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Spin and parity assignments for low-lying states in the odd-mass nucleus 181Ta
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Low-lying levels in the odd-mass nucleus 181Ta have been populated via nuclear resonance fluorescence using
a quasimonoenergetic, linearly polarized photon beam at the High Intensity γ -ray Source (HIγ S) facility at
Duke University. The spin and parity of the levels were determined from the azimuthal intensity asymmetry of
resonantly scattered γ rays with respect to the polarization plane of the incident photon beam. The electric and
magnetic dipole strengths were obtained for excitation energies from 2.2 to 3.2 MeV. The results are discussed
in terms of the nuclear scissors mode.
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I. INTRODUCTION

The scissors mode is a collective, orbital magnetic dipole
(M1) excitation of deformed nuclei in which protons and
neutrons oscillate against each other in a scissors-like fash-
ion [1]. It is identified in well-deformed even-even nuclei by
a relatively strong M1 excitation from the ground state to
excited states with spin and parity of Jπ = 1+ and intrinsic-
projection quantum number of K = 1. Since the discovery of
the scissors mode in high-resolution inelastic electron scatter-
ing experiments [2], a large number of experimental data have
been collected for rare-earth nuclei using nuclear resonance
fluorescence (NRF) experiments [3,4], the Oslo method [5],
and radiative neutron capture [6,7].

The systematics of the scissors mode in even-even nuclei is
understood by using quadrupole deformation parameters [8,9]
and has been extended to γ -soft nuclei [10,11]. The propor-
tionality of the scissors mode strength to the square of the
deformation parameter is understood by analysis based on a
phenomenological sum-rule approach [12–14]. Theoretically,
the existence of the scissors mode, an isovector M1 collective
vibrational mode in deformed nuclei, has been predicted in the
context of the two-rotor model [15] and the proton-neutron
interacting boson model (IBM) [16].

Investigations of odd-mass nuclei have extended the sys-
tematics of the scissors mode. Since the first observation
in 163Dy [17] a variety of M1 strength distributions in nu-
clei around the rare-earth region have been obtained for
151,153Eu [18], 155,157Gd [19,20], 159Tb [19], 161Dy[20], 165Ho
[18,21,22], 167Er [23], 169Tm [21,22], 175Lu [24], and 181Ta
[25,26] by the NRF technique and for 149Sm [27], 167Er [28],
171Yb [29], and 181Ta [30] by the Oslo method.

The interpretation of dipole transitions observed in NRF
experiments requires information on their polarity [either M1
or electric dipole (E1)]. In recent decades it has been shown
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that a quasimonochromatic, linearly polarized photon beam
produced by laser Compton scattering (LCS) considerably in-
creases the experimental sensitivity, particularly to the parity
quantum number of resonantly excited levels in even-even
nuclei [31,32]. For odd-mass nuclei with nonzero ground-state
spin, the modulation of the angular correlation function of
NRF γ rays, which is essential for the measurement of parities
using polarized photon beams, is much less pronounced than
in even-even nuclei. Even in such a case, it was also demon-
strated that spins and parities of excited states in odd-mass
87Rb [33] and 207Pb [34,35] could be determined with the help
of polarized LCS photon beams. In the present study we apply
a similar technique to odd-mass 181Ta.

Previously, low-lying dipole strength distribution in 181Ta
was measured in an NRF experiment using bremsstrahlung
[25]. While 37 levels are observed in the energy range be-
tween 1.8 and 3.4 MeV, their spins and parities remain to
be unrevealed. In this paper, we report the results of an NRF
measurement on 181Ta using a quasimonochromatic, linearly
polarized LCS photon beam.

