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Polarized photon scattering off >Cr: Determining the parity of J = 1 states
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The photoresponse of >2Cr has been investigated in the energy range of 5.0-9.5 MeV using the photon scattering
technique at the HIy'S facility of TUNL to complement previous work with unpolarized bremsstrahlung photon
beams at the Darmstadt linear electron accelerator. The unambiguous parity determinations of the observed
J =1 states provides the basis needed to better understand the structure of E1 and M1 excitations. Theoretical
calculations using the quasiparticle phonon model incorporating self-consistent energy-density functional theory
were performed to investigate the fragmentation pattern of the dipole strength below and around the neutron-
emission threshold. These results compare very well with the experimental values.
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I. INTRODUCTION

Much experimental effort has been focused on measuring
the low-lying magnetic (M 1) and electric (E 1) dipole strengths
in nuclei across the nuclear landscape [1,2]. The observation
of dipole states provides rich information on the various
collective and single-particle nuclear excitation modes, in
particular, pygmy dipole resonance (PDR) and spin-flip M1
resonance.

The concentration of E1 strength below or in the vicinity
of the particle separation energy is commonly known as
PDR, because of its weak strength in comparison with giant
dipole resonance (GDR), which dominates the E1 strength in
nuclei [3,4]. The origin of the PDR excitation is interpreted
as the vibration of the neutron skin against the inert core
of the nucleus and has been observed experimentally in
deformed as well as spherical nuclei in medium- and high-
mass regions [2]. However, not much detailed information
on this low-energy E1 excitation is available in the mass
~50 region. From an analysis of transition densities, the
unique behavior of the PDR mode is revealed, making it
distinct from the well-known GDR. The existence of the
PDR mode near the neutron threshold also has important
astrophysical implications. For example, reaction rates of (y,n)
and (n,y) reactions in explosive nucleosynthesis of certain

“krishi @tunl.duke.edu; krishichayan @ gmail.com

0556-2813/2015/91(4)/044328(8)

044328-1

PACS number(s): 21.10.Re, 21.60.Jz, 23.20.Lv, 25.20.Dc

neutron-deficient heavy nuclei may be significantly enhanced
by PDR [5]. Furthermore, for very neutron-rich exotic nuclei,
PDR is an important topic of study at the new generation of
radioactive ion-beam facilities.

M1 spin-flip resonance is another mode of dipole exci-
tations involving nucleons that undergo a spin change and
others that do not change their spin. This resonance is
expected to appear typically around 8 MeV [1,6]. This mode
is considered to split into two parts, an isoscalar and an
isovector, respectively, on the lower and higher sides of the
excitation energy. One famous example of such a resonance is
the observation of M1 spin-flip excitation in ¥Ca (N = 28),
where the M1 strength is essentially concentrated in a single
strong transition [7,8]. The observation of the M1 mode
of dipole excitation at the N =28 shell gap provides a
particularly intriguing example where the interplay of proton
and neutron degrees of freedom can be explored in great
detail [9,10]. When moving from the doubly-closed-shell
“8Ca nucleus (Z = 20, N = 28), the open proton 1 f7/2 shell
makes the M1 strength more complex and fragmentation
emerges. Nuclei in the vicinity of the closed N = Z = 28
shell are another favorable region for observing a spin-flip
M1 resonance, and according to the independent-particle
model [11], a strong spin-flip M 1 transition in these nuclei can
be interpreted in terms of both proton and neutron 1 f7,21 f5»
particle-hole excitations. The present nucleus >>Cr lies in this
region and differs from the doubly magic nucleus °Ni by four
nucleons, having four fewer protons, i.e., 7 1 fﬁ; ® vl fr.
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A recent investigation [ 12] of the low-lying dipole structure
in 32Cr yielded information on several dipole excitations in this
fp-shell nucleus using unpolarized bremsstrahlung and the
nuclear resonance fluorescence (NRF) technique. However,
because it is very difficult to obtain parity information
with unpolarized bremsstrahlung beams, the lack of parity
assignments hampers reliable interpretation of the observed
J =1 states in >Cr. In order to quantify the occurrence of
electric (E'1) and magnetic (M 1) dipole excitations in 2Cr,
unambiguous parity determination is very crucial and, indeed,
much needed.

