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mixed-symmetry state of 143Sm observed in nuclear resonance fluorescence
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To search for the 2

state of '**Sm, we studied the “8Sm(y, y’) photon scattering reaction at the

Stuttgart Dynamitron accelerator using bremsstrahlung with an endpoint energy of 3.2 MeV. Nuclear resonance
fluorescence from eleven excited states, including three 2% states, between 1.4 and 3.1 MeV has been observed.

The data allow the identification of the 25+ state at 2146 keV as the 27
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I. INTRODUCTION

Isovector nuclear excitations are sensitive to the proton-
neutron restoring force. Experimental information on isovector
modes is, therefore, important for quantifying the correspond-
ing parts of the residual nuclear interaction. The M1 scissors
mode in deformed nuclei [1,2] represents the most prominent
example of an isovector excitation of the nuclear valence shell.
Within the framework [3,4] of the interacting boson model
(IBM-2), the scissors mode is just one example of a whole
class [5] of collective nuclear valence shell excitations with
isovector character, the class of mixed-symmetry (MS) states.
They are characterized by a nonmaximum value of F spin [6]
which represents the isospin for elementary proton and neutron
bosons.

Because the sd-IBM-2 models the proton-neutron
quadrupole collectivity in the valence shell, the building
block of MS structures is the one-phonon 2tms MS state.
This becomes particularly apparent in the Q-phonon scheme
[7,8] for MS states [9]. The proton-neutron symmetric one-
quadrupole phonon state takes the form

125, Fua) = N; (@2 + Q1) [07) = A, 0, ]07F), (D)
where
0,=srd, +ds, + x(dd,)? )

is the IBM-2 quadrupole operator for proton bosons (p = )
and for neutron bosons (p = v), respectively. It has typically
a large overlap with the 2;“ state. In Eq. (1) we have
used xr = x» = X, and N denotes a normalization factor.
This state can be considered as the isoscalar quadrupole
excitation in the valence shell. The isovector quadrupole
excitation in the valence shell is generated by the orthogonal
linear combination of Q. and Q, acting on the ground
state. In the limit of good F spin, the orthogonal configuration
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to Eq. (1) is given by [9,10]

+ T N, N +
12, Fnax — 1) = Ny (2Nn o N Qu) |o})
= N, O |0F). A3)

If the ground state is totally symmetric, so that F(0]) =
Fiaax = (Np + N,)/2, then the wave vector Eq. (3) has no
overlap with the space spanned by the symmetric states,
because any one-body operator Op has a matrix element be-
tween arbitrary Fi, states proportional to N, [11]; therefore,
(Finax|2}, Fnax — 1) & (Nz /Ny — N,,/N,) = 0.

In the F-spin dynamical symmetry limits of the IBM-2,
Eq. (1) exactly gives the wave function of the 2 state with
the F-spin quantum number Fp,.x, and Eq. (3) gives the
lowest mixed-symmetry ZTmS state with the F-spin quantum
number Fa — 1. Consequéntly, the wave functions for other
low-lying members of the class of MS states with F =
Fmax — 1 [including the 17 scissors mode in the SU(3) limit]
can be obtained by the application of Qg to the 2Tms state’s
wave function along with appropriate angular momentum
coupling. For example, in the O-phonon scheme of the IBM-2,

the 17 state has the form

[17) = M (0, 2.0 [0F). “

The Q-phonon scheme for MS states is well supported
by microscopic calculations in random-phase-approximation
(RPA)-based approaches [12,13] in nuclei not too far from
closed shells.

Despite the outstanding importance of the mes state for our
understanding of MS structures, we have only limited knowl-
edge of its properties, because it has been firmly identified only
for a handful of nuclides with vibrational character. Recently,
it became possible to study the 2] state in more detail due to
anovel combination of y-ray speétroscopic techniques [16,17]
for the investigation of multiphonon MS structures. New
MS states with spin and parity quantum numbers J™ = 3%
and 27 were discovered [17-20], and a new isovector E1
decay channel of the 27 to the 3] octupole vibration was
identified [21], which can serve as an additional signature
for the identification of the 27 MS state. The observation
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FIG. 1. Schematic of the evolution of J™ = 1* and 2* MS states
in a vibrator-to-rotor shape transition. The energy of the 17 state is
known to stay constant (at about 3 MeV in rare earth nuclei [14,15])
as a function of deformation. The 27 state is expected to evolve

from the one-phonon state at about 2.1 MeV in vibrators to a member
of the K = 1 rotational band of the scissors mode in rotors.

