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Electromagnetic dipole transitions in 56Fe were measured in photon-scattering experiments with a linearly
polarized photon beam. The parity quantum numbers of the excited dipole states were determined by the intensity
asymmetry of resonantly scattered γ rays with respect to the polarization plane of the incident photon beam.
While the summed magnetic dipole (M1) strength was determined as �B(M1)↑ = 3.52(17) μ2

N at excitation
energies between 7 and 10 MeV, the summed electric dipole (E1) strength below 10 MeV was obtained as
�B(E1)↑ = 78.0(15) × 10−3 e2 fm2. The observed M1 strength was compared with shell-model predictions in
the pf shell using the GXPF1J and KB3G effective interactions. In addition, the E1 strength was compared with
random-phase approximation calculations with the Skyrme interaction.
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I. INTRODUCTION

Magnetic dipole (M1) response is one of the fundamental
characteristics of atomic nuclei. The nucleon spin interacts
with the nuclear magnetic current through the electromagnetic
field. Therefore, the M1 response provides direct information
on the spin-dependent part of the nuclear interaction [1],
which is of particular importance for the estimation of inelas-
tic neutrino-nucleus cross sections relevant to core-collapse
supernova explosions [2].

Nuclei with A ∼ 56 in the vicinity of the closed N = Z =
28 shells exhibit one of the most favorable regions for ob-
serving a spin-flip M1 resonance. In the independent-particle
model [3], a strong spin-flip M1 transition in these nuclei can
be interpreted in terms of both proton and neutron 1f −1

7/21f5/2

particle-hole excitations. The nucleus 56Fe lies in this region
and differs from the doubly magic nucleus 56Ni by four
nucleons, having two protons fewer and two neutrons more,
i.e., π1f −2

7/2 ⊗ ν2p2
3/2. The energy gap between the 1f7/2-1f5/2

spin-orbit pair is about 6 MeV [3]. Therefore, a substantial
M1 strength of the 1f −1

7/21f5/2 particle-hole excitation can be
expected in this energy region. However, in inelastic electron-
scattering measurements [4–6], M1 strengths associated with
this particle-hole excitation have been observed in the region of
excitation energies Ex between 7 and 10 MeV. The difference
between the expected and the observed excitation energies can
be explained by the repulsive nature of the residual interaction
relevant to the isovector M1 excitation.

The electric dipole (E1) response at energies around the
particle separation energy is also attracting increasing attention
in nuclear structure physics [7] as well as nuclear astrophysics
[8]. The concentration of the E1 strength around the particle
separation energy is commonly termed the pygmy dipole

resonance (PDR) because of its weak strength in comparison
with the giant dipole resonance (GDR), which dominates the
E1 strength in nuclei. Because the PDR strength is correlated
to neutron skin thickness [9], which is related to the equation
of state (EOS) of the neutron-rich matter [10], investigation of
the PDR may provide information on the properties of neutron
stars, such as the proton ratio and radius. A concentration of
low-energy E1 strength has been experimentally observed in
both stable and unstable nuclei such as O [11,12], Ca [13],
Ni [14], Sn [15–17], and Pb isotopes [18,19] as well as the
N = 82 isotones [20–22]. The total sum of the measured
energy-weighted strengths of such E1 concentrations is less
than about 1% of the Thomas-Reiche-Kuhn (TRK) sum
rule value for stable nuclei and less than 5% for unstable
neutron-rich nuclei. For stable pf -shell nuclei, a relatively
small low-energy E1 strength, less than 0.3% of the TRK sum
rule value was observed in 56Fe and 58Ni [23].

Until now, the information on dipole excitations of 56Fe
has been obtained from nuclear resonance fluorescence
(NRF) experiments using unpolarized or partially polarized
bremsstrahlung [23–26]. Although the excitation energies and
the ground-state decay width �0 have been obtained for 53
dipole states of 56Fe, parity quantum numbers have been
determined for only 16 excited levels, including 8 positive
party states at excitation energies below 10 MeV [23].

