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The effect of the production mechanism on the decay of a compound nucleus is investigated. The
nucleus *°Zr was produced by three different reactions, namely *°Zr(p,p’)°Zr, **Zr(p, d)°°Zr, and
927r(p, t)°°Zr, which served as surrogate reactions for 3°Zr(n,~). The spin-parity (J™) distribu-
tions of the states populated by these reactions were studied to investigate the surrogate reaction
approach, which aims at indirectly determining cross sections for compound-nuclear reactions in-
volving unstable targets such as 8°Zr. Discrete v-rays, associated with transitions in °°Zr and 8°Zr,
were measured in coincidence with light ions for scattering angles of 25-60° and °°Zr excitation
energies extending above the neutron separation energy. The measured transition systematics were
used to gain insights into the J™ distributions of °°Zr. The °°Zr(p, p’) reaction was found to produce
fewer ~-rays associated with transitions involving high spin states (J = 6-8 k) than the other two
reactions, suggesting that inelastic scattering preferentially populates states in °°Zr that have lower
spins than those populated in the transfer reactions investigated. The v-ray production was also
observed to vary by factors of 2-3 with the angle at which the outgoing particle was detected. These

findings are relevant to the application of the surrogate reaction approach.

I. INTRODUCTION

Cross sections of neutron-induced reactions such as
(n, ), (n,7), (n,2n) at neutron energies (E,) of a few
tens of keV to a few tens of MeV are crucial inputs
for nuclear energy applications [1], astrophysical stud-
ies [2, 3], and radiochemical applications [4-6]. However,
the cross sections for most short-lived isotopes remain
poorly known because of their inaccessibility as target
materials. During the past decade, the importance of
these compound-nuclear reaction cross sections for ap-
plications has led to renewed interest in indirect meth-
ods, such as the surrogate reactions approach [7]. This
method aims at determining neutron-induced reaction
cross sections by accessing the compound nuclei of in-
terest via alternative reactions such as transfer reactions
or inelastic scattering involving stable beams and tar-
gets. In a surrogate experiment, a direct reaction is em-
ployed to produce a highly-excited nuclear system, which
is assumed to subsequently equilibrate to form the same
compound nucleus that appears in the (desired) neutron-
induced reaction. The outgoing particle from the initial
reaction is detected in coincidence with an observable
(e.g., a specific y-ray transition or fission fragments) that
is characteristic of the decay channel of interest and the
measured coincidence probability is used to determine
or constrain the reaction cross section. While the ap-
plicability of the surrogate reaction approach has been
successfully demonstrated for (n, f) cross sections (e.g.
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[8-13]), it has been difficult to determine (n, ) cross sec-
tions (e.g., [14-16]).

A primary difficulty in determining (n, v) cross sections
is the difference in the spin-parity (J™) distributions of
the compound nucleus created by the (n,v) and the sur-
rogate reactions. While this has a smaller effect on the
extraction of fission cross sections [9], the y-ray emission
of the compound nucleus can be quite sensitive to the ini-
tial J™ distribution [14, 15, 17-21]. Therefore, in order
to extract (n,~y) cross sections from surrogate data it be-
comes necessary to take into account the J™ distribution
of the decaying compound nucleus. When this distribu-
tion is known, the decay of the nucleus can be modeled
and constraints on the desired (n, ) cross sections are ob-
tained by fitting the decay model to observables from the
surrogate experiment. Preliminary work on the A=155-
158 gadolinium isotopes, for which structure information,
as well as high quality directly-measured cross sections
are available (see [15] and references therein), indicates
that accounting for J™ differences between the desired
(n,y) and surrogate reactions can yield significant im-
provements for the extracted cross section [22].

The °Zr nucleus is well-suited for further benchmark-
ing of this surrogate approach. The presence of closed
proton (Z=40) and neutron (N=50) (sub)shells in the
Zr mass region (A ~90) is manifest in the low level den-
sities in the nuclei studied. This, in turn, leads to a
competition between v decay and neutron emission that
is quite sensitive to the J™ distributions of the decay-
ing compound nuclei and can be expected to be visi-
ble in the measured discrete y-ray emission probabilities
[7, 14, 17]. The effect is smaller in well-deformed nuclei
with high level densities, such as rare-earth and actinide



nuclei that have been studied in [15, 23]. Additionally,
investigating the “°Zr nucleus also has the advantage that
the nuclear structure of °Zr and neighboring nuclei have
been extensively studied. Finally, the °°Zr can be pro-
duced by multiple different reaction mechanisms since
there are several stable Zr isotopes. The data obtained
in this study are expected to aid in the determination
of the 39Zr(n, ) cross section, which, due to the short
half-life of 3.27 days, has not been measured directly.

