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One-neutron transfer study of **Te and ¥’Xe by particle-y
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Additional information is reported on single-neutron states above the doubly closed-shell nucleus '*2Sn. A
radioactive ion beam of *Te(N = 82) at 565 MeV and a stable ion beam of 36Xe(N = 82) at 560 MeV
were used to study single-neutron states in the N = 83 nuclei '3Te and ¥"Xe, respectively, by ('3C, 'Cy)
and (°Be, ®Bey) direct reactions in inverse kinematics. Particle-y and particle-y-y coincidence measurements
using CsI and HPGe arrays allowed determination of decay paths, high-precision level energies, multipolarities
of transitions, and relative cross sections. One-neutron transfer with heavy ions is employed to gain selectivity
to both low- and high-spin single-neutron states above the N = 82 shell closure. Results are presented for the
13/2] states in the N = 83 nuclei '*Te and *"Xe at 2108.8(9) keV and 1752.6(3) keV, respectively, and for
the 37 collective octupole state observed at 3749(5) keV in *Te(N = 82) inelastic scattering, all previously
unknown. While the 13/2] state (or v1ij3/, centroid) in '#Sn(Z = 50, N = 83) remains unknown, the present

results provide the best empirical prediction of its energy available to date.
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The nuclear shell model is the leading foundational model
of nuclear physics and it predicts a particular number of
single-particle and single-hole states outside of each closed
proton and/or neutron shell. Experimental energies of single-
particle, single-hole, and core-excited states not only challenge
microscopic calculations but also serve as empirical input to
more realistic calculations and enable one to infer the nature
of nucleon-nucleon interactions. While the single-particle,
single-hole, and core-excited states near the light ('°0, 4°Ca)
and heavy (*Pb) double-magic nuclei are well known [1],
those in the radioactive '32Sn(Z = 50, N = 82) region remain
incomplete. With the advent of radioactive ion beams (RIBs),
the study of nuclei far from stability, particularly with respect
to shell closures, has become a topic of high interest. In this
Rapid Communication, experimental results are presented for
the 13/ ZT states (i.e., v1ij3,> candidates) in the N = 83 nuclei
135Te and 137 Xe. Results are also presented for the 3] collective
octupole state observed in '3*Te(N = 82) inelastic scattering.

Many of the known levels in the radioactive and double-
magic '32Sn region have been determined from B-decay
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and/or prompt y-ray studies of actinide fission products (e.g.,
Refs. [2-7]), which do not offer any particular selectivity
to single-particle states. Recently, 1328n(d, p)133Sn [8], and
34Te(d, p)'3>Te [9] studies in inverse kinematics have been
executed but the momentum matching for £ = 6 transfer did
not favor population of the 1i,3/, single-neutron state with any
significant cross section. While the 2 f7,5, 3p3/2, 3p1/2, 2 f5/2,
and 1hg,, systematics are known for the N = 83 nuclei at, near,
and above 1**Sn [1], the 1i}3, systematics are incomplete. The
lhgj, systematics can also be considered incomplete in that
they have never been observed in '3*Sn or '*Te by a direct
reaction. The 1i;3,, systematics forthe N = 83,56 < Z < 70
nuclei are well established in the literature [1]. They are
also known to mix with the 13/2%, 3~ ® 2 f;,» multiplet
member [10-19], which means the observed 13/2] energy is
different from the unmixed single-neutron energy, €, (1713/2).
This makes determination of experimental energies in nuclei
closer to Z = 50 all the more important.

