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A new method employing a 12 inch x 12 inch y-summing single Nal crystal was developed for cross-section
measurements of astrophysically relevant capture reactions on medium-mass nuclei. The response function of
such a 4 detector enables the summing of all capture events. As a result, a single peak, the so-called sum
peak, arises in the spectra. Its intensity can be used to obtain cross sections of capture reactions with unknown
multiplicities. The method enables to first determine these multiplicities, which are then used to derive the
corresponding efficiency of the sum peak by means of Monte Carlo simulations. Cross sections are finally
obtained from the sum-peak intensity with an average uncertainty of ~15%. The method was first applied to
the *Ni(a, )%Zn reaction. The results obtained are in excellent agreement with those reported in literature.
The new method proposed here was then employed to determine cross sections of 25 capture reactions in the
Ni-Sb region. The cross sections measured for the '*Rh(p, y)'*Pd reaction are also presented. A very good
agreement between the cross sections measured in the present work and the corresponding predictions of the

Hauser-Feshbach theory was found.
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I. MOTIVATION

Cross-section measurements of capture reactions are by far
the major task in experimental nuclear astrophysics. All too
often, however, this task is not a simple one as most of the
cross sections desired to be determined are in the ub range
or even below. So far, various experimental setups have been
applied for this purpose and the success of the measurements
has strongly depended on (i) the high efficiency of the detectors
used, (ii) the low beam-induced background, and (iii) the
quality and stability of the targets employed.

The two former conditions are quite reasonably satisfied in
the case of measurements with the activation technique [1].
Hereby, the energy of the y rays to be detected off-line
ranges, in most of the studied cases, between 100 keV and
2 MeV. Hence, small-size single-crystal Ge detectors with
typical relative efficiencies of ~20-30% can be employed to
determine y activities and derive cross sections. In addition,
the y spectra are usually free from beam-induced background
because they are accumulated off-line after the irradiation
of the target. In some cases, however, the target irradiation
produces intense and often long-lived S activities, which result
in a very strong 511-keV y line that loads the y spectra
with a high Compton background. As a result, y transitions
with energies below 500 keV are strongly “obscured” by the
Compton continuum. To overcome this problem, Ge detectors
have to be shielded with bismuth germanate crystals (BGO) to
suppress the Compton events. The fact that one can use natural
targets, in combination with the aforementioned simple setup
requirements, makes the activation technique a straightforward
procedure and therefore the method applied the most provided
the reaction of interest leads to an unstable nucleus with
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a suitable half-life. The latter constraint does not apply in
the case of in-beam cross-section measurements where any
reaction can be investigated in principal. In a capture reaction
the total cross section o7 is derived from the total reaction
yield Y by using

AY

Ny &’
where A is the atomic weight in amu of the target used, N, is
the Avogadro number, and & is the target thickness.

The total reaction yield Y can be extracted from the
absolute intensities of all the primary y transitions, i.e.,
those depopulating the entry state of the produced compound
nucleus. In the simplified case shown in Fig. 1, these transitions
are labeled yy, y1, and y,. Their absolute y intensities are
obtained from the absolute efficiency corrected A coefficients
of the corresponding angular distributions. In practice, the total
cross section is determined from the angular distributions of
the y transitions feeding the ground state and not from those
of the primary y rays (see, e.g, in Ref. [2]). Hence, the total
reaction yield Y is deduced from

N
y=3 A @)

where N is the total number of the y transitions feeding the
ground state. Obviously the determination of cross sections
from y-angular distribution measurements can become very
time-consuming with increasing number N of y transitions,
because the number of y spectra that have to be accumulated
and subsequently analyzed at each energy is usually SN at
least (see, e.g., in Ref. [2] where N = 12). A crucial point in
this method is the determination of the absolute intensity of the
o transition. Though its intensity may be a small fraction of
the total reaction yield, e.g., at most 5%, it cannot be neglected
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FIG. 1. Simplified decay scheme of a compound nucleus pro-
duced in a capture reaction at an excited (entry) state with energy Ey.
The levels of the compound nucleus are labeled L, (ground state),
L; (1st excited state), L, (2nd excited state), and Ly (entry state).
The branchings of the primary y transitions to the ground, first, and
second excited states are labeled by, by, and b,, respectively. The
branchings of the secondary y rays are labeled b; ,, where i is the
i-th excited initial state and f is the f-th excited final level. For
the decay scheme shown, it obviously holds that i > f and b, =
100%.

a priori. This sets certain requirements for the efficiency of the
setup to be used, because the energy E, of y can be very high,
as it is equal to the sum of the center-of-mass energy (c.m.) and
the Q value of the reaction, i.e., £,y = Ecn, + Q. In the case
of proton or «-particle capture reactions, £, often exceeds
8 MeV. Consequently, the determination of the absolute
intensity of yy requires a very efficient setup, preferably an
array of large-volume HPGe detectors of almost 100% relative
efficiency with BGO shields for Compton suppression like the
one employed in Ref. [2]. The situation becomes simpler when
all capture events are “gathered” in only one excited level, i.e.,
when the relevant y cascades feed only one state, most likely
the first excited state, which is then de-excited to the ground
state by a single y transition. In this case, only the latter
y transition needs to be analyzed, as demonstrated in Ref. [3].

Finally, in-beam measurements of y-angular distributions
may also suffer from an additional problem, i.e., the beam-
induced background, especially when light elements are
present as admixtures in the backing or even in the target
material. The use of o beams causes additional problems
because, in most of the cases, the («, n) reaction channel is
open. This channel is stronger by at least one to three orders
of magnitude compared to the corresponding (¢, y) reaction
of interest.