II. EXPERIMENTAL PROCEDURE

The present NRF measurement was performed at the High
Intensity γ -ray Source (HIγ S) facility at the Free-Electron
Laser Laboratory, Duke University in Durham, NC, USA
[36]. Levels in 181Ta were excited via NRF using a high-flux
(≈7 × 107 γ /s) quasimonoenergetic, linearly polarized pho-
ton beam. The polarization plane formed by the propagation
direction of the electric vector was fixed horizontally. The
beam irradiated a natural Ta target with a thickness of 4 mm
and a diameter of 25.4 mm, placed inside an evacuated plastic
tube to reduce the background counts due to scattering of the
incident photons by air. An 27Al target (25 mm thickness with
a diameter of 32 mm) was also used for strength normalization
of NRF γ rays of 181Ta. The centroid energies of the incident
photon beam were adjusted to 2.30, 2.45, 2.70, 2.85, and
3.05 MeV for the 181Ta measurement and 3.00 MeV for the
27Al measurement. The NRF γ rays were detected with four

2469-9985/2024/109(5)/054320(8) 054320-1 ©2024 American Physical Society

https://orcid.org/0000-0003-0134-3550
https://orcid.org/0000-0001-9668-7545
https://orcid.org/0000-0002-0383-9851
https://orcid.org/0000-0001-8741-8968
https://ror.org/05mzhke23
https://ror.org/05nf86y53
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.109.054320&domain=pdf&date_stamp=2024-05-20
https://doi.org/10.1103/PhysRevC.109.054320


SHIZUMA, OMER, HAJIMA, AND KOIZUMI PHYSICAL REVIEW C 109, 054320 (2024)

FIG. 1. Typical γ -ray spectra generated by a photon beam strik-
ing a 181Ta target with a centroid energy of 3.05 MeV. The top
(bottom) spectrum indicates photon scattering in parallel (perpendic-
ular) to the polarization plane of the incident beam. The ground-state
transitions and branching transitions, if observed, are shown with
arrows and asterisks, respectively. The beam profile is overlaid (not
to scale) as a dashed line in the lower panel.

high-purity germanium (HPGe) detectors with 55% and 60%
detection efficiencies relative to the NaI scintillator detector
(3 in. × 3 in.). These HPGe detectors were positioned at a
scattering angle θ = 90◦ relative to the beam with azimuthal
angles of φ = 0◦, 90◦ 180◦, and 270◦ relative to the polar-
ization plane of the incident photon beam, such that two of
the detectors were placed horizontally and the other two verti-
cally. Note that φ = 0◦ (90◦) is equivalent to φ = 180◦ (270◦)
for the present detector geometry. The distance from the cen-
ter of the target to the detectors was 15 cm. Lead and copper
absorbers with thicknesses of 6 and 3 mm, respectively, were
placed in front of the HPGe detectors to reduce the intensity
of low energy photons hitting the detector. The energy and
efficiency calibrations of the Ge detectors were carried out
using a 56Co standard source.

The photon beam was collimated by a lead collimator with
a length of 20 cm and a cylindrical hole with a diameter of
2.2 cm. The energy distribution of the incident photon beam
was measured with an HPGe detector placed in the beam
periodically during the experiment. The beam flux was re-
duced during these measurements by inserting Cu attenuators
into the beam further upstream. The relative efficiency of this
HPGe detector was 123%. This HPGe detector was also used
to monitor the beam flux by measuring the Compton scattering
at about 13◦ off of a 1-mm-thick Cu plate. Typical photon
scattering spectra of γ rays observed at (θ, π ) = (90◦, 0◦)
and (90◦, 90◦) using the photon beam with a centroid en-
ergy of 3.050 MeV are shown in Figs. 1(a) and 1(b). An

energy distribution of the photon beam corrected for detector
response is also presented in Fig. 1(b). The energy width was
approximately 4% in average. The details of the method are
described in Ref. [37].

III. RESULTS

In photon scattering measurements, the energy-integrated
scattering cross section Is of a state at the excitation energy Ex

can be deduced from the measured intensities of the respective
transitions to the ground state [3]. In the present study, it was
determined with respect to the known integrated scattering
cross section I ′

s of the state at 2982 keV in 27Al (superscript ′
denotes the case for the 2982-keV transition):

Is = I ′
s

Iγ
I ′
γ

W ′�′N ′
t λ

′
tt

W �Ntλtt
. (1)