of y-ray transitions between MS states [22] proved that they
form a class of nuclear states with similar structure. However,
because of the lack of experimental information on 2fms states
in deformed nuclei (see, however, [23]), the evolution of
the properties of this state with nuclear deformation is still
largely unknown. Figure 1 depicts schematically the expected
evolution of the Zims state from the one-phonon state in
vibrational nuclei to the 2* member of the K = 1 rotational
band on top of the 17 scissors mode in deformed rotors. Data on
the details of that evolution would help quantify the parameters
of the Majorana operator of the IBM-2 [4,11].

The classical testing ground for studying the evolution of
structure with nuclear quadrupole deformation are the Nd and
Sm isotopic chains with stable nuclides spanning the transition
path from spherical nuclei at the N = 82 neutron shell closure
to deformed nuclei closer to midshell. For example, the onset
of the splitting of the E'1 giant dipole resonance (GDR) has
been observed in these isotopic chains [24,25], as well as the
82 law for the M1 strength of the scissors mode [26,27]. While
the chain of stable Nd isotopes terminates in the nucleus "°Nd
right at the critical point of the spherical-to-deformed shape
phase transition [28], the stable isotopes of the Sm chain extend
beyond that point [29,30]. Unfortunately, the 2] state has not
yet been identified for any Sm nuclide. It has been the goal
of the present work to firmly identify the mes state of the
nuclide '*8Sm on the solid basis of absolute electromagnetic
matrix elements.

The properties of the 2;fms state in the dynamical symmetry
limits of the IBM-2 have been discussed in the literature
[4,5,11,31]. The 2" __state always decays by a strong magnetic

I,ms
dipole transition to the symmetric 2/ state. Mixed-symmetry
states and F-spin changing M1 and E2 transitions outside
of the dynamical symmetries in near-vibrational nuclei are
discussed, e.g., in Refs. [32,33]. Let us point out the signatures

for the 2 state that are evident in the Q-phonon scheme:

e The E2 decay from the 2ffms one-quadrupole phonon state
to the ground state should be weakly collective, say ~0.2—

5.0 W.u., because its matrix element involves the same
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proton and neutron parts of the collective E2 transition

from the 2] state to the ground state, with opposite signs,

however. An accidental exact cancellation of the large
proton and neutron matrix elements cannot be excluded,
although it is very unlikely.

e The 2{ . — 2 M1 transition should be the strongest of
all 2t — 2T transitions with an M1 matrix element of the
order of 1 wy.

e The QTmS — 3] E1 transition should be enhanced because
of its isovector nature [21].

To identify the 27, . state on the solid basis of the
preceding criteria, we must measure the electromagnetic
transition strengths for off-yrast 2" states. The fragmentation
of the mes state can be studied by the observation of all
fragments in a complete reaction. It has been shown [10,22]
that recent improvements in the technique of nuclear resonance
fluorescence (NRF) [34,35] have sufficiently increased the
sensitivity of that method for detecting the 2ims state and
measuring its short lifetime. Therefore, we have chosen to
study the nucleus "“®Sm using resonant photon scattering to

search for the ZTmS state of this nuclide.

II. EXPERIMENT

The experiment was performed at the photon scattering site
of the Stuttgart Dynamitron accelerator [35]. The accelerator
was tuned to provide a monochromatic 3.2 MeV electron beam
which hit a water-cooled gold target to produce continuous-
energy bremsstrahlung with photon energies of £, < 3.2 MeV
for increased sensitivity at energies below 3 MeV with respect
to previous nuclear resonance fluorescence experiments on
that nuclide [36]. The forward-peaked bremsstrahlung cone
was defined by a lead collimator with a bore diameter of 1 cm.
The beam hit the photon scattering target in an evacuated beam
pipe. Three large-volume Ge detectors positioned at angles
of 90°, 127°, and 150° relative to the incident beam axis
detected the photons scattered from the target. The detector
at 127° was equipped with a BGO anti-Compton shield for
background suppression. Data were taken for about 120 h. The
relative efficiencies of the detectors were measured before the
experimental runs with a °Co source. The target, '*¥Sm, 03
(total mass 1.721 g), was isotopically enriched to 96.52(8)%.
It was sandwiched between 27Al (total mass 0.506 g) to
use the well-known cross sections [37] of some low-lying
states of 2’Al for a photon flux calibration, which in turn
allowed measurements of the absolute cross sections of the
NRF reactions on '**Sm. Figure 2 shows the photon scattering
spectra for the *¥Sm sample at two scattering angles, 6 = 90°
and 127°, between 2.3 and 3.4 MeV, where most of the excited
states were observed.