One-neutron transfer is employed here in conjunction
with particle-y coincidence spectroscopy, using (3C, >Cy)
and (°Be, ®Be— 2uy) direct reactions in inverse kinematics
(Abeam > Atarger), 10 gain selectivity to the single-neutron
states above the N = 82 shell closure. Because ®Be is
unbound (77, = 8.2 x 10-17 s [1]), two correlated as are
detected. Scattered target nuclei were measured at forward
laboratory angles relative to the beam direction (corresponding

©2012 American Physical Society
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FIG. 1. Csl particle identification (PID) maps from the '**Te RIB
experiment, where the PID parameter on the x axis is established by
integrating the tail of the energy signal (cf. Ref. [26]). (a) '*C target
data. (b) °Be target data.

to backward angles in the center-of-mass frame) to provide
a clean trigger for selecting the y-ray transitions emitted
from the beamlike reaction products. The '*C target, with
avlpy (Jo =1-1/2) ground state, and the ‘Be target,
with a vIps,, (J» =1+ 1/2) ground state, provide different
selective populations of single-neutron states (cf. Ref. [20]
for a discussion on selective populations of high-J states
with heavy-ion reactions). The difference in ground-state
QO values for one-neutron transfer reactions on these two
targets provide further differences in selectivity; this provides
a mechanism for assigning observed levels to specific single-
neutron configurations. Preliminary results have been reported
using this technique in Refs. [21-25].

A '3Te RIB at 565 MeV was used on two targets: a
13C target with a thickness of 1.2 mg/cm? and a °Be target
with a thickness of 2.37 mg/cm?. The '3*Te RIB provided
by the Holifield Radioactive Ion Beam Facility (HRIBF) had
an intensity of approximately 3 x 10° ions/s. Recoiling target
nuclei were detected in the “bare” HyBall (BareBall) array
[26] (cf. Fig. 1) using the first four rings (laboratory angles
7°-14°, 14°-28°, 28°-44°, and 44°-60°, relative to the beam
direction, with 6, 10, 12, and 12 CsI(T1) crystals, respectively).
Coincident y rays were detected by 11 HPGe segmented clover
detectors of the CLARION array [27] (cf. Fig. 2) at angles
of 90°(5 clovers), 132°(4 clovers), and 154°(2 clovers) at a
distance of 21.75 cm from the target with a total efficiency of
2.94(5)% at 1 MeV. The left, middle, and right side channels
of these segmented clover detectors were used to effectively
give 8 segments per clover (2 x 4 “leaves”). The experimental
trigger required either a scaled-down particle singles event or
a particle-y coincidence event.

In a second experiment, a stable 1**Xe beam at 560 MeV
was used on two targets: a '3C target with a thickness of
1 mg/cm? and a °Be target with a thickness of 1.25 mg/cm?.
The Gammasphere [28] and Microball [29] arrays were used
for this experiment at the Argonne Tandem Linear Accelerator
System (ATLAS) facility.

From the N = 83 systematics [1], the most likely decay
path (i.e., the only E1 or/and E2 path) of the 13/2] state to the
7/2] ground state for the 133Te and '37Xe nuclei is through the
11/27,2% ® 2 f7)» states at 1179.88(9) keV and 1220.07(15)
keV, respectively. These 11/27 states are well known in both
133Te and '*"Xe from their partina 15/2~ — 11/27 — 7/2~
yrast transition sequence following de-excitation of an 19/2~
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FIG. 2. The particle-gated y-ray spectra related to '*>Te from the
134Te RIB experiment. The gating conditions and residual nuclei are
indicated in the figure and the peak labels, unless stated otherwise,
pertain to transitions in *>Te.

isomer [1,7,30-33]. Carbon-gated y-y coincidence data from
the 3C(**Te,'2Cyy)!*3Te and *C(1*6Xe,'>Cy y)'?"Xe direct
reactions are shown in Figs. 3 and 4, respectively. Figure 3
shows a strong 928.9(9)-keV y-ray transition in coincidence
with the 11/27, 2% ® 2 f;» state of '¥Te; the 929-keV y ray
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FIG. 3. The carbon-gated y-y coincidence data from the
BC(134Te,2Cy y)'3Te direct reaction shows 1180- and 929-keV y
rays in coincidence with each other. The 1180-keV y ray decays from
the previously known 11/27, 2% ® 2 f7)2 state at 1179.88(9) keV [1].
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FIG. 4. The carbon-gated y-y coincidence data from the
BC(13%Xe,"?Cyy)¥7Xe direct reaction shows 1220- and 533-keV
y rays in coincidence with each other; a narrow 533-keV gate is used
to remove leakage of neighboring y-ray transitions. The 1220-keV
y ray decays from the previously known 11/27, 2% ® 2 f;/, state at
1220.07(15) keV [1]. The 400-keV y ray is the previously known
15/2= — 11/2~ yrast transition [1,7,30-32].

originates from a state at 2108.8(9) keV. Figure 4 shows a
strong 532.5(3)-keV y-ray transition in coincidence with the
11/27,2" ® 2 f7, state of 37 Te; the 533-keV y ray originates
from a state at 1752.6(3) keV.

