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Partial cross sections of the 3°Y(p, y)%°Zr reaction have been measured to investigate the y-ray strength
function in the neutron-magic nucleus %0Zr. For five proton energies between E, =3.65 MeV and
E, =4.70 MeV, partial cross sections for the population of seven discrete states in 907r have been
determined by means of in-beam y-ray spectroscopy. Since these y-ray transitions are dominantly
of E1 character, the present measurement allows an access to the low-lying dipole strength in 0Zr.

A y-ray strength function based on the experimental data could be extracted, which is used to
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strength functions.

describe the total and partial cross sections of this reaction by Hauser-Feshbach calculations successfully.
Significant differences with respect to previously measured strength functions from photoabsorption data
point towards deviations from the Brink-Axel hypothesis relating the photo-excitation and de-excitation

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The y-ray strength function, especially the E1-strength dis-
tribution, plays an important role as an ingredient in statistical-
model calculations for nuclear astrophysics. This is the case for
the synthesis of trans-iron elements during the so-called p pro-
cess [1,2], as well as for neutron-capture reactions within the so-
called s and r processes of nucleosynthesis [3,4], which are called
for to explain the origin of almost all nuclei heavier than iron in
the universe.

The low-lying electric dipole strength below the neutron sep-
aration energy has attracted a lot of attention recently, in par-
ticular due to the possible presence of a Pygmy Dipole Res-
onance (PDR) [5]. The Nuclear Resonance Fluorescence (NRF)
method is a very successful experimental technique to study
dipole states selectively, mostly using electron bremsstrahlung for
(y,y’) measurements, see Ref. [5] and references therein. How-
ever, also mono-energetic y-rays obtained from laser Compton
back-scattering were frequently used, see, e.g., Ref. [G6]. Moreover,
different experimental approaches using charged particles have
been used to investigate the PDR; these include («,a’y) [7-9]
or (p,p’) [10,11] experiments. In addition, the Oslo method [12]
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using (PHe, 3He’y) and (®He, ay) reactions was used for the de-
termination of y-ray strength functions at low y-ray energies, for
example in Cd or Pd isotopes [13,14].

In this Letter, we report on the investigation of the y-ray
strength function below and close above the neutron separation
energy of S, = 11968(3) keV [15]. Partial cross sections of se-
lected y-ray transitions of the 8Y(p, )0Zr reaction are used to
experimentally constrain the y-ray strength function in the com-
pound nucleus %Zr at y-ray energies between E, =7.71 MeV
and E, =12.98 MeV. Partial cross sections were investigated for
the 7Ge(p, )7 As reaction before [16], but no adjustment of the
y -ray strength function was necessary in this case.

2. Experimental method

The proton beam was delivered by the 10 MV FN tandem ion
accelerator at the Institute for Nuclear Physics at the University
of Cologne, Germany. The beam with currents ranging from 1 nA
to 60 nA impinged on a monoisotopic 89Y target with a thickness
of 583(24) pg/cm?, that was prepared by vacuum evaporation on
a thick tantalum backing serving as a beam dump. The large range
of the beam current was due to technical limitations of the tan-
dem accelerator. The 89Y(p, )?9Zr reaction was studied by means
of in-beam y-ray spectroscopy at five different proton energies
from Ep, =3.65 MeV to E, =4.70 MeV using the high-efficiency
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Fig. 1. High-energy part of a measured y-ray spectrum using 4.7 MeV protons. The
spectrum was obtained by summing up the y-ray spectra of all HPGe detectors
placed at an angle of 90° relative to the beam axis. The transition to the ground
state is denoted as yp, to the first excited state as yj, and so on. De-excitations
of the compound state up to the 15th excited state in 2°Zr are clearly visible. The
single- and double-escape peaks are marked as well, if visible. The excitation ener-
gies are adopted from Ref. [18].