The need for an extended data base of capture reaction
cross sections relevant to the modeling of the nucleosynthetic
p process [4] motivated us to exploit an alternative method
for cross-section measurements that enables us to study any
reaction within relatively short beam times. This method is
based on in-beam measurements of angle-integrated y fluxes
and it was first realized by employing a large-volume eightfold
segmented Nal(T1) crystal as we already described in Ref. [5].
Meanwhile, the method has been improved by utilizing a
12 x 12 inch single Nal(Tl) crystal that is presented here.
The principles of this 47 y-summing method are outlined in
Sec. II. The setup used in the present work is described in
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FIG. 2. Typical y spectra expected for the de-excitation of the
compound nucleus illustrated in Fig. 1 by using (i) a small-size
Nal(TI) crystal and (ii) a large volume 47 Nal(Tl) summing
detector.

Sec. III. The experimental procedures applied in the present
work and the cross-section results obtained are presented
in Secs. IV and V, respectively. The conclusions are finally
summarized in Sec. VI.

II. THE 47z y-SUMMING METHOD

The proposed method is based on the use of a large-volume
Nal(TI) detector covering a solid angle of almost 47 for
photons emitted by a target placed at its center. The working
principle of such a detector relies on its long time response and
its large volume. The latter enables to fully absorb a photon,
whereas the former renders the photomultipliers unable to
distinguish between different photons emitted within a time
interval smaller than the decay time of the crystal, which is
typically >250 ns. As a result, the corresponding photons give
one common signal corresponding to an energy equal to the
sum of their individual energies.

Because of these features, a spectrum measured with a
large-volume Nal(Tl) crystal differs significantly from that
measured with a small-size one. The differences are illustrated
in Fig. 2. The spectrum shown in part (a) is a sketch of a
typical y spectrum measured with a small-size Nal(Tl) crystal
for the deexcitation of the compound nucleus in the simple case
shownin Fig. 1. The spectrum includes the yy, y1, ¥2, 2.1, V2.0
and y; o transitions as well as their accompanying Compton
continuum. In contrast, the spectrum displayed in part (b)
is that expected for an appropriately large Nal(Tl) detector.
Hereby, photons have been fully absorbed so that no Compton
continuum appears. Moreover, the six peaks shown in part
(a) have been “replaced” by one peak, which is located at an
energy Ey equal to that of the y; transition. Its intensity Iy,
however, is higher than the one of y; because it results from the
summation of j with the three different y cascades formed
by the sequential photons y; and y; ¢ in the first case, y2, ¥2.1,
and y; o in the second, and y, and y» ¢ in the third one.

It becomes thus clear that the main advantage in using
a large-volume 47 summing detector is that instead of
measuring at least five y spectra at each beam energy and
further analyzing numerous y transitions, one needs to acquire
only one spectrum and analyze only one y peak, the so-called
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FIG. 3. y-singles spectrum measured in the present work for the
8Sr(p, y)¥Y reaction at E, = 3.6 MeV. The target was produced by
evaporating 3Sr(NO3), on a 0.2-mm-thick Ta foil [2] (see also text).

sum peak. Its intensity /x can be used to determine the total
reaction yield Y from

- ]Vb8Z ’

Y 3
where N, is the number of the beam particles and ey is
the sum-peak efficiency. The total cross section o7 is then
derived by inserting Y in Eq. (1). Apparently, because of the
4 geometry covered by the summing crystal, corrections for
angular distribution effects are not necessary.

The “ideal” spectrum shown in part (b) of Fig. 2 is, however,
quite different from what is measured in “real” experiments:
Spectra do not consist of just a single peak, because some
photons are not fully absorbed and the Compton continuum
as well as individual peaks also appear. In addition, the
spectra may include more than one sum peak when the com-
pound nucleus of interest has excited levels depopulated via
EOQ transitions or have half-lives longer than the decay time
of the Nal crystal. The latter case is demonstrated by the
spectrum displayed in Fig. 3. This spectrum was measured
with the summing detector employed in the present work (see
next section). It includes two sum peaks located at 10.624
and 9.715 MeV that are labeled yy, and yy,, respectively.
They both belong to 3°Y that is produced by the 33Sr(p, )¥Y
reaction at £, = 3.6 MeV. The first sum peak is the result of
the sum of the y transition from the entry state and all the
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y cascades by-passing the first excited level, which is located
at an excitation energy of 0.909 MeV as indicated in the level
scheme shown in Fig. 3, and feeding the ground state. The
energy of ys, is slightly lower than E., + Q = 10.631 MeV
due to the energy loss of the proton beam in the target material.
The energy of yy, 15 0.909 MeV lower than that of y5, because
it corresponds to the sum of the y cascades de-exciting the
entry state and feeding the first excited state of 3°Y. The latter
9/2% level has a half-life of 15.66 s that is considerably longer
than the decay time of the Nal(TI) crystal.

In addition to the two sum peaks, the spectrum of
Fig. 3 also includes peaks from reactions of the proton beam
with 30 and 'N. These nuclei are present as admixtures in
the target because the latter was produced by evaporation of
88Sr(NO3), on a 0.2-mm-thick Ta backing foil. It is worth
noting that Ta is provided commercially with some amount
of impurities including mainly '"F. As a result, peaks from
the "F(p, ay)'®0 are also observed in the spectrum shown in
Fig. 3.

It is finally worth mentioning that the use of a large-volume
summing crystal, like the one employed in our work, also
takes advantage of the fact that in the vast majority of
capture reactions, the resulting sum peak appears at energies
considerably higher than the Q values of the disturbing (p, n)
and especially («, n) reactions, which may overload the spectra
with a high beam-induced background. The sum peak of
interest is, thus, located at the “end” of the spectrum as shown
in Fig. 3 and “sits” on a relatively low background.

