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When a compound nucleus is formed at an excitation energy above the neutron-separation thresh-
old, it is assumed that its de-excitation will proceed via neutron emission. However, if the excited
nucleus is in a high-spin state, but does not have enough excitation energy to conserve angular
momentum by either photon emission after neutron emission or relative angular momentum carried
off by the neutron, the nucleus will de-excite via y-emission instead. This effect, the spin-inhibition,
provides an insight into the structure of the compound nuclei and can aid the understanding of the
distribution of the populated spin states in a compound nuclear reaction. In this work, the effects

of spin inhibition on the y-decay probabilities from states in

146,14 1
6:147Sm and '%°Dy are presented. For

high-spin states above the S,,, spin inhibition is able to suppress neutron emission, and de-excitation
via -ray emission is observed for states up to 3 MeV above the S,,.

I. INTRODUCTION

Measuring neutron capture cross sections is necessary
for continued understanding of nuclear astrophysics [1, 2],
as well as nuclear energy [3] and stewardship science ap-
plications [4, 5]. In many cases, neutron capture cross
sections for unstable nuclei are required, which neces-
sitates use of inverse kinematics measurements with ra-
dioactive beams. As such, neutron capture reactions can-
not be directly measured, since pure neutron targets are
not currently available. An alternative approach is to
use indirect techniques to determine the neutron cap-
ture cross section by measuring a reaction that is experi-
mentally feasible. While the community is preparing for
the FRIB-era experiments, it is crucial to benchmark in-
direct methods for measurements in regular kinematics
with stable nuclei and develop a robust understanding of
the various techniques.

One of the indirect techniques that can be used is the
surrogate method [6, 7]. The surrogate reaction method
has been used to successfully constrain (n, f) cross sec-
tions [8-12]. The method has also been used to constrain
radiative capture (n,<) reactions, but with varying de-
grees of success [13—15]. One possible explanation for the
difficulty the surrogate method has to constrain radiative
capture is the discrepancy between the spin distributions
populated by the indirect reaction and (n,~y). While re-
search is being conducted to compensate to make surro-
gate (n,~) more feasible and repeatable [7, 16], there is
also insight into the behavior of these systems that can
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be gleaned from experimental measurements. One phe-
nomenon of particular interest to the surrogate reaction
method is the effect of spin-inhibition on the deexciting
compound system [7]. Spin-inhibition affects the compe-
tition between neutron evaporation and ~y-ray emission
in a compound system, which will in turn affect the neu-
tron capture cross section. The disparity between the
spin distribution occupied by a surrogate reaction and
radiative capture must be compensated for during the
final cross section calculation. Therefore, the correction
for the difference in spin distributions can be significantly
impacted by spin inhibition.

Spin-inhibition, first introduced by Sperber [17], is the
effect where a system is blocked from decay via neutron
emission due to angular momentum conservation. In or-
der for a decay via neutron emission to occur in a com-
pound nuclear system, the nucleus must not only be at
an appropriate excitation energy, but also spin and parity
must be conserved. Therefore, if the excited nucleus is
in a high-spin state, but does not have enough excitation
energy to conserve angular momentum by either pho-
ton emission after neutron emission or relative angular
momentum carried off by the neutron, the nucleus can-
not undergo de-excitation through the neutron emission
channel. Thus the de-excitation proceeds via ~v-ray emis-
sion. The competition between neutron and ~-ray emis-
sion from high-spin states above the S,, has been investi-
gated by several authors [18-20]. In this work, both (p, d)
and (p,dn) channels were observed via 7-ray emission;
thus, the competition can be clearly observed through
the change in v-decay probabilities following both reac-
tion channels.

In compound nuclear reaction theory, it is assumed
that the means via which the compound nucleus decays
is independent of its formation process, as long as all
conservation laws are obeyed [21]. Therefore, studying



the competition between neutron emission and ~y-decay
for a given compound nucleus as a function of excita-
tion energy, spin, and parity can provide insight into the
competition between the v-decay and neutron emission
channels. This competition can be studied by measuring
the ~-decay probability for transitions between discrete
states as a function of nuclear excitation energy around
the neutron separation energy S,,. A probe of the compe-
tition between neutron and photon emission is the rate
at which ~-decay probability drops off as a function of
excitation energy after neutron emission becomes ener-
getically viable. Additionally, the spin and parity depen-
dence of the competition can be inferred by measuring
the y-decay probability for transitions between states of
various spins and parities.

