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Single-neutron states in '3*Sn and 2°’Pb, which are analogous to single-electron states outside of closed
atomic shells in alkali metals, were populated by the (°Be, 8Be) one-neutron transfer reaction in inverse
kinematics using particle-y coincidence spectroscopy. In addition, the s/, single-neutron hole-state
candidate in '*'Sn was populated by (°Be, '°Be). Doubly closed-shell '3?Sn (radioactive) and 2°8Pb (stable)
beams were used at sub-Coulomb barrier energies of 3 MeV per nucleon. Level energies, y-ray transitions,
absolute cross sections, spectroscopic factors, asymptotic normalization coefficients, and excited-state
lifetimes are reported and compared with shell-model expectations. The results include a new transition and
precise level energy for the 3p /, candidate in 1338n, new absolute cross sections for the 14, /2> candidate in
133Sn and 3s, ), candidate in '*'Sn, and new lifetimes for excited states in '**Sn and 2**Pb. This is the first
report on excited-state lifetimes of '33Sn, which allow for a unique test of the nuclear shell model and '32Sn

double-shell closure.
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Atomic nuclei are finite many-body quantum systems
that possess shell structure with closures at Z or N equal to
2,8, 20, 28, 50, 82, or 126. These closed shells are evident
from isotope and isotone abundances and discontinuities in
nucleon separation energies [1]. The stable double-magic
nuclei, i.e., closed shell in both proton and neutron number,
are limited to *He, 00, “9Ca, *8Ca, and 2°Pb:; radioactive
ion beams (RIBs) can provide access to additional nuclei
that are potentially double magic such as *Ni, ®Ni, '90Sn,
and '32Sn. Experiments on double-magic nuclei test the
nuclear shell model [2] and provide input to calculations of
properties of neighboring nuclei, many of which are
radioactive and experimentally inaccessible. These calcu-
lations rely on the inert core [3] to reduce the many-body
system to a size that makes the problem tractable. Such
calculations for the radioactive '32Sn region have been
shown to be vital in controlling simulations for r-process
nucleosynthesis [4-8], which is responsible for the origin
of nearly half of the elements heavier than Fe (Z = 26).

The double-magic nature of radioactive '3Sn has been
elucidated from (1) neutron separation energies [9-12] and
(2) radioactive decay [13—19] and Coulomb excitation [20]
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studies, which have revealed a comparatively large first 2+
energy and small electric quadrupole transition strength
(similar to 2%8Pb [21]). Coulomb excitation studies of
neighboring even-even nuclei have also supported an inert
1328n core [20,22-24]. Recently, single-neutron states
above the N = 82 shell closure in '33Sn were reported
ina (d, p) study by Jones et al. [25] using a '3>Sn RIB at the
Holifield Radioactive Ion Beam Facility (HRIBF). In
particular, candidates for the single-neutron 2f5,,, 3p3/,,
3pis2, and 2f5 ), states were measured with cross sections
that are consistent with shell-model expectations; similar
states were observed in '3'Sn [26]. Prior to the (d, p) study
of '3Sn [25], candidates for the single-neutron 2f;,
3p3/2> lhyyy, and 2f5,, states were reported in a decay
study of fission fragments by Hoff et al. [27]; hole-state
candidates in '*'Sn were reported in a decay study by
Fogelberg et al. [28,29].

In this Letter, new information on single-neutron states
in '33Sn and 2*°Pb (cf. Fig. 1), populated by the (°Be, 3Be)
one-neutron transfer reaction in inverse kinematics
(Apeam > Atarger) 18 reported. Extensive spectroscopic infor-
mation was obtained by using particle-y coincidence

© 2014 American Physical Society
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FIG. 1. Single-neutron states expected to be populated in the
present one-neutron transfer study of '*1133Sn and 2°°Pb.

spectroscopy. Evidence is provided for a complete set of
single-neutron candidates in '33Sn, 27,5, 3p3/2, 3p1)2,
Lhyss, 2fs/2, and 1ij3/,. However, the evidence for the
lij3/, candidate is inconclusive due to inconsistencies
between the spectroscopic results and expectations for an
unbound # = 6 neutron. In addition, the 3s;,, single-
neutron hole-state candidate in '3'Sn was populated by
(°Be, '"Be). Level energies, y-ray transitions, absolute
cross sections, spectroscopic factors, asymptotic normali-
zation coefficients (ANCs), and excited-state lifetimes are
reported and compared with shell-model expectations. This
is the first report on excited-state lifetimes of '*3Sn.

Because *Be is unbound (T, = 8.2x 1077 s [21]),
two correlated alphas are detected following the (°Be, ®Be)
reaction. Scattered targetlike nuclei were measured at
forward laboratory angles relative to the beam direction,
corresponding 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 effectiveness of this technique was recently demon-
strated [30-32] in the study of '*>Te and '*’Xe. The
selectivity of single-neutron states with heavy-ion induced
reactions has been discussed in Refs. [31,33].

