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Gamma Decay of the 13Sm Isovector Giant Dipole Resonance: Smekal-Raman Scattering
as a Novel Probe of Nuclear Ground-State Deformation
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y decays of the isovector giant dipole resonance (IVGDR) of the deformed nucleus *Sm were measured
using 27 -Smekal-Raman and elastic scattering of linearly polarized, quasimonochromatic photon beams.
The two scattering processes were disentangled through their distinct angular distributions. Their
branching ratio and cross sections were determined at six excitation energies covering the *Sm IVGDR.
Both agree with the predictions of the geometrical model for the IVGDR and confirm y decay as an
observable sensitive to the structure of the resonance. Consequently, the data place strong constraints on the
nuclear shape, including the degree of triaxiality. The derived *Sm shape parameters # = 0.2925(25) and
y = 5.0(15)° agree well with other measurements and recent Monte Carlo shell-model calculations.
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The nuclear isovector giant dipole resonance (IVGDR) is
a fundamental mode of excitation inherent to all nuclei
[1,2]. It dominates their photonuclear responses as it
exhausts most [1,3] of the appropriate sum rule for the
electric dipole strength, i.e., the Thomas-Reiche-Kuhn sum
rule [4,5] multiplied by (1 + «), where « is the enhancement
factor [6]. Since its discovery in the early days of nuclear
physics [7-9], the IVGDR as a ground-state excitation
has continuously attracted a great deal of attention
[1,3,6,10,11]. It has also been investigated as a function
of temperature [12-15] and excitations analogous to the
nuclear IVGDR were identified in other multiparticle
systems such as atoms [16-21], metallic clusters [22—
24], and fullerenes [25,26]. In the geometrical macroscopic
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liquid-drop model, the nuclear IVGDR is considered to be a
collective isovector oscillation of the protons against the
neutrons [27,28] while, microscopically, it is understood as
a collective coherent one-particle-one-hole excitation of the
ground state [6,29]. Its excitation energy ranges between 10
and 25 MeV, depending on the mass number. The IVGDR
is, hence, particle unbound and decays predominantly by
neutron emission, but also with a probability of about 1%
by internal y decay [30,31].

As a ground-state excitation, the IVGDR is sensitive to
ground-state properties, especially the nuclear shape. In
spherical nuclei its photoabsorption cross section typically
has a Lorentzian shape with a width of a few MeV, while in
heavy, deformed nuclei a splitting into two overlapping
Lorentzians is observed [1]. This phenomenon is consid-
ered to be one of the prime signatures of nuclear deforma-
tion and is understood through the axial deformation
allowing vibrations of protons against neutrons parallel
or perpendicular to the nuclear symmetry axis with differ-
ing frequencies [32,33]. The two oscillation modes are
commonly assigned K quantum numbers of K = O for the
parallel and K = 1 for the perpendicular vibration, respec-
tively [3]. This geometrical picture is widely accepted in
textbooks [3] due to its appealing simplicity. The IVGDR’s
photoabsorption cross section has been studied extensively
in photoabsorption and particle scattering reactions for

Published by the American Physical Society
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many nuclei [1,2]. At the same time, this macroscopic
interpretation has consequences for the y decay of the
IVGDR, especially for the branching ratio of photon
scattering reactions to the ground state and to the 2]
member of the ground-state rotational band [34-36]. The
latter may be addressed as a Smekal-Raman scattering
(SRS) process. However, the IVGDR’s y decay, a funda-
mental property associated with its internal structure, was
never studied systematically. Only few measurements exist,
which cover either only low excitation energies [36—38] or
lack sufficient resolution and statistics [35,39,40]. Hence, a
close experimental assessment of the geometrical model of
the IVGDR in deformed nuclei in terms of its prediction of
the y-decay behavior was never performed thus far.

It is the purpose of this Letter to report on the first
systematic, energy-resolved study of the evolution of the y-
decay behavior of the IVGDR in a deformed nucleus, '3*Sm
used here as an example, and to discuss its implications.