high-purity germanium (HPGe) detector array HORUS [17]. The
Q value of this reaction, which equals the proton-separation en-
ergy Sp, amounts to Q =S, = 8353.4(1.6) keV [15]. The y-ray
spectrometer HORUS consists of up to 14 HPGe detectors, where
six of them can be equipped with BGO shields for an active sup-
pression of the Compton-scattered y -rays. The detectors are placed
at five different angles with respect to the beam axis in order to
measure angular distributions of the y-ray transitions, which were
used to obtain absolute cross section values. Experimental details
and the determination of total cross section values were already
published in Ref. [17]. In this Letter, the partial cross sections are
discussed. The high-energy part of a typical y-ray spectrum mea-
sured using 4.7 MeV protons is shown in Fig. 1. This spectrum was
obtained by summing the y-ray spectra of the six HPGe detectors
placed at an angle of 90° relative to the beam axis. One can clearly
identify de-excitations of the compound state up to the 15th ex-
cited state in °°Zr. However, the transitions y4 and ys could not be
clearly separated in the spectra which hampered a reliable analysis
of these partial cross sections. It should be noted, that a large num-
ber of unresolvable resonances with a width of the order of a few
hundred eV are excited in the compound state instead of a single
excited state due to the very high level density. Thus, the width
of the peaks in Fig. 1 is composed of the energy straggling inside
the target material and the energy resolution of the HPGe detec-
tors and amounts to approximately 15 keV to 30 keV, depending
on the y-ray energy. Hence, the observed y-ray transitions are es-
sentially a large number of transitions which cannot be separated
by the HPGe detectors.

In order to determine absolute partial cross sections, the an-
gular distributions of these high-energetic y-ray transitions were
measured. The measured intensities of each y-ray transition for
each angle are corrected for the number of impinged projectiles,
full-energy peak efficiency, and dead time of the data-acquisition
system. Afterwards, a sum of Legendre polynomials is fitted to the
experimental angular distributions:

Wi @) =Ay [ 1+ ) arPr(cosd) | . (1)
k=2.,4

with the energy-dependent coefficients Ag, a2, and a4. The partial
cross section o (y;) for the transition to the ith excited state is
then determined by normalizing the coefficients A{) to the number
of target nuclei. An example of an angular distribution for the g
transition, i.e. the transition from the highly excited entry state to
the ground state for a proton energy of E, =3.96 MeV is shown
in Fig. 2. For this specific angular distribution, the coefficients are
Ag=(1.99+0.11) x 1072, oy = (2.30 £ 0.56), and oy = (3.54 +
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Fig. 2. Angular distribution for the yp transition with an energy of E,, =12.27 MeV
in 9°Zr for an incident proton energy of E, = 3.96 MeV. The dashed line corre-
sponds to the sum of Legendre polynomials fitted to the experimental W (6) values.

0.47). In total, seven partial cross sections could be measured for
each proton energy.

3. Results and discussion

The experimental partial cross sections to the seven lowest 0T
and 27 levels are listed in Table 1. Since after the (p,y) reac-
tion dominantly 1~ states are populated, the electromagnetic de-
excitation of the compound nucleus is dominated by the E1 mode.
The experimental uncertainties are composed of the uncertainties
in target thickness (& 4%), accumulated charge (~ 5%), full-energy
peak efficiency (~ 8%), and statistical errors (~ 4-7%). The remain-
ing y-ray transitions were not visible in the spectra since they are
strongly suppressed by electro-magnetic selection rules. For exam-
ple, the third excited state has a spin and parity configuration of
J¥ =5 [18].

In Fig. 3, the experimental data are compared to calculations
using the statistical model code TALYS [19,20]. First of all, it
was found, that no available standard theoretical y-ray strength
function was capable of correctly describing all experimental par-
tial cross sections consistently. It should be stressed that the E1
strength function has recently been extracted from a (y,y’) mea-
surement [21]. Based on the Brink-Axel hypothesis, this y-ray
strength function should lead to a correct description of the par-
tial cross sections, when it is used as an input for TALYS. However,
comparing the TALYS calculation using this E1 strength with the
experimental data reveals discrepancies that cannot be attributed
to other nuclear ingredients in the model. The partial cross sec-
tions calculated using the y-ray strength function deduced from
the (y,y’) experiment and the one fitted to the present experi-
mental data show in general a similar behavior. However, notice-
able differences appear for the y; transition around E. . ~ 4 MeV,
the y7 transition, as well as for the y71 transition above approxi-
mately 4.5 MeV. In an earlier measurement, the excitation curve of
the 89Y(p, o) reaction, i.e. the emission of the yq transition, has
been measured [22]. The general energy dependence is consistent
with the present measurement of the partial cross-section of the
Yo transition, especially at higher energies after the (p,n) channel
has opened.

