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Electric and magnetic dipole strength in 58Ni from forward-angle proton scattering
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Background: Electric and magnetic dipole strengths in nuclei at excitation energies well below the giant
resonance region are of interest for a variety of nuclear structure problems including a possible electric dipole
toroidal mode or the quenching of spin-isospin flip modes.
Purpose: The aim of the present work is a state-by-state analysis of possible E1 and M1 transitions in 58Ni
with a high-resolution (p, p′) experiment at 295 MeV and very forward angles including 0◦ and a comparison to
results from studies of the dipole strength with the (γ , γ ′) and (e, e′) reactions.
Methods: The E1 and M1 cross sections of individual peaks in the spectra are deduced with a multipole
decomposition analysis (MDA). They are converted to reduced E1 and spin M1 transition strengths using the
virtual photon method of relativistic Coulomb excitation and the unit cross-section method, respectively. The
experimental M1 strength distribution is compared to large-scale shell-model calculations with the effective
GXPF1A and KB3G interactions.
Results: In total, 11 E1 and 26 M1 transitions could be uniquely identified in the excitation energy region 6–13
MeV. In addition, 22 dipole transitions with preference for either E1 or M1 multipolarity and 57 transitions with
uncertain multipolarity were found. Despite the high level density good agreement is obtained for the deduced
excitation energies of J = 1 states in the three types of experiments indicating that the same states are excited.
The B(E1) and B(M1) strengths deduced in the (γ , γ ′) experiments are systematically smaller than in the present
work because of the lack of information on branching ratios to lower-lying excited states and the competition
of particle emission. Fair agreement with the B(M1) strengths extracted from the (e, e′) data is obtained after
removal of E1 transitions uniquely assigned in the present work belonging to a low-energy toroidal mode with
unusual properties mimicking M1 excitations in electron scattering. The shell-model calculations provide a good
description of the isospin splitting and the running sum of the M1 strength. A quenching factor 0.74 for the
spin-isospin part of the M1 operator is needed to attain quantitative agreement with the data.
Conclusions: High-resolution forward-angle inelastic proton scattering experiments at beam energies of about
300 MeV are a highly selective tool for an extraction of resolved E1 and M1 strength distributions in medium-
mass nuclei. Fair agreement with results from electron scattering experiments is obtained indicating a dominance
of spin contributions to the M1 strength. Shell-model calculations are in good agreement with gross properties
of the M1 strength distribution when a quenching factor for the spin-isospin part comparable to the one needed
for a description of Gamow-Teller (GT) strength is included.

DOI: 10.1103/PhysRevC.110.034319

I. INTRODUCTION

Magnetic dipole excitations represent an elementary mode
of low-energy nuclear structure. The transition strengths con-
tain coherent contributions from spin and orbital currents.
In heavy nuclei transitions with dominant spin or orbital
contributions are energetically well separated and form the

*Contact author: vnc@ikp.tu-darmstadt.de

orbital scissors mode and a spinflip resonance with energy
centroids of about 15 × A−1/3 and 40 × A−1/3, respectively
[1]. In lighter nuclei the two contributions are mixed with
sizable interference effects in individual transitions (see, e.g.,
Refs. [2,3]).

Because of the anomalous proton and neutron magnetic
moments, isovector (IV) strength strongly dominates over
isoscalar (IS) strength and spinflip strengths are enhanced
with respect to orbital strengths [4]. Since the structure of the
M1 operator does not allow for changes of the radial quantum
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number, in a shell-model picture M1 transitions are restricted
to spin-orbit partners. Thus, systematic investigations of the
spin-flip M1 strength can provide insight into shell evolution
driven by the tensor force [5]. Knowledge of the spin M1
strength distributions is also important for the description
of neutral current neutrino reactions in astrophysical envi-
ronments [4,6] and possible signals in future underground
neutrino detectors [7,8].

Assuming isospin symmetry, IV spin-flip M1 transitions
are analogs of Gamow-Teller (GT) transitions with isospin
T = T0, where T0 denotes the isospin of the target ground state
(g.s.). For T0 �= 0, selection rules also allow the excitation
of states with T0 + 1, i.e., the analog of GT+ transitions [9].
Thus, spin-flip M1 strength distributions are an independent
way to investigate the longstanding problem of quenching of
the axial strength in nuclei. In f p-shell nuclei a comparable
reduction factor for GT β decay [10] and total B(M1) [11]
strengths has been established in comparison with shell-model
calculations providing insight into the dominant quenching
mechanisms.

It has been shown that a significant contribution to GT
quenching arises from two-body currents and can be quantita-
tively described by coupled-cluster [12] and shell-model [13]
calculations based on chiral effective field theory (χEFT) in-
teractions. The recent development of a corresponding χEFT
framework [14] for shell-model calculations of the magnetic
dipole strength makes new experimental investigations partic-
ularly interesting.

The present work reports on spin-flip M1 strength in 58Ni
extracted from high-resolution proton inelastic scattering at
extreme forward angles including 0◦. The nucleus 58Ni has
been subject of extensive studies of the M1 strength distribu-
tion with photon [15–17] and electron [18] scattering as well
as GT± strength with high-resolution charge-exchange reac-
tions [19,20]. The new data shed light on discrepancies in the
parity of assignments for some transitions between the (e, e′)
and (γ , γ ′) experiments, where M1 character was assigned in
the former and E1 in the latter. As discussed elsewhere [21],
these are toroidal E1 excitations [22] with unusual properties
mimicking the signatures of M1 transitions in low-momentum
transfer electron scattering.

A pioneering 0◦ inelastic proton scattering experiment
on 58Ni was performed at the Indiana University Cyclotron
Facility (IUCF) and used in Ref. [19] to determine final-
state isospins by comparison of relative cross section to
charge-exchange reactions [20,23]. However, the experiment
was limited to 0◦ measurements only and no independent
determination of the multipolarity based on the angular
distributions was possible. Furthermore, the data contained
a large instrumental background limiting the sensitivity.
The results reported here obtained at the 0◦ facility at
the Research Center for Nuclear Physics (RCNP), Osaka,
Japan [24], are based on background-subtracted spectra (ob-
tained with the methods described in Ref. [25]) and include
measurements at finite angles which permit a MDA. The
excellent energy resolution of the newly reported data en-
ables a state-by-state analysis analog to the study of spin
M1 strength in 48Ca [26] up to excitation energies of about
13.5 MeV.