Nuclear resonance fluorescence (NRF) experiments
[34,41-44] on the IVGDR of '3*Sm have been performed
at the High-Intensity y-ray Source (HIyS) [45,46] located at
the Triangle Universities Nuclear Laboratory. By irradiat-
ing a 2.42(8) g/cm? Sm,05 target enriched to 98.5(1)% in
154Sm with polarized, quasimonochromatic y-ray beams
provided by HIyS, the IVGDR of '3*Sm was photoexcited
at different energies. With a probability of about 1%, the
IVGDR promptly decayed internally via the emission of
photons. The latter were detected by four 3 x 3 in. LaBr;
and four high purity Ge clover detectors of the Clover
Array setup [47] arranged in a close geometry around the
target. The LaBr; detectors were mounted at a polar angle
of & = 90° with respect to the beam direction and azimuthal
angles of ¢€{0°90° 180°270°} with respect to the
polarization plane, while the clover detectors were placed
at € {125°135°} and ¢ € {45°,180°, 225° 315°}. Data
were taken at mean beam energies, Ep.,m, of 11.37,
12.59, 14.27, 15.35, 16.16, and 17.79 MeV, chosen to
cover the '’*Sm IVGDR. The photon beams had slightly
asymmetric Gaussian shapes P(E) with bandwidths of
FWHM/Eg.um ~ 2%. The y signals from elastic scattering
(ES) and 21+-SRS of the IVGDR both share the shape of the
beam profile P(E) since within the narrow energy band-
widths of the beams the cross sections can be considered
constant. In the case of 2] -SRS, this peak is additionally
shifted down in energy by E; =0.082 MeV [48] for

154Sm. Since this shift is smaller than the beam bandwidths,
the two signals overlap and cannot be energy resolved in
the individual spectra. However, when exciting the J* = 1~
IVGDR of even-even nuclei with a linearly polarized
photon beam, and assuming a pure electric dipole decay
to the 21+ state, the angular distributions

WS

0t —>1"-0"

0,¢) = % (1 + cos?0 —sin®fcos2¢) (1)

and

W(()Zf__)sllfs_zy 0,¢) = % (13 + cos?d — sin’fcos 2¢)  (2)
of these scattering processes [49-52] differ significantly at
6 = 90°. Hence, the scattering intensities can be extracted
from the observed azimuthal asymmetries of the doublet
peaks. The detector response R, due mostly to escape
peaks and the Compton continuum, was taken into account
in the analysis, since it dominates the spectra. Simulations
of the responses were performed using GEANT4 [53-56],
taking into account the full experimental setup and the
theoretical angular distributions of the observed radiations.
For the analysis of the spectra, first the overall expected
radiation was modeled as a sum of two asymmetric
Gaussian peaks of the same shape P(E), but different
intensities / and shifted by 0.082 MeV with respect to each
other on a small background . By convolving each part of
this model with its corresponding simulated detector
response, which includes the angular distribution effects
and detector efficiencies, a fit spectrum

SUE) = I / Rgr( "E)P(E' + E,+)dE'
+ Igs / Ri(E',E)P(E')dE
+ / RE4(E', E)B(E')dE' (3)

is obtained for every detector d. By simultaneously fitting
Eq. (3) to all eight observed spectra in a global Bayesian
inference Markov chain Monte Carlo approach [57-60], the
intensities 7, of ES and 2] -SRS on the *Sm IVGDR were
extracted from the azimuthal asymmetries and, therefore,
also the branching ratio o, /ogs = I+ /Igs. Figure 1 pre-
sents the observed '>*Sm IVGDR y-decay spectra of the
¢ €{180°,90°} LaBr; detectors at Ege,m € {12.59 MeV,
16.16 MeV} along with the fitted spectra for the determi-
nation of the transitions’ intensities. The reliability of the
method was confirmed through the analysis of calibration
spectra taken with linearly and circularly polarized y beams
on '“Ce at every beam energy, on '°C at 15.35 MeV, and on
28Si at 11.37 MeV. '°C and ?Si each caused one well-
defined NRF peak from strong isolated J” = 1% resonances
[61,62], while for 4°Ce the ES on the IVGDR is well
isolated, due to the high excitation energy of its first excited
state at E21+ = 1.6 MeV [63]. Finally, absolute photon
scattering cross sections ogg and oy Were determined,
as well. This was achieved through simultaneous irradi-
ation of thin '°’Au and "CeO, targets by the y beam during
the experiment and subsequent determination of their
activation, due to (y,n) reactions, which enabled the
calibration of the photon fluxes relative to the known
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FIG. 1. Histograms (black) of the '*Sm IVGDR y decay at

12.59 MeV (left) and 16.16 MeV (right) excitation energy
measured by LaBr; detectors in (top) and perpendicular to
(bottom) the beam polarization plane along with the fitted spectra
(green). The three components (“Deconvolved”) of the fit before
convolution with the detector responses are shown as well, scaled
to the full energy peak efficiencies of the detectors, i.e., as
responseless detectors would have measured them.