The implementation of the surrogate approach for
(n,7) reactions typically relies on experimentally mea-
sured emission probabilities (P;) of various discrete -
rays (i) from the compound nucleus. While these ob-
servables are important for constraining (n,7) calcula-
tions, they can also be employed to provide information
on the J™ distributions of the decaying nucleus. In the
present work, we employ P; to obtain insights into the
J7 distributions of the °°Zr nucleus produced in several
different reactions. Specifically, we compare P; for y-ray
transitions in °-8°Zr, following the production via inelas-
tic (p,p), (p, p'n) scattering, and (p, d), (p, dn) and (p, ),
(p, tn) transfer reactions. Earlier studies suggest that the
direct reactions typically used in surrogate experiments
transfer more units of angular momentum (AL) to the
compound nucleus than the neutron does in the desired
reaction [15, 21, 24]. For 158Gd, it was estimated that
(p,d) and (p, t) reactions transfer AL =4 hand AL =15
h, respectively, in the quasi-continuum region (E, =3.5-5
MeV) [24], and describing the data obtained in inelastic
proton scattering on gadolinium seems to require simi-
larly large AL transfers. These values are significantly
larger than the AL < 2k typically transferred in low-
energy (m,7) reactions [14, 15]. Thus investigating the
effect of the production mechanism on the decay of a
compound nucleus is of great help for developing the sur-
rogate reaction approach.

In a surrogate analysis that takes into account the J™
distribution of the compound nucleus, P;(E,,) for various
discrete y-rays as a function of the excitation energy (E,)
are predicted. This requires a description of the surro-
gate reaction mechanism that yields the J™ distribution
FCN(E,,J™) of the compound nucleus as a function of
E, and angle of the outgoing particle (for simplicity the
latter is suppressed in the equations here), as well as a
rough decay model that approximately describes the de-
cay of the compound nucleus (G¢Y (E,, J™)). A Hauser-
Feshbach-type calculation is then carried out to predict
the relevant v decay probabilities:

Py(E,) =X, FN(E,, J")GN(E,,J™). (1)

Adjusting the parameters that enter the G¢N(E,, J™)
in order to fit the calculated decay probabilities to surro-
gate data (P;(F,)) then provides constraints on the nu-
clear structure properties (level-densities, y-ray strength
functions, etc.) employed in the decay model. The de-
cay model constrained in this manner can then be used
to calculate the cross section (o, )(Ey)) of the desired

neutron-induced reaction with the calculated compound
nucleus formation cross section (¢“N(E,, J™)) by

U(nv’Y)(En) = EJJTUCN(EMJW)GCN(EGMJ”% (2)

where En = ((Ata’r‘get + 1)/Ata7‘get) X (EJ, — Sn) and
therefore E,, ~ E, — S, for 99Zr (mass of target nu-
cleus Asgrger = 90), and S, = 11.97 MeV for 90Zr. Thus
to obtain useful constraints on modeling, it is important
to experimentally determine P;(FE,) for multiple ~-ray
transitions in the decay following the population of ?°Zr
around S,, and above.

As the P;(FE,) depend on the J™ distribution of the
decaying compound nucleus, they provide not only con-
straints for the Hauser-Feshbach decay model, but also
information that gives useful insights into the reaction
mechanisms that created the compound nucleus. Specif-
ically, the de-excitation of the compound nucleus is ex-
pected to proceed via the emission of only a few (1-3)
transitions, which are predominantly of E1 character.
We expect that transitions that increase J are approx-
imately as likely as transitions that decrease J. Thus,
distributions of the measured discrete y-ray transitions
are expected to reflect the characteristics of the J™ dis-
tribution with which the compound nucleus was initially
produced. The measured transition systematics are used
to gain insights into the J™ distributions of *°Zr produced
by the three different reaction types studied (*°Zr(p,p’),
NZr(p,d), and Zr(p, t)).

