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Obtaining reliable data for nuclear reactions on unstable isotopes remains an extremely important
task and a formidable challenge. Neutron capture cross sections — crucial ingredients for models of
astrophysical processes, national security applications and simulations of nuclear energy generation —
are particularly elusive, as both projectile and target in the reaction are unstable. We demonstrate a
new method for determining cross sections for neutron capture on unstable isotopes, using 87Y(n7'y)

as a prototype.

To validate the method, a benchmark experiment is carried out to obtain the

known 90Zr(n,'y) cross section analogously. Our approach, which employs an indirect (‘surrogate’)
measurement combined with theory, can be generalized to a larger class of nuclear reactions. It can
be used both with traditional stable-beam experiments and in inverse-kinematics at rare-isotope

facilities.

Neutron capture reactions play an important role in
nuclear physics and other fields that seek to understand
physical processes in which neutrons react with their en-
vironment. Knowledge of capture cross sections is a cru-
cial component in our quest to understand the origin
of the elements, one of the most compelling interdisci-
plinary challenges physicists seek to address [1-5]. The
cross sections are required input for astrophysical models
that describe stellar evolution and the synthesis of the
elements heavier than iron and that aim at identifying
the sites responsible for these nucleosynthesis processes.
Capture cross sections are also essential for modeling pro-
cesses relevant to generating energy [6] and for interpret-
ing radiochemical data related to national-security appli-
cations [7, 8].

Many required capture cross sections are unknown and
extremely difficult to determine experimentally, as their
measurement involves colliding neutrons with short-lived
or highly-radioactive targets. The nuclear science com-
munity is addressing this challenge with significant in-
vestments in new experimental facilities. Around the
world, powerful rare isotope facilities are beginning to
produce beams of very short-lived nuclei. These can
be used in inverse-kinematics experiments to bombard
longer-lived target materials. Neutrons are not suitable
(stationary) target material [9]; thus new techniques have
to be developed to extract the desired cross sections from
radioactive-beam experiments [10-16].

In this Letter, we present an approach for determining
cross sections for capture reactions that proceed via an
intermediate ‘compound’ nucleus (CN). Calculations of
compound cross sections are often quite limited in ac-
curacy due to uncertainties in the nuclear physics in-
puts needed. The ‘surrogate reaction method’ [10] is de-
signed to provide experimental constraints for the mod-
els describing the decay of the compound nucleus, which
dominate the uncertainties of the calculations. The

experimentally-constrained calculations yield the desired
capture cross sections, thus overcoming the challenges
that direct measurements face. The approach can be used
both with traditional stable-beam experiments (as pre-
sented here) and in inverse-kinematics experiments [17].

Our goal is to demonstrate the method for a short-
lived isotope in a well-studied, but challenging, area of
the isotopic chart, and to provide an assessment of the
approach by selecting a nearby isotope for a benchmark
study. We focus on the neutron-capture reaction for the
short-lived 87Y nucleus (712 = 79.8 hrs) for which no di-
rect measurements exist. We present data from a surro-
gate measurement that, when combined with theoretical
modeling, yields the sought-after 87Y(n,y) cross section.
To provide a benchmark, we employ identical techniques
to determine the known ?°Zr(n,y) cross section.

In the 87Y(n,y) reaction, projectile (n) and target
(87Y) fuse to form the highly-excited compound nucleus
(88Y*), which subsequently decays by 7-ray emission
(Fig. 1la+b). The capture cross section can be written in
the Hauser-Feshbach statistical reaction formalism [18]:

Ony(En) = > 0N (Beg, J,1) GSN(Bea, Jom) (1)
J,w

where oSV = ooy (n+87Y — 88Y*) denotes the cross
section for forming the compound nucleus at excitation
energy F., with angular-momentum J and parity 7, and
GEN = GON(88Y* — 88Y 1) is the probability for the
decay of this state via the emission of one or more -
rays. The kinetic energy E,, of the neutron is related
to the excitation energy of the compound nucleus, E.,,
via B, = %(Eez — S,), where S,, is the energy re-
quired for separating a neutron from the nucleus 4+1Z
(see Fig. 1b). The factored form in Eq. 1 embodies the es-
sential assumptions of the Hauser-Feshbach model, that
formation and decay of the compound nucleus are inde-
pendent processes, and that the total spin and parity of
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FIG. 1: Surrogate measurement of the 7Y (n,y) cross section.
Due to the short lifetime of 87Y, the reaction cannot be mea-
sured directly. In the surrogate experiment, the first step of
the capture reaction, n+%"Y — 3¥Y* (panel a), is replaced
by the p+3°Y — d+38Y* reaction (panel c), which produces
the same CN, 33Y*. The subsequent decay of *Y* (panel
b) is then measured and used to extract the 87Y(n,y) cross
section. Panel d: v-rays associated with transitions between
known levels of 88Y are used to identify the decay path.

the compound system must be conserved [71].

