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Inelastic proton scattering at energies of a few hundred million electron volts and extreme forward angles
selectively excite the isovector spin-flip M1 (IVSM1) resonance. A method based on isospin symmetry is
presented to extract its electromagnetic transition strength from the (p, p’) cross sections. It is applied to **Ca,
a key case for an interpretation of the quenching phenomenon of the spin-isospin response, and leads to a M 1
strength consistent with an older (e,e’) experiment excluding the almost two times larger value from a recent
(y.n) experiment. Good agreement with electromagnetic probes is observed in 2°®Pb, suggesting the possibility
of extracting systematic information on the IVSM1 resonance in heavy nuclei.
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Introduction. The isovector spin-flip M1 (IVSM1) reso-
nance is a fundamental excitation mode of nuclei [1]. Its
properties impact diverse fields like the description of neutral-
current neutrino interactions in supernovae [2,3], y-strength
functions utilized for physics of reactor design [4] or for mod-
eling of reaction cross sections in large-scale nucleosynthesis
network calculations [5], and the evolution of single-particle
properties leading to shell closures in neutron-rich nuclei [6]. It
also contributes to the long-standing problem of quenching of
the spin-isopin response in nuclei [7], whose understanding is,
e.g., a prerequisite for reliable calculations of nuclear matrix
elements needed to determine absolute neutrino masses from
a positive neutrinoless double-8 decay experiment [8].

The strength distributions of the IVSM1 resonance in
light- and medium-mass (fp-shell) nuclei have been studied
extensively using electromagnetic probes like electron scat-
tering and nuclear resonance fluorescence (NRF). However,
information in heavy nuclei is limited to a few magic nuclei
[9-13], and it is questionable whether the full strength has
been observed since NRF is typically applicable only up to the
neutron threshold. Furthermore, there is no model-independent
sum rule for the IVSM 1 resonance like in the case of electric
or Gamow-Teller (GT) giant resonances. One exception is
208Pb, where additional information from neutron resonance
studies above threshold is available [14] and observation of
the complete M 1 strength distribution is claimed [15].

The J™ =17 states forming the IVSM1 resonance in
even-even nuclei can also be excited in small-angle inelastic
proton scattering at energies of a few hundred million electron
volts because angular momentum transfer AL = 0 is favored
in these kinematics and the spin-isospin part dominates the
proton-nucleus interaction, leading to the population of the
IVSM1 mode. Indeed, in pioneering experiments bumps were
observed in forward-angle scattering spectra and identified
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as IVSM1 resonance in heavy nuclei [16,17]. At energies
above 100 MeV a single-step reaction mechanism dominates
in (p, p’) scattering in analogy to the (p,n) and (n, p) reactions
[18]. It allows us to relate the measured cross sections to the
transition matrix elements. However, the classical extraction
depends on model wave functions of the initial and final
states and on the description of the projectile-target interaction,
leading to large uncertainties.

It is the aim of this Rapid Communication to present
a new method for the extraction of electromagnetic M1
transition strength from such (p,p’) experiments based on
isospin symmetry of the IVS M 1 mode and the analog GT mode
excited in charge-exchange (CE) reactions. The connection
between the M1 and GT modes by isospin symmetry has
been discussed extensively [7,19] and used, e.g., to determine
isospin quantum numbers of 17 states from combined (p, p’)
and (*He, ) experiments on the same target nucleus [20] or to
derive B(M 1) strengths from the GT matrix elements [21]. In
CE reactions, the GT strength is obtained from normalization
of the cross sections to 8 decay by the so-called unit cross
section [22,23]. Here, we show that the method can be extended
to the (p, p’) reaction, opening a route to systematic studies of
the IVSM 1 resonance in heavy nuclei.

The technique is applied to two cases of particular interest,
*Ca and 2°®Pb. The IVSM 1 resonance in *Ca is especially
simple. Its strength is largely concentrated in the excitation of
a single state at 10.23 MeV. It was first observed in inelastic
electron scattering [24] with a reduced transition strength
B(M1) =3.9(3) /LZZ\,. Because of its simple [v1f772'1f5/2]
particle-hole structure, it has been a key reference for an
interpretation of the phenomenon of quenching (see, e.g.,
Ref. [25] and references therein). Recently, a new result from a
*Ca(y,n) measurement at the HIy S facility has been reported
[26]. The deduced strength B(M1) = 6.8(5) M?v is almost
two times larger. If correct, this value would question our
present understanding of quenching in microscopic models.
For example, the consistent shell-model quenching factors of
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the IVSM1 (including *3Ca) [27] and GT 8 decay strength
[28]in fp-shell nuclei, successfully applied to the modeling of
weak interaction processes in stars [29], would be challenged.
Another important case is 2°Pb [30], the only case where the
complete B(M 1) strength distribution is claimed to be known
[15].