The aim of the present work is to perform unambiguous
parity assignments of the dipole excitations in 2Cr, which
is achieved in measurements of azimuthal asymmetries of
nuclear resonance fluorescence y rays using a 100% lin-
early polarized and quasimonochromatic photon beam. The
experimental data are explained in detail using a microscopic
theoretical approach based on energy density-functional (EDF)
theory and the quasiparticle-phonon model (QPM) [13,14].

II. EXPERIMENTS

The current measurements were performed at the High
Intensity y-Ray Source (HIyS) facility of the Triangle Uni-
versities Nuclear Laboratory (TUNL) [15]. The HIy S facility
produces a nearly monoenergetic, 100% linearly polarized
(in the horizontal plane) photon beam through Compton
backscattering of free-electron-laser photons with relativistic
electrons stored in a storage ring. The photon beam was
collimated by a lead collimator of length 30.5 cm with a
cylindrical hole of 1.27-cm diameter before passing through
the target. This collimation results in an energy spread of the
photon beam of 3% (FWHM). The scattered y rays from the
natural Cr target of mass 6.48 g (the natural abundance of
32Cr is 83.789%) were measured with an array of four HPGe
detectors, each of 60% relative efficiency, positioned around
the Cr target at (9,¢) = (90°,0°), (90°,90°), (135°,45°), and
(135°,135°), where 6 is the polar scattering angle and ¢ is
the azimuthal angle between the polarization plane of the
beam and the direction of the scattered y ray. The detectors
were located 10 cm from the center of the target. A 123%
efficient (relative to a standard 3" x 3" Nal detector) coaxial
HPGe detector was placed downstream of the target position in
order to measure the beam-energy distribution. During beam
profile measurements, the beam was attenuated by a series
of copper absorbers mounted upstream. An overview of the
typical detector setup for parity measurements can be found in
Ref. [16].

In its most general form [17,18], the measured azimuthal
asymmetry of the scattered photons is given by

Ah - Au

€e=———=P7%, 1)
Ah + Av

where A, and A, are the corresponding efficiency-corrected

count rates observed for the y rays by detectors positioned

horizontally and vertically to the scattering plane. P, is the

polarization of the photon beam, which is assumed to be

1 for all energies at the HIy S facility. Therefore, the count-rate

asymmetry € will be equal to +1 for a JJ = 1T state
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FIG. 1. Nuclear resonance fluorescence (y,y’) spectra from >>Cr
recorded in the (a) parallel and (b) perpendicular detector using a
polarized photon beam of energy 7.89 MeV. Transitions in the parallel
(perpendicular) detector are of an M1 (E1) character.

decaying by an M 1 emission to the ground state and —1 for a
J{* = 17 state decaying by an E'1 emission to the ground state.
Experimental observations will deviate slightly from this, as
the expressions given for € do not account for the finite solid
angles of the detectors and statistical uncertainties in the data.

III. DATA ANALYSIS AND RESULTS

The dipole excitation strength distribution in 2>Cr has
recently been measured with unpolarized bremsstrahlung up
to ~10 MeV at the S-DALINAC facility [12]. In addition to
the previously known dipole states, Pai e al. have added 14
new dipole states in their investigation with much improved
decay-characteristic values [12]. For some of these states,
parity assignments were available from earlier measurements
[19-22]. Because of the incomplete parity information, only
limited conclusions could be drawn in this recent work [12].
For parity assignments of all the observed dipole states
reported in Ref. [12] for 32Cr, we used linearly polarized
photon beams at energies of 5.21, 5.56, 6.40, 6.50, 7.00, 7.08,
7.19,7.40,7.51,7.74, 7.89, 8.02, 8.11, 8.20, 8.75, 8.95, 9.15,
9.25,9.36, and 9.45 MeV and a natural Cr target. Identification
of the dipole states was done using the previous unpolarized
(y,y’) measurements [12]. Surprisingly, in our present work,
we have not observed the dipole states at E, = 5213.7 and
5526.0 keV that were seen in the previous work. The intensity
reported by Pai et al. for y-ray transitions from these states
is about half of that found for the transition at £, = 5098.6
keV [12]. We have observed the 5098.6-keV y-ray transition
with good statistics, and based on intensity arguments we
should have seen the y-ray transitions of energies 5213.4
and 5525.7 keV in our spectra. Based on our nonobservation,
we argue that these transitions are either inelastic or due to
contaminants in the target.
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FIG. 2. Same as Fig. 1, at E,, = 9.15 MeV.

