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New levels and γ-ray transitions were identified in 150,152Sm utilizing the (p,t) reaction and
particle-γ coincidence data. A large, peak-like structure observed between 2.3-3.0 MeV in excitation
energy in the triton energy spectra was also investigated. The orbital angular momentum transfer
was probed by comparing the experimental angular distributions of the outgoing tritons to calculated
DWBA curves. The angular distributions of the outgoing tritons populating the peak-like structure
are remarkably similar in the two reactions, and are significantly different to the angular distributions
associated with the nearby continuum region. Relative partial cross sections for the observed levels,
angle averaged between 34 and 58 degrees, were measured. In 150Sm 39(4)% of the strength of the
peak-like structure could be accounted for by the observed discrete states. This compares to a value
of 93(15)% for 152Sm.

I. INTRODUCTION

The samarium (Z=62) isotopes near N=90 lie in a re-
gion of rapid shape change from spherical to deformed
with increasing neutron number. This has led to this re-
gion of the nuclear chart being the focus of intense exper-
imental and theoretical study, see for example references
[1–6]. In the early two-neutron transfer experiments by
Maxwell [7] and Bjerregaard [8] excited Jπ = 0+ states
were observed to have large cross sections relative to the
ground state in the 152Sm(p,t) and 150Sm(t,p) reactions.
This was interpreted in terms of shape coexistence [7, 8]
and the rapid onset of deformation, inviting further inter-
est in these nuclei. In general, the N=90 region provides
a rich testing ground for models that attempt to describe
transitional and deformed nuclei.

Two-neutron transfer reactions provide an excellent
tool with which to study both the removal of pairs of
correlated neutrons from valence orbitals, typically pop-
ulating states at relatively low excitation energies, as
well as the removal of neutrons from deep below the
Fermi surface. Following the work of Maxwell [7], fur-
ther Sm(p,t) experiments were performed with improved
energy resolution for the outgoing tritons, see for exam-
ple [9–12], at various incident proton beam energies. In
the 1981 study by Struble et al. [13] a large, broad en-
hancement of two-neutron transfer strength at an exci-
tation energy of approximately 6 MeV was observed in
the 148,150,152,154Sm(p,t) reactions. An additional, much
narrower, peak-like structure at an excitation energy of
2.2-3.1 MeV was observed in both the 152,154Sm(p,t) re-
actions. In the 158Gd(p,t)156Gd study by Riezebos et al.
[14] a rapid increase in 2+, 4+ and 6+ strength was ob-

served above 2 MeV in excitation energy. An interesting
lack of monopole strength was reported above this energy,
providing motivation to study the L-transfer distribution
at this excitation energy in nearby nuclei.

In the present work, the peak-like structure (PLS) is
studied in detail and 150,152Sm are studied for the first
time using the (p,t-γ) coincidence technique. The coinci-
dent detection of the γ ray allows for excellent selectivity
and sensitivity and allows us to identify multiple new
levels and γ-ray transitions in each nucleus. Triton an-
gular distributions, selected by specific γ-ray transitions,
probe the angular momentum transfer to both low lying
discrete states and states in the PLS, and are compared
to calculated DWBA curves.

II. EXPERIMENTAL ARRANGEMENT

A 25 MeV proton beam from the K-150 cyclotron at
the Cyclotron Institute of Texas A&M University was in-
cident upon isotopically enriched 152Sm and 154Sm tar-
gets of 98% and 99% purity respectively and approx-
imately 1 mg cm−2 thickness. The 152Sm target was
bombarded for 42 h and the 154Sm target for 35 h with
average beam currents of 1.4 nA and 1.2 nA, respectively.

The outgoing light ions and γ rays were detected us-
ing the STARLiTeR array, which uses the same con-
figuration as that described in detail in reference [15].
This array consisted of the STARS (Silicon Telescope
Array for Reaction Studies) ∆E-E silicon telescope and
the LiTeR (Livermore Texas Richmond) array of BGO
shielded HPGe clover detectors providing particle-γ and
particle-γ-γ coincidence capability. A total of 1.5 × 105

t-γ-γ coincidences were observed for the 152Sm(p,t) reac-
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tion and 1.4 × 105 for the 154Sm(p,t) reaction, allowing
t-γ-γ measurements for only the strongest transitions.
STARS consisted of a 0.14 mm thick ∆E detector and a
1 mm thick E detector, both segmented into 24 rings (θ)
and 8 sectors (φ). The distance between the target foil
and the ∆E detector was 18 mm. The angular coverage
of the telescope was 34 to 58 degrees. An aluminum δ-
shield was placed between the target position and STARS
in order to shield the ∆E detector from secondary elec-
trons. An aluminum tunnel passed through the center
of the telescope in order to shield the inner rings from
scattered beam particles. The six HPGe clover detectors
were positioned in pairs at angles of 47◦, 90◦ and 133◦

with respect to the incident proton beam at a distance
of 13 cm from the target position.

The Si telescope was calibrated using a 226Ra source
which provides α particles at energies of 4.6, 4.8, 5.3, 5.5,
6.0 and 7.7 MeV. An additional 9 calibration points be-
tween 4.4 MeV and 16.1 MeV were obtained using levels
populated in the 12C(p,p’) reaction. Well known levels
at low excitation energy populated in the 152,154Sm(p,t)
reactions as well as the onset of the 152,154Sm(p,tn) chan-
nels at the neutron separation energies of 7.9867(4) MeV
and 8.2577(6) MeV [16], respectively, were also used. En-
ergy deposited in adjacent rings of the Si detectors was
summed and induced noise in neighbouring rings was
corrected for. The energy losses due to the Al and Au
dead layers of the Si detectors were calculated using the
ELAST (Energy Loss And Straggling Tool) program [17]
and the recoil energy imparted to the target nucleus was
also accounted for. A resolution (FWHM) of 130 keV was
obtained for the ground state of 150Sm in the 152Sm(p,t)
reaction.

The HPGe clover detectors were calibrated using 22Na,
54Mn, 57Co, 60Co, 109Cd, 133Ba, 137Cs and 152Eu sources.
The photopeak efficiency was 4.8% at 103 keV and an
energy resolution of 2.6 keV and 3.5 keV (FWHM) was
obtained at energies of 122 keV and 963 keV respectively.