Experiments. Recently, high energy-resolution measure-
ments of inelastic proton scattering at extreme forward angles
including 0° have become feasible [31,32]. At Research Center
for Nuclear Physics (RCNP) Osaka, Japan, experiments have
been performed at an incident proton energy of 295 MeV
covering a wide range of nuclei including *°Pb. It was
demonstrated by two independent methods based on spin
transfer observables and a multipole decomposition analysis
(MDA) of angular distributions that the cross sections due to
excitation of the IVSM 1 resonance can be extracted [33-36].
A corresponding *®Ca(p, p’) experiment was performed with
abeam intensity of 4—10 nA. Protons were scattered off a *Ca
foil with an isotopic enrichment of 95.2% and an areal density
of 1.87 mg/cm?. Data were taken with the Grand Raiden
spectrometer [37] in the laboratory scattering angle range
0-5.5° for excitation energies 5—25 MeV. Dispersion matching
techniques were applied to achieve an energy resolution of
about 25 keV (full width at half maximum). Details of the
experimental techniques and the data analysis are described in
Ref. [31].

The excitation of the 1 state at 10.23 MeV is by
far the strongest line in all spectra as shown by way of
example for & = 0.4° in Fig. 1. In these kinematics relativistic
Coulomb excitation of J™ = 1~ states dominates the (p,p’)
cross sections [33-36]. The broad structure peaking at about
18.5 MeV is identified as the isovector electric giant dipole
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FIG. 1. Spectrum of the **Ca(p, p’) reaction at E, = 295 MeV
and 6 = 0.4°. The inset shows the spectral region in the vicinity of
the dominating transition at £, = 10.23 MeV. Note the factor of ten
difference in the y axis.
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FIG. 2. Angular distribution of the peak at Ey = 10.23 MeV
(full blue circles) excited in the **Ca( p,p) reaction in comparison
to model calculations with the code DWBAO7 for a neutron (solid
red line), isoscalar (dotted line), and isovector (dashed line) spin-
flip 1 f7» — 1f5), transition and the Love-Franey effective proton-
nucleus interaction [40,41].

resonance consistent with data from a 48Ca(e,e’n) experiment
[38]. The inset of Fig. 1 shows an expanded spectrum
around the peak at 10.23 MeV. Clearly, in this energy region
the spectrum is free of background and a separation from
other close-lying transitions is easily achieved. Its angular
distribution is presented in Fig. 2 (full blue circles). In order
to prove the AL = 0, spin-flip character of the transition it is
compared to a theoretical angular distribution (solid red line)
calculated with the code DWBAO7 [39], assuming a neutron
spin-flip 1 f7/» — 1 f5/» transition and using the Love-Franey
effective proton-nucleus interaction [40,41].

Extraction of M1 strength. While the forward-peaked AL =
0 angular distribution can be well described independent of
details of the DWBA calculation, absolute predictions of cross
sections show a large uncertainty depending on the choice
of the effective proton-nucleus interaction [42]. Therefore, in
the following we employ the concept of unit cross section
developed for the extraction of GT strength from CE reactions
[22,23] and derive a similar relation for the (p, p’) reaction.
For CE reactions the cross section at scattering angle 8 = 0°
can be written as

do
d_Q(O ) = 66rF(q,w)B(GT), ey

where 6gr is a nuclear-mass dependent factor (the unit cross
section), F'(g,w) a kinematical factor normalized to F(0,0) =
1 correcting for non-zero momentum and energy transfer,
and B(GT) is the reduced GT transition strength. The total
energy transfer o = Ex — Q, where Q denotes the reaction Q
value. One can define a corresponding relation for the inelastic
scattering cross sections

do

—(0°)=bmiF(q,E)B(M1,,), 2

dQ() ém F(q,Ex)B( ) (2)
where B(M1,.) denotes the reduced IVSM1 transition

strength. The kinematical correction factor is determined by
DWBA calculations and the extrapolation to the cross section
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at 0° from experimental data at finite angles is achieved with
the aid of theoretical angular distributions as shown in Fig. 2.