Doubly closed-shell '*2Sn and 2%Pb beams were
provided by HRIBF at sub-Coulomb energies of 3 MeV
per nucleon. A Bragg detector, placed behind a
1.57(8) mg/cm? monoisotopic °Be target, measured an
energy loss of 140(2) MeV for a 395-MeV beam of '**Sn
and 193(10) MeV for a 624-MeV beam of 2®Pb. The
radioactive '*2Sn beam, which was > 96% pure [34,35] and
had an intensity of 1 x 10° ions/s, was incident on the
target for 5 days. The 2°Pb beam was incident on the target
for 1 day.

Recoiling target nuclei were detected in the “bare”
HyBall (BareBall) CsI(Tl) array [36], using the first four
rings at laboratory angles 7°-14°, 14°-28°, 28°-44°, and
44°-60° relative to the beam direction. Coincident y rays
were detected in the CLARION array of 11 Compton

suppressed, segmented HPGe Clover detectors [37], which
was configured with five detectors at 90°, four at 132°, and
two at 154°. The Clover detectors were at a distance of
21.75 cm from the target with a total efficiency of 3.00(5)%
at 1 MeV. The experimental trigger (= 99% live time)
required either a scaled-down particle event or a particle-y
coincidence event.

The particle-gated y-ray spectra are shown in Fig. 2 for
(a) 2Pb from (°Be, 8Be — 2ay) with a Doppler correction
for the 969-keV transition, (b) 13!Sn from (°Be, '°Bey) with
a Doppler correction for the 332-keV transition, and (c)
133Sn from (°Be,®Be — 2ay) with a Doppler correction for
the 854-keV transition. The recoiling velocity, f = v/c,
and Doppler-corrected energy were determined individu-
ally for each transition [32]. The 513- and 2792-keV y-ray
transitions from '3*Sn were previously unobserved.

The 513-keV transition in '33Sn was found to be in
coincidence with the previously known 854-keV transition
using the (°Be,Be — 2ayy) coincidence data (cf. Fig. 3).
The 513-keV y ray originates from a state at 1366.8(4) keV,
which corresponds to the p;,, candidate state recently
reported at 1363(31) keV in the (d, p) study of '*3Sn [25].

The experimental cross sections were determined from a
y-ray intensity balance, i.e., the difference between the total
intensity out of a state and the total intensity feeding that
state, which included a kinematic correction to the solid
angle. The absolute normalization was obtained from the
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FIG. 2. Gamma-ray spectra of (a) 2“Pb from (°Be,
8Be — 2ay), (b) 3'Sn from (°Be, '°Bey), and (c¢) '33Sn from
(°Be, 8Be — 2ay).
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FIG. 3. 854-keV gate on y-y coincidence data from '*3Sn. over the range of values assuming a uniform distribution.

measured elastic scattering yield. The reactions involving
1328n and 2%Pb were below the Coulomb barrier, so the
absolute cross-section normalizations were particularly
reliable because the transfer-to-elastic ratio could be
determined within the same particle detector segment.
The theoretical cross sections were calculated with the
distorted wave Born approximation (DWBA) code
PTOLEMY [38] using parameter values from previous
reaction studies involving *Be [39-43]. The sensitivity
of the calculations was explored by varying each parameter
over a range of possible values estimated from the previous
studies. The bound-state parameter values were r = 1.20 4
0.05 fm and @ = 0.65 &£ 0.10 fm for both the real and spin-
orbit terms, and the spin-orbit potential was V, = 6+
6 MeV. The parameter values for the incoming and

TABLE 1.

Table I summarizes the particle-y spectroscopic results
for the 2®Pb and '3>Sn beam data. The theoretical cross
sections, 6, and spectroscopic factors, §= o/,
assume target spectroscopic factors of S(°Be,®Be) =
0.54(6) (determined from tabulated values in Ref. [40])
and S(°Be, '°Be) = 1.6(2) (determined from Refs. [44—
50]). The spectroscopic factors for 2°°Pb and '*3Sn, which
represent the fraction (i.e., purity) of the single particle
wave function, are reasonably consistent with unity and
with previous (d, p) studies [25,51]. The spectroscopic
factor for the v1hg), candidate in '**Sn at 1561 keV, not
observed by the (d, p) study [25], shows a reduction in
single-particle strength as compared with the other states.
This reduction could be due to mixing with a second 9/2~
state from '32Sn core excitations (e.g., 9/27, 27 ® 2f7)
or to the weak absolute cross section stemming from poor

Summary of particle-y spectroscopic results for the 2*®Pb and '32Sn beam data. The cross sections are given for recoiling

targetlike nuclei measured at laboratory angles of 7° to 44° with respect to the beam axis. See the text for further details.