Figures 1 and 2 show parts of the photon-scattering spectra
of the detectors parallel to the polarization plane of the
HIy S photon beam and perpendicular to it at incident photon
energies of 7.89 and 9.15 MeV, respectively. From these figures
it is clear that the transitions at energies of 7864.5, 9139.4,
and 9211.0 keV are of an M1 nature, whereas the transitions
at energie of 7731.3, 7896.8, and 9235.7 keV are of an E1
character.

Figure 3 depicts the measured values of the azimuthal
intensity asymmetries for ground-state transitions in the energy
range of our experiment. The mean values of the azimuthal
intensity asymmetry for J” = 17 and J™ = 1~ states are
0.75(7) and —0.85(9), respectively. As shown in Fig. 3, the
data are separated depending on their multipolarities (M1 or
E1). The deviation of the azimuthal asymmetry values from
the theoretical values of &1 is mainly due to the finite geometry
of the detector-target arrangement.

Asymmetry
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FIG. 3. Experimental azimuthal asymmetry values for E1 (open
circles) and M1 (asterisks) transitions in >Cr. Average values for E 1
and M1 transitions are drawn as dotted horizontal lines.
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TABLE I. Measured asymmetries € and parity quantum number
assignments for J =1 states in 2Cr. The asymmetries are not
corrected for the finite size of the detectors or attenuation effects.
Measured values of B(M1) 1 and B(E1) 1 are taken from Ref. [12].

E, E, J" € BM1)t  B(ED?t
(keV) (keV) (/L%V) (1073 2 fm?)
5098.6 50984 1t 0.80(11)  0.089(21)

55447 55444 1~ —0.88(10) 1.88(12)
6389.9 6389.5 1~ —0.85(29) 0.762(77)
6462.4 6462.0 1~ —0.80(18) 0.784(78)
6495.5 6495.1 1- —0.90(14) 1.367(96)
6752.0 67515 1T 0.72(12)  0.075(9)

7014.1  7013.6 1- —0.85(06) 1.74(25)
7090.8 70903 1~ —0.87(10) 0.496(88)
71662 71657 1T 0.63(09) 0.038(8)

7368.8 73682 1- —0.87(26) 1.64(13)
7403.2 74026 1- —0.86(11) 0.76(11)
7524.1 75235 1t 0.85(09) 0.243(18)

77319 77313  1- —0.92(04) 5.96(40)
7865.1 7864.5 1T 0.85(12)  0.232(15)

7889.0 78884 1- —0.70(21) 2.80(26)
78974 7896.8 1- —0.86(08) 19.7(10)
80153 80146 17 0.70(08)  0.131(30)

8091.3 8090.6 1~ —0.89(05) 3.97(24)
8179.2 81785 1- —0.82(09) 4.72(98)
87659 8765.1 1- —0.87(09) 1.88(17)
8958.4 8957.6 1~ —0.76(09) 0.93(15)
91403 91394 1t 0.86(04) 0.898(53)

9211.9 9211.0 1* 0.72(03)  0.700(47)

9236.6 92357 1- —0.88(07) 1.83(20)
9327.0 9326.1 1t 0.57(06) 0.238(26)

9429.0 9428.1 1* 0.79(06)  0.295(35)

From the present measurement using polarized photon
beams, of the 26 observed dipole excitations in the range of
E, = 5.1-9.5MeV, 16 states were found to be 1~ and 10 states
were assigned as 17. The measured azimuthal asymmetries
€ and parity quantum numbers are listed in Table I. The
experimental strength distribution values are taken from an
earlier work [12].

A. El-strength distribution for 52Cr

The electric dipole excitation-strength distribution of the
16 J™ = 1~ states observed in the present work is shown
in Fig. 4. The corresponding summed E1 strength at E, =
5.1-9.5MeV in*>Cris Y _B(E1) 1= 51.2(16) x 1073 ¢ fm?.
The lowest-lying candidate for a J™ = 1~ level in 2Cr is
observed at 5544.7 keV. This level has been investigated as
a potential candidate for quadrupole-octupole two-phonon
character [22]. The major part of the observed Y B(E1) 1
in 32Cr is distributed at ~8-MeV excitation energy, with the
strongest E1 transition at E, = 7897.4 keV. The B(E1) 1
value for this transition is 19.7(10) x 1073 ¢%fm?, which
exhausts almost 40% of the total B(E1) strength and 0.3%
of the Thomas-Reiche-Kuhn (TRK) sum rule as reported in
Ref. [12].
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FIG. 4. The distribution of observed B(E1) 1 [12] strength for
resonantly excited states in 2Cr between 5.1 and 9.5 MeV is com-
pared with values obtained from QPM calculations. A comparison
of the measured and calculated QPM cumulative E1 strengths is
shown in the upper panel. Individual contributions and uncertainties
are listed in Table I.

