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The surrogate nuclear reaction method is being applied in many efforts to indirectly determine
neutron-induced reaction cross sections on short-lived isotopes. This technique aims to extract
accurate (n,7y) cross sections from measured decay properties of the compound nucleus of interest
(created using a different reaction). The advantages and limitations of a method that identifies the
~-ray decay channel by detecting any high-energy (“statistical”) « ray emitted during the relaxation
of the compound nucleus were investigated. Data collected using the STARS/LiBer ACE silicon and
germanium detector arrays were used to study the decay of excited gadolinium nuclei following
inelastic proton scattering. In many cases, this method of identifying the ~-ray decay channel
can simplify the experimental data collection and greatly improve the detection efficiency for -
ray cascades. The results show sensitivity to angular-momentum differences between the surrogate
reaction and the desired (n,y) reaction similar to an analysis performed using low-lying discrete
transitions even when ratios of cross sections are considered.

PACS numbers: 24.87.+y, 24.60.Dr, 26.20.Kn, 25.60.Tv

I. INTRODUCTION

Radiative neutron-capture reactions on unstable nuclei
play an important role in many areas of basic and applied
science. The competition between radiative neutron cap-
ture and ([-decay processes for many nuclei with half-
lives ranging from weeks to years influences the synthe-
sis of heavy elements by the astrophysical s process [1].
Cross sections for these nuclei are required to uncover the
properties of the s-process environments from observed
isotopic abundances [2]. Evaluations of Generation-IV
nuclear-reactor designs and novel fuel-cycle concepts re-
quire neutron-capture cross sections on actinides and
some of the longer-lived fission products [3, 4]. In ad-
dition, accurate (n,y) cross-section measurements are
needed for a variety of applications in homeland security
and stockpile stewardship.

Direct measurements of (n,y) cross sections for ra-
dioactive nuclei are extremely challenging because of the
target activity and the difficulty in collecting the required
quantity of material. To date, calorimetric measurements
performed using the high-efficiency, highly-segmented de-
tector arrays of the CERN neutron time-of-flight facil-
ity (n_TOF) [5] and the Detector for Advanced Neutron
Capture Experiments (DANCE) [6] have reached a pre-
cision of ~10% for isotopes with half-lives as short as
~100 years [7]. This type of measurement becomes in-
creasingly more difficult for isotopes with shorter half-

lives. For reactions where the capture product is also
a radioactive nucleus, activation techniques can be per-
formed on smaller quantities of target material and there-
fore can be used to study shorter-lived samples (for re-
cent measurements on short-lived and sub-ug-quantity
samples see Refs. [8] and [9], respectively). However,
neutron capture on most s-process branching-point nu-
clei and many other isotopes of interest results in stable
nuclei.

The surrogate nuclear reactions method [10, 11] has re-
ceived significant attention recently [12] as a viable indi-
rect approach to determine (n,y) cross sections on short-
lived or extremely rare isotopes. The technique has suc-
cessfully been shown to determine (n,f) cross sections for
nuclei within several nucleons of a stable or long-lived
isotope [13-15].

Cross sections for two-step nuclear reactions that pro-
ceed through a highly-excited, equilibrated compound
nucleus can be determined by combining reaction-model
results with measured decay properties of the compound-
nucleus [10, 16]. Hauser-Feshbach theory [17] is used to
express an (n,7y) cross section, o, (E,), in terms of the
cross section ¢V (E,,, J, w) for the formation of the com-
pound nucleus with spin-parity J™ at neutron energy FE,
and the exit-channel branching ratio G (Ee,, J, ) for
~-ray decay as

Onry(En) = Z oSN (En, J,m)GSN (Beg, J, 7). (1)
J,m



Here width-fluctuation correlations between incident and
outgoing channels are neglected. The excitation energy
of the decaying compound nucleus, F.;, is related to the
neutron energy, F,, via