Here, Iγ and I ′
γ denote the efficiency-corrected intensities of a

ground-state transition in 181Ta and of the 2982-keV transition
in 27Al, respectively, obtained using summed spectra of γ

rays emitted in parallel and perpendicularly to the polarization
plane. W and W ′ are the angular distribution functions for
these transitions at θ = 90◦ for an unpolarized photon beam.
� and �′ are the photon fluxes at the energy of the considered
level in 181Ta and at 2982 keV for 27Al. Nt and N ′

t represent
the numbers of 181Ta and 27Al target nuclei per unit area. The
quantities λtt and λ′

tt are the correction factors of the atomic
and nuclear self-absorption for the levels in 181Ta and 27Al.
We used the integrated cross section of I ′

s = 31.9(7) eV b for
the 2982-keV transition in 27Al [38]. The determination of the
integrated cross section relative to that of 2982-keV transition
has an advantage that the efficiencies of the detectors and the
photon flux are needed in relative units only.

The correction factor λtt can be numerically calculated
by accounting for resonance width and thermal broadening
through the following equations [39]:

λtt =
∫

λσscdE∫
σscdE

, (2)

λ = 1 − exp{−[σabs + σe(1 + 1/cosθ )]Nt }
[σabs + σe(1 + 1/cosθ )]Nt

, (3)

where σsc and σabs are the thermally broadened resonance
cross sections for scattering and absorption (see Ref. [39] for
details) and σe is the atomic scattering cross section [40].
Equation (3) represents the thick target correction for the
resonance shape and must be integrated over the energy E to
obtain the scalar value λtt as shown in Eq. (2).

The integrated scattering cross section Is is related to the
total decay width 	 and the partial decay width 	0 to the
ground state according to

Is =
(

π h̄c

Ex

)2 g	2
0

	
, (4)

where g is a spin factor defined as (2Jx + 1)/(2J0 + 1) with
J0 and Jx being the spins of the ground state and the excited
state.

In the present study, spins and parities Jπ of resonantly
excited states are determined based on azimuthal asymmetry
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of angular distribution function of scattering γ rays. The an-
gular distribution function of a γ2 ray deexciting a level with
angular momentum J1 to a level J2 via a mixed transition of
type (L2, L′

2), where L′
2 = L2 + 1, relative to an absorbed po-

larized γ1 ray exciting the level J1 from a level J0 via a mixed
transition of type (L1, L′

1), where L′
1 = L1 + 1, is given by

W (θ, φ) =
even∑
ν=0

Bν ( �γ1)Aν (γ2)Pν (cosθ ) + (±)L1 cos(2φ)

×
even∑
ν=2

B′
ν ( �γ1)Aν (γ2)P(2)

ν (cosθ ), (5)

where Pν (cosθ ) and P(2)
ν (cosθ ) are Legendre polynomials and

unnormalized associated Legendre polynomials, respectively
[3,4,41,42]. The first term of the right-hand side of the equa-
tion is the angular distribution function for an unpolarized
γ1 ray. The factors (±)L1 are +1 (−1) if L1 is of electric
(magnetic) character. The expansion coefficients Aν , Bν , and
B′

ν are given by the phase convention of Krane, Steffen, and
Wheeler in Ref. [43]. Equation (5) includes multipole mixing
ratios δ1 and δ2 for the γ1- and γ2-ray transitions, respectively.
For the case of elastic scattering, the levels J0 and J2 are
identical to each other so that L1 = L2 and |δ1| = |δ2|.

Considering dipole excitation of the ground state of 181Ta
with Jπ

0 = 7/2+, spins and parities of resonantly excited states
could only be Jπ = 5/2±, 7/2±, or 9/2±. The angular distri-
bution function for dipole radiation with δ = 0, which may
be a reasonable assumption for dipole transitions observed in
NRF measurements, can be reduced to

W (θ, φ) = W (θ ) ± C1(1 − cos2θ )cos2φ, (6)

where W (θ )(= C1cos2θ + C2) is the angular correlation
function for an unpolarized photon beam. C1 and C2 are coef-
ficients determined by Aν , Bν , and B′

ν . Here, the plus (minus)
sign corresponds to M1 (E1) transitions.