The 2108.8(9) and 1752.6(3) keV states in '*Te and 37 Xe,
respectively, are likely the 13/2 states (i.e., 1i13/> candidates).

Recently, a 13/2% state in '3’Xe has been reported in an
inverse kinematics (d, p)'*’Xe study (particles only, no y
rays) by Kay et al. [34]; they report a weak ¢ = 6 transfer
component at ~1751 keV with a spectroscopic factor of
0.84. This identification, as acknowledged by the authors in
Ref. [34], was guided by preliminary results of the present
study through a private communication. The excitation energy
is reported here with high precision (in combination with the
selectivity of a direct reaction). The level is identified as a
previously observed but unassigned level in the 8 decay of
1371(7/27) [35], which reported a 532.49(10)-keV y ray from
a 1752.56(15)-keV level [cf. the present value of 1752.6(3)
keV] in coincidence with a 1220.07(15)-keV y ray.

A 13/2" assignment of a level decaying to an 11/2~ state
suggests an E'1 decay. Figure 5 shows the particle-y A¢
angular correlations for three different decays: (a) a stretched
E2 decay from the Coulomb excitation of 2] in '**Te and
subsequent 2] — 0f decay, (b) a relatively isotropic E2
decay from the direct and indirect population of the 3/27
level and subsequent decay to the 7/2~ ground state, and (c)
a nonisotropic decay from the direct population of a level
at 2108.8(9) keV and subsequent decay to the 11/2] state.
The particle-y angular correlation, cf. Fig. 5(c), is consistent
with an E1 decay and a 13/2" assignment; a M1 decay and
13/2~ assignment are also consistent but very unlikely since
no 13/27 state is expected to be strongly populated in these
direct reactions.
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FIG. 5. The carbon-y A¢ angular correlations,
W(O,,0c; Apy_c) = W(b,,0c; Ap,_c)/ W(b,, 0c), where

Oc = 28° to 60° and 6, = 90° in the laboratory frame, show (a) a
stretched E2 decay, (b) a relatively isotropic E2 decay, and (c) a
stretched E'1 decay. The dashed curves were calculated (cf. Ref. [36])
assuming full alignment.

A summary of previously unknown levels and y-ray
energies which are observed in the present study is given
in Table I. In addition to the 13/2] levels in '*Te and
137Xe, levels at 1854.8(8), 2021.5(10), and 2483.2(12) keV
n '3Te are reported (cf. Fig. 6 for their y-ray transitions).

TABLE I. Levels and y-ray energies from particle-y-y coinci-
dence measurements which were previously unknown.

E, (keV) " E, (keV) '™ E; (keV)* J%*
134Te
3749(5) (37) 24705 100 1279.11(10) 2*
135Te

1854.8(8) 1/2%,3/2%,5/27 772.1(9) 58(5) 10833(4) (;)
1195.7(9) 100(7) 658.65(10) (37)
2021.5(10) 1/2%,3/2%,5/2= 938.2(9) 100 1083.3(4) ({)
2108.809) (13/24) 928.9(9) 100 1179.88(9) (&)
2483.2(12) 1/2*,3/2%,5/27 1399.9(11) 100  1083.3(4) (3 )
137Xe
1752.6(3)° (13/2%)

532.5(3)° 100 1220.07(15) (5 )

2Taken from the literature [1].

bStrongly observed in y-ray singles spectrum as 2467.5(8) keV but
could be contaminated with E, (25 — 07) = 2465.3(2) keV [1].
°Exists in the literature [1] as an unassigned state from '3'I decay [35]
with E, = 1752.56(16) keV and E,, = 532.49(10) keV.
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FIG. 6. The 425+ 659-keV y-gated y-ray spectrum of '**Te
from the sum of the carbon and beryllium target data show four
transitions (marked by asterisks). The 1196-keV transition is observed
only in the 659-keV gate component.