Y9Au(y,n)'®Au and '¥°Ce(y,n)'*Ce cross sections
[64,65]. Table I provides our primary results.

The Oy /ogs y-decay branching ratios were interpreted
through scattermg theory using the geometrical model of
the IVGDR. Since NRF on the IVGDR to the 0] state is
indistinguishable from Thomson scattering (ES of photons
off the nucleus as a whole), these processes interfere with
each other [34-36]. Hence, the total ES cross section is

8
S fivaor (E) + f1P. 4)

where the f, € C are the forward (0 = 0) IVGDR 0] NRF
and Thomson scattering amplitudes, respectively. As both
scattering processes share the angular distribution of
Eq. (1), this was factored out and integrated over the
full solid angle. The Thomson amplitude f1=
~Z7%e?/(4meyMc?) for forward scattering on a nucleus

UES(E) =

TABLE 1. Results of the spectra analysis of '3Sm. Ep..m
denotes the centroid energy of the y beam with which the IVGDR
was photoexcited and FWHM its full width at half maximum.

Epeam FWHM OFs o2
(MeV) (MeV) 02+ /s (mb) (mb)
1137(1)  033(1)  0978(23)  0.70(7)  0.69(7)
1259(1)  0273)  1.017(15)  14909)  1.52(9)
14.27(1) 0.28(1) 0.878(17) 1.61(9) 1.41(8)
15.35(1) 0.34(1) 0.436(34) 2.80(17) 1.22(10)
16.16(1) 0.32(1) 0.2550(43) 3.01(18) 0.77(5)
17.79(1) 0.41(1) 0.0964(32) 2.24(20) 0.216(21)

of charge Ze and mass M is well-known, real, and energy
independent [34], while the IVGDR 0; NRF amplitude
fivepr (E) can be obtained from its total photoabsorption
cross section o, (E) using the optical theorem and the
dispersion relations [66] as

E? © G5 (€) .Eca(E)
E) = abs\€ abs
fIVGDR( ) 27‘[2716‘7)/) €2 _ E2d + Arhc (5)
Z O'OkE Fk EZ) + lEFk (6)
B 4rhe E E2) + ET?
3
= Z Jivepr, (E (7)
k=1

where P f denotes the Cauchy principal value integral and
the standard Lorentzian (SLO) parametrization of the
IVGDR'’s photoabsorption cross section

3 212
O'OkE F
Gabi Z E2F2 (8)
1

was used in the last step [34-36]. The sum runs over the
three axes of the nuclear “quadrupoloid” along which the
IVGDR can oscillate with the SLO parameters Ey;, ooy,
and I';; i.e., the centroid energy, the peak photoabsorption
cross section, and the FWHM of the respective resonances.
Naturally, the nuclear axes can be degenerate (axially
symmetric or spherical nuclei), making the SLO parameters
possibly degenerate as well. For the cross section of SRS
[67] of the IVGDR to the 2] state,

4r &
02* ) Z |f1vapr, (E
k,I=1

— fiveor, (E) > 9

is obtained [34,35,68] in the geometrical model with three
orthogonal oscillators, where the fiygpg, (E) are the
summands in Eq. (6). We stress that Eq. (9) assumes the
2| state to be the pure rotational excitation of the ground
state. Furthermore, we note that the corresponding
Alaga rule [69] for the 6+ /ogs branching ratio is recovered

from Egs. (4) and (9) when an axially symmetric nucleus
with isolated K =0 and K =1 resonances, i.e., ['x <«
|Ex— _ol|, 1s considered and Thomson scattering is
neglected. To test in detail this modeling of the IVGDR as
an isovector oscillation of a quadrupoloid with respect to its
three intrinsic major axes, a simultaneous Bayesian infer-
ence fit [57-60] was performed of the nine SLO parameters
to both the new oyt /ogs y-decay data and the existing

photoneutron data for 13*Sm [70]. The latter were corrected
for the photon-emission channel to obtain o, photo-
absorption data for fitting. For comparison, a similar fit
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FIG. 2. Simultaneous fit (solid blue) of the SLO parameters of
the '**Sm IVGDR to both its o, /ogs y-decay behavior (top, data
from this Letter) and its o, photoabsorption cross section
(middle, data from Ref. [70]) and fit (dotted red) just to the
latter with 1o uncertainty bands. The ES cross section (bottom,
data from this Letter) is not explicitly fitted.