III. THE EXPERIMENTAL SETUP

The present work was carried out with the 4 calorimeter
installed at the Dynamitron Tandem Laboratorium (DTL) of
the Ruhr-Universitit Bochum, Germany. As shown in Fig. 4,
the setup consisted of a 12 x 12 inch Nal(Tl) detector
(BICRON) with a bore hole of diameter 35 mm along its axis.
The solid angle covered by this detector for photons emitted at
its center is almost 98% of 4r. The Nal(Tl) crystal is equipped
with six photomultipliers (PM) for the accumulation of the
fluorescence light. The resulting signals from the six PMs
were first gain matched by appropriate high-voltage settings
and then summed. The sum signal was fed into a spectroscopy
amplifier. The energy resolution of the detector was ~2% at
~10 MeV.

LN, vessel
collimators

FIG. 4. Layout of the experimental setup

used in the present work. The arrows marked

air cooling ||/
) (in/out)
ceramic

turbo
pump

with “a,” “b,” and “c” indicate target positions
that are explained in Sec. I'V.

E PM

insulators
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As shown in Fig. 4, the beam axis was defined by two Ta
collimators having a diameter of 2 and 3 mm, respectively.
The former was located at a distance of 1.85 m from the target,
whereas the distance of the latter was 0.65 m. The resulting
beam spot on the target had a diameter of ~2 mm. Both Ta
collimators as well as the last part of the beam tube were
electrically isolated to optimize beam focusing. In addition,
the last part of the beam tube served as a faraday cup. For
this purpose, a voltage of —300 V was applied on an insulated
stainless steel flange, as shown in Fig. 4, to suppress secondary
electrons. The beam was stopped at the end of the beam tube
by a thick Ta foil.

Ahigh vacuum of &1 x 10~ mbar was achieved by means
of a turbo molecular pump combined with a cool trap, as
shown in Fig. 4. Under these conditions no carbon buildup
was observed on the targets, which were placed at the center
of the detector’s bore hole. The targets were mounted on a
Ta holder and were cooled with air by means of a couple
of stainless steel pipes (@3 mm) that were welded on the
holder.

IV. EXPERIMENTAL PROCEDURES

According to Eq. (3), the main task in the 47 y-summing
technique is the measurement of the sum-peak intensity /5.
Then, the total reaction yield Y is obtained from Eq. (3)
provided that the sum-peak efficiency ey is either known or
can be determined. However, the latter task is not a trivial
one, because ¢y can vary strongly with the (mostly unknown)
multiplicity M of the various y cascades, i.e., the number of
sequential photons de-exciting the nucleus to the ground state
that are “summed” by the detector.

The same 47 summing detector employed in the present
work has also been used in our previous studies [6] to measure
the resonance strengths of 12 different 2’ Al 4+ p resonances
with known y branchings [7] at beam energies from 0.12 to
1.12 MeV. Using the spectra measured in Ref. [6], it was
found that the sum-peak efficiency ey of the Nal crystal
increases with decreasing M. This dependence is strongly
reflected in the ratio of the sum-peak intensity Iy over the
total intensity /tor measured for the 12 resonances. This ratio
is plotted with respect to the corresponding sum-peak energy
Ey in Fig. 5. As can be seen in this figure, the data points
are scattered all over the x-y plane for energies E'y within a
0.8-MeV range only. This scattering can be well understood
by considering the corresponding average multiplicity (M)
defined as

(M) =) BiM, @)

where B; is the effective cascade branching of the i-th y
cascade starting from the resonant (entry) state and terminating
at the ground state and M; is the corresponding cascade
multiplicity. B; is furthermore defined as the product of
the branchings of all y transitions participating in the i-th
cascade. To illustrate, in the simple case of the capture reaction
displayed in Fig. 1, one has four different cascades sorted
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FIG. 5. Ratio of the sum-peak intensity /x to the total intensity
Itor measured [6] for 12 well-known resonances of the 2’ Al(p, y)*Si
reaction with the 47 summing detector of the present work (see also
text).

arbitrarily as follows:

(i) i = 1: Emmission of yy only, i.e., M; = 1 and B = by.
(i1) i = 2: Cascade formed by the y; and y) o transitions, i.e.,
M2 =2 and Bz = bl X bly().
(iii) ¢ = 3: Cascade formed by the y», y».1, and y; o transi-
tions, i.e., M3 = 3 and B3 = by X by X by .
(iv) i = 4: Cascade formed by the y, and y» ¢ transitions, i.e.,
M4 =2 and B4 = b2 X bz’().

By using the y branchings compiled in Ref. [7], we
calculated the average multiplicities (M) of the 12 different
resonances for which the ratios of the sum-peak intensity to
the total intensity are plotted in Fig. 5. The resulting (M)
values are displayed in the insert of Fig. 5. Apparently, the
scattering of the data can be interpreted as the result of different
average multiplicities. Thus, solid squares, i.e., the highest
ratios (*37%), correspond to resonances with (M) between
1.3 and 1.8, whereas the lowest ratios (*15%) indicated by
solid circles correspond to resonances with (M) = 2.8-3.2.
Resonances with (M) = 2.0-2.5 have ratios around 22%
(open circles).

From the above analysis, it becomes obvious that before
employing the 47 y-summing technique to determine the
cross section of a capture reaction, one has to determine in an
independent manner the corresponding average multiplicity
(M) at each beam energy. In the present work we propose
an alternative experimental procedure for the determination
of the average multiplicity of the y cascades summed by a
large-volume 47 Nal single crystal. With this new approach,
hereforth referred to as the in/out ratio method, and using
the setup presented in the previous section, we were able to
determine first the average multiplicities (M) of the reactions
of interest and then the corresponding sum-peak efficiency
ey, with the aid of Monte Carlo simulations. The latter were
performed with the GEANT4 code [8].
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A. The in/out ratio method

The in/out ratio method is based on the fact that the
summing ability of the 47 Nal single crystal, and, hence, its
sum-peak efficiency ey, depends on the position of the target
with respect to the Nal crystal. To elucidate the basic idea
of the method, let us assume that a single y ray is emitted
from a target placed at the center of the Nal crystal, i.e., at the
center of its borehole. This position is indicated in Fig. 4 by the
arrow marked with “a.” In this case, one obtains a y spectrum
containing a peak of a certain intensity, say /™. The same
y ray, if emitted at the edge of the crystal surface, i.e., at the
entrance of its borehole as indicated by either arrow “b” or “c”
in Fig. 4, would trivially result in a peak having an intensity
o = Jin /2. If we, furthermore, consider a twofold cascade,
emitted at the same positions “b” or “c,” then the ratio

Iin
R — P

T Jout
Py

(&)

is expected to be R =2 x 2 =4. The latter ratio would
obviously be R=2x2x2=8and R=2x2x2x2=
16 for a y cascade of multiplity M = 3 and 4, respectively.