II. EXPERIMENT

The experiments were performed at the K150 Cy-
clotron facility at Texas A&M University. Enriched
9091927y targets (1.02, 1.01, and 0.960 mg/cm?, respec-
tively) were bombarded with a 28.56-MeV proton beam
with an intensity of about 1.5 nA. Measurements using
the 2091927y targets were made for 12, 36, and 84 hours,
respectively. Since these targets contain other Zr iso-
topes as shown in Table I, additional measurements us-
ing enriched %49Zr targets (0.960 and 0.976 mg/cm?)
were made in order to subtract their contributions. In
addition, each target had a small amount of carbon and
oxygen. Data was therefore collected using a natural C
target (0.1 mg/cm?), which contains oxygen as a con-
taminant, to estimate carbon and oxygen backgrounds
in the targets. Details of the procedure to subtract the
backgrounds can be found in [15, 25].

The energy spectra and angular distribution of the
light ions and prompt 7-rays were measured with the
Silicon Telescope Array for Reaction studies, Livermore,
Texas, Richmond (STARLiTeR) detector system [26].
STARLiTeR consists of three segmented Micron S2 sil-
icon detectors [27] (referred to AE, F1, and E2) which
are each segmented into 24 rings and 8 wedges, allow-
ing the measurement of charged-particle scattering an-
gles. The thickness of the AE, F1, and E2 detectors



TABLE 1. Tsotopic composition of %1927y targets (%)

Mass number 07y N7y 927y
90 99.36 6.51 2.86
91 0.30 88.50 1.29
92 0.17 3.21 94.57
94 0.12 1.61 1.15
96 0.04 0.17 0.14

are 143 pm, 1000 pm, and 994 pm, respectively. The
AFE, F1, and E2 detectors were located at 19.2 mm,
23.4 mm, and 33.8 mm from the target and were used
to identify charged-particles from (p,p’), (p, d), and (p, t)
reactions covering angles between 31° and 56° for mea-
surements by AE+ E1, and between 31° and 46° for ones
by AE + E1+ E2. However, the actual angular cover-
age spanned 25°-58° and 25°-48°, respectively, since the
beam position in the present experiment was found to be
displaced ~2.6 mm from the center of the detector array.
This was determined by studying the spatial dependence
of the kinematic shifts observed in the C target data as
was done in [15]. The particle events were recorded when
both the AFE and the E1 detectors were hit.

For ~-ray detection, five BGO Compton-suppressed
HPGe clover detectors surrounded the silicon chamber
(see e.g., [15, 26]). The energy resolution and the to-
tal absolute photopeak efficiency (¢) were measured us-
ing calibrated ~-ray sources placed at the target position
before and after the experiments. The typical energy res-
olution was 2 keV for energies below 500 keV increasing
to 5 keV at 3 MeV. The efficiency, €, of the array was
3.8% at 150 keV, 1.5% at 500 keV, and 0.5% at 2 MeV
after addback was applied.

Coincident particle-y events were identified based on
the time difference between particle and prompt ~y-ray
signals. Typical timing gates were set between +500 ns
and —125 ns around the time difference peak. This win-
dow is sufficiently wide to include most decays from the
3559 keV (8%) state in %°Zr nuclei which has a lifetime
of 131 ns [28].

Further details on the detector arrays, data-taking sys-
tem, and data analysis can be found in [12, 25, 29].

III. EXCITATION SPECTRA AND DISCRETE
v-RAY MEASUREMENTS

A. Excitation Spectrum

After particle identification (PID) using a conventional
AE-Range plot (see [25]), about 5x107 proton, 2x107
deuteron, 6x10° triton singles events were collected from
OFZr(p,p'), "Zr(p,d), and *2Zr(p,t) reactions, respec-
tively. The detected particle energy was corrected for
the recoil energy of the target nuclei and energy losses
in the targets and dead layers (~200 pg/cm? Al and ~1
mg/cm? Au) of the Si detectors to obtain the total kine-

matic energy (F). The excitation energies (E,) in “0Zr
can then be determined from E, = E,— E+Q, where the
beam energy, F, = 28.56 MeV, and Q-values for (p,p’),
(p,d) and (p, t) reactions are 0, —4.969, and —7.346 MeV,
respectively.