Because the NRF process occurs via the well-known
electromagnetic interaction, the scattering cross sections, and
the spin and parity quantum numbers of excited states can
be extracted in a model-independent way [27]. Recently, it
has been shown that a quasimonochromatic, linearly polarized
photon beam produced by laser Compton scattering consider-
ably increases experimental sensitivities, particularly for the
determination of the parity quantum numbers of resonantly
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excited states [28,29]. In this paper, we present results of a
NRF experiment on 56Fe. The M1 strength is investigated
by using shell-model calculations with different types of
effective interactions, i.e., GXPF1J [30,31] and KB3G [32],
both of which are widely used for shell-model studies of
pf -shell nuclei. The E1 strength distribution is compared with
results obtained from random-phase approximation (RPA)
calculations using the Skyrme functional of SkM∗ as well [33].

II. EXPERIMENTAL PROCEDURE

The present photon-scattering experiment was performed
at the Tsukuba Electron Ring for Acceleration and Storage
(TERAS) facility of the National Institute of Advanced
Industrial Science and Technology (AIST) [34]. A quasi-
monochromatic, linearly polarized photon beam was generated
by backward Compton scattering between laser light and
high-energy electrons. A Nd:YVO4 laser with a wavelength
of 1064 nm at a frequency of 20 kHz was used. The electron
energies were selected as 657, 698, and 755 MeV to produce
quasimonochromatic photon beams with maximum energies
Emax

γ of 7.6, 8.6, and 10.0 MeV, respectively. A 20-cm-thick
lead collimator with a 4-mm aperture was used to form a
quasimonochromatic photon beam with �E/E ≈ 10% at full
width at half maximum (FWHM). The average intensity on
the target was 3×105 photons/s, measured with a large-volume
(8′′ × 12′′) NaI(Tl) scintillation detector. The target consisted
of a natural iron cylinder (91.8% 56Fe) with an 11-mm diameter
and a 31-mm length. It was surrounded by two high-purity Ge
detectors with efficiencies of 120% and 140% relative to a 3′′ ×
3′′ NaI scintillation detector. The Ge detectors were placed
horizontally at a scattering angle of θ = ±90◦. The typical en-
ergy resolution of the Ge detectors was �Eγ /Eγ ≈ 0.09% at
FWHM at Eγ ≈ 7 MeV. A 50-mm-thick lead collimator with
a 40 × 20 mm2 entrance window was placed in front of each
Ge detector. To reduce background counts originating from
bremsstrahlung due to high-energy electrons in the storage
ring, events correlated within 1 μs of laser pulses were stored.

Figure 1 shows an energy spectrum of the incident photon
beam measured by the Ge detector with a 120% relative
efficiency. A Monte Carlo simulation was performed with
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FIG. 1. (Color online) Energy spectrum of the incident photon
beam measured with a Ge detector (solid line). The original incident
photon spectrum shown with the dashed line was obtained by
unfolding the simulated energy distribution (dotted line).

the ELECTRON GAMMA SHOWER (EGS) code [35] to analyze
the response of the Ge detector. The energy distribution of
the incident photon beam was extracted by unfolding the
resulting simulated spectrum so as to reproduce the observed
energy distribution.

The intensity asymmetry of the resonantly scattered pho-
tons with respect to the polarization plane of the incident
photon beam serves as the basis for parity determination.
The azimuthal angular distribution of dipole transitions can
be expressed as

W (θ, φ) = W (θ ) ∓ 3
4 (1 − cos2θ )cosφ, (1)

where θ is the scattering angle between the incoming and
scattered photons and φ is the azimuthal angle defined by the
polarization plane (formed by the propagation direction and
the electric field vector of the incident photon beam) and the
reaction plane. W (θ ) is the angular correlation function for
unpolarized radiation. A more general form of Eq. (1) can be
found in the article by Fagg and Hanna [36].