Based on these considerations, one may expect a correlation
between the ratio R and the multiplicity M of the form
R = aM, which ideally converts to R = 2" when the afore-
mentioned in/out ratio is determined with a source placed at
the “edge” of the Nal crystal, i.e. at positions “b” or “c” shown
in Fig. 4. Hence, the in/out ratio can be used to determine the
average multiplicity (M) of a capture reaction. Once (M) is
known, then the sum-peak efficiency ey can be derived from
Monte Carlo simulations as described below. This is the basic
idea of the in/out ratio method, which was first tested by means
of two standard calibrating y sources of well-known activity,
i.e., B7Cs and %°Co.

The tests were performed by positioning each source at
various distances d along the axis of the Nal’s borehole
and taking y spectra for a fixed time. Two typical ®°Co
spectra measured at d = 0, i.e., at the center of the crystal as
indicated by arrow “a” in Fig. 4 as well as at d = —16.8 cm,
i.e., at distance slightly longer than that indicated by arrow
“b, are plotted in Fig. 6 together with the corresponding
GEANT-simulated ones. As shown in Fig. 6, the sum peak
decreases considerably. However, the simulated spectra are in
almost excellent agreement with the measured ones.

Following the aforementioned procedure, we accumulated
137Cs- and ®°Co-source spectra at, respectively, 15 and 17
different positions along the borehole’s axis. From these
spectra, we obtained, for every distance, the sum-peak intensity
ratio R defined by Eq. (5). The results shown in Fig. 7 indicate
a value of R = 2, at a distance d ~ £15.3 cm for the case
of 1¥7Cs. At the same distance, one reads R = 4 for the case
of ®Co. Both values match perfectly well with the expected
values because in the case of ®°Co the emitted y cascade is a
“pure” (99%) M = 2 cascade, whereas in the case of '*’Cs a
single y ray is emitted (M = 1). AsshowninFig. 7, the data are
almost perfectly reproduced by the Monte Carlo simulations
performed with the GEANT4 code [8].

After having sucessfully checked the validity of the basic
idea of the in/out ratio method with pure M = 1 and M = 2
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FIG. 6. ®*Co-source spectra measured with the 47 Nal summing
detector: The spectrum taken by positioning the source at the center
of the crystal (d = 0 cm) is indicated as “in,” whereas that labeled
“out” was measured with the source at d = —16.8 cm. The dotted
spectra are the corresponding GEANT4 simulations.

cases, the next step was to test it with M > 2 and, at the same
time, to extract an empirical relationship between R and M.
To perform this task it was necessary to use resonant capture
reactions with very well known branchings and strengths.
Because, however, almost none of the well-known resonances
have a single (‘“pure”) multiplicity, one, now, has to deal
with average multiplicities that are defined by the branchings
of the involved y cascades. The resonances used for this
purpose are listed in Table I. Typical y spectra measured at
d =0and d = —16.8 cm for the Al + p resonance at E,=
1.118 MeV are shown in Fig. 8.

The in/out ratios R obtained at d = —16.8 cm for the
investigated resonances are plotted with respect to the average

T T
I 1
7 r 1 1 1
\ 1
| !
6 | 1 : o -
\
. i
\ o Cs (measurements) il
] Sr ' "'Cs (GEANT4 sim.) w!' T
: ) ® “Co (measurements) |
£ 4r ) - - - “Co (GEANT4 sim.) ,i‘ R
I i [
31 I ” I i
[a7 | I
| / |

1
-20 -15 -10 -5 0 5 10 15 20
Distance d (cm)

FIG. 7. In/out sum-peak intensity-ratio R measured with a '*7Cs
source (open circles) and a ®°Co source (filled circles) at various
distances d along the axis of the Nal’s borehole. The solid curves
idicate the results of the corresponding GEANT4 simulations.
Distance d = 0 corresponds to the center of the Nal crystal. The
positions indicated by arrows “b” and “c” in Fig. 4 correspond to
d = —15.3 and d = +15.3 cm from the center, respectively.
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TABLE I. Resonances used to determine the sum-peak efficiency of the 47 summing detector. The respective
target thickness & (second column) refers to the specific isotope. The resonance energies given in the third column are
laboratory energies. The corresponding resonance strengths and energies of the resonant states are given in the fourth and
fifth columns, respectively. The average multiplicities (M) (sixth column) were calculated using Eq. (4). The relevant
branchings ratios as well as y strengths and resonance energies were taken from the existing literature (see text). The

exp

experimentally determined sum-peak efficiency 5" and the corresponding GEANT4-simulated one &3i™ are given in the

seventh and eighth column, respectively.

