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The Ip,t j reaction has been used to study the behavior of two-neutron holes in the even Sm isotopes at high
excitation energy. The tritons were analyzed with a counter telescope, quadrupole-dipole-dipole-dipole
spectrograph, and an Enge split-pole spectrograph. Both broad and narrow structures are observed at excitation
energies above 5 MeV. Some of these can be interpreted in terms of the low-energy structure of '"Sm.

NUCLEAR REACTIONS 44' 4 ' ' ' 4Sm(p, t), E&=42 MeV; enriched targets,
QDDD, Enge split-pole spectrograph. Measured g (E&, 8&). Deduced Sm levels

E, J; relate 28m levels to high-energy structure in heavier Sm isotopes.

I. INTRODUCTION

The damping of simple structures at high ex-
citation energies because of the large density of
neighboring complex states is a fundamental line
broadening problem in quantum mechanics. The
best-studied example from nuclear physics is the
giant dipole resonance. ' These 1 states are iso-
vector particle-hole (p-h) excitations which, in the
Sm region, occur at -15 MeV in excitation energy.
Phenomenologically, they are described as a vi-
bration where the normal coordinate is the dis-
tance between the center of mass of the neutrons
and the protons. More recently, other giant (p-h)
vibrations have been discovered, including the
isoscalar monopole' and the isoscalar and isovec-
tor quadrupole modes. ' There are, of course,
other structures which occur at a large excitation
energy including analogue states and single-parti-
cle states. '

In 1977 Broglia and Bes' predicted the existence
of high-lying pairing resonances. Shortly there-
after, Crawley et ~/. ' reported enhanced two-hole
strength at 8 MeV in the Sn isotopes excited by
the (p, t) reaction. Such intense, high-energy,
particle-particle (p-p) or hole-hole (h-h) modes
depend on the existence of a large shell gap which
separates them from other states with the same

spin and parity. Thus, such modes are not ex-
pected in deformed nuclei.

The Sm isotopes are very interesting for test-
ing these ideas since there are five stable even-ev-
en isotopes in the region from N =82 to 92. In
this one sequence of isotopes, it is possible to
study the underlying two-hole structure, i.e.,
the low-energy excitations of '~Sm, and observe
its behavior at higher excitation energy in spheri-
cal, transitional, and deformed nuclei. Further-
more, since one has a measure of the spectro-
scopic strength of the individual two-hole excita-
tions, one can quantitatively determine how much
of the strength in any resonant structure is due to
states that involve nucleons in the valence shell.

We published the preliminary results of this in-
vestigation in a recent Letter. ' In the present
paper we present all of our experimental results,
give a detailed discussion of the level structure
of '~Sm, and argue that remnants of this structure
remain at energies above 4 MeV in those heavier
Sm isotopes which we have studied.

In Sec. II we will discuss a series of (p, t) ex-
periments conducted at Princeton University and at
Michigan State University (MSU) to associate the
low-energy states of '~Sm with structures at -6
MeV excitation in '~ Sm, '~Sm, '~Sm, and "Sm.
In Sec. III we will present the experimental data.
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Section IV is a discussion and interpretation of the
results, while Sec. V contains a summary and con-
clusion.

TABLE I. Sm targets used with the Enge split-pole
spectrograph.

II. EXPERIMENTAL PROCEDURES

Thickness
(mg/cm2)

Enrichment (p, t) Q value ~

(%) (MeV)

Each of the stable even-mass Sm isotopes was
studied by means of the (p, t) reaction with 42-MeV
protons. Experiments were performed at both
the Princeton University and the MSU cyclotron
facilities. At Princeton a solid-state, silicon,
three-crystal telescope was used with metal foil
targets -2 mglcm' to survey the energy region
from 0 to -20-MeV excitation in each residual
nucleus. The telescope consisted of a aE detector
300 p,m thick operated in coincidence with a second
detector 3.3 mm thick which stopped all the tritons.
The third detector was operated in anticoincidence
to reject events due to protons and deuterons. The
rate of data accumulation for tritone from the (p, f)
reaction was severely limited (s2 Hz) because
of the need to restrict the total counting rate,
which was dominated by the elastically scattered
protons, to an acceptable upper limit of 20 kHz.

In spite of the problems caused by high proton
fluxes in the detector, the triton data clearly
showed gross features which consisted of a broad
resonance and narrow structures at several MeV
of excitation energy. The quadrupole-dipole-di-
pole-dipole (QDDD) spectrograph6 at Princeton
was used with a thin (-100 p, g/cm') target of '"Sm
in order to examine the narrow structures with
high resolution. The spectrograph covered an
energy range of 2.4 MeV and had a resolution of
15 keV full width at half maximum (FWHM) in

these experiments. Energy calibration in the
region of 4.8-MeV excitation in '~Sm was deter-
mined with an accuracy of +25 keV by using (p, f)
data from the same ' Sm target. This calibra-
tion was based on the known states up to 3.138 MeV
in '"Sm populated by the (p, t) reaction and on an
extrapolation in the magnetic field to the 4.8-MeV
region of excitation.