III. TRITON PROJECTIONS AND
IDENTIFICATION OF DISCRETE STATES

Energy spectra for tritons in coincidence with γ rays
from the recent 154,156,158Gd(p,t) studies by Ross et al.
[18] and Allmond et al. [19] are shown in Figure 1 and
compared to those obtained in the present work for the
152,154Sm(p,t) reactions. The PLS is clearly present be-
tween 2.1-3.3 MeV excitation energy in all of these reac-
tions. The excitation energy of the structure is plotted in
Figure 2 and appears to decrease with increasing neutron
number.

Particle gamma coincidences are a powerful spectro-
scopic tool, see for example reference [20]. A gate placed
on a triton energy of interest in the t-γ coincidence ma-
trix corresponds to gating on a certain excitation energy
in the residual nucleus. This gate returns a spectrum
of γ rays that must be emitted from states at or below

this excitation energy and often enhances low intensity
γ rays that are obscured in the total projection. On the
other hand, gating on a γ ray in the t-γ matrix typically
gives a triton energy spectrum with a discrete peak cor-
responding to the direct population of the γ-ray emitting
level, as well as counts at higher excitation energy which
correspond to states that feed that level, both directly
and indirectly. These features can be observed in the
spectrum shown in Figure 3 obtained with a gate placed
on the 334 keV γ ray from the transition between the
first 2+ state in 150Sm and the ground state. The peak
at 334 keV corresponds to direct population of the 2+

level. Also visible are the plethora of other discrete states
that are directly populated by the (p, t) reaction and
then feed the 2+ state as well as a smooth continuum re-
gion above approximately 3.5 MeV. A further example is
shown in Figure 4. In panel (a) a γ-ray energy spectrum
showing a section of the total γ-ray projection from the
152Sm(p,t-γ) coincidence matrix is shown. In panel (b) a
γ-ray energy spectrum in coincidence with tritons corre-
sponding to an excitation energy range of 1210-1290 keV
in 150Sm is shown. The 922 keV γ ray is from the level
at 1255 keV. The 712 keV transition is from the level
at 1046 keV, which is fed by the 1255 keV level via a
209 keV transition not shown in the Figure. In panel (c)
a triton energy spectrum in coincidence with the 922 keV
γ ray is shown. This spectrum, typical of those observed
when gating on non-yrast levels, shows the direct popula-
tion peak at 1255 keV and very little feeding from higher
lying excited states.

In order to identify new discrete states in 150,152Sm
a gate is first placed on a γ ray of interest in the t-γ
matrix. The approximate excitation energy of the level
(typical accuracy of ∼20-30 keV) is then measured by
fitting the energy of the triton peak, see Figure 4, corre-
sponding to direct population of the level. Subtracting
the γ-ray energy from the excitation energy correspond-
ing to the triton peak often identifies the level that is
being fed by the transition. This can only be performed
unambiguously either when there is just one possible final
level within the experimental uncertainty, when multiple
γ rays depopulate the level, or when the γ-ray placement
can be confirmed using t-γ-γ coincidences. Once the γ
ray has been placed in the level scheme the γ-ray energy
can be summed with the energy of the level that is being
fed, which provides a much more precise measurement
(typically 0.2 keV) of the excitation energy of the state
of interest; see reference [20] for more details.

The levels and γ rays observed in 150,152Sm are listed in
Tables I and II, respectively. Numerous new levels and γ-
ray emitting transitions were identified. In the first two
columns the level energy and γ-ray energies are listed.
The relative γ-ray branching for each level, expressed as
a percentage of the strongest transition, is listed in the
third column. In column four the triton peak energy from
the present work is listed, which is obtained from fitting
the peak corresponding to direct population of the level
after gating on the γ ray from the same row of the table.
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Figure 1. Triton projections of the (t,γ) matrices produced in the 154,156,158Gd(p,t) and 152,154Sm(p,t) reactions. The single-
neutron separation energies are indicated by the dashed lines. The Gd data is from references [18, 19]. It can be seen that the
energy resolution is much improved in the Sm data.

Figure 2. (Color online) The excitation energy of the PLS as
a function of neutron number for the Gd (black points and
solid black line) and Sm (blue points and dashed blue line)
isotopes.

In the fifth column the γ-ray energy is subtracted from
the triton peak energy. This can be compared with the
corresponding level energy from the NNDC database [16]
listed in the sixth column. In order for a definite assign-
ment to be made, we require that these values lie within
one standard deviation of each other. In the seventh col-
umn the γ-ray energy obtained in the present work is
summed with the NNDC energy from column six to ob-
tain the precise level energy. For levels which decay by

Figure 3. Triton energy spectrum in coincidence with the
334 keV γ ray transition between the first 2+ state in 150Sm
and the ground state. The triton peak corresponding to direct
population of the level is indicated by the arrow. In part (A)
peaks corresponding to discrete states can be seen. In part
(B), at intermediate excitation energy, the PLS is present.
In part (C), the smoothly varying continuum region and the
onset of the (p,tn) channel above the single neutron separation
energy can be observed.

multiple observed γ rays, the final level energy was ob-
tained from a weighted average of the values in column
seven.

In columns eight to eleven the spin and parity, exci-
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Figure 4. A γ-ray energy spectrum showing a section of the
total γ-ray projection from the 152Sm(p,t-γ) coincidence ma-
trix is shown in panel (a). In panel (b) the γ-ray energy
spectrum in coincidence with tritons corresponding to an ex-
citation energy between 1210 and 1290 keV is shown. The
922 keV γ ray is from the level at 1255 keV in 150Sm. The
712 keV γ is from the level at 1046 keV, which is fed by the
1255 keV level via a 209 keV transition not shown in the Fig-
ure. In panel (c) a triton energy spectrum in coincidence with
the 922 keV γ ray is shown. The narrow peak corresponds to
direct population of the 1255 keV level. In contrast to the 2+

1

to ground-state transition, notice that for this non-yrast level
there is comparatively little feeding from higher lying excited
sates.

tation energy, γ-ray energy and relative γ-ray branching
from the NNDC database are listed for previously known
levels to compare to the values obtained in the present
work. The NNDC values for γ-ray energies and inten-
sities are only listed for γ rays observed in the present
work, the full set of known γ rays for each level can be
found in reference [16].