These levels are likely members of multiplets expected from
single-neutron-core coupling. The spin assignments of these
levels assume E1, M1, or E2 decay; the statistics of these
states are too low to determine multipolarities through particle-
y angular correlations. More importantly, the 3, collective
octupole excitation at 3749(5) keV in '3*Te is observed; cf.
Fig. 7. The (13C, 3C’) and (°Be, °Be’) inelastic scattering
channels are highly selective of ZT quadrupole and 3| octupole
states [13,14]. Indeed, the 3| decay to the ZT level is the second
strongest y-ray transition in the '**Te and '**Xe inelastic-
scattering channels; the 3] level in '%°Xe was previously
known in the literature [1]. The observation of the 3] level
n B4Te completes the systematics for N = 82,50 < Z < 72
nuclei and the observation of 13/2] in 'Te and '¥7Xe
completes the systematics for all but '33Sn of the N = 83,
50 < Z < 70 nuclei.

The relative cross sections are deduced by performing an
intensity balance (i.e., total intensity out of a level less the
total intensity feeding that level, o™ ~ X1, — X 1;,) and
normalization to the 3/2| level (3 p3/, candidate); unobserved
side feeding could reduce the accuracy of this method.
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to Rutherford scattering, but this was not possible in the
present study due to the fact that scattered particles were
only measured at “nonsafe” backward center-of-mass angles.
The relative cross sections are compared to distorted wave
Born approximation (DWBA) calculations performed with the
finite-range PTOLEMY code [37], assuming a one-step process
and pure single-neutron configurations.

The 1i13/, cross section for the (13C, '2C) reaction is
expected to be large compared to the (°Be, ®Be) reaction.
The 13/2] to 3/27 cross-section ratio in '*>Te is measured
as 0.238(12) (cf. 0.294 from DWBA calculations) for the
(13C, 12C) reaction but only 0.046(10) (cf. 0.054 from DWBA
calculations) for the (°Be, ®Be) reaction; a 13/2], 0% ® 1i13)
assignment is supported by the DWBA calculations. A
summary of the experimental and calculated relative cross
sections for the 3C(13*Te,2C)3Te and *Be(!3*Te,®Be)' 3 Te
reactions are given in Table II. The measured and calculated
relative cross sections are in fairly good agreement for the
carbon target data but not for the beryllium target data, which
could be, in part, due to significant two-step processes from
Coulomb excitation, unobserved side feeding, and/or breakup.
Preliminary results from a recent (d, p)'3Te study [9] report
a 2 f5,, candidate at ~1.8 MeV. While the present data are
more consistent with the predominant 2 f5,, component being
located at 1127 keV, which is also the adopted assignment in
the literature [1], the present data are not inconsistent with a
strong 2 f5,, component at 1837 and/or 1855 keV. A future
report of spectroscopic factors from the recent (d, p) study [9]
or a future (d, py) study may be able to clarify this further.

The 7/27 (N =83), 13/2] (N = 83), and 3= (N = 82)
core-excited octupole systematics from the present study and
literature [1] are shown in Fig. 8. The 13/2] level in '#Sn
is the only outstanding unknown, which was predicted [6]

TABLE II. Measured relative cross sections and DWBA calcula-
tions (see text) for the one-neutron transfer study of '3 Te.