In order to eliminate the probl. em of protons in
the detector and still examine a wide range of
excitation energies in a reasonable amount of ac-
celerator time, a series of experiments were per-
formed at MSU using the Enge split-pole spectro-
graph. Table I gives pertinent data on the tar-
gets. All targets were metal foils except the
'44Sm, which was evaporated onto a thin carbon
backing. In general, the target thicknesses repre-
sent a compromise between the desires for opti-
mum energy resolution and for high data-accu-
mulation rates. High counting rates were needed
because of the large number of runs required for
complete angular distribution data on all five tar-

'~Sm
Sm

'"Sm
'"Sm
'"Sm

0.44
2.2
2.3
3.2
3.0

96.5
96.5
95.5
91.3
98.6

-10.647
-6.012
-5.375
-5.373
-5.354

~ Reference 7.

III. RESULTS

Figure 1 shows the triton spectrum obtained
with the Enge split-pole spectrometer at 20' for

gets. Qn the other hand, good energy resolution
was especially important with the '~Sm target be-
cause of the need to resolve the low-lying discrete
states in '"Srn. Under the conditions of our ex-
periments, resolution with the '~Sm target was
35 keV FWHM.

Tritons were detected in a 50-cm-long delay-
line gas counter' backed by a plastic scintillator.
The range of energies detected was 15 MeV and
the spectrograph solid angl. e was 1.22 msr. The
incident proton energy was 42 MeV to conform to
the Princeton experiments. At this energy the
rnaxirnum stable field of the Enge spectrograph
was insufficient to focus tritons from the ground-
state transitions onto the detector, except for the
'44Sm target.

Since the ground-state peaks were generally not
available for energy calibration, the MSU data
were calibrated with information obtained from
the counter telescope. A linear energy calibration
for the counter telescope was based on the ground
state Q values of the Sm(p, t} reaction (Table 1).'
This calibration establ. ished the energy of the most
prominent narrow peak in each target within an
uncertainty ofpl00 keV. The ~~0(p, f)'~O ground-
state transition (Q value =-20.406 MeV}, which
appeared prominently with each target, was also
used as a calibration point for the MSU data.

Absolute cross sections from the MSU data were
based on a comparison of elastically scattered pro-
ton data at 15', 18', and 21 in the Enge spectro-
graph with elastic scattering cross sections cal-
culated with the optical model. The beam current
was monitored by counting elastically scattered
protons in a NaE detector at 90' and also by a beam
current integrator at the Faraday cup. The error
in absolute cross sections due to this normaliza-
tion procedure depends primarily on the val, idity
of the optical model calculation, which we esti-
mate is within +10%.
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states up to -3.7 MeV populated by the "4Sm(p, t}
reaction. The 35-keV resolution in this experi-
ment is sufficient to resolve most of the states be-
low 2 MeV.

The spectrum at each angle was analyzed by
using the interactive spectral analysis program
FITEK.9 Table II lists the excitation energies and
cross sections for those states which we have ob-
served below 3.25 MeV. The errors are purely
statistical with no estimate made for any syste-
matic effects. Also shown in Table II are the L
values suggested by the angular distribution data
for two-neutron transfer and the level energies
and spin-parities determined by previous work. '

Figures 2 and 3 show the triton angular distri-
butions associated with states in '4'Sm. We have
grouped together states which show (or in the
case of Fig. 2 fail to show) similar diffraction
patterns. In the three panels of Fig. 2 we also
present the results of a distorted-wave Born ap-
proximation (DWBA} calculation for L =0, 2, and

4, respectively. " The parameters used in the
calculation are given in Table III. The parameters
are taken from the compilation of Percy and
Percy" with the exception that the radius for the
real part of the triton optical potential has been
increased thirty percent in order to move the
peaks of the diffraction pattern to a more forward
angle, giving better agreement with the ground-
state L =0 data. The value of these data and DWBA
calculations for assigning spins and parities will
be discussed in the following section.

Figure 4 shows the data up to -15-MeV excita-
tion obtained at 20' from the beam with the Enge
split-pole spectrograph for all the Sm targets.

750 800 850 900 950 1000
Channel number

FIG. 1. Triton spectrum obtained with the Enge split-
pole spectrograph at 20 for the +Sm(p, g) ~4 Sm re
action. The portion of the spectrum up to excitation
energies of 3800 keV is shown. Some prominent lines
are labeled in keV.

TABLE II. Summary of levels in 2Sm.