In Figures 5 and 6 the primary γ-ray decays observed
from levels directly populated in the region of the PLS
for 150Sm and 152Sm, respectively, are shown. Newly
identified levels and newly identified or newly placed γ-
ray transitions are shown in red, and the region of the
PLS is indicated by the dashed lines. In Figures 7 and 8
excitation energy is plotted against spin for levels directly
populated in the present work. Newly identified levels

are shown in red. The horizontal lines indicate possible
spin ranges for the levels based on the spins of the levels
populated by their gamma-decay.

Figure 5. (Color online) Partial level scheme of 150Sm showing
the primary γ ray decays from levels directly populated in the
152Sm(p,t) reaction, in the region of the PLS indicated by the
dashed lines. Newly identified levels and γ rays are shown in
red.

In the following sections the levels populated in 150Sm
and 152Sm in the present work are discussed. Comments
are provided only for levels for which new information
was obtained or when required for a full understanding
of the reults presented in Tables I and II.

A. Comments on Levels and γ-ray transitions
observed in 150Sm

The level at 1603.1(7) keV

A 1269.1(7) keV γ-ray transition was placed between
the 1603.1(7) keV and 2+1 levels. The cross section for the
population of this level was measured by Debenham to
be 0.48% of the cross section for populating the 0+2 level,
both measurements at a laboratory angle of 25 degrees.
This is consistent with the value of 0.39(14)% obtained
in the present work, integrated across the entire angular
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Figure 6. (Color onine) Same as Figure 5 but for 152Sm from
the 154Sm(p,t) reaction.

range of the telescope, and including only the strength
decaying via the 1269.1(7) keV γ ray.

The level at 1794.2(2) keV

The NNDC database lists a 2+ state at 1794.30(3) keV
with four known γ rays at energies of 151.64(4),
600.43(25), 722.65(18) and 1798(4) keV. In the present
work, the 1798(4) keV γ ray was not observed; it should
be seen in the spectrum if the relative intensity from the
literature is correct, and it is likely that this transition
was misassigned. The 151.64(4) transition was also not
observed, but would not be expected to be seen in the
spectrum due to the low relative intensity. In addition,
we assign to this level 628.5(3) keV and 1459.9(4) keV
transitions.

The level at 1826.7(3) keV

A 1053.3(3) keV γ ray is newly observed in prompt
coincidence with a state populated at 1824(8) keV in
the particle data. This transition is assigned between
a new level at 1826.7(3) keV and the 4+ state at

Figure 7. (Color online) A plot of excitation energy against
spin for levels directly populated in 150Sm. States of known
spin are indicated by a black cross. Newly observed states are
shown in red. States for which the spin is uncertain are plot-
ted as horizontal lines. The range of possible spins for each
level was obtained either from the literature, where available,
or estimated using the observed primary γ-ray transitions by
assuming that the spin of a level was within two units of an-
gular momentum of the states it was observed to feed. The
region of the PLS is indicated by the black dashed lines.

773.374(12) keV. However, there are insufficient statis-
tics to confirm this assignment using t-γ-γ coincidences.
Thus, the assignment of this level remains tentative.

The level at 1832.8(2) keV

The NNDC database lists a level at 1833.01 keV
with four γ-ray transitions at energies of 667.05(3), 788,
1499.35(10) and 1833.30(15) keV. The 667.05(3) keV γ
ray is listed as the strongest transition, which is in dis-
agreement with the current work where it is observed to
have 48(8)% of the strength of a 1498.7(2) keV transi-
tion. However, the 667.05(3) keV transition is multiply
placed in the NNDC database and the undivided inten-
sity is given, which explains this discrepancy.
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Figure 8. (Color online) Same as Figure 7 but for 152Sm.

The level at 1950.2(2) keV

A 1176.8(2) keV transition is observed from the level
at 1950.2(2) keV. The NNDC database makes a tentative
assignment of a second γ-ray transition at 308.05(4) keV.
However, energy of the state obtained in the present work
is not consistent with this second transition. Therefore,
we cannot confirm the assignment of the 308 keV γ ray
to this level.

The level at 2260.1(3) keV

A level at 2260.1(3) keV is identified based upon a
1926.1(3) keV transition to the 2+1 level. Barrette et al.
[21] reported a level at 2259.8 keV with eight decays,
including a 1926.04(8) keV transition. Based upon our
non-observation of the other seven γ rays reported in
reference [21] it seems likely that multiple discrete states
occur near 2260 keV, of which only the 2260.1(3) keV
level is observed in the present work.

The level at 2362.6(2) keV

A new level is observed at an excitation energy of
2362.6(2) keV with two γ-ray transitions of 1290.9(3) and
2028.9(3) keV. The triton energy spectra gated on these
two γ rays are shown in Figure 9 where the level energy
obtained by summing the γ-ray energies with the NNDC
energies of the lower lying levels is indicated by the blue
dashed line.

Figure 9. (Color online) Triton energy spectra obtained by
gating on (a) the 1290.9(3) keV and (b) the 2028.9(3) keV
γ rays showing peaks measured at 2358(8) keV and
2373(12) keV, respectively. The blue dashed line indicates
the excitation energy of 2362.6(2) keV obtained by summing
the γ-ray energies with the NNDC energies of the lower lying
levels.

The level at 2587.2(4) keV

A new 1813.8(4) keV γ-ray transition is observed be-
tween the level at 2587.2(4) keV and the 4+1 state, consis-
tent with the previous measurements of the energy of this
level [22, 23]. This level is likely to be a 4+ state based
on the previous 3+,4+ assignment from reference [23] and
the natural parity selection rule in the (p,t) reaction.

The level at 2654.9(7) keV

A 2320.9(7) keV transition is observed between the
level at 2654.9(7) keV and the 2+1 state. It is possible
that this is the NNDC level at 2655(7) keV [8, 22, 24, 25].
A spin and parity of 3(+),5(+) was previously assigned to
this level [25], suggesting that the level is a 3− state based
on the transition to the 2+1 state and the natural parity
selection rule.
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B. Comments on Levels and γ-ray transitions
observed in 152Sm

The level at 2003.5(6) keV

A level is observed at an excitation energy of
2003.5(6) keV with a 1296.6(6) keV γ-ray transition.
This state could correspond to one of three levels from
the NNDC database at excitation energies of 2003.66(20),
2004.24(6) and 2004.29(11) keV. The latter two lev-
els have known γ rays at energies of 1297.4(10) and
1297.29(13) keV respectively.