Here, as in many other reactions of interest, the for-
mation cross section o¢'V can be calculated to a reason-
able accuracy using neutron-nucleus effective interactions
(‘optical potentials’). The decay probabilities Gg N are
difficult to calculate accurately since they contain trans-
mission coeflicients and level densities for all competing
decay channels. Transmission coefficients quantify the
probability of a particle or «-ray escaping the CN, and
level densities quantify the number of possible states that
can be reached in this decay process [19, 20]. The objec-
tive of the surrogate method is to constrain the decay
probabilities GgN experimentally.

In the surrogate experiment, the CN is produced via
an alternative reaction (Fig. 1c), here p+%9Y — d+88Y*,
and the outgoing deuteron (d) is detected. The deuteron
angle 6, and energy F; determine the excitation energy
E.. at which 88Y* was produced. A range of energies,
including E., > E,, must populated, so that the compe-
tition between v emission, neutron emission, and other
decay channels can be studied. In coincidence with the
deuteron, the experiment measures observables that indi-
cate how the CN 88Y* has decayed. Here, characteristic
7 transitions between low-lying levels in 3Y (see Fig. 1d)
indicate capture, while transitions between levels in 7Y
(not shown) indicate neutron emission. The measured
coincidence probability can be expressed as

Péfy era Z

where FEN(E.,, J,m,04) is the probability for forming
88Y* in the surrogate reaction § with specific values for

Ee:t7<]7r Hd)G (Eezﬂ]ﬂ-) ( )

E.., J, m. The distribution F N(Eep, J,7,04) has to be
determined theoretically, so that the GSN (Eex, J,m) can
be constrained. The latter is accomplished by modeling
the decay of the CN and adjusting parameters in the
model to reproduce the measured Ps(Eecz,0q) [10]. The
desired cross section is then calculated using Eq. 1.

Past applications of the surrogate approach to
neutron-induced fission assumed the decay probabilities
GG lsion(Bex, J,m) to be independent of J, 7 [10, 21, 22].
This (‘Weisskopf-Ewing’) approximation, which removes
the need to calculate F(SCN (Eex, J,m,04), has been shown
to be a reasonable approximation for (n,f) cross sec-
tions [23], but is known to break down for neutron cap-
ture reactions [24-29], with the Zr-Y region showing par-
ticular sensitivity to spin-parity effects: Sensitivity stud-
ies find that the Weisskopf-Ewing approximation leads to
capture cross sections that deviate an order of magnitude
from the known result and have the wrong shape. Here,
we move beyond this approximation by fully accounting
for the spin-parity dependence of the reaction.

The data were collected using the K150 Cyclotron
at Texas A&M University. Natural Y and enriched
90,91,92,94,96 71 targets were bombarded by a 1.5-nA, 28.5-
MeV proton beam. Backgrounds from carbon and oxy-
gen in the targets were accounted for using a natural C
target, which contained oxygen as a contaminant [26, 30].
The energy and angular distributions of the outgoing
deuterons were measured using the Silicon Telescope Ar-
ray for Reaction Studies (STARS) [31, 32]. The coinci-
dent ~ rays were detected with five HPGe clover detectors
in the Livermore-Texas-Richmond (LiTeR) array [26, 31].
The detected deuteron energies were converted to nuclear
excitation energy by accounting for energy losses in dead
layers, the reaction @@ value, and the nuclear recoil. The
particle energy calibration was obtained using a 22Ra «
source and confirmed by comparing against discrete lines
appearing in the particle spectra from the target. The
energy resolution was determined to be 80 keV (at lo
uncertainty) from these features. Ps, was obtained by
measuring Ny, the total number of detected deuterons,
and Ns., the number of coincidences between a deuteron
and the ~-ray that identifies the relevant exit channel:
P(;e—fp(Eezv ad) = Né'y(Eexa ed)/Né(Eem, ed)E(E’Y)‘ Herea
e(E,) denotes the photopeak efficiency for detecting the
exit-channel vy-ray. Details on the detector arrays, data-
acquisition system, and data analysis can be found in
Refs. [30, 33, 34].

To calculate the surrogate spin-parity distribution
FEN(E.y, J,m,04) for the nucleus *8Y*, the one-neutron
removal reaction 3Y(p,d) has to be described. This re-
quires a reaction formulation as well as nuclear structure
information.