Reaction & (ug/em?)  Eg (keV) wy (eV) Es (keV) (M) Py g5m
26Mg(p, y)?7Al 30+2 650 0.105+0.030 8897 1.70 0.216 £0.065 0.284
1249 0.55+0.15 9474 2.25 0.177 £0.055 0.197
1288 1.65+£0.40 9511 1.72 0.227 +£0.061 0.289
1610 2.4540.60 9821 2.28 0.178 £0.053 0.219
1966 4.75+0.45 10164 1.49 0.317£0.039 0.293
27Al(p, )/)288i 45+3 992 1.94 +£0.07 12542 2.24 0.155+0.012 0.175
1118 0.8040.06 12663 3.22 0.093 £ 0.009 0.095
1317 0.714+0.12 12854 3.00 0.114 4£0.021 0.113
zgsi(a, )/)328 62+6 3738 8.10+1.62 10220 2.87 0.135+£0.028 0.143

multiplicities (M) in Fig. 9. The latter quantities were
calculated using Eq. (4) and the y-decay branchings given
in Refs. [7] and [9] for the 2’ Al 4+ p resonances, Ref. [10]
for Mg + p, and Ref. [11] for the 28Si + o resonances.
The in/out ratios determined with the '*’Cs and ®°Co sourses
at d = —16.8 cm have also been included in Fig. 9 to fit
the analytical expression R = a™, with a the adjustable
parameter to be determined. From the fitting procedure we
obtained a = 2.48 £ 0.03. The resulting best fit curve of the
empirical relationship

R =2.483)M) 6)

corresponds to the solid curve shown in Fig. 9 and is
characteristic for our setup. This curve can further be used
to extract the average multiplicity (M) of a capture reaction at

800 T

T AI(p.y) S | peak
i E =1118 keV | ]

[=)]
(=
S

Counts / 120 uC
N
(e
(=]

200

Energy (MeV)

FIG. 8. y spectrameasured at the platacu of the £, = 1.118 MeV
resonance of the 2’ Al(p, y)?Si reaction. The spectrum labeled “in”
was taken with the target placed at the center of the borehole of
the Nal crystal (d = 0), whereas that labeled “out” was measured
at d = —16.8 cm from the center. This distance corresponds to a
slightly longer distance than that indicated by the arrow “b” in Fig.
4. The corresponding GEANT4-simulated spectra are plotted with
black bold curves.

a given beam energy by measuring the respective in/out ratio.
Once (M) is determined, one can derive the corresponding
sum-peak efficiency ¢ as described in the following section.

B. Determination of the sum-peak efficiency

The sum-peak efficiency ey of a single summing crystal
like the one employed in the present work can be determined
by studying resonances of well-known resonance strengths
wy, [12] such as the 992-keV ?’Al + p resonance. In such a
case, €y, is derived [12] from

1 Iy 2 A M
wy = — — — —

T (E), @)

where Iy, is the sum-peak intensity measured for the resonance
in consideration, N, is the number of the beam particles, A is
the atomic weight of the target, N4 is the Avogadro number,
m and M are the beam and target masses, respectively, A

25 [ T T T T T T i
—— R=2483)™ +
20 F v "Cs source i
A “Co source
5 ® “Mg(pyTAl
IBE | = Ay ]
£ v ZSi(ay”s
ok ]
a4
5 - 4
0 1 1 1 1 1 1
0.5 1.0 15 2.0 25 3.0 35

Average multiplicity <M>

FIG. 9. In/out ratios R determined in the present work for
resonances of three capture reactions and two radioactive sources of
well-known average multiplicities (M ). The solid curve corresponds
to R = 2.48(3)™ obtained by fitting the data (see also text).
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is the incident beam wavelength and 7'(E) is the stopping
power of the beam in the target. In addition, when the y-decay
branchings and, hence, the average multiplicities associated
with the resonance of interest are known, the sum-peak
efficiency can be obtained from Monte Carlo simulations.

In the present work, we first used Eq. (7) for the resonances
listed in Table I to determine the corresponding sum-peak
efficiencies. The relevant resonance strengths and branch-
ing ratios were taken from the existing literature. Hence,
the relevant y branchings and resonance strengths for the
2Mg(p, y)*’ Al reaction were taken from Ref. [10]. These
wy values are in good agreement with the NACRE-adopted
ones [13]. Furthermore, the y branchings of Ref. [10] are in
good agreement within statistical errors with those reported by
Ref. [14]. The resonance strengths of the >’ Al + p resonances
of Table I were taken from Ref. [15]. They are within the
reported uncertainties in good agreement with those adopted
by NACRE [13] as well as with the ones reported in Ref. [6].
The relevant y branchings were taken from Ref. [7]. In the case
of the 28Si(a, y)328 reaction, we adopted the y branchings and
resonance strengths reported in Ref. [16], which agree very
well with those reported by Ref. [11]. The stopping powers
used in Eq. (7) have been obtained with the code SRIM [17].
Natural targets were used to investigate all the reactions listed
in Table I. The target thickness & listed in the table refers,
however, to the specific isotope. The beam currents varied
between 100 and 400 nA. To avoid deterioration effects, all
targets were cooled with air during the runs.

Spectra were measured at various beam energies to de-
termine the yield curves of the resonances of interest. Then,
spectra with high statistics were measured at beam energies
corresponding to the resonance plateaux (=ON spectra)
as well as at energies slightly lower than the low-energy
edges of the yield curves (=OFF spectra). The OFF spectra
were subsequently subtracted from the corresponding ON
ones after having been normalized to the same number of
beam particles (Np). The resulting difference spectra were
finally used to determine the “net” sum-peak intesities Iy of
Eq. (7).