Sm(p, t) Sm (this work) Decay data~

Channel E (ke V) h L
0(s -s8 )'

(qb) E (keV) J
969.5
915.0
871.3
863.6
858.0

849.5
832.5
824.9
817.6
812.9

808.5
803.3
797.7
792.8
786.8
778.8

0 0
769(1) 2

1453(4) (0 7)
isv2(e)
ies9(3) (2 p)

iv9o(1)
2os2(1)
2168O.)
2280(3)
23S1(1)

2418(2} (4)
249V(2)
2S82{2) 4
2ese(2)
2v4v(e) (2)
2867(1) 4

1O5 {S) O O'

137 (6) 768 0 2'
5.2 (6) (1450.2) (0')

3.s (v)

69 (3)
2o (2)
s.9 (v)
8.1(12)

172 (7)

39 (3)
i8 (2)
iv {2)
2o (2)
5.0 (12)

32 (3)

1657.6 (2')
1784.1 3
1791.3 4'
2055.5 2'

2347.9 5
2372.0 7
2420.0 (6 )

2912.0
773.0
769.5
766.5
762.1
757.8

29S5(2)
3007(5)
3os2(3)
3118(4)
3182(1)

2o (2)
i3 (2)
15 (2)
e.v(io)

4o (3)
3113

VS3.6 324S(4) 8.2 (14)

a Reference 9.
~Statistical errors in the least significant digits are

given in parentheses.
Cross section for tritons emitted within the solid

angle between 5 and 58' with the beam axis.
4See discussion, Ref. 9 (p. 559).

The ground-state transition (at Q=-10.647 MeV)
is seen only for the '44Sm target. Each spectrum
has been expanded or contracted by a few percent
and shifted along the abscissa as needed in order
to present all the data on a common Q-value scale.
The Q-value scale is slightly nonlinear because of
the spectrometer characteristics.

A localization of two-neutron transfer strength
appears in the '"Sm and 'MSm targets as a broad
resonance "bump" several MeV wide and centered
at an excitation energy near 6 MeV. The Q value
of the bumps corresponds to the region of discrete
peaks in '"Sm. Several much narrower structures
are prominent among the heavier targets at ex-
citation energies/4 MeV. The correlations be-
tween these structures and the low-lying states in
'~Sm will be discussed. The peaks labeled e in
Fig. 4 were also prominent in the counter tele-
scope data.
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FIG. 2. Triton angular distributions for the 44Sm(p, t) 42Sm reaction. The top curves are the results of DWBA cal-
culations. The lines through the points are only to guide the eye. Energies of the states are given in keV.

We compared cross sections and angular dis-
tributions for the region of the broad resonance
by summing the counts within a fixed Q-value
window. The window extended from Q = —16.5 to
-8.8 MeV, an arbitrary choice which we judged
to bracket the bump in the ' 'Sm and 'MSm targets.
We chose a second, narrower window immediately
above the excitation energy of the bump window,
extending from Q =-19.1 to -16.5 MeV, in order
to examine the behavior at higher excitation ener-
gies. These integration regions are indicated in
Fig. 4. Figures 5 and 6 show the angular distri-
butions observed in the two windows. In Fig. 6
the 'MSm data have been shifted upwards for clarity
by a factor of 1.35. The structureless behavior
of these angular distributions is not surprising
since we expect many states with different spins
to contribute.

Figure 7 shows a spectrum obtained with the

QDDD spectrograph at Princeton for the thin ' 'Sm
target in the region of the narrow peak labeled
p in Fig. 4. We expect a large density of levels
at this excitation energy, of the order of 1.4/keV
at 5 MeV." Therefore, in view of our 15-keV
FWHM resolution limit, it is not clear that tQe
structure evident in Fig. 7 can be broken down

reliably into its individual peak components. The
angular distributions of the peaks showed struc-
ture which varied from peak to peak but which
could not be characterized by unique L values.
Since the continuum underlying the peak structure
is presumably made up of many unresolved lines
this behavior of the angular distributions is not
surprising. In the next section we will examine
in more detail the peak labeled S in Fig. 7. This
peak might be expected to show a more definitive
angular distribution because of its greater intensi-
ty relative to the continuum.
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localized that it will be observed as a giant reso-
nance at a large excitation energy.

However, when the nucleus deforms, the shell
structure undergoes drastic changes. A cursory
examination of the Nilsson shell-model diagram
shows that for P =0.3, there is no remnant of the
N=82 gap. Thus, one expects that any strength
associated with that gap in the spherical isotopes
will be distributed over states in other regions of
the spectrum for the deformed nuclei.

In order to recognize and characterize any
resonance, it is important to understand the two-
hole character of the states in '~Sm. This is best
done with the (p, t) reaction.

10 = 10 =
A. States in Sm

II~

r

10 =

1
0

I I

20 40 60 0

tII (deg)

I
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I
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FIG. 3. Triton angular distributions for the
+Sm(p, f) 2Sm reaction, for states which do not cor-

relate well with any of the DNBA calculated distri-
butions. The 1453-keV level might be L =0 (see text).

IV. DISCUSSION

The even-even Sm nuclides offer a particularly
interesting series of isotopes for studying high-
energy pairing phenomena. The series begins with
a single closed shell (E= 82) at '"Sm and extends
to the well-deformed nucleus '~Sm. It is be-
lieved" that an abrupt shape change occurs between
N=88 and N=90. Thus, 'MSm is spherical and"Sm is deformed.