TABLE I. Error contributions to the differential cross
sections.

Solid angle 5%
Charge collection 3%
Target thickness 1.5%
Live time ratio 1.5%
Detector efficiency 1.7%
Total 6.5%

The paper is organized as follows. Section II describes
the experiment and the resulting spectra. Section III provides
information on the data analysis, details of the MDA, and
the methods of conversion from cross sections to transition
strengths. Results and a detailed comparison with previous
work are presented in Sec. IV. Shell-model calculations of
the B(M1) and spin M1 strength distributions are discussed
in Sec. V. Finally, Sec. VI provides a summary.

II. EXPERIMENT

A. Details of the experiment at RCNP

The experiment was performed at the RCNP cyclotron
facility. An unpolarized proton beam with an energy of 295
MeV impinged on a highly enriched (>98% 58Ni) nickel
target with an areal density of 4 mg/cm2. Typical proton
beam currents during the experiment were 3–7 nA. Scattered
protons were detected with the Grand Raiden (GR) magnetic
spectrometer [27]. The GR provides a special setup for 0◦
scattering experiments [25]. Measurements were performed
with the GR placed at angles of 0◦, 2.5◦, and 4.5◦.

The large angular acceptance of the GR spectrometer en-
ables the extraction of several spectra with different scattering
angles from one spectrometer setting. In doing so spectra for
laboratory scattering angles 0.40◦, 1.00◦, 1.74◦ (spectrom-
eter angle 0◦), 2.38◦, 3.18◦ (spectrometer angle 2.5◦), and
4.39◦, 5.15◦ (spectrometer angle 4.5◦) were obtained. An
excellent energy resolution of 22 keV full width at half maxi-
mum (FWHM) was achieved by applying dispersion matching
between the incoming proton beam and the spectrometer. Ad-
ditionally, energy calibration measurements with a 12C target
were performed.

The experimental uncertainties of the double differential
cross sections are summarized in Table I and include solid
angle determination, charge collection, uncertainty in target
thickness and enrichment, drift chamber efficiency, and data
acquisition lifetime ratio. Assuming independence of the indi-
vidual contributions, the total systematic uncertainty amounts
to 6.5%. Statistical errors are generally much smaller due to
the high statistics.

B. Spectra

Figure 1 shows examples of the 58Ni(p, p′) spectra for
scattering angles 0.40◦, 1.74◦, 3.18◦, and 5.15◦. They cover
an excitation energy range from 5 to 26 MeV. A large number
of well resolved lines can be seen up to an excitation energy
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FIG. 1. Excitation energy spectra of the 58Ni(p, p′) reaction mea-
sured at the indicated scattering angles.

of approximately 13 MeV, each corresponding to an excited
state. For the vast majority of states, the differential cross sec-
tion drops with increasing scattering angle indicating a dipole
character. The broad resonance-shaped structure centered at
about 18.5 MeV is the isovector electric giant dipole reso-
nance (IVGDR) most pronounced at small scattering angles.

A state-by-state analysis of the peaks in the spectra is
presented in the following. A detailed view of the region of
interest for the spectrum taken at a scattering angle 0.4◦ is
presented in Fig. 2. The scattering around the zero line, which
is somewhat vertically shifted, after background subtraction
demonstrates that the spectrum is essentially background free
below ≈9 MeV. A slowly increasing background appears
towards higher excitation energies. This is mainly caused by
unresolved strength due to the level density increasing with
excitation energy and the emerging tail of the IVGDR. Since
the proton separation threshold lies at Sp = 8.172 MeV, one
cannot exclude small contributions from quasi-free scattering
although they should be suppressed by the Coulomb barrier up
to energies of about 2 MeV above Sp. Above the neutron sepa-
ration threshold Sn = 12.216 MeV a background contribution
caused by quasifree scattering is expected. However, earlier
(p, p′) experiments with the same technique show a slow rise
with excitation energy [28–30] indicating small contributions
in the region considered here.

The excitation energies of the spectra were locally recali-
brated using a quadratic function. For this purpose the eight
most pronounced lines in the 58Ni(p, p′) spectra were used,
for which the excitation energies are precisely determined in
(γ , γ ′) experiments [15–17]. With this approach an uncer-
tainty of ±10 keV is achieved.

III. DATA ANALYSIS

A. State-by-state analysis

In the following, we present a state-by-state analysis. Ex-
citation energy regions of a several hundred keV typically
containing 10 to 20 peaks were fitted simultaneously with
Gaussians of equal width allowing for a piecewise linear back-
ground. The software HDTV was used [31]. With the exception
of a few states at the highest excitation energies, no variations
in line widths or shapes were observed. The high level density
complicates an unambiguous determination of the height and
shape of the background, since background-only regions in
the spectra between the peaks are scarce.

Next, the consistent appearance of peaks in spectra at
different scattering angles was investigated as illustrated in

FIG. 2. Excitation energy spectrum of the 58Ni(p, p′) reaction between 5 and 13 MeV at a scattering angle θlab = 0.4◦.
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FIG. 3. Spectra of the 58Ni(p, p′) reaction in the excitation en-
ergy range of Ex = 8.35–8.7 MeV at scattering angles θlab = 0.4◦,
2.68◦, and 5.15◦. Red curves are Gaussians, fitted to the peaks.
Dashed green lines mark the average centroid energies.

Fig. 3. In total 147 peaks were found with the constraint that
they appear in at least five of the seven spectra available.

B. Multipole decomposition analysis

Information about spin and parity of an excited state is
obtained from the angular distribution of the scattered pro-
tons. Theoretical angular distributions for transitions with
different multipolarities were calculated for the 58Ni(p, p′)
reaction in distorted wave Born approximation (DWBA) with
the computer code DWBA07 [32] using the Love and Franey
effective proton-nucleus interaction [33]. Transition ampli-
tudes and single-particle wave functions from quasiparticle
phonon model (QPM) calculations similar to Refs. [28,30]
served as input.