The level at 2214.9(8) keV

A new 2093.1(8) keV γ ray from the level at
2214.9(8) keV is observed. A level has previously been
observed at an excitation energy of 2214.92(10) keV [26].
However, this level has been assigned as a 8+ state which
is inconsistent with the transition to the 2+1 state ob-
served in the present work.

The levels at 2246.1(2) keV and 2247.0(2) keV

A level at 2246.1(2) keV is observed with three γ-
ray transitions at energies of 1160.3(3), 1163.3(4) and
2245.8(8) keV. Additionally, a level at 2247.0(2) keV
with two γ-ray transitions of 1283.9(4) and 2125.1(3) keV
is observed. Separate level assignments are made since
the level energies obtained using the 1283.9(4) and
2125.1(3) keV transitions are 3.0 and 2.7 standard devi-
ations respectively from the level energy evaluated using
the remaining three γ rays. A level at 2247.23 keV was
previously observed [27] with transitions to the 0+1 , 2+1
and 1−1 levels.

The level at 2331.1(4) keV

A 1624.2(4) keV γ ray is observed and assigned as a
transition to the 6+1 state from the level at 2331.1(4) keV.
We note that a level at 2332.42 keV has been previously
observed [27] in the (α,2nγ) reaction with transitions to
the 6+1 and 8+1 levels.

The level at 2365.4(3) keV

A 1998.9(3) keV transition between the level at
2365.4(3) keV to the 4+1 level is observed. A level
at 2365 keV has been previously observed [27] in the
Coulomb excitation reaction with transitions to the 4+

levels at 1371.735(12) and 1612.90(4) keV. These tran-
sitions, at 994 keV and 753 keV respectively, are not
observed in the present work despite the higher γ-ray
detection efficiency at those energies. Therefore, it is un-
likely that this is the same level.

The level at 2462.7(5) keV

A 1499.3(5) keV γ ray from a level at 2462.7(5) keV is
observed. A 1498.7(2) keV γ ray is also observed in the
152Sm(p,t) reaction, but the amount of contamination
is expected to negligible. A level at 2463.17 keV was
previously observed [27] in the (n,n’γ) reaction with a
transition to the 1−1 state, which is consistent with the
assignment made in the present work.

The level at 3132.0(5) keV

A new level is placed at an excitation energy of
3132.0(5) keV with a 2765.5(5) keV γ ray. The triton
peak obtained by gating on this γ ray is shown in Fig-
ure 10 and compared to the level energy obtained by
summing the γ-ray energy with the NNDC energy of the
lower lying level.

Figure 10. (Color online) Triton energy spectrum obtained
by gating on the 2765.5(5) keV γ ray. The dashed blue line
indicates the level energy obtained by summing the γ-ray en-
ergy with the NNDC energy of the lower lying level that is
fed.
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Table I: Levels and γ rays observed in the 152Sm(p,t) reaction. Refer
to the text for full description of each column. The uncertainties are
indicated by the superscript. Newly identified levels and γ rays are
shown in bold. A dash in columns 4 and 5 indicates that the triton peak
corresponding to the direct population of the level was not measured in
coincidence with the γ ray in this row. This tends to occur for levels that
are strongly fed by higher lying states. In this case, a γ ray may still be
placed if there are multiple observed transitions depopulating the level,
or if it is a well known transition from a low lying state.

Ex
(keV)

Eγ
(keV)

Iγ Etx
(keV)

Etx-Eγ
(keV)

ENDf
(keV)

Eγ+ENDf
(keV)

Jπ,ND ENDx
(keV)

ENDγ
(keV)

INDγ
σ(34◦−58◦)

(% of 2+
1 )

333.72 333.72 100 34114 714 0 333.72 2+ 333.95510 333.96111 1003 1002

740.62 406.62 100 7414 3344 333.96 740.62 0+ 740.46419 406.50822 100 2826

773.33 439.33 100 7805 3415 333.96 773.33 4+ 773.37412 439.40014 100 9.78

1046.32 712.43 100 105411 34211 333.96 1046.43 2+ 1046.14813 712.20714 1006 322

1046.22 62 103113 -1513 0 1046.22 1046.1614 8.19

1071.72 297.55 82 - - 773.37 1070.95 3− 1071.40612 298.06013 6.7023 222

737.72 100 10705 3325 333.96 1071.72 737.45715 100.019

1165.62 831.63 845 - - 333.96 1165.63 1− 1165.79117 831.835 753 -
1165.53 100 - - 0 1165.53 1165.743 1004

1193.92 860.03 675 11935 3325 333.96 1194.03 2+ 1193.84312 859.883 73.316 382

1193.82 100 11944 04 0 1193.82 1193.83022 1003

1255.41 209.22 111 12584 10494 1046.15 1255.32 0+ 1255.51220 209.36419 8.916 1864

921.52 100 12594 3384 333.96 1255.52 921.5513 1007

1278.92 505.52 100 12717 7667 773.37 1278.92 6+ 1278.92214 505.50823 100 5.56

1357.94 584.54 100 13657 7817 773.37 1357.94 5− 1357.71013 584.27412 1003 61

1417.22 251.24 485 14185 11675 1165.74 1417.04 2+ 1417.34613 251.58219 43.718 302

345.83 100 14174 10714 1071.41 1417.23 345.95017 10010

1083.33 305 142710 34410 333.96 1417.33 1083.344 708

1449.74 676.34 100 145412 77812 773.37 1449.74 4+ 1449.18213 675.85324 1002 2.36

1505.26 1171.26 100 - - 333.96 1505.26 3+ 1504.57213 1170.58924 100.014 -

1603.17 1269.17 100 161040 34140 333.96 1603.17 16034 1.14

1642.67 869.27 100 163822 76922 773.37 1642.67 4+ 1642.61112 869.25614 1001 2.05

1684.13 911.06 607 171527 80427 773.37 1684.46 3− 1684.16217 910.884 506 3.56

1349.94 100 169820 34820 333.96 1683.94 1350.2810 1006

1764.83 485.93 100 178320 129720 1278.92 1764.83 7− 1764.894 485.83 1004 1.13

1786.35 620.55 100 177812 115812 1165.79 1786.35 (≤ 3) 1786.3013 620.4020 9516 1.85