only on this photoabsorption data was also carried out. The
fits are shown in Fig. 2. While both can reproduce the
photoabsorption data, and the ES cross section which was
not fitted explicitly, fitting the SLO parameters only to the
literature o,,, photoabsorption cross section gives a non-
satisfactory description of the Oy /ogs y-decay data. A

better description is obtained when also fitting to the
present data. This demonstrates the high sensitivity of the
y decay to small differences among the SLO parameters—
details that cannot be obtained from the photoabsorption
data alone. Note that this statement also holds when fitting
an axially symmetric nuclear shape instead with identical
SLO parameters for the second and third IVGDR
Lorentzians. Since the simultaneous fit reproduces both
datasets, o,,, and oy /ogs, the present data confirm the
applicability of the geometrical model of the IVGDR even
for its y decay. The fitted SLO parameters are given in
Table II.

Within the geometrical model, the resonance energy of a
IVGDR oscillation is directly related to the length of the

TABLEII. SLO parameters of the '>*Sm IVGDR obtained from
the simultaneous fit to its 0y /ogs (this Letter) and o, (Ref. [70])

datasets. See text for details.

k EOk (MeV) Fk (MeV) OO0k (Inb)
1 12.384(30) 3.305(84) 199.3(25)
2 15.905(74) 4.24(20) 108.9(60)
3 16.395(87) 5.95(32) 103.6(56)

nuclear axes R; along which it takes place [6,28]; i.e.,

1 1
Ri(B.7) = 1+ \/%ﬂcos [y—%”(k— 1)}

where f and y are the nuclear deformation parameters
[71,72]. Hence, the fit of Fig. 2 also yields information on
the nuclear shape of **Sm and, in particular, provides
constraints on its nuclear triaxiality from the energy
splitting of its second and third IVGDR Lorentzians. By
reparametrizing the E; values in the fit through the nuclear
deformation parameters according to Eq. (10), posterior
distributions of the '3*Sm quadrupole deformation param-
eter # and its triaxiality angle y are obtained through both
fits. These can be found in Fig. 3. Fitting the previously
known photoabsorption data only results in a rather flat,
featureless posterior distribution for the y deformation with
a 99.7% credible upper limit of 28.6°. The fit performed
while considering in addition the new p-decay data,
however, yields an almost Gaussian distribution centered
around 5° with a significantly lower 99.7% credible upper
limit of 8.3°. Similarly, for the f deformation, both
posteriors agree overall, but taking into account the y-
decay behavior yields a more constrained distribution with
a slightly shifted median. Taking the median and shortest
68.3% credible intervals, f = 0.2925(25) and y = 5.0(15)°
are obtained from the simultaneous fit. These results match
well with the most-recent state-of-the-art configuration
interaction calculations in the Monte Carlo shell model,
which predict =~ 0.28 and y = 3.7° for the ground-state
deformation of '34Sm [73,74]. The present f value dis-
agrees by 16% with the value f, = 0.3404(17) obtained
from the B(E2;0] — 2]) =4.345(44) ¢*b* transition
strength in the compilation of Ref. [75]. However, this
discrepancy originates from the sole usage of the leading
order of the B(E2)-to-f? relation and from assuming the
solid-angle mean nuclear radius R, to be 1.2 fm x A!/3
without uncertainty. Using instead the full relation [76,77]

EOk X ’ (10)

—

W

(=]
T

4
(=]
T—

Probability density
S
T

} ..................

1 1 L 1 L 1 L L
0 0.28 0.29 0.30 0'00° 5° 10° 15°  20°
Quadrupole deformation S Triaxiality angle y
Medians & shortest — Fit to ouns & 02t/0Es -+ Fit to oaps only

68.3% credible intervals

FIG. 3. Posterior distributions for the quadrupole deformation
parameter 8 and the triaxiality angle y of '*Sm obtained from its
fitted IVGDR resonance energies E, for both fits shown in
Fig. 2. The uncertainty bars illustrate the medians and shortest
68.3% credible intervals of the respective posterior distributions.