Spin quantum numbers were assigned according to the an-
gular distribution ratios involving all three observation angles,
W(©90°)/ W (127°), and W (150°)/ W(127°). The intensity ratio
W(90°)/ W (127°) takes values of 0.75 and 2.2 for pure dipole
and quadrupole cascades with spin sequences 0-1-0 and 0-2-0,
respectively. Absolute photon scattering cross sections are
measured relative to known cross sections in 2’ Al [37]. From
the measured branching ratios I'y/I" and from the absolute
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FIG. 2. (Color online) Sum of NRF y-ray spectra of '**Sm in the
energy range between 2.3 and 3.4 MeV detected at scattering angles of
90° (top) and 127° (bottom) with respect to the incident beam. Arrows
mark peaks from Sm decays. y-ray lines from the >’ Al photon flux
calibration standard and a line from the natural background are also
labeled.

Cross sections

'y’
Ip = 8”2K2Tf &)

of the resonance scattering cascades for excitations from the
ground state and decays to some final state f,Ty and I
can be deduced. Here, g = (2J + 1)/(2Jp + 1) is a statistical
factor, where J and Jj are the spin of the excited state and
the ground state spin, respectively. X = fic/E, is the reduced
wavelength for excitation. 'y denotes the partial decay width
to the ground state, and I' = > 7Ty =N/t is the total level
width. The partial level widths can be converted to the reduced
electromagnetic transition strengths

Ff,nA
e ©
14

B@r:J = Jp) =cm

if information on the radiation character (electric or magnetic)
or on multipole mixing ratios is available. ', is the
single-multipole partial decay width to the final level, and ¢,
is a constant (cg; = 0.9554 - 1073 ¢? fm> MeV/meV, ¢y =
0.0864% MeV? /meV, cgy = 0.1240 €2 b*> MeV>/meV).

III. RESULTS

Table I summarizes the data. A total of sixteen y-ray
lines from eleven excited states of 1*3Sm between 1.4 and
3.1 MeV were observed, two of them for the first time. The
quoted uncertainties of the y-ray energies are from this work
unless otherwise noted. More information on some of the
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FIG. 3. Angular distribution for J* — 0} ground state transi-
tions in 8Sm. From the ratio W(90°)/ W(127°) we can make eight
J =1 and two J = 2 spin quantum number assignments to the ten
states for which we could observe ground state transitions. The
deviation of the data point for the known two-phonon 27 state at
1454 keV from the J = 2 line toward more isotropic distribution is
most likely due to unobserved feeding from higher-lying levels.

observed states is available in the literature [38], which has
also been included in Table I for completeness. All photon
scattering cross sections are from this work. Those for the
dipole transitions above 2.5 MeV (except for the 2705 keV
level, which will be discussed in detail) all agree within error
bars with the earlier measurement [36].

Angular distribution ratios of ground state transition in-
tensities observed at 6 = 90° and 127° are shown in Fig. 3.
We observed eight dipole and three quadrupole excitations.
The data from 150° is consistent with these assignments.
Among the quadrupole excitations, the known 2; state at
2146.35 keV [38] decays strongly to the 2] state such that the
competing ground state decay branch is too weak and could
not be observed in this experiment. Therefore, only two data
points that correspond to 0-2-0 cascades are shown in Fig. 3.
However, the observed decay of the 2_: state at 2146.35 keV
to the 2/ state with E, = 1596 keV proves that we have
populated this level in our experiment. This state will be
discussed below in more detail. Fig. 4 displays the 1596 keV
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FIG. 4. (Color online) Sum of photon scattering spectra at 6 =
127° and 150°. The peak at E, = 1596.1(4) keV, marked with the
arrow (online red), corresponds to the previously reported [38] decay
of the 27 state at 2146.35 keV to the 2] state at 550.26 keV. It
proves that the 23 state was populated in our experiment. This signal
corresponds to a cross section of I;; = 4.2 eV b for the 07 — 27 —
2 photon scattering cascade (see Table I and text).
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TABLE L Results of the '“8Sm(y, y’) reaction. Given are the excitation energies E,, spin and parity quantum numbers J* of the levels, the
level lifetimes 7, y-ray energies E,, angular distribution ratios W(90°)/ W (127°) for decay transitions to the ground state, relative intensities
I,, observed absolute photon scattering cross sections I ; for the corresponding decay channel, ground state decay widths I'y, and reduced
dipole and quadrupole transition strengths B(w 1) |.