1794.22 600.54 448 - - 1193.84 1794.34 2+ 1794.303 600.4325 153 131

628.53 100 17967 11687 1165.79 1794.33 628.5614

722.94 5610 180212 107912 1071.41 1794.34 722.6518 244

1459.94 4210 176416 30416 333.96 1793.95

1819.92 748.52 100 180612 105812 1071.41 1819.92 4+ 1819.51013 748.069 1002 7.69

1485.56 248 182826 34326 333.96 1819.56 1485.5014 36.715

1826.73 1053.33 100 18248 7718 773.37 1826.73 5.37

1832.82 667.33 488 183410 116710 1165.79 1833.13 (2)+ 1833.013 667.053 1004 131

1498.72 100 18328 3338 333.96 1832.72 1499.3510 15.27

1836.92 558.12 100 - - 1278.92 1836.92 8+ 1837.0310 558.11 100 -

1950.22 1176.82 100 19607 7837 773.37 1950.22 3− 1952.463 1176.613 10020 8.69

1962.97 1222.47 100 194828 72628 740.46 1962.97 1(−) 1963.724 1223.268 1007 1.55
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Table I Continued:

Ex
(keV)

Eγ
(keV)

Iγ Etx
(keV)

Etx-Eγ
(keV)

ENDf
(keV)

Eγ+ENDf
(keV)

Jπ,ND ENDx
(keV)

ENDγ
(keV)

INDγ
σ(34◦−58◦)

(% of 2+
1 )

2004.84 811.26 4512 200514 119414 1193.84 2005.06 2+ 2005.58 812.18 71

2004.65 100 200816 316 0 2004.65

2117.04 1343.64 100 211412 77012 773.37 2117.04 4+ 2117.03015 1343.7822 1003 4.97

2152.74 1379.34 100 215717 77817 773.37 2152.74 4+ 2152.563 1379.126 10012 4.37

2260.13 1926.13 100 22659 3399 333.96 2260.13 (1−) 2259.944 1926.048 337 111

2362.62 1290.93 6613 23588 10678 1071.41 2362.33 131

2028.93 100 237312 34412 333.96 2362.93

2587.24 1813.84 100 260224 77324 773.37 2587.24 3+, 4+ 2587.35 4.39

2654.97 2320.97 100 264022 31922 333.96 2654.97 (3,5) 26557 4.09

2715.53 1521.73 100 273418 121218 1193.84 2715.53 3− 27154 5.58

3018.36 1852.56 100 301812 116612 1165.79 3018.36 4.39

3037.89 2702.913 100 30428 3398 333.96 3036.913 1,2+ 3038.24 2704.67 1005 403

3038.512 308 306018 2218 0 3038.512 3037.810 3317

3045.315 2711.315 100 30459 3349 333.96 3045.315 383

Table II: Same as Table I but for the 154Sm(p,t) reaction. Refer to the
text for full description of each column. The uncertainties are indicated
by the superscript. Newly identified levels and γ rays are shown in bold.

Ex
(keV)

Eγ
(keV)

Iγ Etx
(keV)

Etx-Eγ
(keV)

ENDf
(keV)

Eγ+ENDf
(keV)

Jπ,ND ENDx
(keV)

ENDγ
(keV)

INDγ
σ(34◦−58◦)

(% of 2+
1 )

121.72 121.72 100 1158 -78 0 121.72 2+ 121.78183 121.78173 100 1002

366.22 244.42 100 3649 1199 121.78 366.22 4+ 366.47939 244.69748 100 8.05

685.23 563.43 100 6819 1189 121.78 685.23 0+ 684.75121 562.983 100.019 952

706.73 340.23 100 7048 3648 366.48 706.73 6+ 706.92817 340.453 100 6.55

810.62 443.75 363 8127 3687 366.48 810.25 2+ 810.4535 444.003 34.813 472

688.82 100 8178 1288 121.78 810.63 688.6705 100.06

810.74 464 7997 -127 0 810.74 810.4515 37.03

963.33 841.52 100 - - 121.78 963.33 1− 963.3585 841.5705 100.018 -

1023.13 656.53 100 102512 36912 366.48 1023.03 4+ 1022.9705 656.4895 100.015 5.07

901.65 6916 103914 13714 121.78 1023.45 901.195 59.217

1041.22 674.74 275 103612 36112 366.48 1041.14 3− 1041.1224 674.653 40.48 131

919.53 100 10318 1128 121.78 1041.33 919.3374 100.010

1085.62 963.73 100 10828 1188 121.78 1085.53 2+ 1085.8415 964.0575 100.0024 422

1085.73 575 10899 39 0 1085.73 1085.83710 69.7110

1125.33 418.43 100 - - 706.93 1125.33 8+ 1125.393 418.453 100 -

1221.63 855.13 100 121411 35911 366.48 1221.63 5− 1221.643 855.217 1003 3.55

1233.92 867.94 468 - - 366.48 1234.44 3+ 1233.8633 867.3803 30.9318 -
1112.02 100 - - 121.78 1233.82 1112.0763 100.05

1293.014 926.514 100 127615 35015 366.48 1293.014 2+ 1292.77310 926.294 100.012 2.25

1310.53 603.63 100 - - 706.93 1310.53 6+ 1310.50522 603.563 1004 -

1371.73 1005.26 100 139322 38822 366.48 1371.73 4+ 1371.73512 1005.275 100.016 3.25

1505.93 799.03 100 - - 706.93 1505.93 7− 1505.773 798.823 1003 -

1510.94 1389.14 100 154220 15320 121.78 1510.94 1− 1510.79025 1389.034 100.021 1.65
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Table II Continued:

Ex
(keV)

Eγ
(keV)

Iγ Etx
(keV)

Etx-Eγ
(keV)

ENDf
(keV)

Eγ+ENDf
(keV)

Jπ,ND ENDx
(keV)

ENDγ
(keV)

INDγ
σ(34◦−58◦)

(% of 2+
1 )