The analyzing power for parity determination is defined
[28] using the azimuthal angular distributions of W (90◦, 0◦)
and W (90◦, 90◦) as

� = W (90◦, 0◦) − W (90◦, 90◦)

W (90◦, 0◦) + W (90◦, 90◦)
. (2)

Under the condition of complete polarization for the incoming
photon beam, � = +1 is expected for M1 transitions, and
� = −1 is expected for E1 transitions.

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

A = N‖ − N⊥
N‖ + N⊥

= q�, (3)

where N‖ (N⊥) represents the measured intensity of NRF γ
rays detected at θ = ±90◦ in the plane parallel (perpendicular)
to the polarization plane. Here, q is the experimental sensitivity
of the detection system, which is less than unity because of the
finite solid angle of the Ge detectors and the spatially extended
target. In the present case, q is estimated to be 0.85 from the
numerical simulation [29]. Thus, on the basis of the azimuthal
intensity asymmetry, the multipolarities of resonantly scattered
transitions can be determined.

III. RESULTS

Figure 2 shows the photon-scattering spectra obtained at
polar and azimuthal angles of (θ, φ) = (90◦, 0◦) and (90◦, 90◦)
from the measurement with the maximum beam energy
Emax

γ = 7.6 MeV. Peaks shown with spin and parity quantum
numbers represent ground-state transitions. We confirmed a
total of 36 γ -ray transitions between 6.9 and 9.8 MeV. Several
transitions with relatively small integrated cross sections
reported in the previous work [23] could not be confirmed
in the present experiment.

The parity of the excited states is given on the basis of
the azimuthal intensity asymmetry from Eqs. (2) and (3).
As shown in Fig. 3, the data are separated depending on
their multipolarities (E1 or M1). The deviation from the
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FIG. 2. Typical photon-scattering spectra observed at polar and
azimuthal angles of (θ, φ) = (90◦, 0◦) and (90◦, 90◦) from the
measurements with the maximum beam energy Emax

γ of (a) 7.6 MeV,
(b) 8.6 MeV, and (c) 10.0 MeV. The J π assignments are indicated for
the ground-state transitions in 56Fe. Peaks labeled c and s are due to
contamination of the E1 transitions and single escapes, respectively.

expectation (A = ±0.85) is due to the proximity of the γ -ray
peaks, especially in higher-energy transitions. As a result of
the present measurement, the parity quantum numbers for 24
known and 4 unknown levels were newly determined, and
parities opposite to those in Ref. [23] were assigned to the
7166.0 and 9107.8 keV levels.

The reduced transition probabilities were extracted from
the ground-state decay width �0 taken from Ref. [23], using
the following relations:

B(E1)↑ = 2.866
�0

E3
γ

[10−3e2 fm2], (4)

B(M1)↑ = 0.2598
�0

E3
γ

[
μ2

N

]
, (5)
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FIG. 3. Azimuthal intensity asymmetry obtained for E1 (open
circles) and M1 (solid circles) transitions in 56Fe. The experimental
sensitivity q (=0.85) deduced from the numerical calculation is
indicated by dashed lines.

where �0 is given in meV and Eγ in MeV. The experimental
results are summarized in Table I.

Among the dipole excitations in the Ex = 6.9 ∼ 9.8 MeV
region, 17 states were assigned to be 1+ and 16 states
were assigned to be 1− from the present measurement using
the polarized photon beam. The summed M1 strength in
this energy region is obtained as �B(M1)↑ = 3.52(17) μ2

N ,
while the summed E1 strength is �B(E1)↑ = 78.0(15) ×
10−3 e2 fm2. If the transitions whose spin values are not
determined are assumed to be of dipole character (9434.9,
9664.7, 9732.2, and 9768.2 keV), the summed M1 and
E1 strengths increase to �B(M1)↑ = 3.83(18) μ2

N and
�B(E1)↑ = 79.6(15) × 10−3 e2 fm2, respectively. These are
greater than the values of �B(M1)↑ = 1.37(12) μ2

N and
�B(E1)↑ = 60.2(11) × 10−3 e2 fm2 previously measured
using a bremsstrahlung photon beam [23].