The Monte Carlo code GEANT4 [8] was used to simulate
the measured resonance spectra and, hence, derive indepen-
dently the respective sum-peak efficiencies. In the simulations,
the geometry of the setup was properly described by means
of different volumes corresponding to the Nal crystal, the
Al well, the reflective material, the pyrex optical window,
the Al housing, the beam tube, the beam stopper, the target
itself, and the target holder. The decay paths of the resonant
states were described by means of the branchings reported in
the aforementioned references. The energies, as well as the
y branchings of the subsequent “secondary” y transitions
were taken from Ref. [18]. Each resonance was simulated
by 5x10° photons. The GEANT4 code produced a histogram
showing the number of the photons versus the energy deposited
in the Nal crystal for each resonance. Each histogram was
then convoluted with a Gaussian response function to take
into account the resolution of the detector at different photon
energies. The latter response function was determined from
the analysis of the measured spectra. This way a y spectrum
was obtained for every measured resonance and the simulated

PHYSICAL REVIEW C 76, 015802 (2007)

sum-peak efficiency 3™ was derived using
sim
sim __ I P
¥ 5% 105

where I5™ is the area under the sum-peak of the GEANT4-
simulated y spectrum. Both the experimentally determined,
as well as the simulated sum-peak efficiencies are given in
Table I. As can be seen from this table the two different
sum-peak efficiency values agree very well. It is worth noting
that to achieve this agreement, it was necessary to slightly
decrease (0.5 inch) the nominal volume (12 x 12 inch) of
the Nal crystal in the GEANT4 simulations. The errors in the
experimental sum-peak efficiencies listed in Table I include
the uncertainties in the (i) wy values (given in this table), (ii)
stopping powers (X&5%), and (iii) charge measurement (3%).

In addition to the resonance reactions, GEANT4 simula-
tions were also performed in order to study the dependence
of the sum-peak efficiency €5 on (M) using again 5 x 10°
random events of a specific multiplicity (M) and various
sum-peak energies Ey. Hereby, for a given (M), Ex was
varied from 8 to 16 MeV, with a step of 1 MeV. In addition,
various combinations of photon energies resulting in the same
sum-peak energy Ey were assumed. As a result we obtained
ey values for different sum-peak energies Ey and different
multiplicities (M) ranging from 1 to 7. These simulated
sum-peak efficiencies are plotted in Fig. 10 (solid curves)
together with the experimental values determined in the
present work. The shaded areas correspond to the unceratinties
of the simulations for (M) = 2, 3, 5 due to the different results
obtained by arbitrary variation in the energies of the y rays
forming a cascade of given multiplicity and sum-peak energy.
Obviously, no uncertainties can be assigned to the simulated
sum-peak efficiencies for (M) = 1. The shaded areas shown
in Fig. 10 correspond to relative errors of &8, 15, and 30%
for (M) = 2, 3, and 5, respectively. For (M) = 4 the relative
uncertainty (not shown in Fig. 10) amounts to ~21%, whereas
for multiplicities higher than 5 it exceeds 40%.

According to Fig. 10, the sum-peak efficiency is indeed
very sensitive to multiplicity changes. At Ey = 12 MeV,
ey decreases exponentially from ~33% (M = 1) down to
~6% (M = 5). However, it converges to some constant value
of ~3.5% for multiplicities higher than 5. This decrease is
clearly shown in Fig. 11. The sum-peak efficiencies (solid
circles) derived from Monte Carlo simulations can be fitted
very well with a single exponential function (dashed curve).
The exponetial decrease shown in Fig. 11 was found to be
obeyed by the simulated sum-peak efficincies for all sum-
peak energies. From the above analysis it is obvious that is
mandatory to first determine the (average) multiplicity of the
reaction of interest before applying the 47 summing technique
to obtain its cross section.

®)

V. CROSS SECTION MEASUREMENTS

The 47 y-summing method presented above has been
applied to series of 25 cross-section measurements of proton
and a-capture reactions in the Ni—Sb region. The targets used
in the (p, y) and («, y) reactions investigated are shown in
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Fig. 12 with black and gray boxes, respectively. The main
goal in the case of the **Ni(«, y)%Zn reaction was to mainly
test the reliability of our method because the cross section
of this reaction is very well known from the previous work
reported in Ref. [19]. In this article, we present the cross
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FIG. 11. Sum-peak efficincies (black circles) of a 12-MeV sum
peak obtained from Monte Carlo simulations for various average
multiplicities. The dashed curve corresponds to a single-exponential
function fit.
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sections we obtained for the **Ni(w, )°°Zn reaction as well
as for '%Rh(p, y)'%Pd.

The cross section of the ®’Ni(e, y)“Zn reaction was
measured by Zyskind et al. [19] using in-beam high-resolution
spectroscopy, a 280-ug/cm?-thick ®’Ni target backed with
a Ta foil and a Ge(Li) detector placed at 55° with respect
to the beam direction. In our experiment, we used a 98%-
enriched self-supporting %>Ni target with 413429 pg/cm?
thickness that corresponds to an energy loss in the target
of AE =~ 178 and ~124 keV at beam energies of 5 and
9 MeV, respectively. The target thickness was determined
from Rutherford Backscattering (RBS) measurements and was
found to be (within statistical errors) in very good agreement
with the result of an independent XRF measurement.

The current of the o-beam on target ranged from 6 to
140 nA depending on the dead time. Accordingly, the accu-
mulated total charge varied from 6 to 240 .C. The °’Ni target
was cooled with air during all runs. No target deterioration
effects were found after the measurements. It is worth noting
that air cooling was used in all measurements performed with
the 4 technique.

For the '%Rh(p, y)!*Pd reaction no data exist in the
literature. Therefore, this is the first time this reaction is
measured. In our experiment, we used a '*Rh target produced
by evaporating high-pure (>99.999) natural Rh on a 0.2-mm-
thick Ta foil. The thickness of the '*Rh target was determined
by the XRF technique and was found to be 16110 pg/cm?,
which corresponds to energy losses in the target of AE &~ 8 and
~6 keV at proton-beam energies of 3 and 5 MeV, respectively.
The current of the proton beam ranged between 10 and
100 nA. The '“Rh target was checked again using XRF after
the experiment and was found to be stable within 3%.