1559.63 1193.13 100 - - 366.48 1559.63 5+ 1559.623 1193.105 1003 -

1579.42 1212.92 100 15779 3649 366.48 1579.42 3− 1579.42911 1212.94811 100.04 81

1457.44 4210 157418 11718 121.78 1579.24 1457.64311 35.1326

1609.04 483.64 100 - - 1125.39 1609.04 10+ 1609.264 483.863 100 -

1613.84 906.94 100 161816 71116 706.93 1613.84 4+ 1612.904 906.0610 1005 1.44

1659.83 696.43 100 168012 98412 963.36 1659.83 0+ 1658.8025 695.93 1005 71

1728.25 1021.35 100 - - 706.93 1728.25 6+ 1728.273 1021.414 1003 -

1755.12 791.72 100 177212 98012 963.36 1755.12 0+ 1754.984 791.677 1005 9.88

1764.33 1057.25 6820 176419 70719 706.93 1764.15 5− 1764.325 1057.366 1006 3.27

1398.04 100 177518 37718 366.48 1764.54 1397.887 825

1769.01 397.55 52 - - 1371.74 1769.25 2+ 1769.13223 397.7526 1.93 1415

535.23 122 17968 12618 1233.86 1769.13 535.4412 8.87

683.98 253 - - 1085.84 1769.78 683.259 24.114

728.35 586 17734 10454 1041.12 1769.45 728.034 56.519

805.56 686 17608 9558 963.36 1768.96 805.719 773

958.53 100 17774 8194 810.45 1769.03 958.635 1006

1084.52 796 - - 684.75 1769.32 1084.3614 544

1646.73 365 17819 1349 121.78 1768.53 1647.4412 36.918

1768.92 688 17798 108 0 1768.92 1769.095 47.311

1879.53 754.13 100 - - 1125.39 1879.53 9− 1879.144 753.833 1003 -

1891.94 928.54 100 18995 9715 963.36 1891.94 0+,1,2 1892.485 929.125 10010 211

1906.02 821.611 2712 191012 108812 1085.84 1907.411 2+ 1906.133 820.317 292

942.43 5112 189010 94810 963.36 1905.83 942.856 8.512

1784.53 100 192313 13913 121.78 1906.33 1784.277 1008

1905.93 9620 191110 510 0 1905.93 1906.147

1954.57 913.47 100 194012 102712 1041.12 1954.57 3−,4,5− 1954.305 913.176 1005 2.85

2003.56 1296.66 100 201020 71320 706.93 2003.56 2.35

2011.13 1644.63 7010 202210 37710 366.48 2011.13 2+,3,4+ 2011.845 1645.3010 1009 192

1889.46 100 201010 12110 121.78 2011.26 1889.956 509

2091.12 1050.13 9929 209210 104210 1041.12 2091.23 1−, 2 2091.214 1050.105 1007 81

1127.63 100 209511 96711 963.36 2091.03 1127.845 827

2138.02 1096.92 100 213811 104111 1041.12 2138.02 2+ 2138.1712 1096.9612 1004 72

2138.58 2016.78 100 212040 10340 121.78 2138.58 (2+,3,4+) 2137.926 2016.177 2.37

2214.98 2093.18 100 220226 10926 121.78 2214.98 61

2246.12 1160.33 100 22496 10896 1085.84 2246.13 242

1163.34 7724 22458 10828 1082.84 2246.14

2245.88 4112 223424 -1524 0 2245.88

2247.02 1283.94 100 22498 9658 963.36 2247.34 141

2125.13 9528 226218 13718 121.78 2246.93

2285.23 1321.83 100 229630 97430 963.36 2285.23 0,1,2 2284.9620 1321.62 6.38

2320.52 516.93 100 23239 18069 1803.94 2320.83 4+, 5 2320.3523 516.34 10010 473

1613.24 93 228819 67519 706.93 2320.14 1613.46 133

1953.83 295 232410 37010 366.48 2320.33 1953.74 307

2331.14 1624.24 100 234818 72418 706.93 2331.14 6.49

2365.43 1998.93 100 236913 37013 366.48 2365.43 81

2462.75 1499.35 100 245612 95712 963.36 2462.75 3.56

2567.87 2201.37 100 256620 36520 366.48 2567.87 4+,5 2567.0617 2200.72 10017 3.19
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Table II Continued:

Ex
(keV)

Eγ
(keV)

Iγ Etx
(keV)

Etx-Eγ
(keV)

ENDf
(keV)

Eγ+ENDf
(keV)

Jπ,ND ENDx
(keV)

ENDγ
(keV)

INDγ
σ(34◦−58◦)

(% of 2+
1 )

2705.08 2583.28 100 270211 11911 121.78 2705.08 51

3039.18 2917.38 100 303818 12118 121.78 3039.18 72

3132.05 2765.55 100 313412 36912 366.48 3132.05 93

IV. PARTIAL CROSS SECTIONS

Relative partial cross sections for the direct popula-
tion of states in 150,152Sm via the (p,t) reaction were
obtained by gating on the γ rays listed in Tables I and II
and measuring the area of the triton peak corresponding
to the direct population of a level. The γ-ray detection
efficiency and, when possible, the internal conversion co-
efficient for the γ-ray transition were accounted for. The
missing strength due to unobserved γ rays and the finite
angular coverage of the Si telescope were not corrected
for and therefore these values should be considered as
partial cross sections, averaged over the angular range of
the telescope of 34 to 58 degrees. The values are given
as a percentage of the cross section for direct popula-
tion of the 2+1 level. The relative partial cross sections
are listed in Tables I and II and plotted in Figures 11
and 12 where they are compared to the triton projec-
tions of the t-γ coincidence matrices for the 152Sm(p,t)
and 154Sm(p,t) reactions, respectively. Overall the cor-
respondence between the two is very good.

Cross sections for populating excited states in
150,152Sm via the (p,t) reaction have previously been
measured in references [9–12]. In Table III the rela-
tive cross sections obtained in the present work for the
152Sm(p,t) reaction are compared to those obtained by
Debenham et al. [11] and McLatchie et al. [10]. Since
the cross sections obtained in the present work are an-
gle averaged between 34 to 58 degrees whereas the values
quoted by Debenham are the maximum differential cross
sections at the listed angle, this table is provided as a
general comparison only. It should be reemphasized that
the values quoted in the present work are lower limits of
the relative cross section if there are unobserved γ-ray
decay branches. An incident proton energy of 19 MeV
was used by Debenham. McLatchie quotes the differen-
tial cross section at 22.5◦ and used an incident proton
energy of 20.6 MeV.