The E1 strength function was adjusted independently in order
to reproduce the total and partial cross sections at best, simul-
taneously for the seven channels. The experimental total cross
section [17,23] is shown in Fig. 4 and compared with TALYS cal-
culations using the adjusted y-ray strength function, as discussed
below.

The adjustment of the y-ray strength function was only pos-
sible within the y-ray energy range, which is accessible through
the measured partial cross sections, i.e. from E, =7.71 MeV to
E, =12.98 MeV. Below and above this energy range, the micro-
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Table 1

Excitation energy (Ey), spin (J) and parity (7r) of the seven levels of interest in the present measurements, as well as experimental partial cross sections o (y;) for the
89Y(p, y) reaction as a function of the effective center-of-mass energy Ec.. Partial cross sections are given in mb.

Ex [MeV] 0 1.7607 21863 3.3088 3.8422 41260 42230
]rr ot ot 2+ 2+ 2+ ot 2t

Ecm. [keV] E(yo) [keV] o (Yo) o(y1) o (y2) o (y7) o(y11) 0 (Y14) o (¥15)
3583(8) 11936(26) 0.16(2) 0.08(1) 0.10(2) 0.060(6) 0.062(8) 0.019(4) 0.065(10)
3891(8) 12244(26) 0.20(2) 0.12(2) 0.15(1) 0.077(7) 0.066(8) 0.025(3) 0.078(9)
4129(8) 12482(28) 0.23(2) 0.16(2) 0.18(1) 0.090(11) 0.076(10) 0.037(5) 0.094(10)
4426(8) 12779(29) 0.16(2) 0.08(1) 0.13(1) 0.058(9) 0.042(5) 0.020(2) 0.055(7)
4624(8) 12977(26) 0.17(2) 0.08(2) 0.13(1) 0.057(8) 0.047(7) 0.019(2) 0.040(5)

scopic D1IM + QRPA E1 strength [24] based on the finite-range
D1M Gogny interaction [25] was used, since it reproduces rather
well the giant dipole resonance region as experimentally con-
strained by photoneutron data [26,27]. The calculated partial cross
sections using the adjusted E1-strength are shown as gray-shaded
areas in Fig. 3. The shaded areas reflect the uncertainty analysis
with respect to other ingredients of the Hauser-Feshbach calcu-
lation, namely the proton-nucleus optical model potential (OMP),
the nuclear level density (NLD), and M1 strength function. As far
as the OMP is concerned, both the semi-microscopic proton-OMP
of Ref. [28] and the phenomenological proton-OMP of Ref. [29] are
considered and yield a good description of the total cross section
(see Fig. 4). Both were used to calculate the partial cross sections
and the differences are taken into account in the uncertainty of
the calculations. Various models for the NLD lead to very similar
partial cross sections. Essentially, the total cross section is affected
by different models of the NLD above the (p,n) threshold. The
combinatorial NLD using a temperature-dependent HFB approach
of Ref. [30] is seen in Fig. 4 to give an excellent agreement with
the total cross section above the (p,n) threshold, and is conse-
quently used to calculate the partial cross sections. Finally, the
M1 strength is known to be rather strong in %Zr, as revealed
by an inelastic proton-scattering experiment [11]. The M1 reso-
nance is found to be located at an energy of Ep;q = 9.53(6) MeV
with a width of I'y; = 2.70(17) MeV. In a recent work, the fine
structure of the giant M1 resonance was investigated by means
of a photon-scattering experiment [31], which revealed a sum
strength of 4.17(56) qu- This M1 resonance contribution, in turn,
also influences the adjustment of the E1 strength. The experimen-
tally obtained M1 strength was included in the TALYS calculation
and its experimental uncertainties were included in the determi-
nation of the shaded areas shown in Fig. 3. The same uncertainty
analysis using the E1-strength of Ref. [21] was performed and is
shown by the dashed lines in Fig. 3.