Fig. 1 shows the observed E, distribution for °°Zr
produced by the *°Zr(p, p'), *1Zr(p, d), and *%Zr(p,t) re-
actions after correcting for backgrounds from the Zr, C,
and O contaminants. The full-width at half maximum
(FWHM) energy resolution for the 'Zr(p,d) ground
state peak measured by the AE + E1 4+ E2 detectors
was ~300 keV. Similarly, the energy resolution for the
927r(p,t) ground state peak measured by the AE + E1
detectors was ~200 keV.
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FIG. 1. (Color online) Total particle spectra as a function
of excitation energy in °°Zr from a) *°Zr(p, p'), b) **Zr(p, d),
and c) 22Zr(p, t) reactions.

In the %°Zr(p,p’) reaction, events with E, < 7
MeV were mostly missed because these particles punch
through even the E2 detector. On the high energy side,



the events with E, > 21 MeV were mostly cut off be-
cause these are stopped in the AE detector. Therefore,
the energy range utilized in the °°Zr(p,p’) reactions is
E, =7.0-21.0 MeV, which spans a 14-MeV energy region
around the neutron separation energy of *°Zr (S,, = 11.97
MeV). Likewise, the energy ranges utilized in “'Zr(p, d)
and 92Zr(p,t) reactions are E, = 0-15 MeV and E, =
0-11 MeV, respectively. These are wide enough to study
excitations around S5, although the energy region above
S, is missed in the *2Zr(p,t) reactions. Additionally, it
should be mentioned that the shapes of the proton spec-
trum for F, below 13.5 MeV and the deuteron spectrum
for E, below 3 MeV are influenced by the angular accep-
tance of the detector setup as the measurement of the
full energy for the highest energy particles requires the
E2 detector. However, these influences on the following
analysis are negligibly small.

From Fig. 1b) and c), we can observe some levels with
E, < 4 MeV are observed in 1Zr(p, d) and 9Zr(p, t) re-
actions. In both reactions, E, = 2.186 MeV (27) and
2.747 MeV (37) states were clearly observed. The first
and third excited states (E, = 1760 keV (07) and 2.319
MeV (57)) were observed only in the 92Zr(p, t) reaction.
These results agree well with previous *'Zr(p, d) [30] and
927r(p,t) [31] measurements. Several large peaks are ob-
served around E, = 4.0-7.0 MeV in both transfer reac-
tions. Although the limited energy resolution of the Si
detectors and high level densities do not allow for un-
ambiguous structure information on these large peaks,
the particle-y coincidence technique reveals the individ-
ual levels contributing to these peaks as described later.

B. Discrete y-ray measurements

The ~-ray energies were measured up to 5 MeV. The
total spectra of y-rays in coincidence with light ions are
shown up to 2.5 MeV in Fig. 2. Contributions from con-
taminants in the targets are removed from these spec-
tra. These background subtractions are sometimes im-
portant because e.g., 91 Zr(p, p'ny) may contaminate the
true Y9Zr(p, p'y) events as well as y-rays with the close
energy from (p,p’y) reactions of the contaminants [15].

In Fig. 2, the ~-ray spectra have many discrete y-ray
peaks from °°Zr in common. In Fig. 2 a), some discrete
y-ray peaks from 8Zr formed by the ?°Zr(p, p'n) reaction
are also observable. These peaks can be observed in Fig.
2 b) although their intensities are smaller. The peaks
shown in Fig. 2 are used in the data analysis and the
level schemes associated with 8%9Zr are summarized in
Fig. 3. The 07 — 0T transition from the first excited
state at 1760 keV to the ground state, which contributes
to the 511-keV annihilation peak in Fig. 2, was not used
in the present study.
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FIG. 2. (Color online) Total y-ray spectra in coincidence with
particles from a) “°Zr(p,p’), b) **Zr(p,d), and c) **Zr(p,t)
reactions. The intense v-rays from °°Zr are marked in red.
The ~-rays labelled in blue are from %°Zr.

C. Comparison with previous (p,d) and (p,t)
measurements

The particle-y coincidence technique helps identify the
levels where v-rays originate allowing some unresolved
peaks in the particle spectra to be resolved with the
precision of ~-ray detectors (< 1 keV for centroid). By
utilizing this approach and taking advantage of detailed
knowledge of the %°Zr level scheme [32], contributions
to the peak at E, ~ 4.5 MeV in Fig. 1 b) are found
to be E, =4.541 (67, 26%), 4.454 (57,24%), 4.331 (3T,
17%), 4.814 and 4.818 (37, and (3,4)™,11% for the sum),
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FIG. 3. (Color online) Discrete y-ray transitions from °°Zr
and °Zr studied in the present work. The energies are shown
in keV. J” of levels are given in parenthesis and double paren-
thesis means that there are uncertainties in assignment. The
levels marked by * are isomeric states from which ~-rays are
unobservable in the present measurements.