W(90°)

E, JT T E, o I, I o B(M1) |*  B(E2) | B(E1) |*
(keV) ) (fs) (keV) (%) eV b) (meV) u2) (@fm*) (1073 &% fm?)
1454.2(5) 2% 41140)  903.83(15) 100(2)° 0.0147(19)°  1388(150)
1454.2(5) 1.47(33)  99.6(2) 3.61(37)  0.796(82) 152(15)
14653(6) 1= 133(11)  303.59(3)° 0.17(2) 2648(380)
914.916(15)° 51.6(4) 2.09(24)
1465.3(6) 0.700(57) 100(3)® 11.4981)  3.25(25) 0.98(8)
2146.353)° 2+ <925 985.16(20)° 10.4(12)° >0.607
1596.1(4) 100(11) 4.16(54) >0.116
21463 <17 0.96-1.43 26-39
228453) 1 662(71)  362.8Q2)° <5
819.27(3) 30(5)° 0.205(41) 2.26(46)
1734.2(4) 99(6) 4.28(48) 0.0712(80) 0.768(89)
2284.5(3) 0.67(13)  100(6) 4.18(35)  4.34(42)  0.0315(30) 0.347(34)
2381.1(6) 2 125(24)  1830.9(5) 100(10) 4.13(49) 0.042(10)  38(14)
2381.1(6) 1.68(50)  43(7) 1.62(20)  1.59(26) 25.8(42)
247222) 1 529(41)  1922.0(5) 91.3(78) 5.99(45) 0.0722(78) 0.799(86)
2472.2(2) 0.73(11)  100(3) 6.41(33)  6.50(43) 0.0372(25) 0.411(27)
2513.52) 1 99.3(51) 2513.5(2) 0.652(78) 100(3) 12.11(64)  6.63(35) 0.0361(19) 0.400(21)
2704.92) 1 29.0(17) 2154.6(3) 33.5(22) 6.77(49) 0.0492(43) 0.544(48)
2704.92) 0.790(77) 100(3) 20.1(11)  17.01(97) 0.0742(42) 0.821(47)
27632(9) 1T 10.84(61) 2213.0(10) 68(4)4 0.196(16)°
2763.29) 0.668(36) 100(2) 32.5(15)  36.1(19)  0.1480(79)
3039.04) 1 59.8(32) 2489 <10 <13
3039.0(4) 0.746(77) 100(4) 13.72(75)  10.99(60) 0.0339(19) 0.374(21)
30822(2) 1 14.6(10)  2531.9(9) 8.8(15) 4.06(77) 0.0194(36) 0.215(40)
3082.2(2) 0.742(50) 100(3) 46.1(32)  41.3(29)  0.1219(86) 1.348(95)

*For J = 1 states with unknown parity, dipole transition strengths are given for both radiation characters.

YFrom Ref. [38].
¢B(M1) value for states with known parity.
dFrom Ref. [36].

transition in the sum of the spectra at § = 127° and 150°.
Some aspects of the experimental results require more detailed
discussion, as given in the following sections.

A. 2} state at 2146.35 keV

The 2; state is known [38] from earlier y-ray spectroscopy
following (n,y) and (n, n’y) neutron-induced reactions by
Govor et al. [39] and from deuteron scattering by Veje et al.
[40]. Decay transitions to the 2] and 3] states with transition
energies of 1596.08(3) and 985.16(20) keV have been reported
with an intensity branching ratio of 100(3):10.4(12) [38,39].
Govor et al. measured the E2/M 1 multipole mixing ratio of
the 28 — 2 transition to § = —0.11(5). This corresponds to
99% of M 1 radiation. Neither a decay transition to the ground

state with an energy of 2146.35 keV nor an upper limit for its
intensity have been reported [38]. Apparently, there existed a
doublet of y-ray lines with the strong 2147.5 keV line from
the 3%, 4T level at 2697.8 keV to the 2| state in the (1, ) and
(n, n'y) data [38,39].