If the N =82 shell gap is preserved in the series
of Sm isotopes, then the two-hole strength as-
sociated with single-particle levels below N =82
will not be shifted in first order by mixing with
the valence orbitals through the residual interac-
tions. Thus, this strength may be sufficiently

The states in '"Sm which contribute strongly to
the '4'Sm(p, t) strength will be two-neutron hole
states in the 82-neutron closed shell. The import-
ant single-particle orbitals will be those asso-
ciated with the low-lying single-neutron hole states
in ' 'Sm. These orbitals are, in theorder of their
increasing excitations in '"Sm, 2d„„3sy/2 lory

2ds/2~ and 1g7/2 The 3si/2 orbital is only 108
keV above the 2d, ~ ground state, while the 1h»z,
2d, ~, and 1g7/2 orbitals are at 754, 1107, and
1369 keV of excitation, respectively. However,
the 1

Platy /2 orbital has a large diagonal pairing ener-
gy ((Po. -2j+1) which will lower the energy of the

conf iguration relative to the other two- neu-
tron hole states in" Sm. Therefore, in the fol-
lowing we will discuss the '"Sm spectrum mainly
in terms of the 2d, /„3s, /„and 1hyy/p orbitals.

Before this study, only ten states had been ob-
served below 3 MeV in '~Sm." All of these were
disclosed by the decay of high- and low-spin iso-
mers of '"Eu.' An in-beam gamma measure-
ment" and an earlier (p, t) study" yielded less
complete results which are consistent with the
decay experiments.

1. 0 states

Two-hole configurations in the 82-neutron closed
shell will account for all of the low-energy (p, t)
0' strength. The ground state is presumably a co-
herent sum of special configurations, each con-
sisting of two holes coupled to angular momentum
zero in a particular orbital.

TABLE III. Parameters of the optical potential used for DNA calculations.

V R a W 8"g) R & V R a Rg
Particle (Me V) (fm) (fm) (Me V) (Me V) (fm) (fm) (Me V) (fm) (fm) (fm)

p
T

-48.62 1.30 0.75 -6.54
-160.00 1.20 0.72 -22.00

11.87
0.0

1.32 0.51 -24.8 1.01 0.75 1.30
1.40 0.84 -10.0 1.20 0.72 1.30
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FIG. 5. Angular distributions of the integrated (p, t)
strength in the region between Q = —8.8 and —16.5 MeV.

There are no other known 0' states in '~Sm.
However, one expects two additional low-lying
0' states since there are three configurations which
can be populated with significant two-nucleon pick-
up strength. It is well known' that the monopole-
pairing force mixes 0' configurations such that
the lowest energy state is coherent with respect
to the two-nucleon transfer operator. Thus, al-
most all of the low-energy, 0', two-nucleon trans-
fer strength is associated with the ground state.
The other 0' states will. be only weakly populated.

We have evidence for three additional 0' states.
The first is the state at 1453 keV, which has 5.0%
of the ground-state strength. Its angular distribu-
tion (Fig. 3) is not conclusive since the 7' and 11
data are much too high to be compatible with the
one-step DWBA predictions for L =0. Neverthe-
less, the diffraction pattern at backward angles

FIG. 4. Triton spectra obtained with the Enge split-
pole spectrograph at 20, displayed on a commom Q-
value scale. The energy resolution varies from 35 keV
FWHM for the +Sm target to &60 keV FWHM for the
other targets. Peaks a, 5, and c in the top panel are
from the levels at 769, 1790, and 2351 keV in ~42Sm and
are shown in detail in Fig. 1. The structure at d is of
instrumental origin, caused by the joining of two delay
lines at the center of the detector. Peak j at Q = —20.406
MeV is due to oxygen impurity. The three arrows on
the abscissa of the Sm panel define the integration
windows discussed in the text.

E
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I
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m —154

We observe an intense state with a Q value close
to that predicted for the ground state transition
by the Wapstra mass table. ' It has a clearly de-
fined L =0 angular distribution and on this basis
we assign it as the 0' ground state.

0.1
0 10 20

I l l I
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FIG. 6. Same as Fig. 5, but for the region between
Q= —16.5 and —19.1 MeV. The data for the 5 Sm target
have been shifted upward by the length of the arrow for
clarity.
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FIG. 7. A high-resolution {15keV FWHM) triton
spectrum obtained with the QDDD spectrograph at 25
for the region around peak c in Fig. 4. The solid lines
are the result of fitting a standard peak shape to the
data. Peak c in Fig. 4 corresponds approximately to
the group of peaks between A and B.

certainly resembles that predicted for L =0.
Moreover, the N =80 isotones show systematic
evidence for a 0' state near 1.5 MeV." As noted
by Kennedy et al. ,'0 such a state at 1450.2 keV in
'~Sm could account for an unassigned y ray of
682.2 keV seen in the decay of '~Eus. Since the
character of an L =0 angular distribution is as-
sociated with the form factor at the nuclear sur-
face, it is not completely surprising that the
ground state and first excited 0' states, which pos-
sess markedly different wave functions, mould

have somewhat different angular distributions.
The remaining 0' states suggested by the angular

distribution data occur at 2168 and 2280 keV. They
have 5.6% and 7.7@ of the ground state strength,
respectively.