The reduced GT and IVSM1 transition strengths from a
J™ = 0% ground state to a J® = 17 excited state can be
expressed as

A
_ GT .
B(GT)——2<sz+1) (f] ;okrk li)| 3)
2 A 2
_ Ml .
BM1ye) = oty | ] ijokrk /i) )

Here, o; and 1; are the spin and isospin operators acting
on the kth nucleon, (|||oT|||) denotes a matrix element
reduced in spin and isospin, and i, f are initial and final
states with isospin 7;,7T,. The Clebsch-Gordan coefficients
Cgt/m1 depend on the reaction and on the 7;, Ty values [19].
The (p,n) reaction can excite GT transitions to states with
isospin Ty = T; — 1,T;,T; + 1 and the corresponding strength
is commonly termed B(GT-), B(GTy), B(GT..). The B-decay
transitions used to determine the parameters of Eq. (5) possess
Ty =T, — 1 while the IVSM1 resonance observed in the
(p,p’) reaction has Ty = T;. (We note that 7; + 1 states can
also be excited but are well separated in excitation energy and
are strongly suppressed for large values of 7; [19]).

At the very small momentum transfers considered here,
isospin symmetry predicts 6y =~ 6gr. The systematics of dgr
for the (p,n) reaction at 297 MeV has been studied in Ref. [43].
A parametrization of its mass dependence

6t = 3.4(3)exp[—0.40(5)(A!? — 901/3)] (3)

allows to extract 6y for **Ca and 2°®Pb. The mass dependence
of Eq. (5) is in very good agreement with a recent analysis of
&M in lighter nuclei [44]. The assumption of equal unit cross
sections leads to

1 T
BMl,;) = - ——B(GT_ 6
( ) =3 T 11 (GT-) ©)
and for the case of an analog GT transition with Ty = T;
B(Ml.) = 3T;B(GT ). @)

Equations (6) and (7) imply that the IVSM 1 matrix elements
can also be derived from studies of the GT strength with the
(p,n) reaction in the same kinematics.

The corresponding electromagnetic B(M1) transition
strength
v

85 - .
> o)ro||z>|2u§

®)

contains spin and orbital contributions for the isoscalar (IS)
and isovector (IV) parts. For small orbital and IS contributions
B(M1) and B(M1,) can be related by

3 1S7 g§S~ I\
B(Ml)—EHngz 1+76— g+

3
B(M1) = E(giv)zB(Mlm)ui. ©)

A number of approximations is made in the derivation
of Egs. (6), (7), and (9) whose validity is discussed in the
following. Several effects can break the equality of Egs. (6)
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and (7). In contrast to the purely IV CE reactions, the (p,p’)
cross sections contain IS contributions. However, because of
the dominance of the ot over the o part of the effective
interaction [40] these are typically < 5% and energetically
separated in heavy nuclei [1]. Differences of exchange terms
contributing to the (p,p’) and (p,n) cross sections and
Coulomb effects lead to negligible effects in the extrapolation
of cross sections to ¢ = 0. A general problem of the (p,p’)
as well as CE reactions are incoherent and coherent AL = 2
contributions to the excitation of 17 states, the latter due to
the tensor part of the interaction. Because of the difference
of angular distribution shapes the incoherent AL = 2 cross
sections are effectively taken into account in the MDA of the
data, while the coherent part requires explicit knowledge of the
excited-state wave function. In Ref. [45] a shell-model study
has been performed indicating 10-20% changes of individual
transition strengths with decreasing importance for stronger
transitions and random sign. Thus, for the total strength the
uncertainties should be smaller than 10%.

Going from Eq. (8) to Eq. (9) is justified by the following
arguments: Because of the anomalous proton and neutron g
factors the IS spin part is small [(g!%)? ~ 0.035(g!V)?] and
can usually be neglected (see, however, the special case of
“8Ca discussed below). Furthermore, orbital M1 strength is
related to deformation [1] and disappears in the closed-shell
nuclei studied in the present work. However, Eq. (9) should
approximately hold in general. For light deformed nuclei the
spin-orbital interference can be sizable for individual transi-
tions but the overall strength is weakly modified (<10%) again
because of the random mixing sign [46,47]. In heavy deformed
nuclei, spin and orbital M1 strengths are energetically well
separated and mixing is predicted to be weak [1].