Pai et al. have suggested ~0.15% of the TRK sum rule by
considering the states at £, = 7368.8,7731.9, 7889.0, 8015.3,
8091.3, and 8179.2 keV to be J” = 1~ states [12]. In our
present measurement using polarized photon beams, we have
found that the multipolarity of the level at E, = 8015.3 keV
is JT = 1" instead of J™ = 17, as assumed by Pai ez al. [12].

Similar strong E1 transitions have been seen in the
nearby nuclei with N ~ Z ~ 28. In ggNiw, the strongest E'1
transition, at E, = 8237.3 keV, corresponds to B(E1) 1=
18.51(28) x 1073 2 fm?, which is almost one-third of the total
identified E1 strength [24]. When we move to the Z = 26
isotone (i.e., ggFew), the strongest E1 transition by far turned
out to be at the excitation energy of E, = 8239.6 keV [23],
very close to that of 3¥Ni. The B(E1) 4 value corresponding
to this transition is 16.69(41) x 1073 ¢2fm?. As shown in
Fig. 5, the strongest transition in *°Fe is accompanied by
two smaller fragments at 8127.7 and 8536.3 keV, respectively.
These three transitions alone correspond to one-half the total
E1 strength. The systematics of the distribution of the B(E'1)
in several fp-shell nuclei is shown in Fig. 5, which is very
similar to Fig. 10 in Ref. [24], but with the updated data
available for ®Ni [25], 3°Fe [23], and 2Cr (present work).
In this comparison, we clearly see the similar pattern of strong
E1 transitions in *Fe and >>Cr. As pointed out by Bauwens
et al. [24], this systematics seems to be broken for ®Ni and
“8Ti, nuclei farther away from closed shells.

B. M1-strength distribution for 5>Cr

In the present measurement M 1 excitations are observed at
excitation energies between 5.1 and 9.5 MeV, with a strong
concentration of M1 strength around 9.2 MeV, as shown in
Fig. 6.

A weak and broad concentration of M1 strength is
found at energies of ~7.5 MeV. Below 6.75 MeV, there is
only one J” = 17T state, at the excitation energy of ~5.1
MeV. The total B(M1) 1 value in the energy range of our
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FIG. 5. Distribution of observed E1 excitation strength in several
fp-shell nuclei. Note the range of the y axis for **Ti.

experimental work (E, = 5.1 to 9.5 MeV) is 2.94(9),11?\,.
Magnetic dipole excitations in 3>Cr and other N = 28 isotones
were investigated by Sober et al. [19]. According to their work
the M1 strength distribution in 32Cr is highly fragmented
in the energy range of E, = 7-12 MeV, with three distinct
energy regimes. Using electron scattering, Sober et al. have
observed many J™ = 1+ states in >>Cr with different levels of
confidence for the multipolarity assignments [19]. We have
not observed any J” = 171 states in the 8.1- to 9.0-MeV
region, where Sober et al. reported many J” = 1T states,
some of them with unique multipole assignments [19]. Based
on the confidence level of multipolarity assignment for the M 1
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FIG. 6. Distribution of observed B(M1) 1 [12] strength in 3>Cr
in the energy range between 5.1 and 9.5 MeV is compared with
the values obtained from QPM calculations. A comparison of the
measured and calculated QPM cumulative M1 strength is shown in
the upper panel. Individual contributions and uncertainties are given
in Table L.
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transitions and detection limitation, Sober et al. recommended
a total M1 strength value of 8.1(8)u? in the excitation region
of 7-12 MeV. This value is highly suppressed with respect
to their shell-model calculations [19]. The total measured
M1 strength Y B(M1) 1 value decreases to 5.64(22);&, if
only the M1 states with unique multipolarity assignments are
considered. If we consider the J™ = 17 states observed in the
present work, the total M1 strength is 3.21(13);/%, which is
very close to the value reported by Pai ef al. [12]. In 1998, von
Neumann-Cosel et al. [9] performed shell-model calculations
for the M 1 strength distribution in °>Cr, as well as in other N =
28 isotones, namely, “*Ca, °Ti, and >*Fe. The total B(M1)
strength in 2¢y, using the bare g factor, is 15.60,u12\,. The ratio
of the measured to the calculated B(M 1) strength, commonly
termed the quenching factor, was found to be 0.75 [9] for
the N = 28 isotones. In *3Ca (N =28, Z = 20) the M1
strength is essentially concentrated in a single transition at
E, = 10.23 MeV, with > B(M1) 1= 4.03)u%. If we look
at the other N = 28 isotones, the strongest M1 transitions
occur at E, = 8.56, 9.14, and 10.53 MeV in °Ti, %Cr,
and >*Fe, respectively. The excitation energy of the strongest
M1 transition in these nuclei moves to higher energies as Z
increases from 22 to 26, i.e., more protons are available in
the fp shell. In 2006 Li et al. provided the first evidence for
a spin-flip M1 resonance in “°Ar using polarized beams of
an energy between 7.7 and 11.0 MeV produced at the HIy S
facility [26]. The M 1 state was found at E, = 9.757 MeV, and
the corresponding B(M 1) strength value is 0.148(59)/1,%\,.