Using the azimuthal angular distributions at (θ, φ) =
(90◦, 0◦) and (90◦, 90◦), the azimuthal intensity asymmetry
� is defined in Ref. [31] as

� = W (90◦, 0◦) − W (90◦, 90◦)

W (90◦, 0◦) + W (90◦, 90◦)
. (7)

W (90◦, 0◦) and W (90◦, 90◦) are obtained as C2 ± C1 and C2 ∓
C1, respectively, from Eq. (6). Substituting these azimuthal
angular distributions into Eq. (7), � becomes ±C1/C2. The
expected values of C1, C2, and � for 7/2+ → 5/2±, 7/2±, or
9/2± → 7/2+ photon scattering cascades are summarized in
Table I.

The corresponding intensity asymmetry A of the observed
NRF γ rays is given by

A = N‖ − N⊥
N‖ + N⊥

= q�, (8)

where N‖ (N⊥) represents the measured intensity of NRF γ

rays detected at θ = 90◦ in a plane parallel (perpendicular)
to the polarization plane of incident photons. Here, q is the
experimental sensitivity, which is less than unity because of
the finite solid angle of the HPGe detectors and the spatially
extended target. In the present case, q is estimated to be

TABLE I. C1 and C2 values and azimuthal intensity asymmetries
� deduced for the 7/2+ → 5/2±, 7/2±, or 9/2± → 7/2+ photon
scattering cascades with the assumption of δ1 = δ2 = 0 for angular
distribution function.

Jπ of resonant statesa C1 C2 �a

5/2± 3
112

111
112 ±0.027

7/2± 6
21

19
21 ±0.32

9/2± 33
240

229
240 ±0.14

a± signs in the first and fourth columns correspond to each other in
the same order.

approximately 0.98 by the numerical simulation assuming
that the degree of polarization of the incident photon beam
is nearly 100%.

The present experimental results are summarized in
Table II. We observed 46 resonant states at excitation energies
between 2.2 and 3.2 MeV. Spins and parities for these states
were assigned by comparison of the measured and calculated
azimuthal intensity asymmetries by taking a confidence in-
terval of ±1σ in Fig. 2. A comparison of the g	0 values
obtained in the present experiment with those from previous
work [25] is also shown in Table II and Fig. 3. At lower
excitation energies the present results are in good agreement
with those previously reported. However, the strength of the
3080-keV transition is about 20% of the value from the pre-
vious work. This would be in part due to doublet nature of
the 3080-keV transition with the 3083-keV transition. The
summed strength of these transitions amounts to about 70% of
the previous value. The present g	0 values are systematically
smaller for higher excitation energies. Considering the higher
bremsstrahlung endpoint energy of 4.1 MeV used in the pre-
vious measurement [25], this is likely due to the results of
feeding from higher-lying levels. Similar effects are observed

FIG. 2. Azimuthal intensity asymmetry A obtained for the tran-
sitions of 181Ta. The horizontal dashed lines indicate the calculated
asymmetry for transitions from Jπ = 5/2±, 7/2±, or 9/2± resonant
states, obtained with the assumption of δ1 = δ2 = 0 for the angular
distribution function.
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TABLE II. Excitation energies Ex , azimuthal intensity asymmetry A, spins and parities Jπ , g	0 values, branching ratios to the ground state
	0/	, and reduced transition probabilities B(E1)↑ and B(M1)↑ obtained in the present work. g	0 values reported in previous work are listed
for comparison.

Ex g	0
b B(E1)↑ B(M1)↑ g	0

c

(keV) A Jπ a (meV) 	0/	 (×10−3 e2fm2) (×10−3 µ2
N ) (meV)