and 4.640 MeV ((7,8), 10%) levels (percentage denotes
contributions to the peak). Likewise, it was found that
the peak at E, ~ 5.0 MeV consists of E, =5.060 (77,
56%), 4.992 (27, 22%), 5.107 MeV ((3,4)", 15%) levels.
These can be compared with a previous *1Zr(p, d) mea-
surement which was performed at 30° with a 31-MeV
proton beam [30]. Comparing to the intense peaks of
E, = 4.320, 4.443, 4.528, 5.050 MeV reported by [30],
these correspond to F, = 4.331, 4.454, 4.541, 5.060 MeV
found in the present spectrum. Therefore, the present
experiment agrees quite well with the past *1Zr(p, d) ex-
periment except for a ~10-keV calibration offset present
in the previous work.

The same approach can be applied for Fig. 1 ¢). It
turned out that the peak at E, ~ 4.5 MeV consists of
E, =4.331 (4%, 18%), 4.541 (6%, 18%), 4.124 (0T, 16%),
4.229 (2%, 10%), 4.681(2+, 10%), 4.814 and 4.818 (3~
and (3,4)T, 5% for the sum) MeV levels (percentage de-
notes contribution to the peak). The peak at E ~ 5.1
MeV mostly consists of E, =5.060 MeV (77) and the
peak at ~ 5.5 MeV consists of E, =5.457 (41, 17%) and
5.513 MeV ((3,4)~, 15%).

These structures can be compared with the %2Zr(p, t)
spectrum from Ball et al. [31] which was measured at
20° using a 38-MeV proton beam. The intense peaks
reported from that experiment are 4.125, 4.232, 4.335,
4.543, 4.683, and 5.441 MeV. These agree well with the

peaks at 4.124, 4.229, 4.331, 4.541, 4.681, and 5.457 MeV
in the present ?2Zr spectrum.

Further details of the results shown in the present sec-
tion will be found in [33].

IV. GAMMA DECAY PROBABILITIES FROM
INELASTIC AND TRANSFER REACTIONS

A. Definition of v decay probability

We are interested in the the probability that the com-
pound nucleus of interest (here ?°Zr), produced at a par-
ticular excitation energy E,, decays via a specific y-ray
transition (i) that can be experimentally observed. This
~ decay probability is given by

_ (L+arc)Np—(Es,1)
Pi(By) =

where Ngingies gives the number of single events (outgo-
ing direct-reaction particle observed in detector), Np_,
is the number of particle-y coincidences observed for the
transition of interest, € denotes the v-ray detection effi-
ciency at the y-ray energy E,, and arc gives the relevant
internal conversion coefficient. Nyipgies(Ey) is obtained
from Fig. 1, while Np_.(E,) is obtained from the ~y-ray
spectrum gated on E, by fitting a specific peak assum-
ing a Gaussian shape. aj¢ for the individual «-rays were
calculated using the software BRICC V. 2.0B [34].

; 3)

B. Reaction dependence

Fig. 4 shows P;(E,) for the six discrete v-ray transi-
tions from ?°Zr low-lying states around E, = 2-4 MeV
(see Fig. 3) as a function of excitation energies up to
E, =20 MeV. The P;(E,) typically show some peaks at
low excitation energies which correspond to direct pop-
ulation of levels which decay via these ~-ray transitions.
In the region of 7 MeV < E, < S, the level density is so
high that the highly-excited nuclear system that is pro-
duced in the surrogate (transfer or inelastic scattering)
reaction mixes with the surrounding states and equili-
brates, i.e. becomes a compound nucleus. We observe
that the P;(F,) are nearly constant in this high energy
region. At excitation energies above S,,, the P;(E,) drop
to nearly zero because of the competition from neutron
emission.

The strongest ~-ray transition is 2186 keV from
(2t —0%). Its P,(E,) at the continuum region are about
0.4 for each reaction. The transitions from low J states
such as the 420 keV (4~—27), 561 keV (37—21), 890
keV (4T —271) y-ray transitions show a similar trend in-
dicating that the P;(E,) are nearly independent of the
reaction. The transitions from the higher J states, 1129
keV (67 —57) and 141 keV (8" —67), show significant re-
action dependence and *°Zr(p, p’) shows notably smaller
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FIG. 4. (Color online) 7 decay probabilities as a function of
9071 excitation energy for discrete 4-ray transitions from the
07r. a) E., =2186 keV, b) 420 keV, c) 561 keV, d) 890 keV,
e) 1129 keV, f) 141 keV.