In this work, (p,d) and (p,t) reactions on self-
supporting 8Sm and 92Dy targets were used to de-
termine the v-decay probabilities for 6Sm, *7Sm, and
160Dy, Additionally, v rays from the (p,dn) and (p,tn)
channels were measured in order to identify the com-
peting neutron-emission channels. Sec II discusses the
details of the experimental technique. Sec III provides
the details of the analysis procedure. Final results are
given in Sec IV where the examples of spin inhibition are
presented. The discussion of how the results of this work
will inform future calculations of (n, ) cross sections via
the surrogate analysis is given in Sec IV. The complete
set of y-decay probabilities obtained in this work is given
in Appendix A.

II. EXPERIMENTAL SETUP

The experiment was conducted at the Texas A&M Cy-
clotron Institute, using the K150 88” cyclotron. The cy-
clotron provided a pulsed, 29.55(25) MeV proton beam
which was impinged onto self-supported isotopically pure
targets of 148Sm and '6?Dy. Additionally, 2°8Pb, mylar,
and natural carbon foils were used for detector calibra-
tion purposes. The 2°8Pb(p, d) and 2C(p, d) reactions in
these targets provided access to well-separated states in
207Ph and M C. Access to these states allowed for refined
calibrations of the particle detector. Additionally, high-
energy v rays emitted from the (p,d)'*C and (p,d)'*O
reactions seen in mylar were used to verify the precision
of the HPGe clover calibration over an energy range that
would otherwise be inaccessible. Details on these targets
can be found in Table I.

TABLE I. Properties of the target foils that were used in this
work.

Target Thickness (mg/cm?) Enrichment
TSm 1.10(6) 98(2)%
162pyy 0.85(4) 98(2)%
208y, 1.83(9) 97(3)%

12¢ 0.100(5) natural
Mylar 0.345(17) -

The measurements were performed using the Hyperion
[22] setup comprised of Compton-suppressed clover de-
tectors for y-ray measurements and a AE—FE telescope
for particle energy measurements and identification. The
silicon telescope employed two double-sided, annular Mi-
cron S2 type detectors. The detectors were configured
such that there were 24 rings extending out radially and
8 segments perpendicular to both the radial and beam
axes. The thickness of the S2 detectors was 150 um and
1.5 mm for the AE and E1 detector, respectively. This
configuration was selected to maximize the separation
between incident protons, deuterons, and tritons, as well
as ensure that all deuterons and tritons of interest were
fully stopped in the telescope. An example of the separa-
tion achieved with this configuration can be found in the
particle identification (PID) plot in Fig. 1 (a). PID gates
were imposed on the data as a function of linearized PID,
R, which was defined as:

R(Eap, Ep1) = (Bap + Em)" % — BT - cosh. (1)

The telescope was placed 18 mm downstream of the tar-
get, covering projectile recoil angles 6 in the range 35-60°
in the lab frame. The coincidence gates shown in Fig. 1
(a) were selected to exclude the overlap regions in the
PID plot and avoid mixing of the reaction channels. A
typical particle spectrum taken with the S2 telescope can
be found in Fig. 1 (c).

For this experiment, an array of nine clover detectors
with BGO Compton suppression shields was used. The
detectors were placed at 35°, 90° and 135° in respect to
the beam direction. The BGO shields were comprised
of 16 optically isolated BGO crystals, each with a dedi-
cated PMT. The PMTs of each shield were daisy-chained
to provide a single veto channel. The HPGe clover detec-
tors were comprised of four, tightly packed, electrically
isolated, 5 cm X 5 cm X 8 cm germanium crystals, each
with an individual readout. Add-back between the four
crystals was performed offline for event reconstruction
of Compton scattered ~ rays that were fully absorbed
within the detector. Events that were not fully absorbed
were vetoed offline using the BGO shields as an anti-
coincidence gate. Sample y-ray spectra taken with Hy-
perion can be found in Fig. 1 (d).