2239.1(2) 0.27(5) 7/2+ 3.23(27) 1.0 24.9(21) 2.81(64)
2252.9(3) 0.13(4) 9/2+ 4.9(4) 1.0 37.2(27) 3.81(71)
2272.0(2) 0.16(4) 9/2+ 3.36(24) 1.0 24.8(18) 4.86(79)
2289.9(3) −0.17(4) 9/2− 2.32(17) 1.0 0.185(14) 4.43(75)
2297.6(1) −0.30(1) 7/2− 36.3(23) 0.84(1) 2.86(18) 39.00(391)
2399.6(5) 0.12(5) 9/2+ 9.3(8) 0.38(2) 58(5) 7.65(118)
2419.4(3) 0.14(4) 9/2+ 4.9(4) 0.68(2) 30.0(23) 5.28(96)
2449.2(2) 0.28(2) (7/2+) 11.8(8) 0.76(1) 69(5) 11.95(153)
2472.0(4) 0.02(5) 5/2 1.97(15) 1.0 0.124(10) 11.3(9)
2494.7(3) 0.09(6) 9/2+ 2.17(18) 1.0 12.1(10)
2519.6(3) −0.36(7) 7/2− 2.18(22) 1.0 0.130(13) 3.96(71)
2760.7(3) 0.34(7) 7/2+ 4.4(4) 1.0 18.0(18) 3.25(70)
2800(1) −0.15(7) 9/2− 2.40(23) 1.0 0.104(10) 2.18(64)
2807.3(3) −0.32(3) 7/2− 11.9(9) 0.77(1) 0.52(4) 7.71(108)
2812.7(3) −0.33(4) 7/2− 7.3(5) 1.0 0.312(23) 6.32(95)
2834.2(4) 0.02(4) 5/2+ 3.84(29) 1.0 14.6(11) 5.21(87)
2845.6(4) −0.19(5) 9/2− 2.77(22) 1.0 0.115(9) 3.31(73)
2859.9(9) −0.34(8) 7/2− 1.17(12) 1.0 0.048(5)
2893.0(5) 0.04(7) 5/2 1.85(18) 1.0 0.073(7) 6.6(6) 3.66(77)
2897.5(4) 0.01(7) 5/2 2.23(21) 1.0 0.088(8) 7.9(7) 6.86(100)
2928.0(4) 0.30(12) 7/2+ 1.48(21) 1.0 5.1(7) 3.35(75)
2942.9(5) −0.48(9) (7/2−) 4.2(5) 1.0 0.157(19)
2946.0(9) −0.13(10) 9/2− 4.45(53) 1.0 0.166(20)
2957.2(7) −0.56(8) (7/2−) 4.52(51) 1.0 0.167(19)
2966.1(3) −0.36(7) 7/2− 5.5(5) 1.0 0.200(20) 6.92(96)
2972.7(6) −0.32(7) 7/2− 5.1(5) 1.0 0.185(18)
2983.4(4) 0.26(6) 7/2+ 5.7(5) 1.0 18.7(16)
2994.3(4) 0.34(8) 7/2+ 2.56(27) 1.0 8.2(9)
3002(1) 0.07(8) 5/2+,9/2+ 2.27(23) 1.0 7.3(7)
3016.2(6) −0.16(6) 9/2− 3.00(27) 1.0 0.105(9) 3.17(73)
3023.5(2) −0.30(3) 7/2− 10.2(8) 0.79(1) 0.352(26) 11.06(134)
3029.2(2) −0.43(5) (7/2−) 6.6(5) 1.0 0.225(17) 9.7(123)
3035.4(2) −0.30(3) 7/2− 9.9(7) 0.88(1) 0.339(25) 13.79(155)
3055.1(5) 0.26(7) 7/2+ 4.0(4) 0.53(3) 12.1(13) 6.55(113)
3065.6(5) −0.26(5) 7/2− 7.1(6) 0.56(2) 0.234(19) 7.04(110)
3075.3(9) −0.40(6) (7/2−) 3.2(3) 0.81(2) 0.104(10) 8.49(137)
3080.3(5) −0.34(5) 7/2− 4.8(4) 1.0 0.158(13) 22.21(235)
3083.1(4) 0.27(3) (7/2+) 10.9(8) 1.0 32.1(23)
3087.8(4) −0.07(5) 5/2− 4.8(4) 1.0 0.154(12) 5.87(94)
3093.5(8) −0.30(9) 7/2− 1.79(20) 1.0 0.058(6) 3.63(78)
3107.0(8) −0.27(8) 7/2− 4.0(5) 0.68(3) 0.127(14) 12.17(155)
3117.5(6) 0.27(9) 7/2+ 2.8(3) 1.0 8.0(9)
3127.9(5) −0.35(9) 7/2− 2.9(4) 1.0 0.091(11)
3132.4(4) 0.36(9) 7/2+ 3.8(4) 1.0 10.6(12)
3139.9(4) −0.32(11) 7/2− 2.9(4) 1.0 0.089(12)
3149.5(6) −0.07(10) 5/2, 9/2− 5.4(6) 1.0 0.164(19) 14.9(17)