P;(E;) than the other two reactions. Given that the
number of transitions from the continuum region to these
low-lying levels are likely only one or a few E1 transi-
tions and transitions that increase J are approximately
as likely as transitions that decrease J, the J of the ini-
tial level of these measured discrete -ray transitions are
expected to reflect the characteristics of the J™ distribu-
tion with which the compound nucleus was initially pro-
duced. Therefore, these results strongly suggests that
90Zr(p,p’) does not populate as many high J (> 6 h)
states as 91Zr(p, d) and 92Zr(p, t) reactions.

Fig. 5shows P;(E,) for the y-ray transitions from 89Zr
(see Fig. 3) produced by “°Zr(p,p'n) and *1Zr(p,dn) as
a function of E, in %°Zr (the 92Zr(p,t) data did not ex-
tend above S,,). P;(E,) for y-ray transitions in 8°Zr start
to rise as the states become energetically accessible. The
P;(E,) above S, show J dependence as was observed be-
low S,,. 99%Zr(p, p'n) shows lower P;(E,) than *1Zr(p, dn)
at high J states (J™ =9/2*, 13/2%, and 13/27). On the
other hand, the °°Zr(p,p'n) shows higher P;(E,) than
97r(p, dn) in v-ray transitions from low J states such as
5/27 and 3/27.

Fig. 6 summarizes the angular momentum (L) de-
pendence of P;(FE,) for each reaction below and above
S,. The v decay probability ratios of °°Zr(p,p’) and
927r(p,t) relative to “'Zr(p,d) below S,, R (p.p)/(p,d)
and R; (.1)/(p,d) are defined as follows and plotted in Fig.
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6 a),
Ri o)/ w0.d) = Pitow)/ Pi(o.d)s (4)
Rt/ wa) = Prwr/ Piuway: (5)
where P, ), P (p,d), and P ( (pt) are average P;(E,) at

E, = 10.0- 11 0 MeV for (p,p’), (p,d), and (p,t) reac-
tions, respectively. Likewise, the v decay probability ra-
tios above Sy, R; (p,p/n)/(p,dn) 18 defined by using P; (p, ,n)
and P; (, 4n) Which are average P;(E;) at E, = 14.0-15.0
MeV for (p,p'n) and (p,dn) reactions, respectively, and
plotted in Fig. 6 b).

Furthermore, the data from two and five more ~y-ray
transitions are added to Fig. 6 a) and b), respectively
(see the caption of Fig. 6). L values are obtained from
the J™ of the decay levels. From Fig. 6 a), we can
confirm that the probability ratio of %°Zr(p,p’) decreases
as L increases, while the probability ratio of %2Zr(p,t)
reaction stays about unity below S,. Similarly, above
S, the probability ratio of “°Zr(p,p'n) decreases with
increasing L value.

C. J dependence around S,

As predicted in [17], Pi(E,) for Zr is expected to
show a significant J dependence around S,, due to the
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FIG. 5. (Color online) 7 decay probabilities as a function of
907y excitation energy for selected discrete v-ray transitions
between states of the 39Zr. a) E, =863 keV, b) 1511 keV, c)
1627 keV, d) 769 keV, €) 1943 keV, f) 177 keV.

low level density in the neighboring nucleus, 3°Zr. As
shown in Fig. 3, the highest J™ value in 8Zr is 9/2%
until the J™ =13/2% state appears at £, = 1.943 MeV.
When a J as high as 6-8 & was populated in °°Zr around
Sn, neutron emission from those states are suppressed
compared to neutron emission from J states of 1-4 £ be-
cause it requires high neutron energy to tunnel through
the centrifugal barrier in %°Zr. The P;(E,) for the high
J states are thus not expected to drop rapidly above .S,
until the excitation energy in %°Zr reaches E, = 13940
keV corresponding to 1943 keV state in 89Zr.