In fp-shell nuclei near N = Z, the structure of M1
resonances is expected to be dominated by 1plh spin-flip
excitations, such as 1f7, — 1fs/, for both protons and
neutrons. On the upper side of the fp-shell nuclei with
A ~ 60, the M1 strength distribution is somewhat scattered,
as expected for semimagic nuclei [23-25]. The distribution
of M1-excitation strengths for °Fes, 33Niso, and S9Nis,
(N =~ Z =~ 28) is shown in Fig. 9 of Ref. [25]. The two
accumulations of J” = 17 states in these nuclei at energies
of around 8- and 9-MeV excitation correspond to isoscalar
and isovector spin-flip M1 resonances [1,25].

IV. THEORETICAL APPROACH AND ANALYSIS OF THE
E1 AND M1 EXPERIMENTAL DATA FOR **Cr

To interpret the experimentally observed electric and
magnetic dipole strength distributions of 32Cr, a detailed
treatment of the multiquasiparticle and multiphonon structure
of the low-energy 17 and 1~ excited states is required.
To investigate the spectral fragmentation pattern of the M1
and E1 strength functions below and around the neutron-
emission threshold (S, = 12.034 MeV), calculations in the
framework of the nuclear EDF theory for the description of
the nuclear ground state [27] and an extended version of
the QPM [13,14,28] have been performed. Consistent with
previous investigations of E'1, E2, and M1 strength functions
in various nuclei [3,6,14,29-32], the present QPM calculations
are performed with single-particle energies obtained in a
self-consistent manner from our EDF approach linked to fully
self-consistent Hartree-Fock-Bogoliubov (HFB) calculations
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[13,14,27]. The excited states are calculated with a residual
interaction represented in separable form. The strength pa-
rameters are fixed empirically for E1 calculations [28,33]. In
the case of M1 they were obtained from QRPA calculations
performed within the density matrix expansion discussed in
Ref. [27]. As a further advantage over other QRPA models, the
QPM approach incorporates a multiphonon model space built
of natural and unnatural parity states. Here, the model basis is
constructed of one-, two-, and three-phonon (microscopically
described) configurations with J™ ranging from 1% to 6%
and excitation energies E, up to 9.8 MeV, in agreement
with the range of the experimental data. In this sense our
QPM calculations are considerably more elaborate than those
reported by Pai et al. in Ref. [12]. More details on the
comparison are given in Ref. [34].

Systematic QRPA and QPM calculations of the electric
dipole response in different isotopic and isotonic chains of
nuclei [13,14,29,30,32] indicate enhanced E'1 strength in the
energy range below the neutron threshold with respect to
the shape of a Lorentz-like strength function used to analyze
the GDR [32,35]. A common observation is that the total E1
QRPA strength associated with the PDR increases with an
increase in the isospin asymmetry of the nucleus defined by
the N/Z ratio. In this connection, a correlation between the
total PDR strength obtained in QRPA calculations and the
neutron skin thickness [13,14,29,30], which in neutron-rich
nuclei is defined by the difference between neutron and
proton root-mean-square radii, §r = v/(r2), — V2 >,), is
found [13,14,29,30]. Similar results are also obtained from
various experiments [2].