aThe assignments are based on comparison of the measured and calculated azimuthal intensity asymmetries by taking a confidence interval
of ±1σ . When the data points did not overlap with the expectations within the ±1σ limit, we assigned the spin and parity for which the
expectation value is closest to the data and listed them with parentheses (see Fig. 2).
bThis work.
cTaken from Ref. [25].
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FIG. 3. Comparison of the g	0 values obtained in the present
experiment (gray bars) with those from Wolpert et al. [25] (white
bars). The 3080- and 3083-keV transitions are possibly a doublet
(see text for details).

in 90Zr, where levels in the range of Ex ≈ 4 to 6 MeV are
mainly fed by levels above Ex ≈ 6 MeV [44].

Three transitions were observed above 3.3 MeV in the
previous experiment [25]. However, in the energy range
between 3.4 and 4.0 MeV no dipole transition is reported.
This is in contrast to the results for 180Hf, showing 21 levels
observed in the same energy range [45]. The reason for this
difference probably is an increased strength fragmentation
leading to smaller strengths of the individual transitions in
odd-mass nuclei.

IV. DISCUSSION

The largest strength is carried by a ground-state transition
from the 2298-keV state with g	0 = 36.3(23) meV as shown
in Fig. 3, corresponding to Is = 22.2(14) eV b. It takes about
23% of the total dipole transition strength observed in the
present NRF measurement. Other transitions are relatively
weak, less than ≈1/4, compared to this transition.

The reduced transition probabilities B(E1)↑ and B(M1)↑
can be extracted from g	0 using the following relationships:

B(E1)↑ = 0.955
g	0

E3
γ

× 10−3 e2fm2, (9)

B(M1)↑ = 0.0866
g	0

E3
γ

μ2
N , (10)

where 	0 and Eγ are given in units of meV and MeV, re-
spectively. The deduced E1 and M1 excitation probabilities
are summarized in Table II. From the present work, the to-
tal E1 and M1 strengths at excitation energies from 2.2 to
3.2 MeV were obtained as �B(E1)↑2.2–3.2MeV = 7.63(20) ×
10−3 e2fm2 and �B(M1)↑2.2–3.2MeV = 0.432(9) µ2

N , respec-
tively. Here, the strengths for the unknown parity states at
2472, 2893, 2897, and 3149 keV are included in both the
total E1 and M1 strengths. Therefore, the above total strengths
indicate upper limits obtained from the present measurement.
The uncertainties of the total E1 and M1 strengths were cal-
culated by adding those of each strength in quadrature.

FIG. 4. B(E1)↑ values deduced from the present NRF experi-
ment are shown in the upper panel (a). If the parity of the resonant
state is known (unknown) from the azimuthal intensity asymmetry
measurement, the data are plotted with solid (open) bars. In the lower
panel (b), B(E1)↑ values for 
K = 0 (unknown 
K) transitions
found in 180Hf [45] are plotted with solid (open) bars. Spin-1 states
with K = 0 in even-even nuclei have most probably a negative parity
(see text).

Outside of the above energy range, seven transitions
are reported without multipolarity assignments [25]. As-
suming that all these transitions are E1 (M1), we added
their strengths to the present total E1 (M1) strength. Then,
we obtained �B(E1)↑1.8–3.41MeV = 10.21(27) × 10−3 e2fm2

or �B(M1)↑1.8–3.41MeV = 0.664(19) μ2
N at the energy range

from 1.8 to 3.41 MeV as upper limits. The strength attributed
to the M1 excitation is about 40% of the total dipole strength
obtained here, which is comparable to those known for the
neighboring even-even W and Hf nuclei.

In Figs. 4 and 5, the E1 and M1 excitation probabilities
are compared with the results from the previous study on the
isotone 180Hf [45]. Note that for 180Hf the parity assignments
are based on the Alaga rule [46] which predicts that negative-
parity (positive-parity) states with J = 1 in axially symmetric
even-even nuclei mostly decay with 
K = 0 (1) [45,47].