Absolute cross sections can be obtained by normalizing E. Jr BC(3Te,2C)>Te ?Be('**Te,’Be)'**Te
o™ DWBA? o™ DWBA?
" (a) -i(—\‘ C-y-y (2470) 0.00 7/2° 1.391 0.333
= 3t o 658.65(10) 3/2° 1.000(21) 1.000 1.000(58) 1.000
; ‘@ 1083.3(4) 1/2~ 0.145(11) 0.185 0.478(39) 0.832
j 2 1127.06(8) 5/2~ 0.153(52) 0.152 0.436(39) 0.711
% 1179.88(9) 11/2~ 0.095(20) 0.190(20)
3 4l H‘ H ‘H ‘ M“M 1246.18(10)  9/2=  0.035(8) 0.018 0.085(10) 0.108
O . 1380.14(9) (7/27,9/2) 0.056(7) 0.106(12)
9F » 1442.22(10) 0.129(9) 0.078(10)
3, :(bi kv laro [Covy (1279) 1837.19(10) (3/27,5/27) 0.064(8) (0.152)° 0.478(42) (0.711)°
; | : o keV '™ 1854.8(8)¢ 0.083(8) (0.152)° 0.302(19) (0.711)®
¥ 51 Q 1279 T ,Q 2017.88(15) 0.192(17)
o [ l i S 2021.5(10)¢ 0.185(18)
§ 3 130(1341'9 'SCY”“TG 2108.8(9)¢ 13/2+ 0.238(12) 0.294 0.046(10) 0.057
S byl bt o by o w1 2193.80(13) 0.0840) 0.157(19)
=00 1200 2500 2339.07(22) 0.131(13)
Ey (keV) 2483.2(12) 0.029(5) 0.116(14)
Calculated for 2 f7/2, 3p3)2, 3P1/2, 2 f5/2, Lhoa, and liys .
FIG. 7. The carbon-gated Y-y coincidence data from ®Preliminary (d, p)'**Te results [9] report 2 5, at &~ 1.8 MeV.

BC(3Te,3C’'yy)'**Te inelastic scattering shows 1279- and
2470-keV y rays in coincidence with each other.

‘Level energies from present study; other energies from Evaluated
Nuclear Structure Data File [1].
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FIG. 8. The 7/2] (N = 83), 13/2'1" (N =83), and 3= (N =

82) core-excited octupole systematics from the present study and
literature [1].

to be unbound at an excitation energy of 2694 keV (the
neutron-separation threshold is S, = 2370(24) [1]); this is
consistent with the extrapolated systematics in Fig. 8, which
now include the '33Te and 37 Xe data. The 1i}3), single-neutron
states are known to mix with the 13/2% member of the
37 ® 2 f7» multiplet [10-19,34], which means the observed
13/2] energy is different from the unmixed single-neutron
energy, €;p.(1713/2). The presence of this mixing, as evident in
Fig. 8, highlights the importance in obtaining the experimental
energies in nuclei closer to Z = 50, such as 135Te and ¥7Xe.
The higher lying 13/2% member of the 3~ ® 2 f7,, multiplet
is not known or observed in the present study, which makes an
empirical determination of the unmixed single-neutron energy,
€s.p.(1i13/2), and the two-state mixing strength out of reach for
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133Te and '¥7Xe. A future experiment with higher statistics
could resolve this. Lifetime or g-factor measurements of
the first 13/2% state would be of similar value [11,12] in
determining the two-state mixing strength and unmixed
single-neutron energy, as would spectroscopic factors from a
(d, p) reaction study. Nevertheless, the present data provide
valuable constraints on the unmixed 173/, single-neutron
energy.

In summary, the 13/2] state (1i13/> candidate) in 1*>Te(Z =
52, N = 83) and the 3| collective octupole state in 134Te(Z =
52, N = 82) have been observed by using a '**Te RIB with
13C and °Be targets. Furthermore, the 13/2] state in '¥7Xe
(Z =54, N = 83) has been identified with high-precision
energy. These results were achieved by employing particle-y
coincidence spectroscopy with CsI-HPGe arrays; this tech-
nique provides an invaluable tool for future direct-reaction
studies of RIBs in inverse kinematics. While the 13/ 2;“ state (or
1i13/ centroid) in 1338n (Z = 50, N = 83) remains unknown,
the present results provide the best empirical measure of its
energy available to date and a path towards a more complete
determination in the future.

