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Parity assignment for low-lying dipole states in **Ni
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Low-lying dipole states in the singly closed-shell nucleus **Ni were studied via nuclear resonance fluorescence
experiments using a quasimonoenergetic, linearly polarized photon beam. The parity quantum numbers of the
dipole states were determined by the intensity asymmetry of resonantly scattered y rays with respect to the
polarization plane of the incident photon beam. The electric and magnetic dipole (E1 and M1) strengths at
excitation energies between 5.9 and 9.8 MeV were obtained based on dipole strengths taken from literature. The
E'1 and M1 strength distributions were compared with large-scale shell-model predictions in the fp shell using

the SDPFSDG-MU interaction.
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I. INTRODUCTION

Low-energy electric and magnetic dipole (E1 and M1)
excitations have been the subject of considerable interest in
nuclear structure physics [1-3]. The observation of E1 and
M1 resonances provides information on collective and single-
particle motions such as the E1 pygmy dipole resonance
(PDR) as well as the spin-flip M1 resonance. In this paper,
we discuss E 1 strength of isovector type.

A concentration of E'1 strengths has been observed in the
vicinity of the particle thresholds in both stable and unsta-
ble nuclei, for example, in O [4], Ca [5], Ni [6,7], Kr [8],
Sn [9-11], Xe [12,13], Ba [14], and Pb [15] isotopes. It is
commonly referred to as PDR, because the strength is weak
relative to that of the giant dipole resonance (GDR), which
is the dominant part of the E'1 strength in atomic nuclei. In
a geometrical picture, the PDR is often associated with a
vibration of the neutron skin against an almost N & Z core
[16]. The PDR strength is correlated with neutron skin thick-
ness [17], which is related to the equation of state (EOS) of
the neutron-rich matter [18]. The total sum of the measured
energy-weighted PDR strength is less than 1% of the Thomas-
Reiche-Kuhn (TRK) sum rule value for stable nuclei and less
than 5% for unstable neutron-rich nuclei. For stable f p-shell
nuclei, a smaller low-energy E'1 strength, corresponding to

“Present address: Physics Department, Faculty of Science, Assiut
University, Assiut 71516, Egypt.

2469-9985/2024/109(1)/014302(7)

014302-1

0.1-0.3% of the TRK sum rule value, is known [19-25]. In
addition to E'1 resonances, M1 strengths, mainly due to one-
particle—one-hole (1p-1h) excitation of (1; 3, 1£4,,) for both
protons and neutrons, have been observed in stable f p-shell
nuclei [19-27].

The singly closed- f p-shell nucleus **Ni is suitable to study
both E1 and M1 strengths. So far, the information on the
dipole excitation has been obtained from measurements using
nuclear resonance fluorescence (NRF) [19,21,28,29], in which
the angular momentum L = 1 is predominately transferred by
incident photons and therefore resonant states with spins and
parities of J* = 17 or 17 are excited from the ground state
in an even-even nucleus [30,31]. In the previous NRF mea-
surement with partially polarized bremsstrahlung, 42 J =1
states in *Ni were observed in the energy region between 5
and 10 MeV and the parity quantum numbers were assigned to
the 18 J = 1 states [19]. Furthermore, those for the additional
12 J = 1 states were obtained in an NRF measurement with
a quasimonoenergetic, linearly polarized photon beam [21].
However, above 9.5 MeV, the information on parities are still
missing.

In this paper, we present results of an NRF measurement
on *¥Ni using a quasimonoenergetic, linearly polarized photon
beam. The parities were determined by intensity asymmetry
of resonant y rays with respect to the polarization plane of
the incident photon beam. The M1 and E1 strengths were
obtained based on the previously known dipole strengths
[19]. The results were compared with those obtained from

©2024 American Physical Society
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large-scale shell-model calculations using the SDPFSDG-MU
interaction.