_A+1

E, 1

(Eeac - Sn) 9 (2)
where the near-unity factor (A + 1)/A accounts for the
nuclear recoil imparted in the neutron-induced reaction
on a nucleus consisting of A nucleons. The ¢SV cross
sections can, in many cases, be accurately determined us-
ing optical models. The GgN exit-channel probabilities,
however, are typically difficult to calculate reliably and
therefore guidance must be provided from experimental
studies. The goal of the surrogate nuclear reactions ap-
proach is to determine GS¥ indirectly by producing the
desired compound nucleus at the energies of interest (al-
beit likely with a different J7 distribution) using an alter-
native (or “surrogate”) reaction. This surrogate reaction
is chosen to simplify the data collection and so typically
involves a light-ion reaction on a stable (or more readily-
accessible) target.

Initial attempts to apply the surrogate nuclear reac-
tion technique [18-22] to determine (n,y) cross sections
have come across two major challenges. First, for most
reactions the compound-nuclear spin-parity (J™) distri-
butions are “mismatched” — the distributions produced in
the desired and surrogate reactions are different. Exper-
imental details such as the angular coverage of the light-
ion detectors or the particular signature used to identify
the y-ray cascade will, in general, also have an impact
on which subset of the overall compound-nuclear J™ dis-
tribution produced in the surrogate reaction is detected.
Neutron-capture reactions are expected to be sensitive
to spin-parity differences [11, 23], especially for isotopes
near a closed nucleon shell [16], where the nuclear level
density is low. For (n,f) reactions these effects arise at
low energies [10] but seem to have minimal impact on
cross section determinations at energies 21 MeV [13, 14].
Second, even for the best cases, collecting the desired
statistics above S, for the ~-ray exit channel is difficult
because neutron (and potentially other particle) emission
rapidly becomes the dominant decay channel [18, 19, 24].
In addition, in many cases, no single v ray is emitted in
a large fraction of cascades due to a lack of a strong low-
lying collector transition or the presence of many highly-
converted transitions (such as in high-Z nuclei). This
provides an additional challenge for techniques that seek
to determine the exit channel by identifying discrete
rays from the compound nucleus.

The difficulties associated with collecting statistics can
be circumvented by identifying the v-ray exit channel by
detecting any ~ ray emitted by the compound nucleus.
Detector arrays have been used to efficiently identify the
exit channel from any energy deposition above a certain
threshold [20, 21] (as opposed to using discrete lines as in
Refs. [18, 19]). As there are a large number of states at
excitation energies above S,, (as well as a large number

of energetically accessible states to decay to), the v-ray
emission spectum can be very broad. These ~ rays are
both the high-energy ~ rays emitted by the compound
nucleus during the initial (or near the initial) step of
the cascade as well as higher-energy transitions near the
bottom of the cascade. These v rays have been refered
to as “statistical” v rays in the literature [20, 21] and
this terminology will be used here to describe any ~ ray
that deposits energy above a selected energy threshold,
Eip, in a detector. Ultimately, nearly 100% efficiency
could be obtained using a 47 calorimeter detector, such
as DANCE [6].

In addition, following some recent experimental work
in which statistical vy rays were used to identify the
exit channel, it has been suggested that the angular-
momentum issues can be greatly reduced by determin-
ing ratios of (n,y) cross sections from ratios of the de-
cay channels for two compound nuclei with similar struc-
ture [20, 21]. This would be a fortuitous simplification
of the surrogate nuclear reaction technique. The reac-
tion theory needed to interpret the decay data as an
(n,y) cross section could take advantage of the Weisskopf-
Ewing limit of the Hauser-Feshbach theory [25] that has
worked so well for (n,f) reactions. In this approxima-
tion, the branching ratios GgN are independent of J™
and Eq. 1 simplifies to

Tnry(Bn) = o (En)GSN (Eea)- (3)
Here the exit-channel probability measured in the
surrogate reaction determines GS N directly and the
compound-nucleus formation cross section, 0,? N can be
calculated using an optical model.