The existence of four 0' states cannot be ex-
plained in terms of only three orbitals. Perhaps
the 2d, ~, or 1g„,orbitals, in addition to the

2d3~ 3sygg and 1hyy~ orbitals, are important
for 0' states in the 2-MeV excitation region.
However, proton states in the '44Sm core can also
account for additional. 0' states. There is a 0+

state at an excitation of 24V9 keV in '44Sm. " This
state is associated with the protons, since the
lowest excited 0 state for neutrons at the N =82
closed shell is the neutron pairing vibration which,
according to N = 82 systematics, should be at
E &3 MeV."Our data suggest that in '~'Sm this
proton core state (which has no two-neutron pick-
up strength) mixes with the third two-neutron-hole
state, fragmenting the (p, t) strength between two
states.

2. 2 excited states

Low-lying 2' strength is expected from three
configurations: (2d„, '), (2d„, '3s» '), and

(1h»~ '). Mixing with proton states of the '"Sm
core can produce (p, t) strength to additional 2
states; We have observed four 2' states, three
of which were seen in the decay of '~Eu. ' As in
the case of the 0' excitations, most of the strength
is in the lowest excited state. The second 2' state,
at 1659 keV, contains only 2.5% of the first ex-
cited state's strength and has an anomalous angu-
lar distribution. The first excited state in '~Sm
is at 1660 keV of excitation and has a spin and

parity of 2'." In '~Sm this state will occur as a
core excitation. Since this state involves mainly
the protons (because of the neutron closed shell),
it cannot be populated in a one-step (p, t)-reaction
process. If the state we see in '~Sm at 1659 keV
is mainly this core excited state, that would ex-
plain both its small cross section and its anomal-
ous angular distribution, since DWBA is by defi-
nition a theory of one-step processes.

The states at 2025 and 2747 keV contain 14.6%
and 3.6% of the strength of the first excited state,
respectively. Therefore we have observed the
number of 2' states which are expected, provided
there is no extensive mixing of the two-hole
strength with core or proton excitations.

3. Other posftbe-purity states

One 4' and one probable 6' state, at 1791.3 and
2420.0keV, respectively, have been observed in the
beta decay of '~Eu." The lowest configuration con-
tributing to (P, t) strength will be (ft«@ '). There is a
relatively strong L =4 transition at 1V90keV and four
other states, at 2418, 2582, 2867, and 2955 keV,
whose angular distributions agree best with L =4.
There are three core states observed in '44Sm

belom 3 MeV which have spins and parities of 4'."
Of course, one can generate states with a spin
and parity of 4' by couplings such as [(d»~)"„']' . Weak mixing of the (It»~ '),, with such
states can account for L =4 strength in a number
of states.

It is surprising that we do not see an identifiable
6' state. DWBA calculations predict that the
(h»„~)e. state should be easily seen in our experi-
ment. However, we populate a state at 2418 keV
whose energy agrees very closely with the 2420-
keV state identified as a probable 6' state in '~Eu
beta decay. Our angular distribution (Fig. 2) does
not agree with the DWBA L =6 prediction, but it is
certainly possible that this is, in fact, a 6' state
or that we are observing an unresolved doublet.

4. Negadveqwnfty states

Six negative-parity states can be generated by
the (d„, 'h„~ ') and (s,~ 'h»~ ') configurations.
Only three states with negative-parity have been
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observed by beta decay. '
A 3 state has been observed at 1784.1 keV. It

undoubtedly corresponds to the 1810.1-keV octu-
pole state seen in '"Sm." Since this is a particle-
hole state it will be populated only weakly in the
(p, t} reaction and we do not resolve it from the
intense 4' state at 1790 keV.

The other two negative-parity states seen in
beta decay are at 2347.9 and 2372.0 keV and are
assigned as 5 and 7, respectively. The 7 state
should be a nearly pure (h»„'d» '),- state while
the 5 can contain, in addition, a component of
the (h, «, 's„, '),- configuration. The most intense
state in our spectrum occurs at 2351 keV. It ap-
pears that we have not resolved the 5 and 7
state. Nevertheless, me have plotted the angular
distribution for this peak in Fig. 8 together with
the DWBA predictions. A combination of the 5
and 7 distributions in which the contributions are
approximately equal at 45' gives a reasonable fit
to the data except at forward angles. Levels with
spins 5 and 7 have also been populated in the iso-
tone '"Ce by means of a (p, t) reaction with 20-
MeV protons. " This case shows a similar dis-
crepancy between DWBA theory and experiment
at forward angles. It is probable that many of our
uncharacterized levels can be attributed to states
with negative parities since this is the major
source of unassigned (p, t) strength.