The angular distributions used in this work are shown
in Fig. 4. They represent the most collective excitation for
each multipolarity. In general, the transition strength shows
little effect on the angular dependence except for pure single-
particle transitions. However, their strengths, and thus their
cross sections, are small. Several angular distributions were
considered for E1 transitions to take into account effects
of Coulomb-nuclear interference. They showed a different
behavior at low and at IVGDR energies, but the resulting
angular distributions were almost identical for transitions in
either energy region. Thus, only one curve representative for
each energy region was used in the following; cf. Fig. 4. Both
curves were alternatively considered in the fits to the data for
each state. The theoretical curves and combinations of two

FIG. 4. Theoretical angular distributions for transitions of dif-
ferent multipolarities in 58Ni(p, p′) reaction, calculated with the
computer code DWBA07 [32] for an incident proton beam energy
of 295 MeV. Two different curves for E1 transitions are used in the
analysis, labeled (1) and (2).

curves allowing for the possibility of an unresolved doublet
were fitted to the experimental angular distributions with a χ2

procedure described, e.g., in Ref. [26].
The E0 response in 58Ni was studied with the (α, α′) reac-

tion by Lui et al. [34], where it was shown that the largest
part of the E0 strength resides at excitation energies well
above the region investigated here. Furthermore, monopole
transitions are only weakly excited in the (p, p′) reaction. The
E0 transition plotted in Fig. 4 contains a significant fraction
of the isoscalar giant monopole resonance strength but is still
about an order of magnitude smaller at 0◦ than strong M1 and
E1 excitations. Thus, monopole excitations were neglected
in the MDA. Then, experimental angular distributions with a
clear maximum at 0◦ are a signature for dipole transitions.

With the exception of E2, transitions with multipolarities
λ > 1 show a strong decrease of the angular distributions
towards θc.m. = 0◦ with a very similar slope in the forward-
angle range covered by the experiment (cf. Ref. [24]). Thus,
they are represented by a single curve (M2) in the MDA. The
superposition of at most two unresolved levels with different
Jπ was considered. A further discussion of the assumptions
and approximations underlying the present MDA approach
can be found in Ref. [24] and the corresponding formulas, e.g.,
in Ref. [26].

Examples of angular distributions for known M1 and E1
transitions in 58Ni are shown in Figs. 5 and 6, respectively.
The uncertainty bands are determined from a Monte Carlo
variation of the experimental error contributions summarized
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FIG. 5. Experimental angular distributions of the 58Ni(p, p′) re-
action for transitions assigned multipolarity M1. The red solid lines
are the theoretical predictions with uncertainty bands from a Monte
Carlo variation of experimental uncertainties.

in Table I. For the M1 cases, the theoretical angular distribu-
tion shows excellent agreement with the data. For the small
momentum transfers covered by the experiment, IV spin M1
excitations exhibit an almost universal behavior independent
of their particle-hole structure.

The situation is somewhat more complex for E1 tran-
sitions. Generally, they show a steeper decrease than M1’s
at very small angles θc.m. < 2◦, which serves to distinguish

FIG. 6. Same as Fig. 5, but for E1 transitions.

FIG. 7. Same as Fig. 5, but assuming two unresolved transitions
with different multipolarity.

between the two multipolarities. At angles 2 < θc.m. < 5◦,
where effects of Coulomb-nuclear interference are signifi-
cant, larger deviations between experimental and theoretical
angular distributions are observed in many cases as illus-
trated in Fig. 6. In particular, these transitions do not show
the theoretically predicted minimum around 4◦ but rather a
monotonous decrease with scattering angle. A possible expla-
nation of these discrepancies could be a different sign of the
Coulomb-nuclear interference term (generally predicted to be
constructive). In any case, this leads to some ambiguity in the
normalization of the theoretical curves to the data and thus the
extracted B(E1) strength.

Figure 7 presents examples of the MDA where assuming
an unresolved doublet of states with different Jπ provides the
best description of the data.

C. Conversion to transition strengths

The M1 and E1 cross sections obtained from the MDA can
be converted to transition strengths with the unit cross sec-
tion method for the former and assuming relativistic Coulomb
excitation for the latter.

The unit cross section method was developed to extract
the reduced Gamow-Teller transition strength B(GT) from the
cross section of a charge-exchange (CE) reaction at 0◦ [35]. At
beam energies >100 MeV/nucleon one-step processes domi-
nate CE cross sections. Then, measured cross section and the
reduced transition matrix element can be related by a constant
factor called unit cross section σ̂ . At 0◦, cross sections and
transition strengths are related by

dσ

d

(0◦) = σ̂GTF (q, Ex)B(GT), (1)

where σ̂GT depends on the nuclear mass and the projectile
energy of the reaction. Kinematical corrections for nonzero
momentum transfer are contained in a correction factor
F (q, Ex), which can be obtained by DWBA calculations.
In Ref. [36] (p, n) charge-exchange reactions at the same
incident energy as in the present (p, p′) experiment were eval-
uated, and a mass-dependent expression for σ̂GT was derived

σ̂GT = 3.4(3) exp[−0.40(5)(A1/3 − 901/3)] (2)

resulting in σ̂GT = 4.34 mb/sr for 58Ni at an incident proton
energy of 295 MeV.
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It has been shown that this method can be extended to the
extraction of the isovector spin-flip M1 transition strength [37]
utilizing isospin symmetry [9] and neglecting small isoscalar
contributions to the (p, p′) cross sections. For small mo-
mentum transfers σ̂GT � σ̂M1. The resulting IV spin-flip M1
strength is denoted B(GT0) in the following because the ex-
cited states are isospin analogs of the B(GT±) transitions with
Tf = T0, where T0 denotes the ground-state isospin. However,
one should note that the selection rules also permit the excita-
tion of states with Tf = T0 + 1.