The 2298-keV transition having the largest dipole strength
observed in the present NRF measurement is assigned E1
multipolarity. Its E1 strength equals to B(E1)↑ = 2.86(18) ×
10−3 e2fm2, which can be compared to one that obtained for
180Hf, B(E1)↑ = 2.78(39) × 10−3 e2fm2 at 2582 keV [45].
The other E1 strengths are fragmented into rather weak transi-
tions with B(E1)↑ � 0.5 × 10−3 e2fm2 as shown in Fig. 4(a).
This is contrast to the 180Hf case where fewer transitions
are responsible for the observed E1 strengths. The increased
strength fragmentation in 181Ta can be attributed to high level
density expected for odd-mass deformed nuclei.

The M1 strength in 181Ta is more fragmented and reduced
as compared to 180Hf, as shown in Fig. 5. Note that the scales
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FIG. 5. B(M1)↑ values deduced from the present NRF experi-
ment are shown in the upper panel (a). If the parity of the resonant
state is known (unknown) from the azimuthal intensity asymmetry
measurement, the data are plotted with solid (open) bars. In the lower
panel (b), B(M1)↑ values for 
K = 1 (unknown 
K) transitions
found in 180Hf [45] are plotted with solid (open) bars. Spin-1 states
with K = 1 in even-even nuclei have most probably a positive parity
(see text). Note that the scale in the upper panel is enlarged by a
factor of 5.

of Figs. 5(a) and 5(b) differ by a factor of 5. The total M1
strength attributed to the scissors mode in 180Hf amounts to
�B(M1)↑2.4–3.7MeV = 1.61(7) μ2

N [45]. This value is much
higher than that observed in 181Ta [�B(M1)↑2.2–3.2MeV =
0.432(9) μ2

N or �B(M1)↑1.8–3.41MeV = 0.664(19) μ2
N ]. This

accords with the systematics that the scissors mode M1
strengths observed in odd-mass nuclei are a factor of 2 to
3 smaller than those in even-even neighbors [48]. It has
been suggested that the missing strength could be shifted
to higher energies and/or that it might be distributed over
a large number of unresolved weak transitions that escape
detection [48]. A statistical fluctuation analysis to identify this
missing strength hidden in the background has been applied to

several odd-mass nuclei [22,48], but is beyond the scope of the
present paper.

The M1 strength distribution shown in Fig. 5(a) can be
separated into two parts, i.e., 2.2–2.6 and 2.6–3.2 MeV with
split centroids located at 2.4 and 3.0 MeV. This splitting can
be interpreted by means of γ deformation which describes
the deviation from axial symmetry or the nuclear triaxial
deformation [49]. For the case of 181Ta, a γ deformation of
about 12◦ is deduced from the model based on the sum-rule
approach [14,49], in agreement with the results from the Oslo
method [50]. However, this model predicts that a higher-lying
scissors mode component has the largest strength, which is in-
consistent with the measurement, as confirmed in the actinide
region [51]. Further experimental and theoretical investiga-
tions are desired to uncover the origin of the splitting of the
scissor mode.

V. SUMMARY

We have performed a nuclear resonance fluorescence
experiment on the odd-mass nucleus 181Ta using a quasi-
monoenergetic, linearly polarized photon beam generated
by laser Compton scattering. A total of 46 resonant
states were confirmed at excitation energies from 2.2
to 3.2 MeV. Their spin and parity quantum numbers
were deduced based on the azimuthal intensity asymme-
tries of scattered γ rays with respect to the polariza-
tion plane of the incident photon beam. The total dipole
strengths of �B(E1)↑2.2–3.2MeV = 7.63(20) × 10−3 e2fm2

and �B(M1)↑2.2–3.2MeV = 0.432(9) μ2
N were obtained. The

measured M1 strength is consistent with the systematics
concerning the fragmentation and reduction of the scissors
mode strength in odd-mass deformed nuclei in the region.
The energy splitting of the M1 strength may indicate nuclear
triaxiality.
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