100

B. n-particle, two-hole states in the even samarium
isotopes

In Fig. 9(a) we present a simplified diagram for
the shell structure of the ground state of ' 'Sm.
The valence neutrons are in the 2f„, orbital. In
a (p, t} reaction leading to '"Sm, the transferred
neutrons can be removed from the valence orbitals,
from levels below the N=82 core, or from both
the valence orbitals and the core orbitals. Figure
4 clearly shows that in '"Sm and ' 'Sm there is a
concentration of strength associated in energy with
the discrete states seen in '"Sm. This suggests
that a significant fraction of the strength comes
from removing two neutrons from the core. In
addition, there are narrow structures, some of
which are correlated in all the nucl. ides. We.mill
discuss these features in the following subsec-
tions.

I. Gross structures in the (p, t) spectrum f'rom Sm

Any strength associated with two holes in the
N =82 core, i.e., with the low-energy states in
'~Sm, will occur at a relatively large excitation
energy in the heavier isotopes. It should be pos-
sible to estimate this excitation energy from nu-
clear masses provided we possess enough infor-
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ec~ (de9~

l

60

FIG. 8. Angular distributions of tritons from the
(p, t) reaction associated with the (unresolved) levels
at 2348 and 2372 keV in 4 Sm and with the peak S (see
Fig. 7) in Sm. The results of DWBA calculations
for L = 5 and L =7 are shown at the top. The lines
through the data are only to guide the eye.

mation to calculate the diagonal interactions of
the particles and the holes among themselves and
with the '44Sm core.

In Fig. 9(b), we show a pictorial representation
of the excitation energy for a 4p-2h state in '"Sm.
If this represents the lowest 0' state from such a
configuration and if we ignore configuration mixing
and the effect of diagonal (p-h) interactions, then
the excitation energy can be related to ground-
state masses. The diagrams between the equality
signs represent the excitation energy in the ap-
proximation where there is no configuration mix-
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FIG. 9. Schematic shell-model representations. (a)
The shell structure for Sm. (b) A shell-model mass
formula for estimating the excitation energy for the
lowest four-particle two-hole 0 ' state in Sm. (c) A

picket fence" representation of the level density for
Sm in the noninteracting quasiparticle model. The

dashed line represents weak damping of the two-hole
state. (d) A two-hole state and the ground state for
4 Sm, followed by other excited configurations that can

mix with the two-hole state. The fourth diagram rep-
resents a two quasiproton state built on the first dia-
gram.

ing. The first three terms to the right of the sec-
ond equal sign represent the mass of the 4p-2h
state in the approximation where in addition to ig-
noring mixing we ignore the p-h interactions. The
algebraic sum of the four masses, which is the
excitation energy in this approximation, is rigor-
ously the difference of the two Q values. The con-
tribution from p-h interactions is difficult to ob-
tain from experiment since it requires information
on neutron p-h excited states in '44Sm obtainable
only with radioactive targets.

This result is in qualitative agreement with the
evidence displayed in Fig. 4. There we have
drawn dashed lines through the '~'~ "~'~Sm(P, t)
data to guide the eye. Each line has the same slope
and nearly the same intercept on the vertical axis.
These parameters are established by the data at
the highest excitation energies. At these energies

we expect changes in the nuclear structure, and
hence in the cross sections, to remain relatively
unaffected by the addition of neutrons at the Fermi
surface.

Relative to these reference lines, there is a
broad bump in the ( p, t) cross sections to '46Sm

and ' 'Sm. The bump is centered roughly at the
value of the low-lying states in '~Sm. This

region is denoted by the two right-most arrows
in the second panel of Fig. 4. In the '" '"Sm(p, f}
data the association with strength in '~Sm effec-
tively disappears. The right edge of the bump
vanishes because the cross section increases,
while the strength under the bump is broadened.

Such behavior is consistent with a dramatic
change in shell structure in which the N =82 gap
disappears. This picture predicts a dissipation
of the bump's strength as the orbitals associated
with the '~Sm valence nucleons fragment into
several Nilsson states. In addition, there is a
substantial increase in two-nucleon pickup strength
at the low excitation edge of the bump, due to the
addition of strength from the valence (i.e., N& 82}
neutrons. This strength is no longer isolated from
the bump by a large shell gap.

The question of the strength of the resonance
remains. How much of the strength in the bump
comes from two-hole strength observed in the
'4'Sm(p, f) reaction? There may be other contribu-
tions to the bump region due to (p, t) strength
associated with states populated through higher-
order reaction processes or to (p, f) strength
from two-hole states where at least one of the
holes is in a valence orbital. To investigate this
question we integrated each spectrum between the
Q values -8.8 and -16.5 MeV. The region of inte-
gration is shown by arrows in the second pannel
of Fig. 4. We have presented the angular distribu-
tions for this region in Fig. 5. All nuclides have
the same structureless, monotonically decreasing
angular distribution. However, the integrated
cross sections for '4'Sm are approximately a factor
of two smaller. Thus, up to about 50% of the
strength in the bumps could derive from the trans-
fer of valence nucleons.

The angular distributions are structureless since
many states with different spins and parities con-
tribute to the strength in the region we are con-
sidering. A summation of the DWBA curves pre-
sented in Fig. 2 yields a qual. itatively similar re-
sult.