For a direct comparison to experiments using electromag-
netic probes, like (γ , γ ′) and (e, e′), it is convenient to convert
the B(GT0) values to the equivalent electromagnetic reduced
transition strength B(M1). The latter is defined for a transition
from initial state i to final state f as

B(M1) = 3

4π

1

2Ji + 1
|〈 f || �μ||i〉|μ2

N , (3)

where �μ denotes the magnetic dipole operator. The magnetic
dipole operator can be decomposed into isoscalar (IS) and
isovector (IV) terms

B(M1) = 3

4π

1

2Ji + 1
|〈 f ||gIS

l
�l + gIS

s

2
�σ

+
(

gIV
l

�l + gIV
s

2
�σ
)

τ0||i〉|μ2
N (4)

with g factors gIS
s = gIV

s = 0.500, gIS
l = 0.880, and gIV

l =
4.706. Spin-Pauli matrices and orbital angular momentum are
denoted as �σ and �l respectively, and the isospin operator as
τ0. In the extraction of M1 strengths from the (p, p′) reaction
terms containing the angular momentum operator as well as
isoscalar contributions are neglected, leading to

B(M1) = 3

2π

(
gIV

s

2

)2

B(GT0) μ2
N . (5)

A detailed discussion of the underlying assumptions and
related systematic uncertainties can be found in Refs. [9,37].

Conversion of E1 cross sections to reduced B(E1) transi-
tion strengths is achieved with the aid of the virtual photon
method relating relativistic Coulomb excitation and equiva-
lent photoabsorption cross sections σγ [38]

d2σ

d
 dEγ

= 1

Eγ

dNE1

d

σγ (Eγ ). (6)

Here, NE1 is the number of virtual photons with multipolarity
E1 calculated in the present work in an eikonal approach [39].
For examples of the energy and angular dependence of NE1 in
the present kinematics; see Ref. [24]. The method has been
verified for discrete transitions in a study of 208Pb [40].

IV. E1 AND M1 STRENGTH DISTRIBUTIONS

A. Results and comparison with other experiments

The results of the state-by-state analysis are summarized
in Table II and compared to high-resolution studies of dipole
strength with polarized photon [15–17] and electron [18] scat-
tering. Excited states observed in the latter experiments are

considered being the same as in the present data when they
satisfy the condition [41]

|Ex,1 − Ex,2|√
u2

1(Ex,1) + u2
1(Ex,2)

�
√

2. (7)

Here, Ex,1(2) denote the excitation energies from the tran-
sitions found in experiment 1 (2) and u1(2)(Ex,1(2)) are the
respective uncertainties in excitation energy.

In total 116 dipole transitions were identified based on their
forward-peaked angular distribution in the (p, p′) experiment.
26 of them allow an unambiguous M1, 11 an E1 assignment,
and 22 a preference for either multipolarity with the procedure
described above. The parity of 57 J = 1 levels could not be
unambiguously determined from the present data.

Parity assignments of the excited dipole states are also
possible from the other experiments. Polarization of the in-
cident photon beam permits a distinction between E1 and M1
transitions by the comparison of in-plane and out-of-plane
measurements of the scattered photon [42]. Especially laser
Compton backscattering-generated photon beams [43,44]
with 100% linear polarization show unprecedented sensitivity
for an unique multipolarity determination. The (e, e′) exper-
iment was performed at low incident energies and backward
angles [18]. These kinematics favor M1 (and to a lesser extent
M2) transitions which show increasing cross sections with
scattering angle, while E1 transitions typically show small
cross sections at backward angles.

The identification of related transitions according to Eq. (7)
in the three reactions is illustrated in Fig. 8 combining a (p, p′)
spectrum at the most forward angle with an (e, e′) spectrum
at the most backward angle and unpublished (�γ , �γ ′) data
measured at HIγ S [44]. For better visibility, the excitation
energy region covered is limited to 8–10 MeV. The vertical
dashed lines indicate E1 (red) or M1 (blue) transitions ob-
served in all three reactions.

Finally, IV spin-flip M1 transitions in the present data can
be identified from comparison to the results of Fujita et al.
[19], who studied analog transitions from a (p, p′) experi-
ment at 0◦ and GT transitions populated in the 58Ni(3He, t )
reaction. Furthermore, the conversion of cross sections to
GT strength contains isospin Clebsch-Gordan coefficients [9],
which allow one to determine the final-state isospin from the
cross section ratio in the two experiments. Cross sections for
the (p, p′) reaction at E0 = 160 MeV and extrapolated to 0◦
are given in Table I of Ref. [19]. The cross section ratio for
the population of the same states at a fixed angle in the present
experiment should be constant.

In general, there is fair agreement between the spin-parity
assignments from the different experiments. A few conflicting
cases are discussed in more detail. For two states different par-
ities were determined from the (�γ , �γ ′) experiments [16,17].
The levels at 7.272(7.876) MeV were assigned 1−(1+) by
Ref. [16] and 1+(1−) by Ref. [17], respectively. The present
experiment finds a state at 7.273 MeV with a clear preference
of a Jπ = 1− assignment. However, because of the above dis-
crepancy we quote both B(E1) and B(M1) values in Table II.
No dipole transition corresponding to the level at 7.786 MeV
is seen in the (p, p′) and (e, e′) data.
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TABLE II. Dipole transitions observed in the present experiment and comparison with results from (e, e′) [18] and (γ , γ ′) [15–17]
experiments.

(p, p′) (e, e′) (γ , γ ′)

Ex B(M1) ↑ B(E1) ↑ Ex B(M1) ↑ Ex
b B(M1)↑d B(E1)↑d

(MeV) Jπ
(
μ2

N

)
(10−3 fm2e2 ) (MeV) Jπ

(
μ2

N

)
(MeV) Jπ b Jπ c Jπ d

(
μ2

N

)
(10−3 fm2e2)

6.027 1(−) 10.1+0.7
−0.7 6.031 (1−), 2+ 6.027 1 1− 1− 5.69(29)

6.474 (1) 0.028+0.004
−0.004 6.475 1+, (2−) 0.17(5)

7.050 1− 6.0+0.4
−0.5 7.051 7.048 1− 1− 1− 4.52(14)

7.155 1(+) 0.042+0.006
−0.005 2.57+0.19

−0.19

7.254 (1) 7.255 2+ 7.250 (1) 1− 0.37(13)

7.273 1− 0.171+0.022
−0.018 10.7+0.8

−0.8 7.290 7.272 1 1− 1+ 0.31(3) 3.40(40)

7.390 1(+) 0.172+0.023
−0.019 7.388 1+ 0.33(7) 7.389 1+ 1+ 1+ 0.294(15)

7.471 1 0.047+0.006
−0.006 7.470 1+, (2−) 0.25(5)