The spectrum displayed in Fig. 4 shows that we observe a
1596.1(4) keV y-ray line in our data. This transition energy
coincides with the known 23 — 27 transition in '*3Sm. We
canrule out that this line stems from the 9/2 — 5/27 transition
in the 1.3% target contaminant of 4’ Sm because otherwise we
would have observed the corresponding 9/2 — 7/2~ ground
state decay, which is absent in our data, at 1717 keV with an
intensity of 80(2)% [38] of the intensity at 1596 keV. Also,
the possible transition of the 5/2 level of '*’Sm (present in the
target as a 1.4% impurity) at 1617(2) keV [38] could resultin a
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1594.5(20) keV decay transition. However, no y -ray from that
level is known. Moreover, again a similarly strong decay to the
ground state should have been seen at 1617 keV, because an
excitation in a target impurity of the order of 1% had to be two
orders of magnitude stronger than comparable transitions in the
main part of the target. This would only be reasonably possible
if the ground state excitation width I'y in the contaminant
could not be much smaller than the decay width to the first
excited state. Consequently, we would have observed the
ground state transition at 1617 keV, which, however, is absent
from the spectra. Thus, we can safely interpret the y-ray line
at 1596.1(4) keV as the known 2;“ — 2;“ transition in '*3Sm.

A corresponding 25+ — 0 ground state transition at
2146.35 keV is, however, too weak for observation. From
the analysis of our sensitivity limit at that energy, we can
determine an upper limit for the ground state decay branching
ratio of I'g/ '} <0.17. From the peak area at 1596 keV,
we deduced a cross section for the 07 — 2 — 2] NRF
cascade of I;(2146.35) = 4.16(54) eV b. This integrated
cross section is proportional to the quantity I'gI"y/ ", for
which we obtain a value of 0.99(13) meV. Using I' = I"{(1 +
Io/T1+T3-/T1)=(0.99 to 1.25)["; from our upper limit
for I'g/ 'y along with the known decay intensity ratio to
the 3] state, we can deduce the ground state decay width
'y = 1.0 to 1.4 meV. This partial decay width corresponds
to a reduced E?2 transition strength to the ground state of
B(E2;2% — 0f) =27-40¢* fm* = 0.56 — 0.84 W.u.

From the upper limit for the ground state decay branching
ratio ['g/ "y, we then deduce a lower limit for the partial
decay width to the 2T state, 'y =I'1/ Ty x I'p > 5.6 meV.
This 2; — ZT y transition has almost pure magnetic dipole
character with only a 1% E2 admixture [38,39]. The M 1 decay
strength, thus, exceeds B(M1;2¢ — 27) = 0.12 4%, Anal-
ogously, one obtains B(E1;2f — 37)>0.61 - 107%¢* fm?
for the decay to the octupole vibrational state.

The preceding analysis is based on the interpretation of the
1596 keV peak as stemming completely from the inelastic
OT — 2; — ZT photon scattering reaction. Feeding from
higher-lying states may represent an alternate population path
for the 2; level, in which case the quoted value for the cross
section I;,1(2146.35) would have been incorrectly determined.
However, this scenario would require unreasonably strong,
comparatively low-energy transitions from the four levels
above 2.7 MeV to the 27 state at 2146.35 keV. For example, the
highest population luminosity, proportional to the excitation
cross section times the photon flux, was obtained for the 1
state at 2763 keV (see Fig. 2). If the 1596 keV peak resulted
from the population of the 25+ state by an unobserved 617 keV
feeding transition from the photoexcited state at 2763 keV,
then that feeding transition would have to have a strength of
4.2 u%\, in the case of M1 or 3000 W.u. for the E2 character
in order to account for the observed peak area at 1596 keV.
Such strengths are incompatible with our current knowledge
on dipole excitations in that mass region, and we thus
discard such a feeding scenario. Using reasonable values [e.g.,
B(M1;15,¢; — 25)=0.1 p% and B(E2; 134 — 28) =
50 W.u.] for the strengths of possible feeding transitions to
the 2;“ state, we find that at most about 16% of the population
of the Z;F state might possibly be due to feeding, predominantly
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from the 17 states at 2763 and 3082 keV. All values discussed
above are based on the assumption that the total population of
the 27 state is due to direct E2 photoexcitation of that level
with a B(E?2) value of about 0.7 W.u. from the ground state.