The total strength in our integration window is
-15% larger for the deformed isotopes. One can
understand this since the deformed targets have
the greatest number of neutrons in the valence
shells and so have a larger cross section for two-
neutron pickup. As the N =82 shell gap disappears
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2. Narrow structures at large excitation ene~

At approximately 5 MeV of excitation energy
a narrow peaklike structure (c) is observed in
'"Sm (see Fig. 4). This was quite unexpected
since the level densities at these excitation energies
should be large for heavy nuclei. Thus, unless
there is some unique symmetry, we expect the
residual interaction to severely fractionate the
strength of individual peaks. In Table IV we pre-
sent estimates of the nuclear-level densities for
'"Sm and '"Sm as a function of spin and parity.
These were calculated using the Gilbert-Cameron
level-density formalism with Cook-modified pa-
rameters. "

High-resolution experiments with the QDDD
spectrograph and the thin ' 'Sm target were dis-
cussed in the previous section and displayed in
Fig. 7. The region between A and B in this figure
corresponds to peak c in Fig. 4. We have analyzed
this portion of the spectrum using the peak analysis

TABLE IV. Predicted level densities in 48Sm and
"'Sm.

idxgular momentum
Level density (No. /he V)
146sm "'Sm

0
1
2
3
4
5
6
7
8
9

10

0.03
0.08
0.13
0.16
0.18
0.18
0.17
0.15
Q. 13
0.10
0.08

0.3
0.7
1.2
1.5
1.7
1.8
1.7
1.6
1.4
1.2
1.Q

with deformation, that strength can mix into the
energy region- associated with the bump.

We have also integrated a narrower region im-
mediately above the excitation energy of the bump
and plotted its angular distribution in Fig. 6. Fig-
ures 5 and 6 are qualitatively similar except that
in the higher-energy distributions the sl.ope is not
as great and the difference in cross section be-
tween '~Sm and the other isotopes is pot as large.
The slope is consistent with DWBA predictions
for more negative Q values. Since we have attribu-
ted the difference in strength between '~Sm and
the other isotopes at least in part to the pickup
of valence nucleons, we expect that at higher ex-
citation energies the cross sections will. approach
each other since the fraction of states associated
with removal of valence nucleons decreases with
excitation energy.

code AUTOFIT. ' The result of the fit for 25' is
also displayed in Fig. 7. The peaks are superposed
over a continuum which is approximated by the
dashed line.

We have identified 12 peaks, a number far less
than expected from the calculated level densities.
Thus, we assume that not all the peaks have been
resolved. This is consistent with our observation
that none of the peaks that we analyzed in Fig. 7
have a readily recognizable angular distribution
although they definitely show structure. The under-
lying continuum can be attributed to unresolved
peaks.

Although we have performed high-resolution ex-
periments only for the region centered at 4.S7
MeV in ' 'Sm, the following explanation for peaks
&, b, and c in Fig. 4 seems quite plausible.

Oelert eE gL" searched for 0' and 2' pair-re-
moval vibrational strength in the Sm isotopes in
a (p, t) experiment by using 25-MeV protons. They
did not find any strength even though 2' pair re-
moval states were populated (but using much higher
proton energies) in the Nd isotopes. They con-
cluded that such states did not appear in their Sm
experiments because of a strong dependence on the
proton beam energy for their population. How-
ever, they used systematics to predict the position
of these states in the even Sm isotopes. Peak g
corresponds almost exactly to their prediction
for the position of the 2' pair removal states.
The relative energies and strengths of peaks g,
P, and c are qualitatively the same in '~Sm and
'4'Sm, suggesting that they have similar origins.
Furthermore, some support for such a correla-
tion between peaks g, 5, and c in the two nuclides
comes from the angular distribution of the doublet
labeled S in Fig. 7. This angular distribution is
similar to that of the (5, 7 ) doublet labeled c in
the '~Sm spectrum of Fig. 4 (the 2351-keV peak
in Fig. 1) and is consistent with our DWBA pre-
diction for the (h»z 'd„, ') mixture of a 5 and
7 state. (See previous discussion in Sec. IVA4. )
This is illustrated in Fig. 8 where the relevant
experimental and theoretical. angular distributions
are plotted. Unfortunately, we did not measure
absolute cross sections in the QDDD experiments
at Princeton. However, we can compare cross
sections by integrating the MSU data for peak c
over the same solid angle for which the '~Sm
cross sections that are listed in Table II were de-
termined. This integration gives for peak c in
the '"Sm(P, t)'~Sm reaction a cross section of
74 p, b for the solid angle contained between 5
and 58 from the beam axis. By comparison with
the value of 172 pb from Table II for the peak at
2351 keV (the 2348- and 2372-keV doublet), we
see that the strength of the '~Sm states is sub-
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stantially fragmented in '~Sm.
The strength of peak c decreases rapidly as a

function of mass (see Fig. 4). This can be ex-
plained because the 5 and 7 states in '~Sm are
predominantly (h»~~ 'd, z '). With increasing de-
formation both the h»„and d» strength fragments
into several Nilsson orbits with different ener-
gies. Thus, the negative-parity strength is strong-
ly fragmented with deformation. . Moreover, the
level density of all spins and parities is much
higher in ' 'Sm than in '~'Sm. Nevertheless, some
strength appears to remain at the same Q value
as in '"Sm

An important question is why the damping of
the 2', 4', and 7 two-hole structures (peaks a,
b, and c) is so weak. This can be explained in
terms of the density and the structure of states
occurring in the same energy region as the two-
hole states.