II. EXPERIMENTAL PROCEDURE

The present NRF measurement was carried out at the
NewSUBARU synchrotron radiation facility at the University
of Hyogo [32,33]. A quasimonoenergetic, linearly polarized
photon beam was generated by backward Compton scattering
of laser photons with electrons circulating in the NewSUB-
ARU storage ring. A Nd:YVO, laser with a wavelength of
1064 nm was used at a frequency of 20 kHz. The electron
energies were selected as 578, 625, 670, 694, 714, 735, and
761 MeV to produce LCS photon beams with maximum
energies E;,““" of 6.1, 7.1, 8.2, 8.8, 9.3, 9.8, and 10.5 MeV,
respectively. A lead collimator with a 10-cm thickness and
5-mm aperture was used to form a quasi-monoenergetic pho-
ton beam with an energy spread of AE/E = 3% to 5% at
full width at half maximum (FWHM). The photon flux was
measured using a large volume (8 in. x 12 in.) Nal(Tl) scin-
tillation detector. The average intensity was 6 x 10° photons
per second.

The target consisted of a metallic cylinder (§ mm in diam-
eter) of *Ni (10 g) enriched to 99.981%. Three high-purity
germanium (HPGe) detectors with detection efficiencies of
70%, 120%, and 140% relative to a 3 in. x 3 in. Nal scintil-
lation detector were used to measure scattered photons from
the target at a scattering angle of 6 = 90°. While two of the
detectors (70% and 140%) were placed in the vertical plane,
the other (120%) was in the horizontal plane. The typical en-
ergy resolution of the HPGe detectors was AE, /E, ~ 0.09%
at £, ~7 MeV. The y-ray energies were calibrated using
a natural background line (2614 keV) as well as resonance
lines (5511, 7063, 7083, 7178, 7209, 7246, 7280, 7299, and
7332 keV) of 2%Pb.

The intensity asymmetry of the resonantly scattered pho-
tons with respect to the polarization plane of the incident
photon beam can be used for parity determination [34]. The
azimuthal angular distribution of y rays for dipole transitions
is expressed as

Wb, ¢)=W(®)F 2(1 — cos’0)cos2, (1)

where 6 is the scattering angle of photons with respect to the
incoming photon beam, and ¢ is the azimuthal angle between
the polarization plane (formed by the propagation direction
and the electric field vector of the incident photon beam) and
the reaction plane. W(0) (= 3/4 + 3/4cos0) is the angular
correlation function for unpolarized dipole radiation. Here,
the minus (plus) sign corresponds to E'1 (M 1) transitions. In
the present case (0 = 90°), Eq. (1) can be reduced to

W(90°, ¢) = 3(1 F cos2¢p). 2)

A more general form of Eq. (1) can be found in Ref. [35].
The analyzing power is defined in Ref. [34] using the
azimuthal angular distributions at ¢ = 0° and 90° as

_ W(90°,0°) — W(90°,90°)
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FIG. 1. A typical photon scattering spectrum observed at polar
and azimuthal angles of (6, ¢) = (90°, 0°) and (90°, 90°) from the
measurement with the maximum beam energy of EJ'** = 8.8 MeV.
The J™ assignments are indicated for the ground state transitions in
38Ni. Peaks labeled s and d are due to single and double escapes,
respectively. The dashed line shows the energy distribution of the
incident photon beam.

Under the condition of complete polarization of the incoming
photon beam, ¥ = +1 is expected for M1 transitions, and
¥ = —1 is expected for E'1 transitions.

The corresponding intensity asymmetry of the observed
NREF y rays is given by

A= ———" =¢q%, “
N+ Ny

where N (V) represents the measured intensity of NRF y
rays detected at & = 90° in the plane parallel (perpendicular)
to the polarization plane. Here, ¢ is the experimental sensitiv-
ity, which is less than unity because of the finite solid angle of
each HPGe detector and the spatially extended target. In the
present case, g is estimated to be 0.85 by a numerical simu-
lation. Thus, based on the azimuthal intensity asymmetry, the
multipolarities (E'1 or M 1) of resonantly scattered transitions
can be determined.