Fig. a) and b) show the P;(E,) of *°Zr(p,p’) and
9171 (p, d) for the discrete y-rays emitted from levels with
J =24, 6, and 8 h. Note that their P;(E,) are nor-
malized to unity below S,, for convenience in comparison
of the drop off above S,, (the absolute values of P;(E,)
are already shown in Fig 4). These results show that
P;(E,) for the high J states do not rapidly drop until
the 13/2% state at 1943 keV in 89Zr becomes energeti-
cally accessible. Thus P;(E,) is very sensitive to J and
its dependence on J around .S,, can be very useful for con-
straining the J™ distribution of the compound nucleus as
predicted by [17].

Garrett et al. [32] showed that for the (n, n'y) reaction,
the population of high J states increases with excitation
energies while the population of low J states decreases
with F,. An analogous trend is observed in 7y-ray transi-

Excitation Energy (keV)

Excitation Energy (keV)

tions from our %°Zr(p, p'n) data. Fig. 7 c) shows P;(E,)
from the levels with L = 1, 3, 6, and 7 & from *°Zr(p, p'n)
reactions. Note that the P;(E,) are normalized to around
0.5 at £, = 15.0 MeV for convenience in comparison.
The energy dependence of the P;(FE,) are obviously de-
pendent on L: the higher J states are populated more
at higher F, while the lower J states decrease in popu-
lation probability with increasing FE,. This supports the
discussion given in [32].

D. Angular dependence

The angular dependence of P;(E,) can be useful in
understanding the angular dependence of J™ distribu-
tions which should be included in Eq. (1). Fig. 8 shows
the angular dependence of P;(E,) from the *°Zr(p,p’),
N7r(p,d), and 92Zr(p,t) reactions. These P;(E,) were
obtained from the Ngingies(Ey) and Np_.(E;,7) mea-
sured at three different particle scattering angular ranges
of 25°-35°, 35°-50°, and 50°-60°, respectively, in the
center-of-mass system (6..,,.). The values plotted in Fig.
8 are average P;(FE,) values over E, = 10.0-11.0 MeV.

Similar angular dependences are observed in the three
different reactions. For example, the angular distribu-
tions for low J, i.e., E, =2186 keV (from the level with
J =2%) and E, =561 keV (from J =37), have a peak at
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FIG. 6. (Color online) a) 7 decay probability ratios of

907r(p,p') and *2Zr(p,t) to °*Zr(p, d) at E, =10.0-11.0 MeV.
b) v decay probability ratios of °Zr(p,p'n) to °*Zr(p,dn)
at F; = 14.0-15.0 MeV. Some other ~ transitions are dis-
played in addition to ones shown in Fig. 3: E, = 2222 keV
(67 —57) and 1051 keV ((7,8)—87") from “°Zr for a), and
E, =356 keV (5/2~ —3/27), 1155 keV (1/2~ —1/27), 1833
keV (5/21 —9/21), 2121 keV (13/27 —9/2%1), and 2128 keV
((7/2F) —9/27) from 3°Zr for b) [28, 32]. Error bars in x-axis
come from uncertainties in J”" assignment. Uncertainties of
L in E, = 1512 keV and 2128 keV are assigned to £1h for
the present data analysis. Red dashed lines indicate unity.

35°-50° except for the E., =561 keV data from ?*Zr(p, t).
And for y-rays from the higher J (4-8 £), all the reac-
tions have P;(E,) which increases by factors of 2-3 with
increasing angles.

Slight differences among %°Zr(p,p’), *'Zr(p,d) and

9271(p,t) reactions are still observable. The (p,d) re-
action seems to have the smallest angular dependence.
To study the angular dependence in more detail, higher
statistics are needed.

Fig. 9 shows the angular dependence of the v-ray
transitions from the “°Zr(p, p'n) reaction above the S,.
The P;(E, ) were obtained at E, =14.0-15.0 MeV. Just as
in Fig. 8, the P;(E,) for transitions from similar J levels
seem to have similar angular dependences, that is, the
P;(E,) from high J levels such as 7 h tend to continuously
increase with increasing angle, and the P;(E,) from low
J levels such as 1-4 h have a peak at 35°-50°.

V. TOWARD THE APPLICATION TO THE
SURROGATE REACTION APPROACH

Currently, theoretical efforts to obtain (n,7y) cross sec-
tions from the surrogate reaction approach are under de-
velopment [7]. These models require understanding the
J distribution populated in the compound nuclei. By
comparing the measured absolute values of P;(FE,) with
the calculated decay process, it is possible to deduce the
J™ distribution.