In this surrogate ratio approach [10, 26], two surrogate
experiments are performed to determine the ratio of two
cross sections of compound-nuclear reactions. An inde-
pendent determination of one cross section can then be
used to deduce the other from the ratio. In this limit,
the ratio R(E,) of the (n,~y) cross sections is

o Nt (En)GgNl (En)
- oGV (E, )GV (E,) (4)

R(Ey)

Often, it is assumed that oSV /o¥N? ~ 1, and there-
fore the ratio is determined solely from the ratio of
the experimentally-determined exit-channel probabili-
ties. However, experiments that have determined (n,y)
cross sections from ratios of exit channels determined
from discrete y-ray transitions in Gd [18] and Yb [19]
isotopes have shown sensitivity to angular-momentum
effects consistent with the calculations in Ref. [23] and
yield results that are a factor of ~2 different from direct
measurement.

In this paper, the use of a simple method to identify the
~-ray exit channel from any ~y-ray signal above a thresh-
old energy is explored. The results of a surrogate nuclear
reactions analysis based on this signature are compared
to the results previously obtained with low-lying discrete



~ rays [18]. The advantages and limitations of this “sta-
tistical” v-ray technique for determining cross sections is
investigated.

II. EXPERIMENT

The data used here were collected from inelastic proton
scattering to determine the exit-channel branching ratio
for several gadolinium compound nuclei from the discrete
ground-state band transition ~ rays [18, 27]. The gadolin-
ium region is well-suited for tests of the surrogate nuclear
reaction method because many stable Gd isotopes exist
for which (n,y) cross sections have been directly mea-
sured (in some cases up to 1.0 MeV with quoted uncer-
tainties below 1% [28] and up to 2.5 MeV with uncer-
tainties of ~ 10% [29]) and sufficient nuclear structure
information is available to carry out complementary cross
section calculations. In addition, the angular-momentum
considerations in reactions on these isotopes are expected
to be nearly identical because the ground-state J™ of
155,157Gd and '°6:1%8Gd are both 3/2~ and 0%, respec-
tively.

In this work, the branching ratio is determined from
any signal in the y-ray detectors above a selected energy,
E:,. These signals, after accounting for known back-
grounds, can be attributed to v rays emitted from the
highly-excited compound nucleus and many are likely to
be statistical v rays emitted during the first step of the
~v-ray cascade. The experimental set-up, detector cal-
ibration, and data analysis was described at length in
Ref. [18] and is only summarized here. The handling of
the y-ray signals is different, however, and the impact on
the data analysis and results is discussed in detail.

Isotopically-enriched, ~1-mg/cm?-thick, self-
supporting metal 15415%:156.158Gq  targets (enriched
to 66.53%, 91.74%, 93.79%, and 92.00% respectively)
were bombarded with =2 nA of protons with a beam
energy, E, = 21.70 + 0.05 MeV from the 88-Inch
Cyclotron at the Lawrence Berkeley National Lab-
oratory.  Inelastic proton scattering served as the
surrogate reaction for neutron capture. Proton-singles
events (N,) and proton-y coincidence events (Np)
were collected using the Silicon Telescope Array for
Reaction Studies (STARS) and five “clover” high-purity
germanium (HPGe) detectors [30] with bismuth-
germanate-oxide (BGO) Compton-suppression shields
[31] of the Livermore-Berkeley Array for Collaborative
Experiments (LiBerACE) [18, 32]. The STARS detectors
were arranged in a AE-E1-E2 telescope configuration
consisting of double-sided silicon S2 detectors [33] of
thicknesses 500 pm, 1000 pym, and 1000 ym. The AE
detector was segmented into 48 rings (0.5-mm wide)
and 16 sectors (each spanning 22.5°). The E1 and E2
detectors were operated with a 2x coarser segmentation.
A 200-pg/cm?-thick aluminum foil in front of the silicon
stopped low-energy 4 electrons that emerged from the
target. A cooled copper heat shield surrounded the

detector array and lowered the detector temperature to
15°C to reduce thermal noise.