IV. DISCUSSION

In this section, the observed M1 and E1 strength dis-
tributions are compared with theoretical predictions based
on shell-model and RPA calculations, respectively. Because
the present framework based on the large-scale shell-model
calculation, which enables a more detailed comparison with
experimental data, was applicable only for the M1 strength
distribution, the RPA approach was adopted for the E1 strength
calculation.

A. M1 strength

The large-scale shell-model calculations were performed
using the code MSHELL [37]. To reduce the amount of compu-
tation, the active model space was truncated by considering
configurations of (f7/2)14−t (p3/2, f5/2, p1/2)2+t , with t � 5,
which were sufficient to obtain reasonable convergence of
the calculated M1 strength distribution at excitation energies
below 10 MeV. The standard effective spin g factor, i.e.,
geff

s = 0.75gfree
s [38], was used in the calculations. Here, the

two different types of effective interactions known as GXPF1J
[31] and KB3G [32] were adopted. These interactions have
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TABLE I. Parity assignments of the observed resonant states obtained using the azimuthal intensity asymmetry A. Reduced transition
probabilities B(σλ)↑ were calculated using information on ground-state decay widths �0 taken from Ref. [23].

Ex (keV)a �0 (meV)b J π c A J π B(E1)↑ (10−3 e2 fm2) B(M1)↑ (μ2
N )

3448.6(2) 78(5) 1+ 0.49(3)
6925.4(3) 750(31) 1− − 0.66(11) 1− 6.47(27)
7066.4(9) 268(28) 1 − 0.65(24) 1− 2.18(23)
7166.0(7) 175(22) 1− 0.81(21) 1+ 0.124(16)
7211.1(3) 614(38) 1+ 0.93(9) 1+ 0.425(26)
7249.4(5) 219(34) 1+ 0.92(13) 1+ 0.149(23)
7282.2(7) 266(41) 1 − 0.37(22) 1− 1.97(30)
7446.2(6) 189(30) 1 − 0.78(16) 1− 1.31(21)
7467.6(5) 260(55) 1+ 0.93(14) 1+ 0.162(34)
7887.6(7) 396(92) (1) 0.73(18) (1)+ 0.210(49)
8011.9(6) 547(48) 1 − 0.75(26) 1− 3.05(27)
8119.6(8) 391(52) 1 0.39(10) 1+ 0.190(25)
8128.7(4) 1526(61) 1− − 0.80(10) 1− 8.14(33)
8219.4(6) 372(58) 1 − 0.67(19) 1− 1.92(30)
8239.6(5) 3257(81) 1− − 0.65(7) 1− 16.69(41)
8343.3(6) 357(52) 1 − 0.51(17) 1− 1.76(26)
8536.3(4) 2714(112) 1− − 0.57(11) 1− 12.50(52)
8652.5(8) 403(70) 1 0.55(9) 1+ 0.162(28)
8766.1(8) 649(78) 1 − 0.33(19) 1− 2.76(33)
8879.3(9) 402(68) 1 0.62(33) 1+ 0.149(25)
8908.9(12) 647(316) (1+) 0.65(27) (1)+ 0.24(12)
8963.6(7) 454(82) 1 0.54(22) 1+ 0.164(30)
8988.9(6) 639(72) 1 0.74(32) 1+ 0.229(26)
9107.8(8) 838(78) 1(−) 0.55(13) 1+ 0.288(27)
9137.6(5) 844(87) 1− − 0.41(20) 1− 3.17(33)
9156.8(10) 1384(122) 1(−) 1(−) 5.17(46)
9287.6(10) 899(81) 1− − 0.40(19) 1− 3.22(29)
9312.2(8) 869(88) 1 0.59(16) 1+ 0.280(28)
9323.7(7) 767(88) 1 − 0.47(14) 1− 2.71(31)
9385(1)d 0.46(22) +
9402.0(6) 1305(155) 1 0.44(19) 1+ 0.408(48)
9434.9(23) 313(71) 0.74(37) + 0.097(22)e