7.554 (1) 7.560 1+ 0.15(4)

7.590 (1) 7.585 (1)− 0.58(27)

7.603 (1−) 7.596 (2)

7.650 1 0.040+0.005
−0.006 2.57+0.18

−0.2

7.711 (1) 0.35+0.05
−0.04 7.715 1+ 0.74(5) 7.710 1+ 1+ 1+ 0.358(13)

8.076 1 4.0+0.3
−0.4 8.069 (1)(−) 1− 1.81(24)

8.197 1+a 0.165+0.022
−0.017 8.096 1 0.139(26) 1.54(29)

8.236e 1− 24.4+1.6
−1.7 8.240 1+ 1.27(20) 8.237 1− 1− 1− 18.41(28)

8.275 1+a 0.110+0.014
−0.013 8.276 1+, (2−) 0.26(3)

8.323 (1) 8.317 1 1− 1− 1.19(18)

8.366 1+a 0.117+0.017
−0.012

8.391 1− 8.5+0.6
−0.6 8.395 2+ 8.395 1− 1− 1− 4.05(38)

8.417 1+a 0.104+0.014
−0.012

8.461 1+a 0.21+0.03
−0.03 8.475 2− 8.461 1+ 1+ 1+ 0.382(21)

8.513e 1− 19.5+1.4
−1.3 8.516 1+ 1.04(15) 8.513 1+ 0.138(33)

8.514 1− 1− 1− 1.67(37)

8.602 1+a 0.34+0.05
−0.04 8.601 1+ 0.44(5) 8.601 1+ 1+ 1+ 0.328(33)

8.678 1+a 0.73+0.10
−0.08 8.680 1+ 0.47(3) 8.679 1+ 1+ 0.815(41)

8.811 1 0.029+0.004
−0.005 8.817 1+, (2−) 0.19(2)

8.856 1+a 0.31+0.05
−0.04 8.854 2+, 3− 8.857 1 1+ 1+ 0.281(55)

8.881e 1(−) 12.6+1.0
−0.9 8.875 1+ 0.51(4) 8.880 1− 1− 1− 4.79(18)

8.959 1+a 0.22+0.03
−0.03 8.967 1+, (2−) 0.23(6) 8.961 1 1+ 1+ 0.136(14)

8.988 1+ 0.090+0.012
−0.010

9.044 1 0.088+0.012
−0.010 9.037 1+, (2−) 0.30(4)

9.073 1+a 0.22+0.03
−0.03 9.073 1+ 0.26(5) 9.073 1(+) 1+ 1+ 0.309(21)

9.159 1+a 0.22+0.04
−0.03 9.163 1+ 0.23(3) 9.157 1+ 1+ 1+ 0.201(27)

9.191 1− 13.0+0.9
−0.9 9.191 1− 1− 1− 2.92(28)

9.245 1+a 0.126+0.017
−0.013

9.268 1 0.034+0.005
−0.004 2.8+0.3

−0.3

9.292 1 0.040+0.006
−0.005 3.3+0.3

−0.3

9.326 1+a 0.139+0.017
−0.015 9.326 (1) 1+ 1+ 0.312(20)

9.361e 1− 7.6+0.5
−0.6 9.368 1+, (2−) 0.34(4) 9.369 1(−) 1− 1− 4.32(40)

9.421 (1) 0.029+0.004
−0.004 2.98+0.19

−0.23 9.407 (1+), 2−

9.463 (1) 9.468 9.455 1 0.068(13) 0.75(15)
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TABLE II. (Continued.)

(p, p′) (e, e′) (γ , γ ′)

Ex B(M1) ↑ B(E1) ↑ Ex B(M1) ↑ Ex
b B(M1)↑d B(E1)↑d

(MeV) Jπ
(
μ2

N

)
(10−3 fm2e2) (MeV) Jπ

(
μ2

N

)
(MeV) Jπ b Jπ c Jπ d

(
μ2

N

)
(10−3 fm2e2)

9.529e 1a 0.27+0.04
−0.03 22.6+1.6

−1.4 9.513 1+, (2−) 0.22(15) 9.523 1− 1− 7.47(48)

9.554 1− 9.1+0.6
−0.7 9.552 (2−) 9.554 1 1− 4.48(28)

9.635 1 0.088+0.012
−0.010 7.6+0.5

−0.6 9.643 (1+), 2− 9.631 1 1− 3.82(74)

9.667 1− 7.6+0.6
−0.5 9.667 2− 9.668 1 1− 2.57(82)

9.728 1(−) 8.8+0.7
−0.6 9.723 1(−) 1− 5.49(81)

9.746 1 0.176+0.022
−0.020 9.755 1+, (2−) 0.32(5)

9.842 1+a 0.25+0.04
−0.03 9.846 1+ 0.54(7)

9.870 (1) 0.039+0.006
−0.005 4.3+0.3

−0.4 9.870 (2−)

9.921 (1) 0.028+0.004
−0.004 3.0+0.3

−0.3

9.952 1 0.057+0.008
−0.006 5.1+0.4

−0.4 9.941 (1−), 2+

10.043e 1− 7.9+0.7
−0.6 10.036 (2−)

10.071e 1(−) 0.062+0.010
−0.007 6.0+0.5

−0.6 10.073 1+ 0.35(3)

10.095 1 10.105 1+ 0.21(2)

10.119 1+a 0.106+0.015
−0.012

10.159 1+a 0.143+0.020
−0.015 10.157 1+ 0.37(4)

10.214 1+a 0.30+0.04
−0.04 10.218 1+ 0.56(4)

10.240 1(−) 0.133+0.019
−0.015 12.5+0.9

−0.9

10.310 1(−) 8.3+0.6
−0.6

10.377 (1) 0.030+0.005
−0.004 10.385 1+, (2−) 0.15(3)

10.423 1 0.048+0.007
−0.006 4.9+0.4

−0.4 10.438 (1−), 2+

10.453 1(+) 0.042+0.006
−0.005 4.0+0.3

−0.4

10.494 1+a 0.177+0.024
−0.018

10.515e 1− 14.0+1.0
−1.0 10.514 1+ 0.40(3)