Overall the agreement between the three data sets is
good. It can be seen that the excited 0+ states at 740.6(2)
and 1255.4(1) keV have particularly large cross sections
in all three sets of measurements. This has been inter-
preted in terms of shape coexistence and the rapid onset
of deformation that occurs in this region [7, 28].

Figure 11. (Top) The triton energy projection from the
152Sm(p,tγ) coincidence matrix. (Bottom) The relative par-
tial cross sections from Table 1 are plotted.

Figure 12. Same as Figure 11 but for the 154Sm(p,t) reaction.

V. ANGULAR DISTRIBUTIONS

A. Discrete States

By measuring the angular distribution of the outgo-
ing tritons the orbital angular momentum transfer can
be determined by comparison to distributions obtained
from DWBA calculations. For example, in Figure 13 the
experimental angular distributions from the population
of the 334 (2+), 740 (0+) , 1256 (0+)and 1417 (2+) keV



12

Table III. The relative partial cross sections for levels in 150Sm obtained in the present work are compared to the cross sections
obtained by Debenham [11] and McLatchie [10]. The value reported by Debenham is the maximum differential cross section at
the angle listed in the following column. All values are quoted relative to the 2+

1 level at 333.7(2) keV, which has been scaled
to 100. Debenham reports a relative error of 6.9%.

Ex (keV) Jπ σ(34◦ − 58◦) σ(θ)max θ σ(22.5◦)
Present work Reference [11] (degrees) Reference [10]

333.7(2) 2+ 100(2) 100 10 100
740.6(2) 0+ 282(6) 260 25 340
773.3(3) 4+ 9.7(8) 9.9 10 <20
1046.3(2) 2+ 32(2) 42 10 <20
1071.7(2) 3− 22(2) 5.6 35 40
1193.9(2) 2+ 38(2) 46 10 80
1255.4(1) 0+ 186(4) 170 25 180
1357.9(4) 5− 6(1) 1.9 20 <20
1417.2(2) 2+ 30(2) 27 10 30
1449.7(4) 4+ 2.3(6) 3.7 12.5 <20
1603.1(7) 1.1(4) 1.2 25
1642.6(7) 4+ 2.0(5) 1.2 10
1794.2(2) 2+ 13(1) 17 10
1832.8(2) (2)+ 7.6(9) 6.8 20 <20
1950.2(2) 3− 8.6(9) 3.7 35 <20

levels are compared to DWBA calculations produced us-
ing the DWUCK4 code [29] for L = 0 and 2 transfer,
respectively. The optical model potential used in the
present work is defined in reference [30]. The proton po-
tential from reference [30] was used and the triton and
neutron parameters were obtained from reference [31].
These parameters are listed in Table IV. The experimen-
tal angular distributions were produced by gating on the
primary γ-ray transitions from those levels, and measur-
ing the angular distribution of the outgoing tritons in the
Si telescope. For levels with multiple observed γ rays the
angular distributions obtained from each γ-ray gate were
summed. It can be seen from Figure 13 that the theoreti-
cal curves calculated assuming the NNDC J assignments
are in good agreement with the experimental data.

The level at 2320 keV was previously assigned J =
4+, 5 in the NNDC database based on its γ-ray decay
scheme. The angular distribution for this level is plotted
in Figure 14 where it is compared to the DWBA calcu-
lations for L=4 and L=5 transfer. The reduced χ2 for
the L=4 and L=5 curves are 2.1 and 2.2 respectively,
therefore a definitive assignment cannot be made.

B. The Peak-Like Structures

In panel (a) of Figure 15 the angular distribution of
the PLS observed in 150Sm, centered at ∼ 3 MeV, is
compared to the angular distribution for the background
under the PLS and to the continuum region at higher ex-
citation energy between 3.3 and 4 MeV. The error bars
represent the statistical uncertainty only. The angular
distribution for the PLS was obtained by measuring the
strength built upon a smooth continuum background, il-
lustrated in Figure 16, for each ring-sector pixel of the Si
telescope. The angular distribution for the background

Figure 13. Experimental angular distributions (black points
with error bars) obtained by gating on primary γ rays from
the levels populated in the 152Sm(p,t) reaction at (a) 334 keV,
J = 2 (b) 740 keV, J = 0 (c) 1256 keV, J = 0 and (d)
1417 keV, J = 2 are compared to DWBA calculations for
L=0 and 2 transfer (solid lines).

under the PLS was obtained from the area under the
blue shaded region, for each pixel. In panel (b) the an-
gular distributions for the PLS and background in 152Sm
are similarly compared to the nearby continuum region
between 2.5 and 3.0 MeV.

It can be seen in panels (a) and (b) that the angular
distributions of the PLS are significantly different from
the distributions obtained from the nearby continuum re-
gion, and that the angular distributions obtained for the
background under the PLS are very similar to the dis-
tributions obtained for the continuum region. In panel
(c) of Figure 15 the angular distributions of the PLS ob-
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Table IV. Optical model parameters used in the DWBA calculations. The optical model potential used in the present work
is defined in reference [30]. The proton parameters are from reference [30]. The triton and neutron parameters were obtained
from reference [31].

Vr W’ W0 Vso Rr Ris Riv Rso ar ais aiv aso Rc nlc
(MeV) (MeV) (MeV) (MeV) (fm) (fm) (fm) (fm) (fm) (fm) (fm) (fm) (fm)

p 57.5 29.6 3 5.65 1.200 1.150 1.259 1.010 0.670 0.779 0.76 0.75 1.25 0.85
t 160.03 17.83 1.200 1.400 0.720 0.84 1.30 0.25
n λ=25 1.17 0.75

Figure 14. (Color online) The experimental angular distribu-
tion for the level at 2320.5(2) keV is compared to the DWBA
calculations for L=4 (dashed blue line) and L=5 (solid red
line) transfer.

served in 150Sm and 152Sm are compared. Despite the
fact that the two PLS in the two nuclei are 700 keV apart
in excitation energy the two distributions are extremely
similar. This suggests that the distributions of orbital
angular momentum transfers are similar in both reac-
tions when populating the PLS. In panel (d) the angular
distributions for the PLS are compared to the DWBA
calculations which are most similar to the experimental
data. The experimental distributions are most similar
to the calculations for L=2, 3 and 4 transfer, which are
plotted as the blue, black and red lines respectively, cal-
culated for the 152Sm(p,t) reaction.