III. RESULTS

Figure 1 shows a typical photon scattering spectrum ob-
tained at the polar and azimuthal angles of (6, ¢) = (90°, 0°)
and (90°,90°) from the measurement with the maximum
beam energy of EJ*** = 8.8 MeV. Peaks shown with spin and
parity represent ground state transitions. In the previous NRF
measurement [19], 42 resonant states mostly with J = 1 were
observed at excitation energies between 5 and 10 MeV. We
confirmed a total of 31 states, including a state at 9843 keV
reported by Ackermann et al. [29]. The lowest integrated cross
section /; observed in the present measurement is estimated to
be as low as 10 eV b from comparison with the previous NRF
measurement [19]. Some of transitions with I, Z 10 eV b,
observed at 7249, 7766, 8096, 8552, and 9455 keV, could
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not be confirmed. This may indicate that these transitions
have smaller cross sections. In addition, inelastically scattered
transitions observed at 6424, 6430, 6685, 6892, 7595, 7616,
and 8068 keV in the previous measurement [19] could not be
confirmed.

The parity of the excited states is given on the basis of the
azimuthal intensity asymmetry from Egs. (3) and (4). Parities
assigned by Scheck et al. [21] could be confirmed except
for the levels at 7272 and 7877 keV to which the different
parity was given in this work. In addition, parties assigned by
Bauwens et al. [19] for levels at 7807, 9523, and 9723 keV
could be confirmed and for four levels at 7585, 9554, 9631,
and 9668 keV the parities were assigned for the first time.
Furthermore, the levels at 8512 and 8514 keV are deduced
as a J* =17 and 1~ doublet from the measured azimuthal
intensity asymmetry.

The reduced transition probabilities were extracted from
the ground state decay width I'y taken from Ref. [19], using
the following relations:

I'o -3 2¢ 2
B(E1)t = 2.866E x 1077 e“fm~, (®)]
v

o ,
BM1)t = O.2598E M ©6)
¥
where I'y is given in meV and E, in MeV. The experimental
results are summarized in Table 1.

Among the dipole excitations in the E, = 5.9-9.8 MeV
region, 14 states were assigned J™ = 17 and 18 states were
assigned J* = 1~ based on the azimuthal intensity asymme-
try. Thus, the total M1 strength at this energy region amounts
to XBM1)1= 3.89(1O)u,2V, while the total E'1 strength is
SB(E1)1= 83.3(20) x 1073 ¢*fm>. Note that the B(M 1) and
B(E1) values for the 8512- and 8514-keV levels were ob-
tained by using the measured azimuthal intensity asymmetry.
The present values are greater than the values of XB(M 1) 4=
2.71(7)pu3, and TB(E1)1=60.7(11) x 1073 ¢*fm* previ-
ously reported in Ref. [19].

IV. DISCUSSION

A. Large-scale shell-model calculations

In this section, the experimental E'1 and M1 strength dis-
tributions in ®Ni are compared with results of large-scale
shell-model calculations. The present shell-model calcula-
tions were performed using the KSHELL code [37]. The model
space of the present study is taken as Ohw (17%iw) configu-
rations in the sd, pf, and sdg shells for natural (unnatural)
parity states. In addition, the excitation from the 0f7/, orbit
is restricted up to four-particle—four-hole excitations. As for
the shell-model Hamiltonian, we adopt the SDPFSDG-MU
interaction [38]. Its matrix elements in the sd and pf shells
are the same as those of the SDPF-MU interaction [39],
and the remaining ones are calculated with a variant of the
monopole-based universal interaction [40] that was employed
for the SDPF-MU interaction. The E'1 strength distribution in
#8Ca was successfully reproduced with the 1/iw shell-model
calculation that was used the SDFPSDG-MU interaction [41].

The M1 reduced transition strengths were calculated with
effective g factors of goff = 0.75g™ for both protons and
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FIG. 2. Experimental E1 strength distribution below 10 MeV in
3Ni compared with shell-model calculations with B(E1)1> 0.2 x
1073 e*fm?.

neutrons, which is a typical choice of shell-model studies of
pf-shell nuclei (e.g., [42,43]). For E'1 transitions, the effective
charges are taken as (ep, e,) = (N/A, —Z/A)e, which are the
bare charges subtracted by the contribution of the center-of-
mass motion [44]. Note that the E1 and M1 strengths are
described in a single framework.