The final E1-strength distribution extracted to reproduce the
experimental partial cross sections is shown in Fig. 5. First, it is
clear that the PDR measured in Ref. [21] at an energy of Eppgr ~
9 MeV with a width of 'ppgr ~ 2 MeV is in excellent agreement
with our present result. However, at lower and higher y-ray ener-
gies, both y-ray strength functions differ significantly. A possible
reason for this disagreement might be the y-branching ratio of
the PDR states. In Ref. [21], an average branching ratio was ob-
tained from a statistical-model calculation. However, it was found
for the close-lying nucleus *Mo, that calculated and experimental
branching ratios can differ by approximately a factor of two [32].
In contrast, it is worth mentioning here, that mean branching ra-
tios were found to be consistent with experimentally determined
ones [33]. Nevertheless, partial cross section data present the ad-
vantage of being independent from any prediction of the branching
ratios. However, the branching ratios cannot account for the dif-
ference at higher energies around the neutron separation energy
of 11968(3) keV [15]. A strong enhancement of the E1-strength
around E, ~ 11 MeV and E, ~ 13 MeV is inevitable to repro-
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Fig. 3. Experimental partial cross sections of the 89Y(p, y)?°Zr reaction. The data
are compared to TALYS calculations using the y-ray strength function extracted
from the (y,y’) measurement of Ref. [21]. The dashed lines correspond to the ex-
perimental uncertainty of the (y,y’) data. The gray shaded areas show a TALYS
calculation using a y-ray strength function fitted to the experimental partial cross
sections. These areas include the uncertainties related to the proton-nucleus OMP,
NLD, and M1 strength in %°Zr.
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Fig. 4. Total cross section values of the 89Y(p,y)%Zr reaction. The experimen-
tal data from Refs. [17,23] are compared to TALYS calculations using the adjusted
y-ray strength function including the theoretical uncertainty stemming from the
proton-OMP, nuclear level density, and M1 strength. Within these uncertainties, an
excellent agreement is found over the whole energy region.
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Fig. 5. El1-strength distribution as a function of y-ray energy in %°Zr extracted
from the measurement of partial cross sections of the 3°Y(p, )°Zr reaction. The
gray shaded area depicts the adjusted y-ray strength function used to reproduce
the experimental partial cross sections by Hauser-Feshbach calculations. Addition-
ally shown is the y -ray strength function obtained from a (y, y’) measurement of
Ref. [21] and of Ref. [34]. The dashed lines correspond to the experimental uncer-
tainty of the (y,y’) data. The strength around the PDR energy of about 9 MeV as
found in Refs. [11,21] is well reproduced by the present measurement, but a signif-
icant enhancement is observed around the neutron-separation energy S.

duce the measured partial cross sections to the ground and first
excited states, despite the fact, that the cross-section drops due
to the opening of the (p,n) channel. Naturally, photoabsorption
cross sections can only be deduced from (y,y’) experiments up
to the neutron separation energy. Thus, the enhancement of the
E1 strength around E, ~ 13 MeV could not have been observed
in Ref. [21]. Above S;, the E1 strength in Ref. [21] was obtained
by combining TALYS calculations for the (y, p) channel and exper-
imental (y,n) data from Ref. [26].

Fig. 5 additionally shows the y-ray strength function obtained
from the photoabsorption experiment of Ref. [34]. Compared to the
(y,y’) data of Ref. [21], a larger strength is observed at around
E, =12.5 MeV, but not as significant as in the present experiment.
A similar picture arises for the enhancement of the E1 strength
at about E, = 11.5 MeV. However, this y-ray strength function
differs from the one obtained in the present work, especially re-
garding the strong enhancement around E, ~ 11 MeV and E, ~
13 MeV. In the present measurement, no partial cross-sections for
y-ray energies around 12 MeV could be measured. Thus, it is not
possible to exclude a stronger enhancement around E, ~ 12 MeV
from the present experimental data. It should be stressed in this
context, that both E1-strength distributions [21,34] are deduced
from photo-excitation measurements, whereas the one fitted to
the partial cross-sections is based on the photon de-excitation of
the compound nucleus. The generally larger strength and enhanced
low-energy tail deduced from the present experiment might hint
towards some deviation with respect to the Brink-Axel hypothesis
that assumes that the de-excitation strength function from excited
states can be directly associated with the excitation strength func-
tion from the ground state. The resulting temperature dependence
of the y-ray strength function can hardly be confirmed from the
present experimental results since the E, ~ 13 MeV pattern is ex-
clusively based on the yp transitions and the E, ~ 11 MeV peak
on the y; transitions without any overlap between both cases. This
result also suggests that the presently found y-ray strength func-
tion should be used for the de-excitation channel.