The authors gratefully acknowledge fruitful discussions
with J. L. Wood, K. Heyde, and S. D. Pain and technical
support from R. V. F. Janssens. We thank the HRIBF and
ATLAS operations staff for developing and providing the
beams used in this study. Research sponsored by the Office
of Nuclear Physics, U.S. Department of Energy. This work
was also supported in part by the U.S. DOE under Contracts
No. DE-FG02-96ER40963 (UTK) and No. DE-FG02-88ER-
40406 (WU) and the Australian Research Council under Grant
No. DP0773273.

[1] Evaluated Nuclear  Structure Data  File
[www.nndc.bnl.gov/ensdf/].

[2] P. Hoff, B. Ekstrom, and B. Fogelberg, Z. Phys. A 332, 407
(1989).

[3] B. Fogelberg, M. Hellstrom, D. Jerrestam, H. Mach,
J. Blomgvist, A. Kerek, L. O. Norlin, and J. P. Omtvedt, Phys.
Rev. Lett. 73, 2413 (1994).

[4] P. Hoff et al., Phys. Rev. Lett. 77, 1020 (1996).

[5] C. T. Zhang et al., Phys. Rev. Lett. 77, 3743 (1996).

[6] W. Urban et al., Eur. Phys. J. A 5,239 (1999).

[7] S. H. Liu et al., Phys. Rev. C 81, 014316 (2010).

[8] K. L. Jones et al., Nature (London) 465, 454 (2010).

[9] J. A. Cizewski, K. L. Jones, R. L. Kozub, and S. D. Pain,
J. Phys.: Conference Series 239, 012007 (2010); S. D. Pain
(private communication).

[10] W. Booth, S. Wilson, and S. S. Ipson, Nucl. Phys. A 229, 61
(1974).

[11] K. Heyde, M. Waroquier, and H. Vincx, Phys. Lett. B 57, 429
(1975).

[12] P. Van Isacker, K. Heyde, M. Waroquier, and H. Vincx, Phys.
Rev. C 19, 498 (1979).

[13] L. Trache et al., Phys. Lett. B 131, 285 (1983).

[14] L. Trache et al., Nucl. Phys. A 492, 23 (1989).

(ENSDF)

[15] L. Trache, A. Clauberg, C. Wesselborg, P. von Brentano,
J. Wrzesinski, R. Broda, A. Berinde, and V. E. Iacob, Phys.
Rev. C 40, 1006 (1989).

[16] L. Trache, K. Heyde, and P. von Brentano, Nucl. Phys. A 554,
118 (1993).

[17] A. M. Oros, L. Trache, P. von Brentano, K. Heyde, and G. Graw,
Phys. Scr. 56, 292 (1995).

[18] L. Losano and H. Dias, Int. J. Mod. Phys. E 5, 153
(1996).

[19] B. P. Kay, S. J. Freeman, J. P. Schiffer, J. A. Clark, C. Deibel,
A. Heinz, A. Parikh, and C. Wrede, Phys. Lett. B 658, 216
(2008).

[20] P. D. Bond, Comments Nucl. Part. Phys. 11, 231 (1983).

[21] D. C. Radford et al., Eur. Phys. J. A 15, 171 (2002).

[22] D. C. Radford et al., Nucl. Phys. A 746, 83c (2004).

[23] D. C. Radford et al., Nucl. Phys. A 752, 264c (2005).

[24] D. C. Radford et al., Eur. Phys. J. A 25, s01, 383 (2005).

[25] C. J. Gross, J. Phys. G 31, S1639 (2005).

[26] A. Galindo-Uribarri, AIP Conf. Proc. 1271, 180 (2010);
www.phy.ornl.gov/hribf/research/equipment/hyball.

[27] C. J. Gross et al., Nucl. Instrum. Methods Phys. Res., Sect. A
450, 12 (2000).

[28] I. Y. Lee, Nucl. Phys. A 520, c641 (1990).