10.616 (1) 0.023+0.004
−0.003 2.7+0.3

−0.3 10.633 1+ 0.32(12)

10.643 1(−) 0.162+0.024
−0.017 16.0+1.2

−1.0

10.668 1+a 1.13+0.16
−0.12 10.670 1+ 1.25(6)

10.688 1 0.112+0.015
−0.013 11.3+1.0

−0.9

10.713 1(−) 0.058+0.009
−0.007 6.2+0.6

−0.5

10.735 1 0.051+0.008
−0.006 5.1+0.5

−0.5

10.993 (1) 11.013 1+ 0.57(3)

11.011 1+ 0.182+0.026
−0.019

11.037 1(+) 0.053+0.008
−0.006 5.5+0.5

−0.4 11.041 (2+)

11.062 1 0.032+0.005
−0.004 3.4+0.3

−0.3 11.080 1+, (2−) 0.22(7)

11.080 1 0.059+0.007
−0.008 7.0+0.5

−0.5

11.169 1+a 0.063+0.009
−0.007 11.160 2+, 3−

11.299 1(−) 0.048+0.007
−0.006 5.5+0.4

−0.5 11.297 2+

11.389 1 0.037+0.006
−0.004 4.0+0.4

−0.3

11.418 1+a 0.103+0.014
−0.012 11.410 2+, 3−

11.438 (1) 0.052+0.008
−0.006

11.545 (1) 0.028+0.004
−0.004 3.1+0.3

−0.3 11.536 (1+), 2−

11.566 1 0.076+0.011
−0.009 8.9+0.7

−0.6

11.632 1 0.051+0.007
−0.006 5.8+0.4

−0.5 11.639 2+,3−

11.676 1+a 0.21+0.03
−0.03 11.680 1+ 0.17(3)
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TABLE II. (Continued.)

(p, p′) (e, e′) (γ , γ ′)

Ex B(M1) ↑ B(E1) ↑ Ex B(M1) ↑ Ex
b B(M1)↑d B(E1)↑d

(MeV) Jπ
(
μ2

N

)
(10−3 fm2e2) (MeV) Jπ

(
μ2

N

)
(MeV) Jπ b Jπ c Jπ d

(
μ2

N

)
(10−3 fm2e2)

11.706 1 0.043+0.006
−0.005 4.9+0.4

−0.4

11.806 1(−) 7.4+0.6
−0.6 11.800 (2+)

11.856 (1) 0.056+0.008
−0.007 11.860 1+ 0.43(29)

11.889 1+a 0.21+0.03
−0.03 11.890 (1+), 2−

12.047 (1) 0.042+0.006
−0.005 5.0+0.4

−0.5 12.040 2+

12.074 (1) 12.090

12.206 1 0.141+0.020
−0.016 19.3+1.3

−1.3 12.197 (2+)

12.268 1 0.041+0.008
−0.005 5.6+0.5

−0.5 12.249

12.280 (1−)

12.300 1(−) 0.158+0.023
−0.017 20.7+1.6

−1.4

12.358 (1) 0.038+0.005
−0.005 4.8+0.4

−0.4

12.392 1 0.080+0.011
−0.010 10.0+0.9

−0.8 12.386 (2+)

12.414 1(−) 0.084+0.012
−0.010 10.5+0.8

−0.9

12.448 1 0.065+0.011
−0.009 8.2+1.1

−0.9 12.447 (2+)

12.472 (1) 0.039+0.008
−0.007 4.9+0.8

−0.8 12.482 (2+, 4+)

12.574 1(−) 9.3+0.7
−0.8 12.573 2+, 3−

12.605 1(−) 12.613 2+

12.637 1 0.054+0.008
−0.007 7.6+0.7

−0.7 12.647 2+, (4+)

12.660 1(−) 14.3+1.1
−1.0

12.750 1+a 0.240+0.040
−0.030 12.746 (2+)

12.773 1 0.087+0.012
−0.010 12.0+0.9

−0.9

12.801 1 0.081+0.011
−0.009 12.796 1+, (2−) 0.47(9)

12.819 1 0.058+0.008
−0.007 7.7+0.7

−0.6 12.837 (2+)

12.846 1 0.087+0.013
−0.010 11.5+0.9

−1.1 12.858 2+

12.874 1 0.064+0.010
−0.009 8.4+0.9

−1.0

12.892 1 0.030+0.006
−0.005 4.2+0.7

−0.7

12.966 1(−) 7.3+0.6
−0.6 12.971 2+

12.983 (1) 0.038+0.006
−0.005 5.2+0.5

−0.5

13.029 1 0.050+0.007
−0.006 6.7+0.6

−0.5 13.022 2+, 4+

13.034 1 0.062+0.009
−0.007 8.4+0.7

−0.7

13.090 1(−) 0.165+0.023
−0.018 24.2+1.6

−1.7

13.175 1(+) 0.088+0.012
−0.010 13.176 1+, (2−) 0.37(6)

13.251 1 0.082+0.012
−0.009 12.1+1.0

−0.9 13.233 2+

13.260 2+

13.329 1 13.345 2+

aIsobaric analog state in 58Cu reported in Ref. [19].
bReference [15].
cReference [16].
dReference [17].
eCandidates for toroidal E1 transitions [21].

Furthermore, there is an unclear assignment already noted
in Ref. [19] with respect to the state seen at 9.529 MeV in the
present experiment with corresponding states at 9.513 MeV in
(e, e′) and at 9.523 MeV in (γ , γ ′). The (�γ , �γ ′) data [15,17]

unambiguously assign a prominent transition with E1 char-
acter. On the other hand, the CE data described in Ref. [19]
see a possible analog state which would point towards a
M1 character. The transition seen in the (p, p′) experiments
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FIG. 8. Comparison of spectra from the 58Ni(p, p′), (γ , γ ′), and
(e, e′) reactions in the excitation energy range 8–10 MeV for kine-
matics where dipole excitations are enhanced. The vertical lines
indicate dipole transitions seen in all three experiments. Their E1
(red) or M1 (blue) character is based on the combined analysis of the
(p, p′) and (γ , γ ′) data.