Figure 9(c) is a schematic representation of
the density of levels with a given spin and parity
in '~Sm. A two-hole state (such as peak g in Fig.
4), closely related to a low-energy state in '~Sm,
is represented by the black bar. Complex multiple-
quasiparticle states are indicated by thin black
lines. The open bars represent states that can be
connected to the black bar by a single two-nucleon
scattering, i.e., mixed in first-order perturbation
theory.

Figure 9(d) illustrates the structure of a select
set of configurations in ' 'Sm, each with the same
spin and parity. The first diagram represents
the weakly damped two-hole state. The other dia-
grams are the ground state, followed by excited
configurations which can mix with the two-hole
state. All these excited configurations except
the last one are clearly separated from the two-
hole state by at least a pairing gap. States repre-
sented by the last diagram may have energies
similar to the two-hole state, but the level density
of such states is much too low to produce signi-
ficant damping of the two-hole state. Therefore,
the damping for states other than 0 should be
relatively weak since it occurs only through small
admixtures in the wave function of the two-hole
structure. The 0+ states are unique since they can
mix with the ground state through a particularly
large matrix element of the residual interaction.

A detailed explanation for the peaks labeled e
is not possible from our experiments. Neverthe-
less, it appears likely that they will be associated
with two-hole strength in the steeply upsloping
Nilsson orbitals originating below the N =82 shell.
Recent experimental results" show that at least in"Sm peak e ig similar to peak c in '~Sm, i.e.,
a large narrow peak with a cluster of weaker
peaks in its vicinity.

There appears to be significant narrow struc-
ture with the '"Sm and '"Sm targets in the region
of Q =-17 to -18 MeV. Since these structures
presumably involve the removal of two nucleons
from far below the Fermi surface, and since the
targets are strongly deformed, they may give ex-
perimental evidence that deformed nuclei maintain
a spherical core.

V. SUMMARY AND CONCLUSIONS

We have performed a series of (p, t) experiments
on the stable Sm isotopes. Most of the experi-
ments were performed at MSU where we obtained
low-resot. ution data to -15 MeV in excitation ener-
gy. Somewhat better resolution was obtained for
the levels in '~Sm. A high- resolution experiment
was performed with a QDDD spectrometer at
Princeton University for a 1.5-MeV region near
5 MeV in excitation energy for '~Sm.

We have analyzed the '"Sm data and have identi-
fied a number of peaks previously seen only in
the decay of '~Eu. We have identified a number
of other 0', 2', and 4' states and characterized
them with respect to likely shell model configura-
tions. We have also observed a number of new,
but as yet uncharacterized, level. s.

The low-resolution experiments show a concen-
tration of (p, t) strength in '"Sm and '~Sm for two
holes below the N= 82 shell gap. This disappears
or at least is substantially broadened for '~Sm
and '"Sm. This happens because the shell struc-
ture associated with '"Sm is destroyed with the
onset of deformation between X=88 and 90. The
total strength in the region of the bumps is nearly
twice that seen in the comparable-Q window for
'4'Sm. This implies that much of the strength
occurs by removal of one or more valence nu-
cleons and jor through higher-order processes.

A number of reproducible narrow structures
remain at excitations in excess of 4 MeV. Some
of these can be correlated with individual, peaks
in '~Sm and can be explained by the existence of
pairing gaps. Some weakly populated but cl.early
observable structures occur at nearly the same
Q value in 'MSm and '"Sm. They presumably
involve removal of nucleons from orbitals far
below the Fermi surface, where the distribution
of matter and hence the self-consistent nuclear
field are unaffected by changes in the nuclear
shape.

There are a number of experiments which may
answer remaining questions. A '"Sm(p, t) experi-
ment would identify the pairing vibrational states
and perhaps give a cl.ue to the fate of the missing
0+ strength. All the narrow structures should be
examined with improved resolution. This is also
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true for the entire ' Sm spectrum. A '~'$m(p, d)
experiment would identify strength associated with
one valence particle in the region of interest and,
of course, a '~'Sm(p, d) experiment would permit
an estimate of the neutron p-h interactions neces-
sary for an accurate theoretical prediction of the
resonance energies in the weak-coupling model.
Unfortunately, the experiments with ' 'Sm and
'"Sm require fabrication of radioactive targets
that will be difficult to obtain. Finally, similar

experiments on the Nd and Ce isotopes would yield
valuable additional systematic information.
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