component (1) and direct
component (2) to the Ni(p, o.) Co cross section. The solid
line (3) represents the sum of the two components and hence
corresponds to the dashed line in Fig. 1.

B. Protons on Kr

The " Kr(p, n)" Br activation cross sections measured
recently [5j are compared with the results of model cal-
culations in Fig. 4. Only compound and preequilibrium
eEects were considered. Below 16 MeV the experimen-
tal data and calculations disagree, there being a shift of
several MeV between the experimental and theoretical
excitation functions. Since in the experimental work the

10

Ni(p, a) Co

10 Ni(p, n) Cu

10'—

u 10
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0 2 & i i i I & i i i I i i & t I i I i I I
1

0 5 10 15 20
Proton energy (MeV)

25

Experiment
(Ref. 8)

Model calculation
(this work)

01 i « i I i . i i I i i I i I i & i i I
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0 5 10 15 20
Proton energy (MeV)
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FIG. 1. Measured and calculated cross sections for the
Ni(p, o.) Co process. The solid curve describes the sum of

the compound nucleus evaporation and preequilibrium emis-
sion. The dashed curve includes an additional direct pickup
component.

FIG. 3. Measured and calculated cross sections for the
Ni(p, n) Cu reaction. The calculation took into account

only the compound nucleus evaporation and preequilibrium
processes.
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FIG. 4. Measured and calculated cross sections for the
" Kr(p, a) Br process; other details are the same as for
Flg. 3.

FIG. 5. Measured and calculated cross sections for the
Kr(p, np) Kr process; other details are the same as for

Fig. 3.

incident energy was carefully checked [5], the discrepancy
is not due to an error in the energy scale. No substan-
tial improvement could be achieved in this energy region
by employing other optical potentials, other level density
models, or by exploiting the considerable uncertainties
in the interpolated resonance spacings. The shape of the
rising part of the (p, cr) excitation function is mainly de-
termined by the Q value and the Coulomb barrier and
is therefore rather insensitive to variations in the model
parameters. Figure 4 also illustrates that an improve-
ment in the reproduction of the experimental data by an
additional direct reaction contribution is not very plau-
sible. As displayed in Figs. 5 and 6 the Inodel calcula-
tions also overpredict the experimental Kr(p, np) "Kr
and Kr(p, x) Br cross sections [5]; the latter includes
both direct formation through the (p, 2p) reaction as well
as via the decay of Kr. Figure 6 therefore represents
the sum of the (p, 2p) and (p, np) cross sections. While
the experimental (p, np) and (p, x) cross sections practi-
cally agree with each other [5], the calculations predict
an appreciable (p, 2p) cross section [at E„= 18 MeV,
e.g. , about 30% of the (p, x) cross section]. This is pre-
sumably due to the rather high (p, n) threshold of 7.84
MeV, resulting in an enhancement of proton emission at
the equilibrium and preequilibrium stage.

C. Protons on Sr

In Fig. 7 we compare the experimental ssSr(p, n)ssRb
activation cross sections with the results of nuclear model
calculations incorporating only compound nucleus evap-
oration and preequilibrium emission. The agreement

104

Kr(p, x) Br

10

~ 106 z

0

10' =

10
Experiment
(Ref. 5)

Model calculation
(this work)

'10 1

0
t I I I I I I I I 1 I I I I I I I I I I

5 10 15 20
Proton energy (MeV)

FIG. 6. Measured and calculated cross sections for the
Kr(p, x) Br process; other details are the same as for Fig. 3.

is quite good and so, for reasons mentioned above,
we did not attempt to add a direct reaction contribu-
tion. The experimental cross sections for the compet-
ing Sr(p, n)ssY reaction [13] are somewhat larger than
the results of the model calculations as shown in Fig. 8;
however, the difference cannot be considered as a serious
discrepancy.
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Sr(p,u) Rb Sr(p, n) Y
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o Experiment
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10I I I I I I I I I I I i I I I I I
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FIG. 7. Measured and calculated cross sections for the
Sr(p, n) Rb process; other details are the same as for Fig. 3.

FIG. 8. Measured and calculated cross sections for the
Sr(p, n) Y reaction; other details are the same as for Fig. 3.

V. CONCLUSIONS ACKNOWLEDC MENTS

The combined evaporation and preequilibrium contri-
bution underpredicts the experimental (p, n) activation
cross sections above 9 MeV only in the case of Ni as
target. For the targets " Kr and Sr the e8ect of a direct
reaction component in the (p, n) activation cross section
seems to be smaller. This may be due to the high tresh-
olds of (p, n) reactions on the neutron deficient target nu-
clei Kr (7.84 MeV) and Sr (6.05 MeV). Presumably,
for these target nuclei the statistical (p, n) contribution
is enhanced compared to that for the neutron rich target
nucleus Ni which has a (p, n) threshold of 2.46 MeV.
However, more quantitative conclusions require absolute
cross sections for o. groups populating levels for which
the direct mechanism dominates.
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