From our EDF mean-field calculations we derive that the
32Cr nucleus exhibits a neutron skin with a thickness of
dr = 0.056 fm. As a result, the first QRPA 1] state, with
excitation energy E, = 8.366 MeV, and the second QRPA 1~
state, with excitation energy E, = 9.473 MeV, are almost-pure
neutron two-quasiparticle states, where the major contribution
is due to transitions from weakly bound orbitals: 1d3,, —
2[73/2, 281/2 — 2[)3/2, and 1f7/2 — 1g9/2. Taklng into account
these considerations, the energy range below ~9.5 MeV
could be associated with a genuine PDR mode. Theoretically,
this can be seen also from the evolution of the proton and
neutron transition densities, which show a behavior typical
for PDR nuclei [14,32]. The total PDR strength obtained
from the QRPA calculations in >*Cr is Zjy ' B(E1; g.s. —
lopr)orpa 1= 13 x 1073 €2 fm?, which exhausts about 0.1%
of the TRK sum rule.

As the excitation energy is increased, the isovector con-
tribution to the dipole strength increases, and the structure
of the state vectors shows an increase in the out-of-phase
neutron-to-proton contribution and related energy-weighted
sum rules, which is generally associated with the GDR [14,32].
The corresponding strength function begins to follow closely
its Lorentzian fall-off, often assumed for the GDR in data
analyses [35].

Theoretically, it is clear that the QRPA is unable to
account for higher multiparticle-multihole correlations and
interactions resulting from core polarization effects [36]. The
latter could induce dynamical effects related to redistribution
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of strength and strongly affect the gross and fine structure of
dipole strength functions. By comparing the QRPA with the
multiphonon QPM calculations, it is seen that the pure two-
quasiparticle QRPA strengths in the PDR region are strongly
fragmented over many 1~ excited states, once the coupling to
multiphonon configurations takes place. The lowest-lying 1~
state, which is without a QRPA counterpart, is predominantly
given by a two-phonon quadrupole-octupole excitation [37]
of the [2? ® 3| ] configuration, which accounts for ~75%
of the QPM wave function. These results are obtained when
the QPM multiphonon basis is truncated at 9 MeV. In this
case the calculated value for the energy of the 1| state is
Egpm = 5.61 MeV, and the reduced transition probability
is B(E1;g.s. — 17)gpm 1= 6.66 x 1073 % fm?. In compar-
ison, the experimental values are Eex, = 5.545 MeV and
B(E1;g.s. = 1])exp 1= 1.88(12) x 1073 ¢? fm?. The collec-
tivity of the 1] state strongly depends on the model config-
uration space used in the calculations. The increase in the
energy range of the two- and three-phonon configurations up
to 9.8 MeV leads to a more collective 1, state with a lower
excitation energy, Eqpm = 5.463 MeV and B(E1l;gs. —
17)opm 1= 17.56 x 1073 €2 fm*. The strongest QPM 1
state in the energy range below 9.8 MeV is located at Eqpy =
8.270 MeV and the corresponding transition probability is
B(El;g.s. — 12 Jopm 1= 28.14 x 1073 ¢* fm?. The theo-
retical results compare well with the experimental findings,
which give for this state Eey, = 7.897 MeV and B(E1; g.s. —
1o, )opm 1= 19.7(10) x 1073 €% fm?, and also with the QPM
calculations of Pai et al. [12]. The QPM calculations indicate
that the 1, state contains contributions from the low-energy
tail of the GDR, which is the reason for the strong B(E1)
transition rate.

Furthermore, the 1~ states associated with the PDR mode
in 32Cr are widely distributed in the energy range E, &~ 6.6—
11.6 MeV. The structure of these states incorporates decay
fragments of the 17 and 1, QRPA states, related to the
PDR mode, but it also contains contributions of multiphonon
components and core polarization effects from GDR. As a
result, the three-phonon QPM calculations give a much more
low-energy B(E1) strength than obtained for the QRPA pure
PDR strength. The experimental data also show a sequence of
states in the theoretical predicted PDR energy range, but they
are more fragmented.