B. J =1 state at 2704.9 keV

Our data contain a large peak at a y-ray energy of
2704.9 keV. This y-ray line was observed already in the
previous photon scattering experiment on '*3Sm by Ziegler
et al. [36] using a bremsstrahlung beam with an end-point
energy of about 4.5 MeV. However, in that experiment, another
strong ground state transition was observed at 3255 keV =
2705 keV + E(2]) and, consequently, the y-ray line at
2705 keV was interpreted as being due to the 13555 — ZT
transition. In our experiment, the dipole excitation at 3255 keV
has not been populated because it lies above the end-point
energy of our bremsstrahlung beam. The existence of the
2705 keV line in our spectra proves unambiguously that it
stems from the elastic photon scattering reaction on the J = 1
state at this excitation energy with a considerable cross section
of 20 eV b. Consequently, an appreciable fraction of the
2705 keV line in Ziegler’s data must be attributed to the ground
state decay of the level at 2705 ke'V rather than to the decay of
the dipole excitation at 3255 keV to the 2] state. Our obser-
vation implies that the decay branching ratio for the level at
3255 keV to the 2 state is smaller than previously reported.
The dipole excitation strength for the level at 3255 keV
reported by Ziegler et al. must, therefore, be considered to
be overestimated by a factor of up to about 2. Note that the
summed dipole excitation strength is less affected because
the dipole strength of the 2705 keV level also contributes to
the total strength.

IV. DISCUSSION

A. New transitions and corrected level scheme

Our results are compared with the known data on *3Sm
from the nuclear data sheets [38] and particularly to Ref. [36].
Two new transitions were observed. One is the decay from
the J =1 state at 2705 keV to the 2] state with a y-ray
energy E, = 2154.6 keV. The other one is the ground state
transition of the level at 2381.1 keV. A new spin quantum
number J =2 was assigned to this level, which suggests
that either the previous spin assignment J” = 3%, 4" done
on the basis of primary y-ray intensities following neutron
capture [39] was in error or there exists a close-lying doublet
of levels at this excitation energy. There are two more new
spin assignments to two previously known levels at 2284.5 and
2705 keV. Both were unambiguously assigned J = 1 in our
experiment and reported as (1, 2*) before [38]. Additionally,
the dipole level scheme as proposed by Ziegler et al. has to
be slightly corrected as discussed above. Most importantly,
we have measured ten level lifetimes of short-lived low-spin
states, five of them (for the levels at 2146, 2284.5, 2381,
2472, and 2705 keV) for the first time. In the other cases,
our values, typically with smaller errors, coincide with the
literature values, particularly those found previously by Ziegler
etal. [36].
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FIG. 5. (Color online) Experimental B(rr 1;0] — 1) dipole ex-
citation strength distribution for “8Sm up to 3.2 MeV. The error
bars together with spin and parity quantum numbers are displayed
at the top of the data bars (online green). Magnetic (electric) dipole
excitation strength refers to the scale on the left (right).

B. Dipole strengths of J = 1 states

Figure 5 shows the dipole excitation strength distribution in
the energy range under investigation in the present experiment.
Parity assignments were taken from [38] whenever possible.
The left and right scales refer to B(M 1) 1 and B(E'1) 1 values,
respectively. The corresponding B(w1;1 — O}L) values are
given in Table I. Except for two states, the 1~ state at 1465 keV
and the 17 state at 2763 keV, the parities of all the other J = 1
states are unknown.