Many experiments have shown a trend that the sur-
rogate reactions tend to preferably populate higher J
than the direct measurements using neutron beams
[15, 21, 24]. The present results indicate that (p, p’) pop-
ulates much lower J states than (p, d) and (p, t), therefore
it is possible that (p,p’) provides a better surrogate for
the direct measurements than (p,d) and (p, t) reactions.
However, all these reactions show a strong angular de-
pendence, so more sophisticated models are needed to
account for the angular dependence and measurements
with large particle angular acceptance are required. Fur-
thermore, when a surrogate measurement via inelastic
scattering is possible, a (y,7") measurement might be pos-
sible. The latter has certain advantages, such as bringing
in a well-defined angular momentum transfer and being
able to provide information on the v-ray strength func-
tion - an essential ingredients for (n,~) cross section cal-
culations - with little need for modeling.

(p,d), (p,t), (d,p), and (d,t) reactions provide addi-
tional possibilities because they provide access to more
neutron- or proton-rich compound nuclei just off of sta-
bility especially when used in inverse-kinematics experi-
ments with radioactive beams. It is also interesting that
the (p,d) and (p,t) reactions did not show notable dif-
ferences in P;(E,) for J =1-8 h states. This suggests
that both reactions populate similar J7 distributions.
However, these two reactions are expected to have dif-
ferent reaction mechanisms because (p,t), unlike (p,d),
is expected to be dominated by a two step reaction.
Therefore, more detailed investigation should be pursued.
From the present data, the (p, d) reaction shows a smaller
angular dependence, making it a good approach when the
experimental angular acceptance is limited.

Measurements that covers a large angular range for
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and 177 keV for c).

charged-particles and ~-rays will be of significant help
in collecting data needed to constrain theoretical models
used to describe surrogate reactions. A silicon detector
array with angular coverage of 10-170°, called HYDRA,
and a large Ge detector array for vy-ray measurements
called HYPERION (utilizing the same Si telescope dis-
cussed in this work but coupled to up to 14 Compton
suppressed HPGe clover detectors) [35], have been devel-
oped by the LLNL group. These arrays will be utilized in
further investigation of the surrogate reaction approach.

VI. CONCLUSION

The nucleus ?°Zr was investigated with three differ-
ent reactions: (p,p’), (p,d), (p,t). The outgoing parti-
cles were detected in coincidence with v-rays emitted by
89,907y, These surrogate reaction data can then be used
to understand the decay of the compound nucleus formed
in 8Zr(n,v). The v decay probabilities, P;(E,) are key
to develop theoretical models for determining radiative
neutron capture cross sections using the surrogate reac-
tion approach. We carried out measurements of P;(FE,)
for y-rays occuring in the decay of °°Zr nucleus produced
near S, (11.97 MeV) via three different reactions. We
observed that the “°Zr(p,p’) reaction produces notably
fewer y-rays from high J states than the 'Zr(p,d) and
927r(p,t) reactions. This suggests the inelastic scatter-
ing preferably populates lower J states in °Zr than the
transfer reactions. This reaction dependence holds over
several MeV above S,,.

The same J dependence of P;(E,) around S,, was con-
firmed in both (p,p’) and (p,d) reactions. While the

::.u.< Eadadl : | .
012000 14000 16000 1800?{ 20000
Excitation Energy (keV)

P;(E,;) from low J levels drop rapidly to 0 just above
the neutron separation energy, these from higher J stay
nearly constant and finally drop about 2 MeV above S, .
This is because neutron emission is inhibited due to the
J mismatch of the high J states to low J states in the
daughter nucleus (3°Zr). This effect provides an addi-
tional constraint on the theoretical models to deduce the
J7 distribution.

The angular dependence of P;(FE,,) for the (p,p’), (p,d),
and (p, t) reactions were studied in the measured angular
range of 25-60°. For all these reactions, the P;(E,) from
high J levels tend to increase with increasing angle, and
the ones from low J levels have peak intensities at 35°-
50°. Variations of the P;(FE,) depending on angles cause
a factor of two or three difference in the P;(E,). The
behavior of the P;(E,) observed reflects the fact that the
angular momentum transferred to the final nucleus in the
surrogate reaction depends on the reaction mechanism as
well as angle of the outgoing particle.

More quantitative discussions regarding the J™ states
of the °°Zr compound nucleus, combined with theoretical
work will be forthcoming.
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