The reaction is treated in the finite-range distorted-
wave Born Approximation (DWBA). In a first-order de-
scription, a neutron is picked up directly by the incoming
proton and forms the deuteron that is detected. Well-
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FIG. 2: Results of the (p,d) calculations. Cross section predictions, integrated over the angular range of the experiment (64
= 30°-60°), are compared to data in a) for Y (p,d) and d) for ®>Zr(p,d). One- and two-step contributions, and their sums,
are shown. IAS are identified in the %Y (p,d) case. The calculated spin-parity distributions F§&™ (F.., J,7) at the neutron
separation energy are given in b) for ®Y and in c¢) for °*Zr. The distributions change slowly between E., = 6 and 11 MeV.

known optical model potentials are used to describe the
proton-3Y and deuteron-8%Y interactions [35, 36].

The structure of the orbital from which the neutron
is removed enters the formalism. The orbitals relevant
here are deeply bound and cannot be reliably described
by current microscopic theories [37-42]. We therefore
employ an approach [43] that uses (independent) elastic
scattering data [44, 45] to yield the requisite information.

The reaction description has to go beyond a first-order
treatment: Excitation energies up to F.,~10-12 MeV
make it necessary to include contributions from two-step
reaction processes. The strongest contributions are from
inelastic scattering in the entrance and exit channels:
The incoming proton can excite the target prior to neu-
tron removal; alternatively, the outgoing deuteron can
excite the remnant ®¥Y nucleus after neutron removal.
We account for both processes: Using the 2-step DWBA
mechanism implemented in the code FRESCO [46], we
include (p,p’)(p’,d) and (p,d’)(d’,d) contributions. A vi-
brational collective model is employed to calculate the
form factor for the inelastic scattering step. Inelastic
excitations involving angular-momentum transfers up to
8h were considered and their strength was adjusted to
reproduce known inelastic scattering cross sections. The
angular momenta of the target, inelastic excitations, and
hole states are coupled to yield final spins Jy, where Jy
reaches values up to 11 for 2-step processes, see Fig. 2b)
and c), while the 1-step mechanism can only reach up
to Jf = 5. At the high E., relevant here, the reaction
populates a large number of final states in any given en-
ergy interval, so the contributions add incoherently. Our
assumptions are similar to those underlying successful
quantum-mechanical pre-equilibrium theories [47-49].

The sum of all calculated 1- and 2-step contributions
is compared to the measured (p,d) cross section in Fig-
ure 2a) for 8Y(p,d) and d) for %2Zr(p,d). The present
model aims at describing the energy regime around 6-12
MeV. Here, 2-step contributions are seen to dominate the
cross section. The calculations reproduce the measured
cross sections in the energy range F.,=6-10 MeV well,

and underpredict the data at F.,=10-12 MeV.

The 3°Y(p,d) reaction populates isobaric analog states
(IAS), as indicated in Fig. 2a. These are special excited
states in 88Y [50]. Their structure is closely connected to
the structure of low-lying states in the neighboring 3%Sr
nucleus, hence we know their spins and parities. The
present reaction description does not include transfers to
TAS, but we account for their impact on the spin-parity
distributions by determining from the data the enhance-
ments above the smooth portion of the cross section and
similarly enhancing the relevant spin-parity component.
No evidence for IAS in ?'Zr is seen in the data; they are
expected to occur at energies higher than relevant here.

We assume that the spin-parity distribution produced
in the initial 1+2-step reaction is representative of the
distribution of the equilibrated nucleus prior to decay.
The weights FSN(E,,, J,7) shown in Figure 2(b-c) are
obtained by calculating the contribution of each final an-
gular momentum to the total (p,d) cross section. The
TAS contributions are added to this and the resulting dis-
tribution is used in a Hauser-Feshbach-type calculation
that models the CN decay.

With F¢N(E,,, J,7) obtained in this manner, we can
derive constraints for the decay models, using the mea-
sured coincidence probabilities Pg7” and Eq. 2. We
express the GSN (Ee,, J,7) in terms of well-established
functional forms for level densities and transmission co-
efficients [19, 51], with parameters that are to be de-
termined. Sensitivity studies establish reasonable pa-
rameter ranges: The level density model [52] used has
4 (5) adjustable parameters for 88Y (9'Zr). The v-ray
transmission coefficient is dominated by electric and mag-
netic dipole transitions, requiring 9 parameters to be var-
ied [51, 53-55]. The neutron transmission coefficients are
known quite accurately for the nuclei considered [35] and
are not varied. For isotopes far from stability, where
transmission coefficients are less well known, such vari-
ations should be carried out. To account for uncertain-
ties in the calculated F'N (E.,, J, ), we vary the weights
schematically by shifting the overall distribution by +15.
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FIG. 3: Probabilities for observing specific 7-ray transitions in coincidence with the outgoing deuteron. Results of the fit (grey
1o bands) are compared to experimental data (black symbols). Fitting range and separation energy S, are indicated. Panels
a)-f) show transitions in 88y, while g) gives a transition in 87Y. TAS contributions result in dips or peaks at specific energies.