022503-4



PHYSICAL REVIEW LETTERS 134, 022503 (2025)

TABLE III.  '3*Sm deformation parameters  and y obtained
from different approaches and observables. See text for details.
Approach and observables p y ()
IVGDR o [70] and o+ /OEs 0.2925(25) 5.0(15)
(this Letter)
B(E2;0{ — 2{) [75] 0.3067(17)
and \/(R3) [79]
B(E2;0{ — 2{) leading order 0.3404(17)
only [75]
Q(27) [48] and \/(R3) [79] 0.304(6)
Monte Carlo shell model [73,74] ~0.28 ~3.7

2
B(E2;0{ = 2) = [f—”ZeR% <ﬂ+%\/§ﬁ2>} (11)

and Ry = 1/5/3+/(r?) for the mean nuclear radius [78],
with /(r?*) =5.126(8) fm being the root-mean-square
charge radius measured in elastic electron scattering on
134Sm  [79], p=0.3067(17) is obtained from the
B(E2;0{ — 2{) strength [75]. This § value agrees with
the result of the IVGDR fit within 5%. Similarly [76,77],
S =0.304(6) is obtained from the spectroscopic quadru-
pole moment Q(2]) = —1.87(4) b of the 2] state of 1**Sm
of Ref. [48]. This in turn matches with the result of the
IVGDR fit. Table III compares the deformation parameters
obtained from the different observables and approaches.
The remaining small discrepancy may be due to some of
the assumptions in the various approaches not being
entirely fulfilled. For example, '*Sm may not be exactly
rigid, as inferred from, e.g., the confined fS-soft rotor model
[80,81], where, due to the finite width of the potential well
in f3, the wave functions extracted from E2 properties have
fluctuations. The latter result in larger £2 matrix elements
and, hence, larger effective f values than under a rigid rotor
assumption. In addition, due to pairing, the physical ground
state might be energetically lower than assumed in the
geometrical model of the IVGDR. This would result in an
underestimation of f in the IVGDR fit. It should be
emphasized that the latter would not have a significant
effect on the determination of the triaxiality. Considering
the overall good agreement of the f# deformation parameters
obtained from the B(E2;0] — 2]) strength, the Q(27)
moment, and the IVGDR y decay, the high sensitivity of the
latter to the nuclear shape is validated. In particular, a
noteworthy sensitivity to the triaxiality degree of freedom is
achieved, with a small value of y = 5.0(15)° for '>*Sm. This
finding contributes to the contemporary debate on nuclear
triaxial shapes [72,74,82—87].

While this is the first measurement of the evolution of the
27-SRS to ES branching ratio of the IVGDR for a
deformed nucleus as a function of energy, it is of interest
to investigate this quantity in other nuclei such as

166Er [74], %Dy [73], and '880s [88], where triaxialities
y > 7° are predicted. Likewise, the y-decay behavior of the
IVGDRs of '"2Sm and ''Nd would merit further experi-
ments due to proximity of these nuclei to the spherical-to-
deformed shape phase transition [89-91], which is expected
to be accompanied by an increased softness in f deforma-
tion. The IVGDR’s photoabsorption data for these nuclei
and, therefore, the splitting of their IVGDRs have been
disputed recently [92]. The y decay of the IVGDR is a yet
untapped observable highly sensitive both to the structure of
the IVGDR and to the nuclear ground state from which it is
photoexcited. Thus, new measurements would provide
further insights in these cases. Moreover, measurement of
the y decay of the IVGDR in spherical nuclei will constrain
state-of-the-art nuclear theory [93].

In summary, NRF experiments on the IVGDR of the
deformed nucleus '3*Sm were performed at HIyS to study
the properties associated with its y decay. The measured
Oy /ogs ratios are described well with the macroscopic

model of the IVGDR. This result validates the power of this
model and establishes y decay as a novel observable
sensitive to the structure of the IVGDR. Further investiga-
tions with this technique have the potential of providing
constraints on nuclear shape parameters, especially on the
triaxiality parameter, for nuclei throughout the nuclear chart.
They can also provide further insights in instances where the
structure of the IVGDR itself is controversial [92].
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