III. ANALYSIS

The analysis procedure followed the standard proce-
dure for the Hyperion array. The leaves of the HPGe
clover detectors were individually calibrated using sev-
eral standard calibration sources. The AFE and E1 de-
tectors were calibrated using a 22Ra, source and known
levels in 2°7Pb and ' C, which were accessed through the
(p, d) reaction channels on target materials listed in Ta-
ble I. In order to account for energy losses in the dead
layers of the telescope, energy loss in aluminum and gold
dead layers on the front and back of the S2 detectors was
calculated using the energy loss calculator ELAST.
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FIG. 1. Example experimental data obtained from the *¥Sm(p,d)'*"Sm reaction measured with Hyperion: (a) Linearized
particle identification (PID) plot used to select the (p,d) reaction that populates 147Sm nucleus. Red contours denote coincidence
gates applied to select protons, deuterons and tritons in the outgoing particle channel. (b) Ec,-F+ matrix. The red dashed
line denotes E., = E,. Discrete transitions appear to dominate below about 3.5 MeV, after which point the -decay seems to
follow a probabilistic, continuous behavior. The arrow indicates the neutron-separation energy in **”Sm. (c) Particle singles
spectrum for (p,d)'*"Sm channel. The arrow indicated the neutron-separation energy in '*"Sm. (d) y-ray spectrum from the
14SSm(p, d) reaction. The blue histogram shows v-ray transitions in coincidence with excitation energies between 3.0-5.0 MeV,
where only the (p, d) channel is present. The red histogram represents ~-ray transitions in coincidence with excitation energies
between 8.0-10.0 MeV, where both the (p,d) and (p,dn) channels are open.

Since this analysis requires measuring y-ray intensi-
ties as a function of nuclear excitation energy, finalized
particle energies had to be recoil corrected to determine
the excitation energy from which they originated. The
non-relativistic recoil correction for an arbitrary reaction
X(a,b)Y is given by:

1
Eer(Ta, Ty, 0) = Q = — - [(my +my) - T—
my
(my —myg) - T — 27/ maempT, Ty - cos 9] (2)

The masses, mq, myp, and my; and Q-values for the reac-
tions studied in this work are well known, and the kinetic
energy of the beam particles T, are calculated from the
cyclotron frequency. Therefore, the only measured quan-
tities necessary to calculate the nuclear excitation energy
via recoil correction are the kinetic energy T; and recoil
angle 6 of the reaction ejectile b. The segmentation of

the S2 detectors, allows for simultaneous measurement
of both T, and 6 in the telescope.

The particle-y coincidence events for each of the re-
action channels were converted into F.,-FE., matrices, as
shown in Fig. 1 (b). Random coincidences were sub-
tracted from the matrices based on the particle-y timing
information. Data from all of the clovers were combined
into one matrix for each of the reactions.

Since the expected intrinsic efficiency of the silicon rel-
ative to the clovers is nearly 100%, the ~-ray efficiency
ey(Ey) is effectively the total Hyperion efficiency. The
efficiency of Hyperion was determined through a combi-
nation of data from standard 7-ray sources, 5°Co, 137Cs
and 1%?Eu, and simulation. A Geant4 [23] simulation was
used to extend the efficiency curve beyond 1.5 MeV range
covered by the source data. The simulation was designed
to contain all of the detectors present in the experiment,
as well as the BGO hevimets, target ladder, chamber,
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FIG. 3. A comparison between the photopeak efficiency ex-

tracted from the simulation and from source data, both for a

single clover. Sources used for this figure are **?Eu, *7Cs, and

50Co. Each data point represents the photopeak efficiency for

a ~-ray energy for a given source. The red band represents
the simulated efficiency and its 1o uncertainty band.

and internal components of the chamber. As shown in
Fig. 2 for the example of 0Co, a very good agreement
was obtained between the simulation and experimental
data.

In order to assess the accuracy of the simulation, a his-
togram of the residual differences between the measured
and simulated spectra was generated. In Fig. 2, the result
for 69Co is shown. The residuals follow a Gaussian distri-
bution, centered about zero with a width (o) of 43 counts.
The width of this distribution was used to estimate a 1o
width of the photopeak efficiency curve obtained from
the simulation. The simulated photopeak efficiency is

compared to the measured efficiencies obtained for the v
calibration sources. A very good agreement between the
simulation and measurement was obtained, as shown in
Fig. 3.

Finally, the simulation was used to determine the total
efficiency of the Hyperion array. All nine clovers were
simulated at their respective positions in the array. The
uncertainty of the simulated efficiency for each clover was
propagated to the final efficiency. The final efficiency of
the Hyperion array was determined to be 0.2(1)% at 1.33
MeV.