9549(1)d − 0.19(12) −
9554.8(13) 680(119) 1 0.37(11) 1+ 0.203(35)
9604(1)d 0.79(38) +
9622.9(25) 473(83) 1 0.76(25) 1+ 0.138(24)
9664.7(9) 429(75) 0.87(26) + 0.123(22)e

9732.2(16)f 521(152) − 0.59(18) − 1.62(47)e

9741.7(13)f 1618(222) (1) − 0.59(18) (1)− 5.02(69)
9768.2(7) 336(158) 0.72(25) + 0.094(44)e

9802(1)d 0.63(34) +
9895(5)g − 0.49(25) −
aEnergy values taken from Ref. [23].
b�0 values taken from Ref. [23].
cJ π from Ref. [23].
dObserved in this work.
eAssumed as dipole transitions.
fObserved as a doublet line.
gObserved in Ref. [25].

been employed for the description of spin-isospin responses
in the pf -shell nuclei around 56Ni [39,40].

Figure 4 compares the experimental M1 strength distribu-
tion at excitation energies below 10 MeV with the results of
the shell-model calculations. As for the gross structure, one

can find a strength at 3.5 MeV (data taken from Ref. [23])
which carries a large fraction of the scissors mode [6] as
well as a cluster of strengths around 9 MeV. These are
reasonably well reproduced by the shell-model calculations
with both the GXPF1J and the KB3G effective interactions.
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FIG. 4. Experimental M1 strength distribution below 10 MeV
in 56Fe compared with shell-model calculations obtained using the
GXPF1J and KB3G effective interactions. The experimental data
at 3.5 MeV are taken from Ref. [23]. Calculated values with M1
strength greater than 0.1μ2

N are shown for direct comparison with the
experimental results.

The total M1 strengths at excitation energies between 6 and
10 MeV are 6.2 and 6.7 μ2

N for the GXPF1J and KB3G
interactions, respectively. If the calculated strengths greater
than 0.1μ2

N , which matches the experimental sensitivity limit,
are used, the corresponding summed M1 strengths turn out to
be 3.6μ2

N and 5.0μ2
N for the GXPF1J and KB3G interactions,

respectively. The result with the GXPF1J interaction is closer
to the experimental value of �B(M1)↑ = 3.52(17)μ2

N .
In a previous study, a microscopic quasiparticle phonon

model (QPM) was used to calculate the 1+ excited states
in 56Fe by including all one-phonon 1+ configurations up
to 15 MeV in the wave function [23]. The two-phonon
configurations with excitation energies below 14 MeV and
the three-phonon configurations were also included in the
model space. The calculated M1 strength was centered at
8.8 MeV and tailed off to about 8 and 10 MeV. The M1
strength contained in this energy region (8–10 MeV) was
obtained to be 9.9μ2

N , while the total M1 strength from
4 to 10 MeV was found to be 10.2μ2

N , greater than the
values of 6.2 and 6.7μ2

N obtained by the present shell-model
calculations. There was more fragmentation in the experiment
than in the theoretical QPM calculation. It was found that
deformation of 56Fe could influence the calculated strength and
distribution [23].

Figures 5(a)–5(d) show the spin (MS) and orbital
(ML) components of the transition matrix elements (given
by B(M1) = [MS + ML]2) corresponding to the transitions
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FIG. 5. Spin (MS) and orbital (ML) components of the transition
matrix elements corresponding to the transitions shown in Figs. 4(b)
and 4(c) obtained using the GXPF1J and KB3G effective interactions,
respectively. The M1 strength is given by B(M1) = [MS + ML]2.

presented in Figs. 4(b) and 4(c). The prominent peak at
3.5 MeV and several small strengths below Ex ≈ 7 MeV are
mostly due to the orbital contribution of the M1 operator,
whereas the strengths above Ex ≈ 7 MeV are dominated
by the spin contribution. A similar result is obtained from
the previous calculation with the KB3G interaction [6].
The orbital dominance in these low-lying states and their
collective character were pointed out in a previous study
based on a shell-model calculation in a more restricted model
space [41].