For the whole measured energy range, E, = 5.1-9.5 MeV,
the QPM calculations predict a summed B(E1) strength
of > B(El)gpm 1= 111 x 1073 €2 fm?. In comparison, the
experiment finds Y B(E 1)ey, 1= 51.2(16) x 1073 ¢ fm?, a
factor of ~2 less strength.

The comparison between the measurements and the QPM
calculations of the cumulative B(E 1) strength and the spectral
distribution in 32Cr is presented in the upper panel in Fig. 4.
In general, the shape of the QPM cumulative B(E'1) strength
as well as the 17 level distribution is found to be in very
good agreement with the experimental data. The observed
difference between the measured and the calculated total
B(ET1) values could be related to the experimental sensitivity
limits and branchings to excited states, which are unaccounted
for by the existing dipole data on >>Cr. In this connection,
the experimental value for the total B(E1) strength represents
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a lower limit only. More details on this issue are discussed
in [3,34] and [38]. For example, cascade simulations for the
97r nucleus described in Ref. [6] give a 76(10)% mean
branching ratio for ground-state transitions of 17 levels for
excitation energies below 10 MeV, resulting in an increase in
the measured total B(M 1) strength of about 25%.

In Ref. [6], the quenching phenomenon of the nuclear
spin-flip magnetic response of *°Zr was investigated. The-
oretically, the description of the fine structure of the M1
strength requires the analysis of the complete spectrum of
1" excited states by accounting for core polarization effects.
The latter contributions were successfully described by the
three-phonon QPM [3,6]. In contrast to many other approaches
in which the genuine many-body effects originating from core
polarization are left unaccounted for, in our approach the
deviation of static and transition magnetic moments from the
accepted values could be attributed mainly to mesonic and
subnucleonic contributions to the transition operators [39,40].
These effects, coming from hard processes, are connected
with energy and momentum scales much different from the
nuclear low-energy region. Schematically, they are taken into
account by a renormalization of the spin-g factor whose
“quenched” value should be related to the lower limit of the
quenching, indicating the amount of strength located outside
the model space and, also, accounting for the contributions
from the hard scale of mesonic and subnucleonic degrees of
freedom. Hence, following previous QPM calculations [33],
the M1 transitions are calculated with a quenched effective
spin-magnetic factor g} = 0.8g} .., where gy . denotes the
bare spin-magnetic moment. This value agrees very well
with shell-model calculations and the experimental data for
N = 28 nuclei from Refs. [9] and [41], where gJ; = 0.75g},
is obtained. In particular, from a comparison to Gammow-
Teller strengths in various fp-shell N = 28 nuclei extracted
from charge-exchange reactions, Monte Carlo shell-model
studies [42] support our value of giy = 0.8g;,., however,
with uncertainties of about 20%. In contrast, in the QPM
calculations of Pai et al. [12] the smaller value of gi; =
0.6g;,.. was used in order to reproduce the experimental
M1 data in 52Cr, which were theoretically overestimated
otherwise.

A reliable description of the fragmentation pattern of the
magnetic dipole (M1) response function is important for
understanding the spin dynamics of the nucleus. The analysis
of the QRPA M 1 strength of 17 excitations with energies up to
E, = 20 MeV indicates that this part of the spectrum is mostly
due to single p-h excited states of the spin-flip type related
to the excitation of neutron and proton 1f7,, — 1f5,, two-
quasiparticle components, respectively. The latter dominate
the structure of the first two lowest-lying QRPA 17 excited
states, the IT state at £, = 8.92 MeV and the 1; state at E, =
10.53 MeV, which share more than 95% of the total B(M1) 1=
10.3,11%, up to E, = 20 MeV. In the excitation energy range
between 10 and 20 MeV we find also contributions of 1ds,, —
Id3, 2p3pp — 2p1p2, 1dsjp — 2dspz, 1pijp — 2p3p, and
1p3/2 — 2p12 transitions. For comparison, the shell-model
calculations in Refs. [9] and [41] include the valance fp shells
only.
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Including only the orbital term of the nuclear magnetic
moment in the QPRA calculations, we obtain the pure orbital
QPRA M1 strength. It is found to be very small, approximately
3.3% of the total QPRA B(M 1) transition probability, which
includes both spin-flip and orbital contributions up to E, = 20
MeV. In general, the interference between spin-flip and orbital
M 1 strengths leads to the suppression of the total M 1 response,
as also reported in [6].