IV. ~+-DECAY PROBABILITIES

The v-decay probabilities measured in this work are
defined as follows:

NM (Ee:v)

Poy (Bee) = N Bo)on (By)

3)

where Nj, is the number of particle-y coincidences, N
is the total number of particle singles, and €, the ~-ray
efficiency.

Since the quantity of interest was the y-decay proba-
bility as a function of excitation energy, horizontal pro-
jections of the coincidence matrix were generated in 100-
200 keV steps around S,, for an energy range between
Sn-2 MeV to S,+4 MeV. The width of these steps was
varied to accommodate the available statistics in the ma-
trix.

The Ns- was determined by integrating the y-ray line
of interest for each F., bin. The width of the y-ray lines
was determined by a Gaussian fit to the y-ray peak and
the obtained 30 range was used for each excitation energy
bin to ensure consistency in the analysis. The Compton
background under the peak was determined for each E.,



bin from a linear fit to the y-ray spectrum near the line
of interest. The total number of decays for a given ex-
citation energy bin, Ns, was obtained by integration of
the total spectrum of the particle singles within the same
energy bin of 100-200 keV.

TABLE II. Measured Transitions for **7Sm

y-ray Initial state Final state
(keV) (keV) J" (keV) J"
121.2 121.2 5/2° 0.0 72
197.3 197.3 3/2™ 0.0 7/27
215.3 932.0 11/2t 7166 11/2-
314.3 1030.7  13/2t 7166 11/2-
716.6 716.6 11/2~ 0.0 7/27
809.4 809.4 9/2™ 0.0 7/27

The measured y-decay probabilities for the transitions
between the first three states in '47Sm are displayed in
Fig. 4. For excitation energies below the S,,, the neutron
emission channel is closed, thus the de-excitation pro-
ceeds through ~-ray emission. The decay probabilities
remain relatively constant. Once the nucleus is excited
above S,,, neutron emission is expected to become the
primary method of de-excitation. Therefore, the prob-
ability of de-excitation via emission of ~ rays from the
residual nucleus rapidly decreases. This behavior can be
observed for decay via the 121.2 keV and 197.3 keV lines
that correspond to the transitions between the lowest two
excited states in *7Sm. However, the probability of de-
excitation from the continuum through the third tran-
sition, corresponding to the v ray at £, = 716.6 keV,
does not begin to fall off until an excitation energy much
larger than S,, is reached. This behavior is a product of
spin inhibition [17].

Since the spin and parity of the third excited state of
147Sm is (11/2)7, it can be assumed that reactions that
excite the compound '4"Sm nucleus into high-spin states
will undergo photon emission to this relatively high-spin
state. That is, until a high-spin state in *®Sm becomes
energetically available. The excitation energy at which
the 716.6 keV ~ ray begins to turn off corresponds to S,
plus the energy of the second excited state in 46Sm. At
this point, the emission of 430.4 keV v ray in 46Sm is
observed, indicating that the neutron emission following
the (p,d) channel is now open.

TABLE III. Measured Transitions for *#Sm

y-ray Initial state Final state

(keV) (keV) J" (keV) J"
410.8 2222.4 6T 1811.7 6T
430.4 1811.7 6t 1381.3 4+
634.1 1381.3 4+ 747.2 2t
702.1 2083.4 57 1381.3 4+
747.2 747.2 2t 0.0 0t
900.8 1648.0 2t 747.2 2t

This process can be further verified by observation of
the y-decay probabilities of the *6Sm compound nucleus
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are noted on the figure.

that results from (p,dn) reaction channel. As shown in
Fig. 5, the v-decay probabilities in this nucleus exhibit
the opposite trend. At excitation energies below the S,,,
when the (p, dn) channel is closed, the y-decay probabil-
ities are consistent with zero and immediately increase
once excited states above the S, are populated. How-
ever, in case of the decay via E, = 430.4 keV, the proba-
bilities pick up at energies nearly 2 MeV above the S,,, at
which a high-spin state in 145Sm is available for neutron
emission.

In total, 22 transitions in 146,147Q1, and 16ODy were
extracted. All the results are compiled in Appendix A. In
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the case of transitions originating from high-spin states,
the spin inhibition can be observed. For some of the
transitions, probabilities greater than 1.0 are reported in
the Appendix. This is due to the definition of the decay
probability give by Eq. 3, where multiple decay branches
that proceed via given ~-ray transition are combined into
one probability plot.