Present [25,51] Present [25,51] [53]
(°Be, ¥19Be)  (d,p) (°Be, %19Be) d, p) 3¢, 20)
E, (keV) J= E, (keV) 7 (fs) 6 (mb) oy, (mb) S S C? (fm™) C? (fm™") C* fm™)
9Be (208Pb, BBG) 209pp
0 9/2+ 0.0013(4) 1.21(36) 2.20(17) 2.25(29)
778.9(3) 11/2F 0.0005(2) 1.57(47) 0.00187(13)  0.0037(5)
1423(1)° 15/2~ 0.0001(1) 1.19(36) 2.5(2) x 107
1566.0(9) 5/27  1566.0(9) 0.13(4) 0.084(21) 1.5(6) 1.08(32) 14(5) 13.0(7)
2031(1) /2% 464.5(4) 0.28(2) 0.22(5) 1.3(3) 1.04(31) 45(8) 48.7(30) 41.7(54)
2489(2) 7/2F  2489(2) 0.10(2) 0.062(19) 1.6(6) 1.27(38) 0.026(6) 0.025(2)
2535(1) 3/2%  969.4(6) 87(24)  0.43(3) 0.38(9) 1.1(3) 1.11(33) 2.3(4) 2.93(20)
9Be (1328n, IOBe) ]3lsn
0 (3/2%) 0.15(11)
331.7(3) (1/2%) 331.7(3) 0.68(8) 0.17(12) 4(3)
1654.53(8) (5/2%) 0.03(2)
Be (12Sn, ®Be) '¥Sn
0 7/2 3(1) 0.86(7) 0.64(5)
853.9(3) 3/2=  853.9(3) 12(1) 13(3) 0.9(2) 0.92(7) 6.0(14) 5.6(4)
1366.8(4) 1/2=  512.9(3) 480(ﬂ88) 11(1) 12(3) 0.92) 1.1(2) 2.5(5) 2.6(6)
1560.6(9)  (9/27) 1560.6(9) 0.58(10) 1.1(4) 0.5(2) 5.1(15) x 107°
2002(2) 5/2=  20022) 13(* 11 2 ) 8.6(6) 9.6(24) 0.9(2) 1.1(2) 0.0020(4) 0.0009(2)
2792(3) 2792(3) 0.38(9) 0.18(7)

*J* from ENSDF [21] and spin-flip transitions of present study.
t?Ex for unobserved excited states from ENSDF [21].
‘Calculated assuming a bound v1i3,, configuration.
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momentum matching (i.e., more prone to any multistep
processes); another experiment using a higher beam energy
would differentiate between these possibilities. In '*!Sn,
only the 332-keV transition from the 3s,/, neutron-hole
candidate was observed in the (°Be, “Be) reaction, which
is consistent with the expectation that it should be the only
excited state strongly populated. However, the calculated
cross section was extremely sensitive to the bound-state
parameters, which resulted in a large uncertainty on the
spectroscopic factor. Because these reactions are peripheral
and predominately probe the tails of the wave function,
ANCs are also reported (model independent), which are
insensitive to the bound-state parameters [52] and should
be more reliable than the spectroscopic factors (see
Refs. [53-56] for further discussion on spectroscopic factor
and ANC reliability). A target ANC of C?>(°Be,®Be) =
0.24(4) fm~! is adopted from 0.27(9) fm~' [57,58],
0.30(28) fm~! [57-59], and 0.23(5) fm~! [57-59]. The
ANCs for 2Pb are remarkably consistent with previous
(d, p) [51] and (13C, 12C) [53] studies. The ANCs for 133Sn
are consistent with the previous (d, p) study [25]. However,
a slightly larger ANC is obtained in the present study for
the v2f5/, candidate at 2002 keV. In addition, the ANC for
the v1hg, candidate in '*3Sn is now reported. No target
ANC could be found or determined for (°Be, °Be) to apply
to the '3'Sn case.

Subpicosecond lifetimes of excited states in 2“Pb (2535-
keV state) and '33Sn (1367- and 2002-keV states), given in
Table I, were measured by the Doppler shift attenuation
method (DSAM) [60], which firmly identified the decays as
spin-flip M1 transitions because transitions among other
valence orbits or transitions of higher multipolarities must
proceed much more slowly. Figure 4 shows the extracted
lifetimes for the 1367-keV state (513-keV transition) of
133Sn for each BareBall ring by comparing the experimen-
tal # = v/c values to the calculated § versus 7 values. The

0.07
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FIG. 4. The lifetime of the 1/2~ state at 1367 keV in '*3Sn was
determined from the 513-keV y ray using the experimental f
values for each BareBall ring and DSAM.

calculated g values were based on the reaction kinematics
and stopping powers, measured with the Bragg detector.