B. E1 strength

The total E1 strength of 3¥Ni at E, = 5.9-9.8 MeV was
determined to be XB(E1)1= 83.3(20) x 1073 €*fm?, cor-
responding to ~0.33% of the energy-weighted TRK sum
rule value. Similar concentration of E1 strength was ob-
served for the neighboring fp-shell nuclei [19-25]. The E'1
strength concentration is discussed in relation to the so-called
pygmy resonance for 3*Cr [45] and ®Ni [7]. The strongest
E1 transition was found at the excitation energy of 8237
keV with B(E1) 1= 18.41(28) x 1073 *fm>. Such strong E 1
transitions have been observed in the neighboring nuclei with
N ~ Z = 28, for example in **Fe [25] and °Fe [19] where
the strongest E'1 transitions in the same energy region were
observed at 8015 and 8240 keV, respectively, with B(E'1) 1=
10.7(1) and 18.51(2) x 1073 ¢*fm?.

The experimental E'1 strength distribution at excitation
energies below 10 MeV is compared with the results of the
shell-model calculations in Fig. 2. A total of 15J" = 1~ states
with ground-state excitation strengths greater than B(E'1) 1=
0.2 x 1073 ¢*fm* are obtained in the calculation. The cal-
culated E1 strength and the energy-weighted E'1 strength
below 9.8 MeV are XB(E1)1= 87.7 x 1073 ¢*m? and
SEB(E1) 1= 784 x 1073 ¢*fm*> MeV (0.37% of the TRK
value), respectively, as summarized in Table II. Although
the strength is less fragmented compared to the experimental
one, the calculated total E1 strength is comparable with the
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TABLE I. Parity assignments of the observed resonant states in *Ni obtained using the azimuthal intensity asymmetry A. Reduced
transition probabilities B(o'A) 1 were calculated using information on ground state decay widths I'y taken from Ref. [19].

E, Ez? Tyt B(E1)} B(M1)4
(keV) (keV) (meV) J A J (1073 e2fm?) 3)

5905.8(9) 5905.3(7) 18(3) 1+0 0.77(8) 1+ 0.023(4)

6028.0(4) 6027.3(7) 435(22)° 1-° —0.89(6) 1- 5.69(29)

7047.3(5) 7048.2(9) 552(17) 1-° —0.88(5) 1- 4.52(14)

7270.0(11) 7271.7(7) 456(45) 1-° 0.83(7) 1+ 0.308(30)

7388.0(5) 7388.8(4) 457(24) 1+° 0.83(6) 1" 0.294(15)

7583.0(15) 7585.1(6) 89(41) —0.84(7) (1)~¢ 0.584(269)

7710.4(6) 7709.7(6) 632(23) 1+0 0.87(6) 1+ 0.358(13)

7807.6(6) 7807.3(5) 564(67) 1 —0.86(6) 1- 3.40(40)

7875.2(9) 7876.7(26) 340(160)° 1+° —0.75(8) 1- 1.99(94)

8237.5(5) 8237.3(4) 3590(55) 1-° —0.92(5) 1- 18.41(28)

8317.0(9) 8317.1(17) 239(36) 1-° —0.84(6) 1- 1.19(18)

8394.0(7) 8395.1(12) 836(78) 1-° —0.79(6) 1- 4.05(38)

8459.9(6) 8461.0(7) 893(48) 1+0 0.86(7) 1+ 0.383(21)

8512.6(9) 8514.1(4) 686(51) 1-° —0.04(19) 1+e 0.138(33)¢

8514.8(7) 1 1.67(37)

8600.2(6) 8600.5(7) 803(80) 1+0 0.85(6) 1+ 0.328(33)

8777.9(5) 8679.3(8) 2052(103) 1+° 0.78(5) 1" 0.815(41)

8857.2(7) 8857.4(6) 751(147) 1+° 0.84(7) 1+ 0.281(55)

8880.4(7) 8880.2(6) 1170(45) 1-° —0.85(6) 1- 4.79(18)

8934.9(7) 8934.6(5) 1474(52) 1-° —0.83(6) 1- 5.92(21)

8961.6(7) 8961.3(7) 378(39) 1+0 0.92(7) 1" 0.136(14)

9073.0(8) 9073.4(6) 888(60) 1+0 0.82(7) 1+ 0.309(21)