V. DISCUSSION

Particle-y matrices for 6Sm, 7Sm, and '%°Dy were
measured using the Hyperion detector array, and y-decay
probabilities were extracted from these matrices. While
some y rays behaved as expected, by becoming less prob-
able immediately after the excitation energy exceeded .Sy,
other 7 rays exhibited a phenomenon known as spin in-
hibition. These states are likely being fed from high-spin
states in the continuum, where angular momentum con-
servation prohibits de-excitation by neutron emission.

Experimental evidence of these high-spin continuum
states feeding discrete, high spin states in the compound
system of interest further supports the claims of Escher
et al. [6] that the Weisskopf Ewing approximation is
an inappropriate assumption to make while determining
the (n,v) surrogate cross section. The Weisskopf Ew-
ing approximation assumes the decay probability for a
compound system will be independent of spin and par-
ity. This behavior, however, is only expected for spins
significantly lower than the spin-cutoff parameter [24].
Previous experiments have shown the perils of using the
Weisskopf Ewing approximation when attempting a sur-
rogate (n,7) cross section measurement. Scielzo et al.
[13] observed an overestimation of the %51%7Gd(n, )
cross sections by a factor of 2 - 3.4 when the Weisskopf
Ewing approach was utilized. Other experiments [14, 15]
have also shown results consistent with those presented
in Ref [13]. Ota et al. [20] were able to extract y-decay
probabilities for %°Zr using (p, p’), (p,d), and (p,t) reac-
tions. In spite of their experimental success, they stopped
their efforts just short of determining the neutron capture
cross section 8Zr(n, ) since the surrogate method was
underdeveloped for (n,7) at the time of their publica-
tion. Therefore, experimental evidence of spin inhibition
in the samarium and dysprosium isotopes studied here
clearly show that the implementation of the Weisskopf
Ewing approximation will significantly overestimate the
(n,7) cross sections for these isotopes.

Given the overwhelming evidence against performing
a surrogate cross section calculation without an appro-
priate spin distribution, we have elected not to include
a cross section in this work. Utilization of the measured
~v-decay probabilities presented in this work to constrain
(n,7) cross sections requires a formation probability of
the compound nucleus in the (p, d) reaction to be calcu-
lated. The work by Potel et al. [25] realized that the non-
elastic breakup of the weakly bound deuteron provides a
channel for the compound nucleus to be formed in the
(d, p) reaction. Subsequently, Ratkiewicz et al. [26] used
the Potel calculated (p,d) entry J™ distributions for the
surrogate compound nucleus to deduce (n,~) cross sec-
tions that are well-reproduced by previous measurements
and evaluations. Analogous theoretical advancements are
needed to calculate (p,d) entry J™ distributions for the
surrogate compound nucleus beyond the work of Escher
et al. [7] for A ~ 90 nuclei and that takes into account
multi-step processes. Although an accurate calculation



is inaccessible at the time of publication, further devel-
opment of the surrogate method will inevitably provide
the means for generating the formation probability of the
compound nucleus for the rare earth elements studied in
this work. Progress is constantly being made to reconcile
the different spin distributions populated by charged par-
ticle transfer reactions and neutron capture [7]. There-
fore, the authors of this work are confident a method to
perform surrogate neutron capture cross section calcula-
tions with rare earth elements will become available in
the near future.

Once the formation probability becomes available, the
results of this work will provide a comparison between the
surrogate method and the Oslo method [27-29], another
indirect technique for (n,~) measurements. Several mea-
surements of neutron capture cross sections for Sm nuclei
obtained using the Oslo method have already been pub-
lished [30] including '49Sm discussed in this work. The
Oslo analysis of the data utilized in this work is currently
ongoing. Additionally, with scarce (n,7) cross section
data for '*°Sm and no data for 46Sm available via the
EXFOR database [31], the indirect measurements will
provide the first insight into the neutron capture cross
sections for these nuclei.
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Appendix A: y-decay probabilities

Figures 8-10 show all the 7-decay probabilities ex-
tracted within this work for 145147Sm and '59Dy.

TABLE IV. Measured Transitions for 1°Dy

y-ray Initial state Final state

(keV) (keV) J (keV) J7
86.8 86.8 27 0.0 0F
197.0 283.8 47t 86.8 2t
297.2 581.1 6t 283.8 4+
385.7 966.9 8" 581.1 6T
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FIG. 6. Extracted y-decay probabilities for the transitions in '*7Sm, via the (p, d) reaction channel. The solid line denotes the
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