(present work and Ref. [19]) might thus represent an unre-
solved doublet. However, the absence of any M1 signal in the
(�γ , �γ ′) experiments led us to assume dominance of the E1
transition making it part of the toroidal mode discussed below.
Furthermore, according to Ref. [17], the transition at 8.513
MeV identified as toroidal candidate represents an unresolved
E1/M1 doublet.

The comparison in Table II reveals several cases of un-
ambiguous E1 assignments from the present work (and also
from the (�γ , �γ ′) experiments in the studied energy region)
identified as M1 in the (e, e′) data. Since E1 modes like the IS
compressional and IV giant resonances are irrotational, their
transverse form factors are weak. Accordingly, dipole tran-
sitions with large transverse cross sections were considered
to be of M1 nature only in Ref. [18]. However, recent work
[21] shows that these states likely belong to a toroidal electric
dipole mode [22] with unusual properties like large transverse
electron scattering form factors mimicking the behavior of M1
transitions.

B. E1 strength

A comparison of B(E1) strengths deduced from the present
experiment up to 10 MeV with results from the (�γ , �γ ′) exper-
iments [15,17] is presented in Fig. 9. Transitions with unique
E1 character in both experiments or with a J = 1 assignment
in the former and an unique E1 assignment in the latter data
are included.

In general, larger B(E1) strengths are found in the present
experiment. The conversion of (γ , γ ′) cross sections to tran-
sition strengths depends on the unknown branching ratio of
the g.s. decay. Except for a few cases of direct decay to

FIG. 9. Comparison of B(E1) strengths in 58Ni deduced from the
present work and (�γ , �γ ′) experiments [15,17].

low-lying states observed and included, the (γ , γ ′) transitions
strengths in Table II and Fig. 9 assume 100% g.s. decay.
Further, competition of proton emission is expected above the
threshold (Sp = 8.172 MeV). Thus, the B(E1) values from
(γ , γ ′) represent lower limits only. The average difference to
the present results is about a factor of 2. The most prominent
transition at 8.236 MeV is an exception where the difference
is smaller than 25%.

C. M1 strength

The comparison of the B(M1) strength distributions ex-
tracted from the (p, p′), (γ , γ ′), and (e, e′) experiments is
shown in Fig. 10. The B(M1) values from the present work
were obtained with the aid of Eq. (5), i.e., neglecting orbital
contributions. While this may be a reasonable assumption
for the total strength because of the random sign of the in-
terference term [45], differences are expected for individual
transitions when comparing with electromagnetic probes. As
discussed for the case of E1 transitions above, the strengths
deduced from the (γ , γ ′) data are lower limits only.

In the (γ , γ ′) experiments only the strength up to 9.3
MeV was measured [15,17]. While the (p, p′) experiment is
mainly sensitive to the spin part and isovector excitations, the
strength distributions from (e, e′) and (γ , γ ′) consist of spin
and orbital contributions as well as their interference. The
(γ , γ ′) strength distribution shows a good agreement with the
present results indicating small orbital strength and dominant
g.s. back decay. A similar behavior was observed in 60Ni and
successfully interpreted in the framework of the quasiparticle-
phonon model [16]. The strong transition at 8.678 MeV is
observed with similar strength as in the (γ , γ ′) experiment,
while electron scattering gives a value about a factor of 2
smaller. On the other hand, the state at 7.715 MeV is enhanced
in (e, e′) compared to the other experiments. The agreement
between the (p, p′) and (e, e′) strength distributions increases
with excitation energy, even though many of the transitions
observed in the latter are slightly larger.

034319-10



ELECTRIC AND MAGNETIC DIPOLE STRENGTH IN … PHYSICAL REVIEW C 110, 034319 (2024)

FIG. 10. Comparison of B(M1) strengths in 58Ni deduced from
the present work, (�γ , �γ ′) [15,17] and (e, e′) [18] experiments.

D. Spin-flip M1 strength

The bottom part of Fig. 11 presents the distribution of IV
spin-flip M1 strength extracted with the method described in
Sec. III C. Blue triangles denote unique M1 assignments using
the same criteria as discussed for the E1 case. Orange squares

FIG. 11. Bottom: Distribution of the isovector spin-flip M1 tran-
sition strength in 58Ni. Blue triangles refer to transitions with
uniquely defined M1 character, orange squares to tentative assign-
ments. Top: Running sum excluding (blue) or including (orange)
tentative assignments.

FIG. 12. Cross sections of dipole transitions observed in the
(p, p′) reaction at θlab = 0.4◦ in the present work and in Ref. [19].
The horizontal dashed line shows the average ratio expected to be
constant for M1 transitions; cf. Eq. (8).

are tentative assignments (J = 1 in Table II). The latter are
weak and typically below the sensitivity limit of the (e, e′)
experiment due to the strong radiative tail background in the
spectra of Ref. [18]. The upper part of Fig. 11 shows the
running sum excluding (blue) or including (orange) tentative
assignments. Their contribution is negligible up to 9 MeV and
reaches about 20% (40%) at 12 (13) MeV.

As discussed in Sec. IV A, IV spin-flip M1 transitions can
be assigned independently by comparison with GT strength
distributions from high-resolution CE reactions [19]. Here
we compare directly with (p, p′) cross section data given
in Table II of Ref. [19] obtained in the solid-angle range
�lab = 0◦–1◦. For M1 transitions, a constant cross section ra-
tio is expected for any of the present spectra. The data at
0.4◦ are chosen as representative example. The corresponding
integrated cross sections of resolved transition are displayed
in the top and middle row of Fig. 12, respectively. The ratio

r =
dσ
d


(300 MeV, 0.4◦)
dσ
d


(160 MeV, 0◦–1◦)
(8)

is shown in the bottom row of Fig. 12. The average value r =
0.54 is indicated as dashed line.

Clearly, most transitions agree with the average r value
within error bars. The states observed in Ref. [19] at 9.739
and 11.003 MeV were left out. They each correspond to the
sum of two close-lying states resolved in the present work due
to the slightly better energy resolution. For a few transitions
between 8 and 9 MeV, values r � 0.54 are obtained. Com-
parison with Table II reveals that these are E1 transitions.
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FIG. 13. Isospin Tf of final states excited by spin-flip M1 tran-
sitions in the present work based on the comparison to analog GT
transitions studied in Ref. [19]. The colors indicate Tf = 1 (cyan),
Tf = 2 (blue), not determined (grey).