As stated above, the gross structure of the M1 strength
distribution is similar in the results obtained with the GXPF1J
and KB3G interactions. However, the details of the spin-
dominant part shown in Figs. 5(a) and 5(c) represent different
distributions. To quantify the M1 strength distribution, the
centroid energy Ec and its variance σEc

, defined by the
following equations, were examined in the energy range
between 6 and 10 MeV:

Ec = �{Ex · B(M1)↑}/�B(M1)↑, (6)

σEc
= [�{(Ex − Ec)2 · B(M1)↑}/�B(M1)↑]1/2. (7)

In the evaluation, we used the transitions with M1 strengths
greater than 0.1μ2

N for direct comparison with experimental
values. The results are summarized in Table II. The centroid
energies for both the GXPF1J and KB3G interactions give
Ec = 8.8 MeV, which is close to the experimental value of
8.6 MeV. On the other hand, the M1 strength distribution
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TABLE II. Comparison of the total M1 strengths �B(M1)↑, the
energy centroid Ec, and the variance σEc in the energy range between
6 and 10 MeV.

Shell model �B(M1)↑ Ec σEc

interactions (units of μ2
N ) (MeV) (MeV)

GXPF1Ja 3.6 8.8 1.0
KB3Ga 5.0 8.8 0.58
Experiment 3.52(17) 8.6 0.86

aCalculated values with M1 strength greater than 0.1 μ2
N are used for

the evaluation.

is broader for the GXPF1J interaction than for the KB3G
interaction. The GXPF1J interaction also predicts a higher
centroid energy and broader width for the Gamow-Teller (GT)
strength distribution in 56Fe and 56Ni than the KB3G interac-
tion [40]. The broader GT strength distribution is supported by
a recent measurement on 56Ni [42]. A relatively large strength
(≈0.4μ2

N ) at 6.8 MeV obtained using the GXPF1J interaction
is apparent in Fig. 4(b). This strength is dominated by the
f7/2 → f7/2 transitions caused by destructive interference
between protons and neutrons. Because the contributions of
the protons and neutrons to the M1 matrix elements are similar
in magnitude for the KB3G interaction, the corresponding M1
strength is missing (or rather small), as shown in Fig. 4(c).
This is in contrast to the f7/2 → f5/2 spin-flip transitions
dominated at excitation energies above 8 MeV, where protons
and neutrons contribute additively to the M1 operator. Thus,
the details of the M1 strength distribution depend on the choice
of the effective interaction and can be tested by comparison
with experimental observations.

Finally, the calculations with both the GXPF1J and KB3G
interactions predict several M1 strengths with ≈0.3μ2

N at ex-
citation energies above 10 MeV. It would be worthwhile to ex-
tend the photon-scattering experiments to higher excitation en-
ergies up to the neutron separation energy (11.2 MeV) of 56Fe.

B. E1 strength

The summed E1 strength at Ex = 6.9–9.8 MeV in 56Fe
is determined to be �B(E1)↑ = 78.0(15) × 10−3 e2 fm2,
corresponding to 0.317(6)% of the energy-weighted TRK sum
rule value. Almost half of this E1 strength is carried by three
transitions at 8129, 8240, and 8536 keV, which form a small
E1 concentration below the neutron separation energy.