+
1,ms

C. Identification of the one-phonon 2] __ state

Figure 6 displays absolute M1 and E?2 transition strengths
for 2% states of '*8Sm. Except for the lifetime values for the
2;“ and 2; states and multipole mixing ratios from the nuclear
data sheets [38], all other data are from this work. The top
part shows the M1 transition strength distribution to the 2}
state from those excited 27" states for which lifetime infor-
mation is available. Obviously, the 2;' state at 2146.35 keV
shows the strongest M1 transition to the 2] state. Note
that the plotted B(M 1) value represents a lower limit (see
discussion above). This strong M1 transition with a matrix
element of |(2;’|| M1 ||2;')| >0.76 uy is the main signature
for the 27 state. Lifetimes are unknown for the 2; and
2; states at 1972.480(21) and 2313.57(8) keV [38]. They
could be considered to contribute to the Zfrms structure, too.
However, their known decay pattern [38], in particular, the
intense low-energy y decays; the large £2/M 1 mixing ratios
of their decay transitions to the 2T state; and their too small
photon excitation cross sections rule out their potential to
substantially contribute to the 2" __ structure.

1,ms
Another expected property of the 2;fms state is its weakly
collective E2 excitation from the ground state. The E2
excitation strength distribution of the lowest-five 2% states
is shown at the bottom of Fig. 6 on logarithmic scale.
The excitation strength B(E2; 0] — 29) = 150(50) ¢? fm*
amounts to about 2% of the dominant excitation strength to the
2;“ state and corresponds to a decay strength of 0.7 W.u., which
may still be considered as weakly collective. This observation
is consistent with the 21" - assignment to the 27 state of '**Sm.
The existence of an enhanced E1 transition to the 3]
octupole vibrational state has recently been identified as
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FIG. 6. (Color online) M1 and E?2 strength distribution relevant
for the identification of the 2{  state of '**Sm. The top shows the
B(M1;2" — 2) distribution for four low-lying 2" states above the
27 state. The arrow represents the lower limit measured for the 2
state. The bottom shows the B(E?2) 1 values for these five low-lying

27 states on a logarithmic scale.

another signature for the mes state in near-vibrational nuclei

[21]. Among the four 27 states considered at the top of Fig. 6,
only the 2;“ state was observed to decay to the 3 state.
This is the only enhanced E1 transition from a 2% state in
the low-energy spectrum. From our lifetime information, we
can infer an E1 transition strength of B(E1; 2; — 3]) >
0.61 - 1073¢? fm>. This lower limit agrees already in its order
of magnitude with that of typical allowed quadrupole-octupole
E1 transition rates in this mass region [21,41]. This again
supports the identification of the 27 state of '*8Sm as its 2
state. Based on this evidence from absolute transition rates, we
assign the MS character to the 2; state at 2146.35 keV. Figure 7
summarizes the observations for this state.

23 2146.4

B(E1) > 0.6 x10 "¢’ fm’
BM1)>0.12 u, I, >0.58 meV
§=-0.11
I,>5.6meV
1161.5

! B(E2) = 0.56—0.84 W.u.

031 =0.96-1.43 meV

0 \ 0

FIG. 7. (Color online) Measured decay properties for the 27 state
of *8Sm at 2146.35 keV. The observations match the criteria for the
2+ state.

1,ms
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V. SUMMARY

A Sm(y, y’) photon scattering experiment has been
performed at the Stuttgart Dynamitron accelerator using on-
axis unpolarized bremsstrahlung with an end-point energy of
3.2 MeV for the sensitive observation of nuclear resonance
fluorescence of '“8Sm below 3 MeV. NRF transitions from
eleven excited states were observed. Three of them stem
from J™ = 27" states. The photon scattering cross sections
in combination with literature data enable us to identify the
27 state at 2146.35 keV as the 21 state of '**Sm. The decay
transition of this state to the ground state was not observed.
However, from the observation of the population of this level,
we can determine its photon scattering cross section, its partial
width Ty, and its E2 excitation strength. Its photoexcitation
cross section and the lower limit for its decay branching ratio
to the 2 state yield a lower limit for the M1 transition matrix

PHYSICAL REVIEW C 71, 044318 (2005)
element to the 2 state of [(2]]| M1[12{ )| > 0.76 wy. This
large M1 strength, together with the decay strengths of this
state to the ground state and to the 3| octupole vibration,
matches the signatures for the 2{ms state. This is the first
assignment of the 2 = state in a nuclide of the Sm isotopic
chain, as well as in a nuclide of the N = 86 isotonic chain,
that is firmly based on information on absolute electromagnetic
transition strengths.
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