Their cross section ratios are consistent with the increase of
the virtual photon flux in relativistic Coulomb excitation for
the two beam energies.

Following the approach of Refs. [9,19], one can also as-
sign isospin quantum numbers to the excited 1+ states by
comparison with the analog GT transitions observed in the
high-resolution study of the 58Ni(3He, t) reaction presented
in Ref. [19]. The results are displayed in Fig. 13 and exhibit
a two-bump structure a two-bump structure centered around
8.5 and 11 centered around 8.5 and 11 MeV for Tf = 1 and
2 transitions, respectively. Below an excitation energy in 58Ni
corresponding to the analog of the g.s. in 58Cu only Tf = 1 is
possible. Since all excited states reported in Ref. [19] between
8 and 13 MeV are also found in the present work, but no
additional states (except the doublets mentioned above), the
conclusions regarding the isospin of the excited 1+ states
remain unchanged with respect to Table II of Ref. [19]. Some
spin-flip M1 excitations without an an experimental counter-
part in Refs. [18,19] were observed in the present data at
higher excitation energies, probably due to sensitivity limits of
these experiments resulting from the significant background in
the spectra.

V. SHELL MODEL CALCULATIONS

A. Details of the calculations

Calculations within the shell model framework were per-
formed to assist in the assignment of isospin and interpretation
of the M1 transitions. The model space adopted is composed
by the 1 f7/2, 2p3/2, 1 f5/2, and 2p1/2 proton and neutron or-
bitals resting on a 40Ca core. Due to the large dimension
of the problem, a truncation was required on the admitted
configurations, allowing only configurations with at most
eight particle-hole excitations. The f p-shell effective interac-
tions GXPF1A [46,47] and KB3G [48] were used. The usual
quenching factor for Gamow-Teller processes in the f p shell
of 0.74 [10] was employed. The calculations were performed
in the J-coupled scheme using a fast implementation of the

FIG. 14. Experimental and theoretical B(GT0) strength in 58Ni.
Top panel: cumulative sum of the experiment excluding (blue) and
including (orange) tentative assignments and shell-model calcula-
tions with the GXPF1A (solid red line) and KB3G (green dashed
line) interactions. Second and third panels: strength distributions
obtained with the GXPF1A [46,47] and KB3G [48] interactions,
respectively. Bottom panel: experimental strength distributions from
the (p, p′) reaction. Final-state isospins are indicated by cyan (T =
1) and blue (T = 2).

Lanczos algorithm through the code NATHAN [49]. The results
shown correspond to 100 Lanczos iterations.

B. Comparison to experiment

Figure 14 presents a comparison of the experimental
B(GT0) strength to shell model calculations with both ef-
fective interactions. Within the limitations of the model
approach, which is not sufficient to fully reproduce details
of the fragmentation, the KB3G results provide a fair de-
scription of the data although the strength in the excitation
energy region 8–10 MeV is somewhat overestimated. The
bimodal shape of the strength distribution due to isospin split-
ting is reproduced even though the center of mass for T = 1
and T = 2 transitions is pushed to slightly higher excitation
energies. The calculation also reproduces the exceptionally
strong T = 2 transition at about 10.5 MeV. The bimodal
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FIG. 15. Running sums of the B(M1) strength in 58Ni deduced
from the present inelastic proton (top), photon [15,17] (middle), and
electron [18] (bottom) scattering experiments compared to shell-
model results with the GXPF1A [46,47] (red line) and KB3G [48]
(green line) interactions.

shape is not clearly present in the GXPF1A result, which
produces wider T = 1 and T = 2 distributions. The centroid
of the T = 2 strength is shifted to even higher excitation
energies.

In the top panel of Fig. 14, the cumulative sums are shown.
Here, the GXPF1A interaction provides a very good descrip-
tion of the data up to 10.5 MeV. The KB3G result agrees fairly
well up to 9 Mev and overshoots about 20% up to 10.5 MeV.
At even higher excitation energies up to 13 MeV the model
predictions lie above the experimental cumulative sum, even
including tentative assignments. Again, the GXPF1A results
are closer to the data. In this high-energy region it is likely
that some strength is missed in the experiment due to the
increasing level density.

Finally, the running sums of the B(M1) strengths from
the three experiments are displayed in Fig. 15 together with
the shell-model results using the GXPF1A and KB3G in-
teractions, respectively. We have removed the toroidal E1

candidates from the (e, e′) strength distribution of Ref. [18].
Then the cumulative strength up to 13 MeV agrees well with
the present results considering the approximations described
in Sec. III C. The differences between the two theoretical
results are smaller than for the B(GT0) case and they coin-
cide well with all three experimental data sets. One distinct
difference though is the absence of strength in the KB3G
result below 8 MeV. The data do show a small but finite
experimental strength amounting to about 0.6μ2

N in the (p, p′)
and about 1μ2

N in the (e, e′) results well described by the
GXPF1A calculation.

VI. CONCLUSIONS

We present here a state-by-state analysis of dipole transi-
tions in 58Ni measured with the (p, p′) reaction at extreme
forward angles including 0◦. This is possible up to excitation
energies of 13 MeV due to the excellent energy resolution of
22 keV (FWHM). The resulting E1 and M1 strength distri-
butions are compared to results obtained with the (e, e′) and
(γ , γ ′) reactions.

The multipolarity assignments are in fair agreement except
for a certain class of transitions unambiguously assigned E1
by the proton and photon scattering data but interpreted as
M1 because of their large transverse cross sections in electron
scattering. They provide possible experimental evidence for
a toroidal E1 mode in nuclei as discussed elsewhere [21].
The E1 strengths deduced from the present data are generally
larger than those from the (γ , γ ′) experiments indicating siz-
able inelastic branching ratios. This is particularly true above
the proton emission threshold. Effects are less pronounced for
M1 transitions.

The B(M1) and B(GT0) strength distributions are com-
pared to large scale shell-model calculations with the effective
GXPF1A and KB3G interactions. Although details of the
strength fragmentation cannot be reproduced because of
necessary constraints on the huge model space, cumulative
properties like the running sums are well described once a
quenching factor 0.74 is included for the spin-isospin part of
the M1 operator.
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