M1 transition strengths from the lifetimes reported in
Table I are listed in Table II. Unless noted otherwise (i.e.,
for 297Pb), these transition rates were evaluated assuming
pure M1 transitions, i.e., the E2/M1 mixing ratio 6 = 0. If
0 #0, the M1 transition rate is reduced by the factor
1/(1 + 8%). This reduction factor has a small effect because
0 must be small for these strong spin-flip transitions in
which the M1 operator simply reverses the spin coupling of
a valence nucleon. A comparison of data with theory shows
excellent agreement, which suggests relatively pure single-
particle wave functions and a robust '*Sn double-magic
core. These M1 transition strengths test the shell model
independent of the DWBA bound-state and optical-model
parameters.

For a given M1 operator [63], bare or effective,

BM1;£+1/2—¢—1/2) ¢

BML{—1/257+1/2) (£+1) M

The new lifetime data allow a parameter-free comparison
of the transitions between 3p,,, and 3p3/, as holes in
27Pb, i.e., 3p3), = 3pi},, and particles in 'PSn, ie.,
3p1j2 = 3p3)2. According to Eq. (1), the B(M1) ratio
should be 0.5; experimentally, it is 0.53(16). The agreement
is excellent, perhaps better than expected because there
should be some differences in the effective M1 operator
between the 2°Pb and '32Sn regions.

The 2792-keV y ray [Fig. 2(c)] is a natural vlij3
candidate for '33Sn; the energy is consistent with expect-
ations from systematics (cf. Fig. 8 in Ref. [31]) and with the
2694(200)-keV prediction by Urban et al. [64]. However,
the y-ray Doppler shift suggests a relatively long lifetime of
7 > 1 ps, which is consistent with expectations for an E3
decay but contradicts expectations for an unbound £ = 6
neutron (z ~ 0.1 ps) that is nearly 400 keV above the
neutron separation energy of 2396(4) keV [10-12].
The neutron-decay width should be much larger than the
y-decay width, but a relatively large cross section was
determined from the y-ray intensity. A 2792-keV y ray from
an (11/27) state in '33Sb is reported in the literature [21].
This state could be populated by one-neutron transfer

TABLE II. MI transition strengths in units of (u3).

Nuclide Transition B(M1)er B(M1)™
209pp 3ds;, — 3ds), 0.72(20) 0.71°
207pp 3p3h = 301 0.47(6) 0.40°
1338n 2fs; = 2f1 0.55(*2) 0.52¢
133Sn 3p12 = 3p3pn 0.88(*%) 0.67¢

*From the Evaluated Nuclear Structure Data File [21], including a
mixing ratio of § = +0.091(9).

M1 operator for the 2°®Pb region from Castel and Towner [61].
°M1 operator for the '3>Sn region from Brown et al. [62].
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on a 32Sb beam contaminant. However, there was no
evidence for '32Sb in the beam from either the Bragg
detector or Coulomb excitation, which would produce a
162-keV y ray. Population of '**Sb could be achieved by
1328n (?Be, 8Li), but this channel would not lead to prompt
detection of two correlated a particles. In addition, no y
rays were observed from the lower-lying states of
1338b [21].

In summary, single-neutron states have been measured in
131Sn, 1338n, and 2*Pb by a novel particle-y coincidence
technique following sub-Coulomb heavy-ion induced one-
neutron transfer in inverse kinematics. This technique
yielded an extensive set of spectroscopic information. In
particular, the particle-y technique involving (°Be,
8Be — 2ay) provided a clean selection of the one-neutron
transfer channel, high-precision y-ray and excitation ener-
gies, relatively high-precision absolute cross sections, and
excited-state lifetimes in a single experiment. Candidates
for all expected single-neutron states in '3*Sn were
observed, including a new transition and precise excitation
energy for the 3p,/, state. However, the evidence for the
lij3, candidate is inconclusive. New absolute cross
sections have been measured, including the 3s,/, neu-
tron-hole candidate in '3'Sn. Overall, the experimental
cross sections are consistent with shell-model expectations.
Furthermore, three new excited-state lifetimes were mea-
sured in '33Sn and ?Pb from spin-flip M1 transitions,
which show consistency with shell-model expectations.
These lifetime results provide a unique test of the shell
model without the uncertainties of optical-model and
bound-state parameters. Despite being neutron rich and
radioactive, 132Sn is determined to be a robust double-
magic nucleus from both excited-state lifetime and cross-
section measurements. The shell model can be applied with
relative confidence to calculations of both ground- and
excited-state properties of nuclei in the '*2Sn region, many
of which are beyond current experimental access.
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