The particle energy calibration was based on data col-
lected offline with a ?26Ra « source and from scatter-
ing from low-lying discrete states in '2C and 'O col-
lected online. Protons of energy 10-17 MeV (corre-
sponding to excitation energies of 5-12 MeV) could be
identified by their energy loss in the AE and E1 detec-
tors [34]. The nuclear excitation energy was determined
from E., = Ey — Fp — E, where the scattered proton en-
ergy, Fp, was reconstructed with an uncertainty of 50 keV
over the entire energy range and the kinetic energy im-
parted to struck Gd nuclei, E,, was calculated event-
by-event from the scattered proton kinematics. The 1-o
width of the elastic peak was determined to be 65 keV.

III. RESULTS

The probability that the nucleus de-excites by v-ray
emission, P,,, was determined from the relation

_ 1 Npy(Ee)

PP’Y(EGI) - E'y X Np(Eez) (5)
where €, is the efficiency for identifying the y-ray cas-
cade branch (which depends on Eyj, and nucleus) and the
proton detection efficiency cancels in the ratio. IV, was
determined in Ref. [18] for 1%6:158Gd after correcting for
carbon and oxygen contamination and the contribution
from other Gd isotopes present due to imperfect enrich-
ment.

The number of proton-y-ray coincidences in which the
total y-ray energy deposited in the LiBerACE HPGe ar-
ray was above E, was used to determine Np,. The anal-
ysis was performed with Ey, = 500, 1000, 1500, 2000, and
2500 keV to explore the sensitivity of the results to the
criteria used to identify a statistical v ray. The results for
E¢,=500 keV and 2500 keV are shown in Fig. 1. Using
a larger value for Ej, is seen to increase the relative con-
tribution from '2C and O background peaks because
the first several excited states of these nuclei decay by
high-energy ~-ray emission. This background structure
was subtracted using the known peak shapes determined
from N, in Ref. [18] (the broader continuum under the
peaks can be attributed to broad states that decay by
particle emission which contribute to N, but not N, ).
The relative amplitudes are consistent with the known
contamination of these targets. The uncertainty in the
peak amplitudes was estimated to be +7%. The small
contribution to IVp, from the other Gd isotopes was sub-
tracted off using the measured data (where possible) or
estimates of the contribution based on data.

At excitation energies E., > S, + Ei, an additional
background is seen to arise from ~ rays emitted from
(p,pn) reactions that result in a different compound
nucleus (these reactions would serve as the neutron-
emission exit channel and correspond to the surrogate
reaction for the (n,n’) reaction). Therefore, the results
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FIG. 1: The number of particle-y coincidence events, Ny, using Ey = 500 keV for (a) *°Gd and (b) '*®Gd, and using
Ei1, = 2500 keV for (c) "6Gd and (d) '"®Gd. In (d), the peaks due to inelastic scattering on '2C and '°O are labeled with the
excited level energy in MeV. The peak structure (grey) is subtracted to determine Np, due to the Gd isotopes (black). The
neutron separation energies for '¢Gd and '**Gd are indicated by the dashed lines.

for P,, at these energies become unreliable. Higher val-
ues for Fyp, therefore provide a larger energy window that
is free of y-ray backgrounds from particle emission.

The efficiency €, in Eq. 5 is, in practice, difficult to
determine a priori because it depends on the details of
complicated ~-ray emission spectra and the detector re-
sponse to these spectra. Instead, e, is determined from
the constraint that P,, = 1 below the neutron separa-
tion energy because y-ray emission is the only open decay
channel. Indeed, each P, spectrum appears to reach a
constant value at energies just below S, and e, is cho-
sen to make this value unity to satisfy the previously-
mentioned constraint. It is assumed that this value for
€ remains constant over the limited energy range (up to
2.5 MeV) above S,, considered here. The resulting val-
ues for P, are shown in Fig. 2. At low enough excitation
energies, P, is seen to decrease as fewer ~-ray cascades
emit a 7y ray with energy greater than F,; and therefore
€, must decrease. An uncertainty of £5-10% is assigned
to the values of €, used here. Unlike an approach based

on discrete «y rays (see Ref. [18] for example), the fraction
of cascades that pass through any particular transition
need not be determined.