In order to illustrate some astrophysical impact of the exper-
imentally determined E1 strength, the stellar °°Zr(y, n)%Y reac-
tion rate for typical p-process temperatures of 2-3 GK was calcu-
lated using the y-ray strength function obtained from the present
experiment, as well as the one of Ref. [21]. In addition, these
calculations were compared to reaction rates obtained with the
NONSMOKER code [35], as well as the BRUSLIB library [36,37], see

Table 2

Stellar reaction rates for the ®°Zr(y, n)8?Y reaction for typical p-process tempera-
tures in cm3s~! mol~!. Reaction rates were calculated using the presently obtained
y -ray strength function (Fit), as well as the one from Ref. [21]. These are addition-
ally compared to results from the NONSMOKER code [35] and the BRUSLIB library
[36,37]. Large deviations are found for different adopted models of the E1-strength
distribution.

T [GK] Fit v,y [21] NONSMOKER BRUSLIB

2.0 1.46 x10~11 1.26x10~11 414 %10~ 6.80 x 10712
25 2.18x107° 1.87 x 107> 6.48 x 107 1.04 x 107>

3.0 3.00x 107! 2.56x 107! 9.20x 107! 1.47 x 107!

Table 2. For a temperature of 2 GK, the stellar reaction rate using
the presently obtained E1-strength is higher by about 15% than
the rate using the E1 strength of Ref. [21]. In contrast, the stel-
lar rate is enhanced by a factor of two compared to the BRUSLIB
results based on the QRPA strength [38] and decreased by about
a factor of three compared to the NONSMOKER results based on
a Lorentzian-type E1 strength function [39]. In addition, the tem-
perature dependence of the stellar reaction rates differs signifi-
cantly for different models of the y-ray strength function. Since
the y-ray strength function is one of the main ingredients for the
calculation of stellar reaction rates, these results underline the im-
portance of a correct understanding and description of the y-ray
strength function.

4. Summary and conclusions

In summary, partial cross sections of the 8%Y(p, y)%°Zr reac-
tion were measured by means of in-beam y-ray spectroscopy.
Seven partial cross sections for each of the five proton energies
could be obtained and are used for the first time to determine
indirectly the E1 strength function. These data experimentally con-
strain the low-lying dipole strength of %0Zr at y-ray energies be-
tween E,, =7.71 MeV and E,, =12.98 MeV. The PDR around E, ~
9 MeV that was already measured via the NRF method and inelas-
tic proton-scattering is well reproduced by the present measure-
ment. In contrast, a strong enhancement of the E1 strength around
the neutron-separation energy is found. Using the E1-strength dis-
tribution from an earlier (y,y’) measurement and the presently
fitted one as an input for TALYS calculations leads to partly in-
compatible results of the partial cross sections. These differences
may reflect deviations from the Brink-Axel hypothesis relating the
photo-excitation and de-excitation strength functions. The stellar
reaction rate was calculated using the fitted y-ray strength func-
tion as well as the one obtained from (y,y’) data. The results
were also compared to results from the NONSMOKER code and the
BRUSLIB library. Large deviations were found in the stellar reac-
tion rates, when different models of the y-ray strength function
are applied. In the relevant temperature region for p-process nu-
cleosynthesis, the new stellar reaction rate differs by factors from
two to three to the presently used ones. This underlines the impor-
tance of a detailed knowledge of the y-ray strength function for
astrophysical applications. The measurement of partial cross sec-
tion is a powerful experimental tool to investigate the low-lying
E1-strength distribution regarding the nuclear structure of the in-
volved nuclei as an important ingredient for Hauser-Feshbach cal-
culations in nuclear astrophysics.
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