Each parameter set leads to predicted coincidence prob-
abilities according to Eq.2. A comparison with the mea-
sured probabilities then leads to the sought-after parame-
ter constraints. In practice, this comparison is carried out
using a Bayesian Monte-Carlo approach[56, 57], which al-
lows us to simultaneously account for uncertainties in the
data, the structure information utilized, and shortcom-
ings in the theoretical description. The procedure yields
the desired (n,y) cross section, along with its uncertainty.
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FIG. 4: The 7Y (n,y) cross section, extracted from the surro-
gate data, with 1o uncertainty (blue curves, grey band). The
TENDL 2015 (brown curves, with hatched lo uncertainty)
and Rosfond 2010 evaluations are based on regional system-
atics [58-60]. No direct measurements exist.

Six 7-ray transitions in 3%Y are used to determine the
88Y* decay parameters. To emphasize the energy region
of interest to neutron capture, data from 0.5 MeV below
to 1.5 MeV above the neutron separation energy is uti-
lized. Data at lower energies serves as a check for the
quality of the approach. Fig. 3a)-f) shows that all tran-
sitions are simultaneously well reproduced, even at the
lower energies. The effects of the TAS are clearly seen,
and reproduced. As additional check, we compare a pre-
dicted and measured ~-ray transition in 37Y, see Fig. 3g).

The extracted 37Y(n,7y) cross section, shown in Fig. 4, is
higher than existing evaluations, which rely on regional
systematics, and has a 1o uncertainty of about 4-25%.

For the %9Zr(n,y) case, we use five y-transitions and,
again, restrict our fit to data around the separation en-
ergy (S,=7.19 MeV). The fit reproduces the data well
in the energy range of interest, Fig. 5. The resulting
907r(n,y) cross section, shown in panel f), agrees with
available direct measurements and evaluations, both in
shape and magnitude. Its average is about a factor two
larger than the data, but encompasses the latter within
its 1o uncertainty. The result is a significant improve-
ment over previous attempts to determine capture cross
sections from surrogate reaction data and is notable since
it is achieved for an isotope that is very sensitive to spin-
parity effects [25].

To summarize, we have presented a new approach for
determining neutron capture cross sections for unstable
isotopes using a combination of surrogate reaction data
and theory. We have demonstrated that a theoretical
description of the surrogate reaction is key to overcom-
ing the limitations encountered in previous applications
of this approach. The method makes no use of auxil-
iary constraining quantities, such as neutron resonance
data, or average radiative widths, which are not available
for short-lived isotopes. This approach will open up the
possibility of determining unknown cross sections, with
far-reaching implications for improving our understand-
ing of stellar evolution and nucleosynthesis of the heavy
elements: Near stability, stable-beam experiments can be
used to determine cross sections that shed light on the
slow neutron capture process (s-process) [65], while fur-
ther away from stability, radioactive beam experiments
can provide reaction data relevant to rapid-neutron cap-
ture (r-process) nucleosynthesis [66].
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FIG. 5: Results for Zr. Panels a)-e) show coincidence probabilities used in the fit. In f) the extracted “°Zr(n,y) cross section is
compared to direct measurements and several evaluations [24, 61-64]. The Forssen calculation used Dy and (I'y) data, which
are typically used - along with cross section data - to constrain (n,y) calculations. TENDL (shown with hatched uncertainty
band) and ENDF introduced further adjustments to agree more closely with the direct data.

Our approach of predicting F, (SC N and determining the
unknown decay parameters from Eq. 2 can be adapted to
determine other cross sections of interest. For example,
proton and « capture can be treated in direct analogy to
the cases presented here. Furthermore, other surrogate
reaction mechanisms can be used to form the CN, in-
cluding inelastic scattering and reactions which transfer
nucleons to the target: For the (d,p) reaction, a prime
candidate for inverse-kinematic experiments, a reaction
description has recently been developed [67-69] and sur-
rogate benchmark tests are underway [17, 70]. Thus, the
present work establishes a more general procedure for ob-
taining cross sections for short-lived nuclei from light-ion
surrogate reactions.
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