The exit-channel probability, P,,, determined using
Eq. 5 for °Gd and '°8Gd using the different values of
Eyp, considered here is shown in Fig. 2. The P,, val-
ues are also compared to the results determined using ~y
rays from the 4T —2% transition, which had the high-
est statistics of the discrete ground-state band transi-
tions [18]. The results using the 4 —27 transition and
the statistical v-ray approach are consistent in the en-
ergy region S, < Fe; < S, + Eyyp, for the different values
of E;. The P,, curves determined using the statistical
~-ray approach are seen to trend upwards one by one at
E., > S, + Eyu,, as background ~ rays emitted following
neutron emission can have energies greater than Fyp.
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IV. COMPARISON WITH
DISCRETE-TRANSITION DETECTION

A. Exit-channel detection efficiency

The Gd isotopes studied here are nearly ideal cases
for measurements using discrete transitions because they
have strong ground-state band collectors (=70% of the
~-ray cascades pass through the lowest 47 state) and the
emitted 7 rays have energies that can be efficiently de-
tected using HPGe detectors. Even so, the statistical
~-ray approach used here has statistics that are up to a
factor of 4 higher. For other nuclei that are more chal-
lenging to study by the discrete y-ray analysis, the im-
provement could be much larger. Because the statistical
~-ray approach does not depend on energy resolution, an
additional large increase in statistics could be obtained

by using a different type of detector. Detector arrays
that consist of scintillator detectors can more easily have
nearly 47 solid angle coverage and a larger intrinsic de-
tection efficiency and are well-matched for the needs of
this type of experiment. Using this type of detector ar-
ray could increase the statistics collected by an additional
order of magnitude.

B. Backgrounds

One challenge associated with using lower resolution
detectors or an analysis that makes only limited use of
~-ray energy information is that the approach is more
susceptible to backgrounds from either contaminants or
other reactions on the isotope of interest. Of course,
many experimental properties (nuclear reaction, target
purity, detector array and geometry, etc.) can have a
significant effect on the backgrounds that are observed.
In the analysis presented in this paper, only a limited
energy window (E, < S, + Fy, was free of backgrounds
from (p,pn) reactions as can be seen in Fig. 2. At several
values of FE.,, large corrections for carbon and oxygen
contamination also had to be made to both N, and N,,.
Additional backgrounds that could be particularly prob-
lematic would arise if decay channels other than ~-ray or
neutron emission are open in the FE., range being stud-
ied. For example, fission reactions would likely provide a
significant y-ray background that would make studies of
actinide reactions difficult. With limited information on
the energy of the emitted ~ rays, any analysis must be
performed with caution as it is more difficult to identify
and quantify the experimental backgrounds.

C. Angular-momentum effects

In Ref. [18], Hauser-Feshbach-type calculations were
carried out for the ®157Gd(n,~) cross sections using
relevant structure information (such as the energies of
discrete levels, v branching ratios, resonance informa-
tion, etc.) obtained from the RIPL-3 database [35]. This
work indicated that it was the angular-momentum mis-
match that was responsible for the Weisskopf-Ewing ap-
proach yielding too large a result by factors of 2-3 for the
155,157Gd (n,y) cross sections when using P, determined
from discrete y-ray transitions.

The agreement between the values for P,, obtained
from discrete and statistical ~-ray approaches also re-
veals that the statistical approach suffers from the same
angular-momentum effects discussed in detail in Ref. [18].
The consistency between the results of the two experi-
mental approaches intuitively makes sense as both the
low-lying discrete transitions and the statistical v rays
are emitted in the majority of decays and therefore
observe nearly identical compound-nuclear J™ distribu-
tions. For example, at E., > S, the 47 — 27 transition



* E,,=2500 keV

5157 155,
1.8F 'Gd(n,y)/~°Gd(n,y) 4% 2" (discrete)