9157.9(6) 9156.9(7) 594(79) 1+° 0.91(6) 1" 0.201(27)

9191.0(8) 9190.7(5) 791(75) 1-® —0.64(7) 1- 2.92(28)

9327.2(9) 9326.4(8) 975(63) 1+0 0.80(9) 1+ 0.312(20)

9368.6(8) 9368.5(6) 1238(115) 1-° —0.85(6) 1- 4.32(40)

9523.4(9) 9523.3(13) 2250(146) 1 —0.88(6) 1- 7.47(48)

9553.6(8) 9554.0(21) 1362(84) 1 —0.87(5) 1- 4.48(28)

9633.6(8) 9630.5(24) 1189(230)° 1 —0.84(6) 1- 3.82(74)

9668.0(9) 9667.8(15) 812(260)° 1 —0.52(9) 1- 2.57(82)

9724.6(9) 9723.009) 1760(260)° 1n —0.85(6) - 5.49(81)

9843.0(15) 9843(5)! 880" 2+t 0.79(9) 2+ 59¢

#Values taken from Ref. [19] unless otherwise stated.
"Values taken from Ref. [21].

“Uncertainties taken from Ref. [36], which were extracted by using uncertainties in I'g/I" values and cross sections as in Ref. [19].

dAssuming J = 1 because a competitive M2 transition is generally weak.

“Deduced as a J™ = 17 and 1" doublet. The corresponding ground state decay widths I'o(E 1) and T'y(M 1) were obtained from the measured
azimuthal intensity asymmetries A using I'g(E1) = I'9(0.85 — A)/1.7 and I'y(M1) = Ty — ['g(E'1). The B(E1) and B(M 1) values in columns
6 and 7 were calculated using Egs. (5) and (6) by replacing I'g with I'g(E1) and ['¢(M 1), respectively.

fTaken from Ref. [29].
¢B(E2) 1= 62012 e fm".
Y

experimental value. The 8237-, 8317-, and 8395-keV transi-
tions are observed to carry approximately 30% of the strength
in the energy range from 6 to 10 MeV. The predicted E1
strengths at 7.99, 8.22, and 8.39 MeV amount to B(E1) 1=
23.5 x 1073 ¢*fm?, and cover the experimental strength in
this energy region.

C. M1 strength

Figure 3 compares the experimental M1 strength distribu-
tion at excitation energies below 10 MeV with the results of
the shell-model calculations. A total of 51 J* = 17 states are

obtained between 5.9 and 9.8 MeV in the present calculation.
Out of these levels, only 39 states have ground-state excitation
strength greater than B(M1)1= 0.01u3,, which corresponds
roughly to the smallest experimental value. The strongest
resonance is observed at the excitation energy of 8679 keV
with B(M 1) = 0.815(41);&,, while the calculated maximum
strength below 10 MeV is B(M1)1=0.51u% at 9.6 MeV.
Approximately 65% of the strength is accumulated in excita-
tion energies between 8.4 and 9.4 MeV. In addition, a weaker
M1 strength concentration is seen near 7.5 MeV. Similar
strength concentrations are known for *°Cr [27], 3Cr [23,24],
e [25], *°Fe [19,20,26], and “Ni [21]. The accumulation
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TABLE II. Comparison of the experimental data with shell
model calculations for the E 1 strength in *Ni at excitation energies
below 10 MeV. The total E1 strength XB(E1)1, energy weighted
strength X E,B(E1) 1, and its value relative to the Thomas-Reiche-
Kuhn (TRK) sum rule value are summarized.

SB(E1)1 SE.B(E1)1 SEB(E1)1
(x1073 e2fm?) (x107% ¢*fm> MeV)  (%TRK)
Shell model 87.7 784 0.37
Experiment 83.3(20) 714(18) 0.33(8)

of the M1 strengths near 8 and 9 MeV exhibits the typical
pattern of the isoscalar and isovector f7,, — f5,2 spin-flip
M1 resonances [3,21]. The total M1 strength at excitation
energies between 5.9 and 10 MeV is obtained to be 3.83,
from the present shell-model calculation. This value is com-
parable with the measured value of XB(M 1) += 3.89(10);1,12\,.
For a complete agreement, the fragmentation is somewhat
overestimated.