Gamma “in” and “out” spectra were measured at different
beam energies as described in the previous sections. The “in”
and “out” spectra obtained at 6.5 MeV for the *Ni(a, 3)%Zn
reaction are plotted in Fig. 13. The in/out ratios R determined
from the “in” and “out” spectra were used to derive average
multiplicities (M) from Eq. (6). Sum peak efficiencies were
subsequently determined for every (M) as described in the
previous section. Cross sections were finally determined by
applying Eqgs. (3) and (1).

The results for the average multiplicities (M) of
Ni(a, )%Zn are plotted in the upper panel of Fig. 14
(solid squares). As can be seen, (M) increases with increasing
sum-peak energy, i.e., the excitation energy of the produced
compound nucleus, and in this particular case it varies between
2.5 and 3.5. Similar values of (M) were obtained for most of the
reactions investigated in our work that lead to the formation
of an even-even compound nucleus, and the results for the
2Mo(a, y)?°Ru and '“Rh(p, y)!*Pd cases are displayed in
Fig. 14 (open squares and open down-triangles, respectively).
Also shown in this figure are the typical average multiplicities
({M) between 4 and 4.5) obtained for the '©Pd(p, y)'®®Ag
reaction producing an odd-odd compound system (solid up-
triangles).

According to the same figure, for the 'Pd(p, y)'®Ag
and "3Sn(p, y)''°Sb reactions leading to the formation of
an odd-even compound nucleus, the values of (M) (open and
solid circles, respectively) are higher than those obtained for
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even-even compound nuclei and lower than those for odd-odd
compound nuclei at similar excitation (sum-peak) energies.
Very similar average multiplicities like those of the latter two
(p, y) reactions were obtained in our systematics for all other
(p, y) reactions producing an odd-even compound nucleus.
The differences in (M) shown in Fig. 14 most probably reflect
the influence of pairing. As such they are expected to vanish
with increasing excitation energy. The data seem to suggest
such a trend at excitation energies above ~11.5 MeV.

The average multiplicities shown in Fig. 14 (top panel)
were used to extract the corresponding sum-peak efficiencies.
For this task the Monte Carlo simulated efficiencies shown in
Fig. 10 (solid curves) were employed. The following conven-
tion was hereby adopted: for a given average multiplicity of
decimal form X.yz, (e.g, 2.48) the corresponding (M) value
reads

m=00-0yz)xe,  +0yzxe, ... (€))

Hence, for (M) =2.48, one obtains & = 0.52 X gy—» +
0.48 x e)—3. Obviously, one may find a number of arbitrary

500

| Ni(0)*Zn @ E(a)=6.5 MeV |

sum peak
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=] [
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FIG. 13. y spectra of the ®’Ni(«, ¥)*Zn reaction measured at
E(a) = 6.5MeV. The spectrum labeled “in” was taken with the target
at the center of the Nal crystal (d = 0) as indicated by the arrow “a”
in Fig. 4, whereas that labeled “out” was measured atd = —16.8 cm
from the center. This distance correspond to a slightly longer distance

than that indicated by the arrow “b” in Fig. 4.

ca [ D o000

[ {w,y) reactions
M (p.y) reactions

|

FIG. 12. Stable isotopes used so far in cross
section measurements of (¢, ) reactions (gray
boxes) and (p, y) reactions (black boxes) carried
out by employing the 47 y-summing method.

combinations of efficiencies at different multiplicities that give
the corresponding efficiency at (M). However, the convention
applied here is transparent and straightforward, in contrast
to other methods that may use non-realistic multiplicity
combinations.

The resulting sum-peak efficiencies & are shown in
Fig. 14 (bottom panel). The solid and dashed curves corre-
spond to single exponential fits to the sum-peak efficiencies
obtained for capture reactions leading to even-even and odd-
even compound nuclei, respectively. In Fig. 14 one observes
that

(i) the sum-peak efficiency decreases with increasing sum-
peak energy. This decrease can be quite satisfactorily
described by a single exponential function of the form
ey = &9+ a x exp(—Eyx/b).

(ii) the sum-peak efficiency decrease is sharper in the case of
capture reactions producing even-even compound nuclei
than in the cases where odd mass compound systems are
formed.

(iii) for sum-peak energies above 12 MeV the sum-peak
efficiency is almost constant, i.e., 20.07-0.08.

(iv) in the energy region investigated, the efficiency of
the sum peak in capture reactions producing odd-odd
compound nuclei can be described by Monte Carlo
simulations with M = 4, with an accuracy of ~20-25%.

The cross sections obtained in the present work are listed
in Table II. The center-of-mass energies given in the first and
third column of this table are the effective beam energies Eegr
in the center-of-mass system. These were obtained from

AE
Eeff = Ebeam - Ta (10)

where Epean 1S the beam energy and AE the corresponding
target thickness. The latter were derived using appropriate
stopping powers [17]. The cross sections of the reactions
©2Ni(er, )%Zn and '*Rh(p, y)!**Pd are plotted in Fig. 15
and 16 (black circles), respectively. Also included in Fig. 15
are the data of Ref. [19] (open circles). As can be seen, the two
sets of measurements are in excellent agreement.

The data are also compared with predictions of the Hauser-
Feshbach (HF) theory. A key factor in the description of the
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TABLE II. Total cross sections oy measured in the present
work for the reactions “Ni(x, ¥)*°Zn (second column) and
1B3Rh(p, y)'™Pd (fourth column). The corresponding center-of-
mass energies are given in the first and third columns, respectively.