VI. DISCUSSION AND SUMMARY OF
RESULTS

Perhaps the most striking feature observed in the (p,t)
spectra, Figure 1, is the large PLS observed in all five
Sm and Gd nuclei between 2 - 3 MeV excitation energy.
There, a rapid increase in the triton intensity occurs and
the smooth continuum ’background’ begins. Figure 2
shows that the energy of the PLS decreases with increas-
ing neutron number, and that the structure is located
at approximately the same excitation energy in Sm and
Gd nuclei with the same neutron numbers. One hypoth-

esis is that the structure is partially composed of states
formed by the coupling of a neutron hole near the Fermi
surface to a deep lying neutron hole. Then, the energy
of the structure is expected to decrease with increasing
deformation, i.e. as one moves away from the N=82
spherical shell gap. This deep-hole, valence-hole hy-
pothesis has previously been suggested as an explanation
for broad structures observed between 7-9 MeV in the
112,116,118,120,122,124Sn(p,t) reactions [32]. Although it
was initially suggested that these structures were formed
by creating two deep-lying holes below the shell closure
[33], it was found that the energy systematics were better
described by the coupling of a valence hole to a deep hole
[34]. It has also been shown in the review by Crawley [35]
that bumps observed in two neutron transfer reactions in
the Cd isotopes are likely to correspond to a valence-hole
deep-hole configuration. In the (p,t) study by Nakagawa
et al. [36] bumps at lower and higher excitation energy,
corresponding to valence-deep and deep-deep hole states
respectively, were observed across a wide range of nu-
clei from 66Zn to 230Th. This includes one isotope of
samarium, 148Sm, where a bump corresponding to the
deep-deep configuration was observed at an excitation
energy of approximately 6 MeV. The bump correspond-
ing to the valence-deep configuration would be expected
to lie at lower excitation energy. However, it must be
noted that the FWHM of these structures in the N=82
region is approximately 5 MeV, much larger than the
narrow structures observed in the present work. A study
of two-neutron hole strength in 142,146,148,150,152Sm was
performed by Struble et al. [13] where the broad struc-
ture observed by Nakagawa at 6 MeV in 148Sm was also
observed. The PLS observed in the present work can be
seen in Figure 4 of that paper labelled as peak e. It was
suggested by Struble that these much narrower struc-
tures are associated with two-hole strength in strongly
up-sloping orbitals from below the N=82 shell closure.

In 152Sm between 2.2 and 2.5 MeV, i.e. in the region of
the PLS, a total of 8 levels are found which are directly
populated in the (p,t) reaction including 6 newly identi-
fied levels. The majority of likely spin values for these
also range from 0 to 5 ~. In 150Sm the PLS is observed
at a higher excitation energy, extending from 2.9 to 3.3
MeV. Only three discrete levels, including 2 newly iden-
tified ones, are observed in this energy region, see Figure
5. This is due in part to the lower detection efficiency
for higher energy γ rays. Possible spin values for these
levels lie in the 0 - 4 ~ range, see Figure 7.
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Figure 15. (Color online) In panel (a) the angular distribution
of the PLS in 150Sm (black points) is compared to the angular
distribution for the background under the PLS (red points)
and the distribution obtained for the nearby continuum re-
gion between 3.3 and 4.0 MeV (blue points). In panel (b)
the angular distribution of the PLS in 152Sm (black points)
is compared to the angular distribution for the background
under the PLS (red points) and the distribution obtained for
the nearby continuum region between 2.5 and 3.0 MeV (blue
points). In panel (c) the angular distributions of the PLS ob-
served in 150Sm (black points) and 152Sm (blue points) are
compared. Panel (d) is the same as panel (c), except that the
DWBA calculations for L=2 (blue line), L=3 (black line) and
L=4 (red line) transfer, calculated for the 152Sm(p,t) reaction,
are also plotted.

In 150Sm the relative cross-section, within the angular

Figure 16. (Color online) The triton singles spectrum from
the 152Sm(p,t) reaction. The blue shaded area corresponds to
the counts considered to belong to the PLS when measuring
the angular distributions shown in panel (c) of Figure 15.

range of the telescope, for the population of the PLS,
measured in the triton singles spectrum, is 213(20)% of
the cross section for the direct population of the 2+1 level.
Of this strength, 39(4)% can be accounted for by the dis-
crete states observed in the present work. In 152Sm the
strength of the PLS was observed to be be 117(19)% of
the 2+1 level. Of this strength, 93(15)%, could be ac-
counted for by the discrete states observed in the present
work. This measurement is consistent with the spectrum
seen in the top panel of Figure 1. from reference [12].
There, it can be seen that the region of the PLS around
2.3 MeV in 152Sm appears to be dominated by a rela-
tively small number of states with large cross sections,
in particular the level measured by Saha at excitation
energy of 2268 keV. This corresponds to the levels mea-
sured at 2246.1(2) keV and 2247.0(2) keV in the present
work, as the excitation energies reported by Saha appear
to be systematically too high.

The angular distributions of the PLS, shown Figure 15,
are significantly different to that of the nearby continuum
region, and have a shape more characteristic of the sin-
gle L-transfer curves. This suggests that the L-transfer
distribution when populating the PLS is significantly dif-
ferent than when populating the adjacent continuum re-
gion, and supports the conclusion that the structures are
dominated by a relatively low number of states of similar
spins. The fact that the angular distributions of the PLS
populated in the two reactions are very similar, as shown
in panel (c) of Figure 15, suggests that the L-transfer
distributions are also similar.

In summary, numerous new levels and γ-ray transitions
were identified in 150,152Sm utilizing the t-γ coincidence
technique, including in the region of the PLS observed be-
tween 2.3-3.0 MeV. These structures appear to be dom-
inated by a relatively small number of discrete states,
particularly in 152Sm. The angular distributions of the
outgoing tritons populating the PLS in the 152,154Sm(p,t)
reactions are very similar, and significantly different from
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the angular distributions obtained by gating on the ad-
jacent higher excitation energy continuum region.
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