PP
A O

©c o b '
(20
TT T [l [T T T[T T[T Tt

'f<

AN
N

LR +
"\

i + It _—

[ B g

Cross Section Ratio
|_\

o
[N

[ ]
L]
v b b b BB R P

o5 1 15 2 25 3 35
Neutron Energy (MeV)

OOH\

FIG. 3: The ratio of **"Gd(n,y)/***Gd(n,y) cross sections
are shown for the surrogate analyses using statistical v rays
with E¢,=2.5 MeV (black points) and discrete « rays using
the results for 47 —27 transitions [18] (gray points). The
smooth curve is the cross-section ratio that is calculated using
reaction theory [18, 23].

is part of most decay cascades and therefore contains con-
tributions from essentially all values of spin and parity.

The cross section ratio obtained for E;,=2.5 MeV us-
ing Eq. 4 is shown in Fig. 3 and compared to results
obtained from discrete « rays. The results obtained for
lower values of Ey, are consistent with the 2.5 MeV result
in the regions between S,, and S,, + Ey that are free of
contaminating reactions. The experimental results, how-
ever, are inconsistent with the cross-section ratio deter-
mined from the Hauser-Feshbach-type calculations that
agree with direct measurement [18, 23]. The ratio ap-
proach using the statistical y-ray technique appears to
fare no better than the discrete y-ray technique — a fac-
tor of two difference between the direct measurement and
the results of the surrogate approaches is observed up to
corresponding neutron energies of several hundred keV.
These results demonstrate that the results obtained from
either discrete or statistical v rays are susceptible to sys-
tematic shifts due to spin-parity mismatchs and the dis-
crepancies do not, in general, cancel even when ratios of
cross sections are considered.

Although the use of scintillator detectors could sig-
nificantly increase the statistics collected in a surrogate
nuclear reactions experiment, the limited energy resolu-
tion of these detectors results in less information obtained
about the y-ray cascade. The distribution of discrete ~-
rays emitted in the y-ray cascade provide a signature of
the J™ distribution of the compound nucleus formed in
the surrogate reaction. This information is very useful
in interpreting the results of surrogate nuclear reaction
experiments by providing important constraints needed
to account for any J™ mismatch.

V. CONCLUSIONS

The surrogate nuclear reaction technique, which
has been successfully applied to indirectly determine
neutron-induced fission cross sections for actinides, is
currently being applied to the study of radiative neutron-
capture reactions. This approach uses measurements of
the decay pattern of the excited compound nucleus of
interest to determine (n,y) cross sections. The deter-
mination of an (n,y) cross section faces two significant
challenges: (1) collecting the necessary v-ray statistics at
excitation energies above S,, and (2) accounting for the
effects of any J™ mismatch between the desired capture
reaction and the surrogate reaction used in the experi-
ment.

An approach that seeks to identify the y-ray exit chan-
nel from any energy deposition in the detector array
greater than a selected threshold energy has been studied
here. The v rays that yield these signals are produced by
complicated and varied v-ray cascades that result from
the de-excitation of highly-excited nuclei and are referred
to here as “statistical” - rays. The results from a recent
experiment that bombarded Gd targets with protons and
detected the emitted v rays with HPGe detectors were
used in this analysis. The results obtained by identifying
the ~v-ray exit channel using statistical + rays are found
to be consistent with the results obtained using low-lying
discrete vy rays. The statistical v-ray approach, therefore,
still suffers from the angular-momentum affects observed
in other surrogate nuclear reaction experiments and cor-
rections must be introduced to account for the differ-
ences. Also, the analysis must be performed with caution
to ensure that all backgrounds (in particular from target
contaminants, competing reactions, or fission in the case
of actinide nuclei) are properly taken into account.

The statistical y-ray approach, however, has the ad-
vantage that significantly higher statistics can be col-
lected. Experiments can make use of lower resolution
detectors and therefore can be performed with detector
arrays consisting of scintillators that can have higher effi-
ciency and better solid angle coverage than typical HPGe
detector arrays. This can be important for performing
surrogate nuclear reactions experiments on nuclei that
either have no strong collector transition or have a lot of
highly converted transitions.
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