62Ni(0{, V)G()Zn 103Rh(p, y)104Pd

Ecm. (MeV) or (ub) Ecm. (MeV) or (ub)
4.613 25405 2.967 55+1.0
5.086 18.1+3.4 3.165 8.6+1.6
6.034 318 £60 3.462 16.8+3.1
6.318 547 £ 102 3.561 224 +4.1
6.412 598 £ 111 3.760 28.8+5.3
6.507 527 £98 3.958 42.1+7.8
6.791 223 +41 4.156 6524119
7.263 287 £53 4.354 75.4+13.8
7.735 277 £51 4.552 126 £23
8.395 400 & 75 4.750 120 £ 22
4.949 165 +30
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FIG. 14. (Top panel) Average multiplicities (M) resulted from
the ratios R measured in our work for various capture reac-
tions and using the empirically determined relation R = 2.48(3)%)
(Eq. (6) and Fig. 9). (Bottom panel) Sum-peak efficiencies obtained
for the corresponding sum-peak energies of the capture reactions
included in the top panel. The solid and dashed curves indicate fits
of a single exponential function to the data corresponding to the
reactions producing an even-even and odd-even compound nucleus,
respectively (see also text).
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FIG. 15. Cross sections (solid circles) obtained in the present
work for the **Ni(a, y)%Zn reaction compared with those reported
in Ref. [19] (open circles) as well as with HF predictions (curves).

entrance channel in the HF formalism, is the «-nucleus optical
model potential (OMP), which is rather poorly known at low
energies near the Coulomb barrier. In the present work, we use
the global semimicroscopic @ OMP of Demetriou et al. [20].
This potential (OMP III of Ref. [20]) consists of a real part
obtained from the double-folding method using a realistic
nucleon-nucleon interaction, and a phenomenological imag-
inary part that includes both volume and surface absorption
described by Woods-Saxon functionals. Dispersive corrections
have also considered in OMP III. The depth and geometry
of the imaginary potential have been adjusted to reproduce
all existing low-energy scattering and reaction data involving
a-particles, hence the global nature of the OMP.

Apart from the o-nucleus OMP, other ingredients of the
HF calculations can also have an impact on the cross sections.
As soon as the neutron and proton emission channels open,
the HF cross section will also depend strongly on the nucleon
OMPs and the nuclear level densities (NLD) of the residual
nuclei in the respective exit channels. To test the sensitivity
of the predictions to the above-mentioned nuclear properties,
we have performed HF calculations with the statistical model
code MOST [21] using four different combinations of nucleon
OMPs and NLDs labeled MOST-1, MOST-2, MOST-3, and
MOST-4. In the former two combinations, we used the
microscopic nucleon-nucleus OMP of Jeukenne et al. [22]
with (i) the microscopic NLDs of Demetriou and Goriely
[23] (MOST-1) and (ii) the phenomenological NLDs of
Thielemann et al. [24] (MOST-2). The latter two predictions,
i.e., MOST-3 and MOST-4, combined the phenomenological
nucleon-nucleus OMP of Koning and Delaroche [25] with the
aforementioned NLDs of Refs. [23] and [24], respectively.

Other nuclear input to the statistical model code include
(i) nuclear masses, (ii) ground state properties (matter density,
single-particle level scheme), and (iii) y-ray strength func-
tions. In this work, the input parameters used for quantities (i)
and (ii) were taken from Refs. [26] and [27], respectively. For
the E'1 and M 1 strength functions we adopted the hybrid model
of Ref. [28] and the parametrization of Ref. [29], respectively.
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FIG. 16. Cross sections (solid circles) obtained in the present
work for the '*Rh(p, y)!*Pd reaction compared with HF predictions
(curves).

The results of the calculations for the %*Ni(x, y)%°Zn
reaction are shown in Fig. 15. As can be seen, below the
neutron threshold (6.4 MeV) all four combinations converge
because the cross sections depend only on the o« OMP.
Apparently, the « OMP of Ref. [20] gives a very good
description of the data. Above the neutron threshold of
6.4 MeV, the different nucleon OMPs and NLDs come into
play and the four curves deviate. The best overall agreement
is obtained with MOST-2 and MOST-4.

The results for '*Rh(p, ¥)'**Pd are shown in Fig. 16. In
this case, the (p, n) channel opens at the fairly low energy
of ~1.33 MeV. As a result, the HF calculations are very
sensitive not only to the nucleon-nucleus OMP but also to
the NLDs in the exit channels throughout the entire energy
region covered by our measurements. From the comparison in
Fig. 16, it appears that the data show a preference for
combination MOST-2.

VI. CONCLUSIONS

In the present work, a 47 y-summing technique capable
of measuring cross sections of proton and «-particle capture

PHYSICAL REVIEW C 76, 015802 (2007)

reactions on medium-mass nuclei has been developed. It
can provide total cross sections with an average uncertainty
between 10 and 20%. As shown in Sec. IV, this accuracy
reflects mainly the uncertainties in the sum-peak efficiency
due to its strong dependence on the average multiplicity of the
reaction of interest. In the present work, we have developed for
the first time a simple experimental procedure, called the in/out
ratio method, to determine average multiplicities of capture
reactions producing compound nuclei at excited states in the
continuum phase space.

The method proposed was first applied to the
2Ni(c, y)66Zn reaction, which has been measured before [19]
and therefore has well-known cross sections. Subsequently,
we performed a series of cross-section measurements of
15 (p,y) and 10 («, y) reactions. In this article we re-
port only on the measurements of the ®’Ni(a, )®Zn and
13Rh(p, ¥)'**Pd reactions. The results of the remaining
reactions will be the subject of forthcoming publications.

The new data have also been compared with Hauser-
Feshbach (HF) calculations. The («, y) cross sections are
well reproduced with the o-OMP-III of Demetriou et al.
[20]. Similar agreement has also been observed in most of
the other a-capture reactions included in our systematics.
However, the (p, y) cross sections are best described by the
microscopic nucleon-nucleus OMP of Jeukenne et al. [22]
combined with the phenomenological NLD of Thielemann
et al. [24]. The latter combination gives good agreement in
some of the other (p, y) reactions investigated. Nevertheless,
we have still not arrived at a global combination of input pa-
rameters that could be recommended for any radiative capture
reaction.
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