031307-5


http://www.nndc.bnl.gov/ensdf/
http://dx.doi.org/10.1103/PhysRevLett.73.2413
http://dx.doi.org/10.1103/PhysRevLett.73.2413
http://dx.doi.org/10.1103/PhysRevLett.77.1020
http://dx.doi.org/10.1103/PhysRevLett.77.3743
http://dx.doi.org/10.1007/s100500050280
http://dx.doi.org/10.1103/PhysRevC.81.014316
http://dx.doi.org/10.1038/nature09048
http://dx.doi.org/10.1088/1742-6596/239/1/012007
http://dx.doi.org/10.1016/0375-9474(74)90675-7
http://dx.doi.org/10.1016/0375-9474(74)90675-7
http://dx.doi.org/10.1016/0370-2693(75)90260-9
http://dx.doi.org/10.1016/0370-2693(75)90260-9
http://dx.doi.org/10.1103/PhysRevC.19.498
http://dx.doi.org/10.1103/PhysRevC.19.498
http://dx.doi.org/10.1016/0370-2693(83)90499-9
http://dx.doi.org/10.1016/0375-9474(89)90507-1
http://dx.doi.org/10.1103/PhysRevC.40.1006
http://dx.doi.org/10.1103/PhysRevC.40.1006
http://dx.doi.org/10.1016/0375-9474(93)90361-Z
http://dx.doi.org/10.1016/0375-9474(93)90361-Z
http://dx.doi.org/10.1088/0031-8949/1995/T56/052
http://dx.doi.org/10.1142/S0218301396000074
http://dx.doi.org/10.1142/S0218301396000074
http://dx.doi.org/10.1016/j.physletb.2007.11.033
http://dx.doi.org/10.1016/j.physletb.2007.11.033
http://dx.doi.org/10.1140/epja/i2001-10248-2
http://dx.doi.org/10.1016/j.nuclphysa.2004.09.056
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.040
http://dx.doi.org/10.1140/epjad/i2005-06-205-y
http://dx.doi.org/10.1088/0954-3899/31/10/047
http://dx.doi.org/10.1063/1.3495647
http://www.phy.ornl.gov/hribf/research/equipment/hyball
http://dx.doi.org/10.1016/S0168-9002(00)00159-5
http://dx.doi.org/10.1016/S0168-9002(00)00159-5
http://dx.doi.org/10.1016/0375-9474(90)91181-P

J. M. ALLMOND et al.

[29] D. G. Sarantites, P.-F. Hua, M. Devlin, L. G. Sobotka,
J. Elson, J. T. Hood, D. R. LaFosse, J. E. Sarantites, and
M. R. Maier, Nucl. Instrum. Methods Phys. Res., Sect. A 381,
418 (1996).

[30] P. J. Daly et al., Phys. Rev. C 59, 3066 (1999).

[31] W. John, F. W. Guy, and J. J. Weselowski, Phys. Rev. C 2, 1451
(1970).

[32] R. G.Clark, L. E. Glendenin, and W. L. Talbert, in Proceedings of
Third IAEA Symposium on the Physics and Chemistry of Fission

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 86, 031307(R) (2012)

(International Atomic Energy Agency, Vienna, 1974), Vol. 2,
p. 221.

[33] K. Kawade, G. Battistuzzi, H. Lawin, K. Sistemich, and
J. Blomgqyvist, Z. Phys. A 298, 273 (1980).

[34] B. P. Kay et al., Phys. Rev. C 84, 024325 (2011).

[35] B. Fogelberg and H. Tovedal, Nucl. Phys. A 345, 13 (1980).

[36] A. E. Stuchbery, Nucl. Phys. A 723, 69 (2003).

[37] M. H. Macfarlane and S. C. Pieper, Argonne National Labora-
tory Report ANL-76-11 Rev. 1, 1978 (unpublished).

031307-6


http://dx.doi.org/10.1016/S0168-9002(96)00785-1
http://dx.doi.org/10.1016/S0168-9002(96)00785-1
http://dx.doi.org/10.1103/PhysRevC.59.3066
http://dx.doi.org/10.1103/PhysRevC.2.1451
http://dx.doi.org/10.1103/PhysRevC.2.1451
http://dx.doi.org/10.1007/BF01425157
http://dx.doi.org/10.1103/PhysRevC.84.024325
http://dx.doi.org/10.1016/0375-9474(80)90410-8
http://dx.doi.org/10.1016/S0375-9474(03)01157-6