Detailed studies of the M1 fragmentation pattern based
on three-phonon QPM calculations show that the coupling
of natural-parity phonons to multiphonon 17 states induces
additional orbital contributions to the M1 transitions. Con-
sequently, the observed M1 strength at excitation energies
between 5 and 10 MeV contains an orbital part of about 11%,
which is less than that found for the case of *°Zr [6]. The
excited 17 states at about E, = 5 MeV contain mainly orbital
contributions. For higher-lying 17 states the spin-flip part of
the wave function is dominant.

In general, the multiphonon QPM calculations indicate that
the M1 strength distribution below E, = 10 MeV could be
related to fragmentation of the 1?’ and 1;’ QRPA states. Thus,
in this energy region about 90% of the fragmented first QRPA
1T and only about 5% of the fragmented second QRPA 17
state are located. The latter makes a significant contribution
to the M1 spin-flip strength at energies above 10 MeV, the
energy range which includes the neutron-separation energy
as well. Experimentally, it is a formidable task to distinguish
these 17 states in the vicinity of the neutron threshold from
background components and the GDR. However, we can
explore this region theoretically in the QPM. The model
predicts strongly fragmented M1 strength, related mainly to
the decay of the 1; (QRPA) state over a considerable number of
17 states with relatively low transition probabilities and a total
TeoMeVB(M1) 1 of ~6u3%. This is a considerable amount of
M1 strength, which deserves further experimental attention.

The total QPM M 1 strength summed over 17 states from
E, =5 MeV to E, =9.5 MeV can be compared directly
with the present data. The results are presented in Fig. 6.
The theoretical findings give ngdg/{fVB(M Dorm 1= 3.1 ,u12v,
which is in good agreement with the experimental value of
5 ANV B(M Dexp 1= 2.94(9)113,. However, one should take
into account that this experimental value for the B(M1)
strength does not include the contributions of branchings to
excited states, which might increase the measured total M1
strength.

V. CONCLUSIONS
32Cr(y,y’) photon scattering experiments have been per-

formed using the nearly monoenergetic, 100% linearly polar-
ized photon beams produced at the HIyS facility of TUNL.
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Twenty beam energies have been used to cover the energy
range from 5.0 to 9.5 MeV and to uniquely identify and mea-
sure the dipole excitations in >2Cr. Twenty-six dipole excita-
tions were identified and their parity quantum values were un-
ambiguously determined from the measured azimuthal inten-
sity asymmetry of nuclear resonance fluorescence transitions.
The distributions of magnetic and electric excitations have
been discussed in detail with experimentally measured (from
Ref. [12]) values of > B(E1) 1= 51.2(16)x 1073 ¢?fm? and
Y B(M1) 1= 2.9409)%.

From three-phonon QPM calculations of the electric dipole
response in >>Cr, specific signals of a new mode of excitation
related to PDR are observed. As a common feature in neutron-
rich nuclei, the structure of the PDR excited states in 2Cr
is dominated by neutron components directly connected to
the presence of a neutron skin. The generic character of
the PDR is further confirmed by the investigation of related
transition densities. The PDR energy location and its total
B(E1) strength are predicted.

The observation of the spin-flip M1 resonance structure
around 9.1 MeV in 32Cr has been discussed along with the
systematics of the distribution of dipole excitation in fp-shell
nuclei. Such a concentration of M1 strength around 9.2 MeV
is further confirmed in three-phonon QPM calculations and
explained as fragmented spin-flip 17 excitations.

In these studies a common observation is that the QRPA
is unable to describe the low-energy nuclear dipole response
in detail. This can be achieved only if one takes into
account the contribution of multiphonon coupling, which
explains the observed fragmentation pattern of the £1 and M 1
strengths and their absolute value. In addition, the theoretical
investigations of the fragmentation pattern of the M1 strength
indicate that the contribution of the orbital part of the magnetic
moment is mainly due to coupling of multiphonon states.
The effect is estimated to account for about 11% of the total
M 1 strength below the neutron-emission threshold. The good
agreement of the calculated and measured total M 1 strength is
a signature that the quenching is handled reliably in the chosen
approximation. A better understanding could be achieved with
more comprehensive knowledge of the nature of the intrinsic
nuclear moments, meson-exchange currents, and branching
ratios from excited states, which might be of importance for
further improvements.
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