To provide a theoretical basis for the identified E1 strength,
we have performed microscopic calculations within the
framework of the RPA by using a revised version of the RPA
code described in Ref. [33]. The self-consistent RPA equation
was solved by the conventional diagonalization method. The
representation of the three-dimensional Cartesian grids was
adopted within a sphere of radius Rbox = 15 fm. We used
the Skyrme functional of the SkM∗ parameter set [43], which
has been widely used to describe the properties of deformed
nuclei.

The RPA calculation yields two E1 modes, K = 0 and
K = 1, corresponding to oscillations along two different axes
in prolate deformed nuclei. The K = 0 (K = 1) mode is

TABLE III. Comparison of the experimental data with RPA
calculations for the E1 strengths in 56Fe at excitation energies below
10 MeV. The summed strength �B(E1)↑, energy-weighted strength
�Ex · B(E1)↑, and its value relative to the Thomas-Reiche-Kuhn
(TRK) sum rule value are summarized.

�B(E1)↑ �Ex · B(E1)↑ �Ex · B(E1)↑
(10−3 e2 fm2) (10−3 e2 fm2 MeV) (% TRK)

RPAa 76.2 680 0.328
Experiment 78.0(15) 654(13) 0.317(6)

aCalculated values with E1 strength greater than 1 × 10−3 e2 fm2 are
used for the evaluation.

dominant at excitation energies below (above) 11 MeV. The
calculated summed E1 strength and the summed energy-
weighted E1 strength below 10 MeV are 76.2 ×10−3 e2 fm2

and 680 ×10−3 e2 fm2 MeV (0.328% of the TRK value),
respectively, by taking only the E1 strengths greater than
1 × 10−3 e2 fm2, i.e., the sensitivity limit in the experiment.
The calculated values agree with the observed values, as
compared in Table III.

In a previous QPM calculation, a total E1 strength of
110 ×10−3 e2 fm2 between 5 and 10 MeV was obtained by
including configurations up to the coupling of three phonons
[23]. Because one-phonon configurations up to an energy of
25 MeV were taken into account, the influence of the GDR
on low-lying 1− states was well incorporated, and therefore,
the renormalization of effective charges corresponding to
core-polarization effects was not needed in the E1 operator
[15]. The value obtained from the QPM calculation is greater
than that obtained from the present RPA calculation.

In unstable neutron-rich nuclei such as 68Ni [14] and Sn
isotopes [16,17], a low-energy E1 strength of 3%–5% of the
TRK value has been observed. The enhanced E1 strength
might originate from collective skin oscillations of the excess
neutrons against the proton-neutron saturated core [7]. No such
enhancement is observed in 56Fe. An enhanced E1 strength of
more than 3% of the TRK value below the excitation energy
of 10 MeV is predicted theoretically for neutron-rich nuclei
with neutron numbers of N � 52 in the iron region [44].

V. CONCLUSION

In conclusion, photon-scattering experiments on 56Fe were
performed with a quasimonochromatic, linearly polarized
photon beam. Although 53 dipole states at excitation energies
below 10 MeV in 56Fe have been observed in a previous ex-
periment using a bremsstrahlung photon beam, parity quantum
numbers have been determined for only 16 excited levels. From
the present high-resolution measurements, the parity quantum
numbers were determined for 33 dipole states previously
known. The summed strengths of �B(M1)↑ = 3.52(17)μ2

N

and �B(E1)↑ = 78.0(15) × 10−3 e2 fm2 at excitation ener-
gies between 7 and 10 MeV were determined. These values
are greater than those obtained in a previous photon-scattering
experiment with a bremsstrahlung photon beam. The measured
M1 strengths were compared with shell-model predictions
using the GXPF1J and KB3G effective interactions. Both
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calculations reproduced the gross structure of the measured
M1 strength distribution. However, the calculated M1 strength
distribution with the GXPF1J interaction was broader than
that with the KB3G interaction. The summed E1 strength
of 78.0(15) × 10−3 e2 fm2 corresponds to 0.317(6)% of the
TRK sum value. These values can be reproduced by the RPA
calculation with the Skyrme interaction.
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