To quantify the M1 strength distribution, the centroid
energy E. and its variance og,, defined by the following equa-
tions, were examined in the energy range between 5.9 and
10 MeV:

E. = S{E.B(M1)1}/SB(M1)?, %)
or, = [S{(Ey — E.’BM1)1}/SBM1) 112 (8)

The results are shown in Table III. The calculated centroid
is slightly larger than the experimental one. This suggests
that missing smaller M1 strengths may exist and contribute
to the fragmentation. It is also noted that the details of the

L Exp. ) (@) 1

o IH hl 5

" Shell model (b) 1

B(M1) (i)
o
S

0- 1 |l | 1 |'|| -I
5 6 7 8

E,(MeV)

FIG. 3. Experimental M1 strength distribution below 10 MeV
in **Ni compared with shell-model calculations with B(M1)1>
0.01u3.

TABLE III. Comparison of the total M1 strengths XB(M 1)1, the
energy centroid E., and the variance o, in the energy range between
5.9 and 10 MeV.

SBM1)t E. or,
(13) (MeV) (MeV)

Shell model 3.8 8.9 0.99

Experiment 3.89(10) 8.5(3) 0.66(14)

M1 strength distribution depend on the choice of the effective
interaction as shown in the previous shell model calculations
[20,46].

Figures 4(a) and 4(b) show spin (My) and orbital (M} ) com-
ponents of the transition matrix elements (given by B(M 1) =
Mg + M. 1% corresponding to the transitions presented in
Fig. 3(b). As shown in Fig. 4, the strengths above E, ~ 7.5
MeV are dominated by the spin component. Similar results
are obtained in the previous shell-model calculations [20,26].
It should also be noted that the M1 strengths at excitation
energies above ~8.8 MeV are dominated by f7,» — f5,2 spin-
flip transitions, and that the proton and neutron contribute
additively to the M1 operator with the proton contributing
more than the neutron as shown in Fig. 5.

In a previous study, a microscopic quasiparticle phonon
model (QPM) was used to calculate the 17 excited states in
Ni by including all one-phonon 1% configurations up to
15 MeV in the wave function [19]. The two-phonon con-
figurations with excitation energies below 14 MeV and the
three-phonon configurations were also included in the model
space. The QPM calculations result in a double-humped struc-
ture formed by two strong excitations at 8.5 and 9 MeV [19].
The M1 strength contained at this energy region (§—10 MeV)

L Spin

i OrbitaII ' (b)

§ O o ’l'"'| """ '""Il"l' ']"llirmrrj:

5 6 7 8 9 10
Ex. (MeV)

FIG. 4. Spin (Ms) and orbital (M;) components of the tran-
sition matrix elements corresponding to the transitions shown in
Fig. 3(b) obtained using the SDPFSDG-MU effective interaction.
The M1 strength is given by B(M1) = [Mg + M, ]*.
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FIG. 5. Spin components of the transition matrix elements for
(a) protons (Msp) and (b) neutrons (Mgy) are shown. The total spin
component shown in Fig. 4(a) is given by Mg = Mgp + Msy.

was obtained to be 113, greater than the value obtained by
the present shell-model calculations.

V. CONCLUSION

In conclusion, a photon scattering experiment on “*Ni was
carried out using a quasimonoenergetic, linearly polarized
photon beam. A total of 31 states were confirmed at the
energy region from 5.9 to 9.8 MeV. The parity quantum
numbers were determined based on the intensity asymmetry
of scattered y rays with respect to the polarization plane of
the incident photon beam. The total strengths of XB(M 1) 4=
3.89(10)u? and TB(E1)1= 83.3(20) x 1073 ¢*fm? at ex-
citation energies between 5.9 and 9.8 MeV were obtained
based on the dipole strengths previously reported. The ob-
served M1 and E1 strengths of ¥Ni were compared with
the results of the shell-model calculations in the fp shell
using the SDPFSDG-MU interaction. The present shell-model
calculation reproduced the gross properties of the total £1 and
M1 strengths below ~10 MeV.
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