Finally, meson exchange current contributions can differ
for electromagnetic and hadronic reactions. These differences
are relevant in light nuclei and have, e.g., been observed in
the comparison of M1 and GT strengths in sd-shell nuclei
[47]. However, for A > 40 the available data indicate that the
quenching factors in microscopic calculations are the same
[48], consistent with theoretical expectations [49,50].

The case of *°Pb. We can test the approach for 2®Pb, where
information on the M1 strength is claimed to be complete
[15]. Figure 3(a) presents the combined data of (y,y’) [15]
and (n,n’y) [14] experiments, providing information below
and above threshold, respectively. (Note that the strength
below 7 MeV quoted in Ref. [15] is not considered because it
has error bars close to 100% and is excluded by subsequent
NRF experiments [51-53]). The B(M 1) strength distribution
extracted from the (p,p’) cross sections [34] is presented
in Fig. 3(b). The agreement of the energy distribution and
total strength is excellent [the seeming discrepancies around
7.5 MeV result from the different binning of the two data sets,
cf. Fig. 3(c)]. For example, the summed strength up to 8 MeV
in Ref. [15] of 14.87] 1% is to be compared with 16.0(1.2)
/LIZ\I from the (p, p’) data. In the energy region between 8 and
9 MeV, previous experiments had limited sensitivity (cf. Fig. 6
in Ref. [14]), which explains why the strength seen in the
(p,p) experiment was missed. In the present work, we find
a total strength Y B(M1) = 20.5(1.3) u for the spin-M1
resonance in “**Pb.
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FIG. 3. B(M1) strength distribution in 208pp petween 6.5 and
9 MeV from (a) Refs. [14,15] and (b) the M 1 proton scattering cross
sections of Ref. [34] applying the method described in the present
work. (c) Comparison of running sums.

The case of **Ca. The strong transition in **Ca has pure
neutron character [54]. In this particular case the & term in
the electromagnetic operator, Eq. (8), cannot be neglected in
the extraction of the B(M 1) value because of the interference
term. The IS contribution to the (p,p’) cross sections was
estimated using theoretical angular distributions for IS and IV
1f7/2 — 1[5, transitions shownin Fig. 2 as dashed and dotted
lines, respectively. A x2 fit yields that 94.8(25)% of the cross
section at 0° is of IV nature and the corresponding B(M1,,)
strength is deduced from Eq. (2).

Extraction of the analog electromagnetic strength requires
the inclusion of quenching conveniently implemented in mi-

croscopic calculations by effective g factors g-oh = g'S/™V x

g§5/ Vin Eq. (8), where g denotes the magnitude of quenching.

For the IV strength a quenching factor ¢" = 0.75(2) for
fp-shell nuclei was determined in Ref. [27] and one may
assume ¢'S = ¢'v for the IS part. However, it is generally
expected that ISSM 1 strength is less quenched [55]. A recent
study in a series of sd-shell nuclei indicates that shell-model
calculations can describe the ISSM 1 strength without the need
for a quenching factor [44], i.e., g}seff = g!S. Taking these
two extremes one gets a range of poséible transition strengths

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 93, 041302(R) (2016)

N
7:—48Ca %_

B(M1) (%)
= t
——

'-.-"-E-'
=

L _
, _
1 _
0 I N 1 N 1 N 1 N 1 1

& ¥ @ W
N

S S
SRS N

FIG. 4. B(M1) strengths for the transition to the 10.23 MeV state
in “Ca deduced from different experiments. The dependence on
the unknown quenching of the IS part in the hadronic reactions is
illustrated assuming no quenching (full symbols) or taking the value
for IV quenching (open symbols).

B(M1) = 3.85(32)-4.63(38) uf\]. We have applied the same
analysis to older data for the “*Ca(p, p’) reaction at Ey = 200
MeV [56] with very similar results; see Fig. 4.

With the aid of Eq. (7), the B(M1) strength can also
be derived from the 48Ca(p,n) reaction. Yako et al. [57]
investigated the GT strength distribution in *8Sc with the
“Ca(p,n) reaction at the same incident energy of 295 MeV.
The isobaric analog state of the level at 10.23 MeV in *Ca
is prominently excited at 16.84 MeV [58] in the forward
angle spectra (see Fig. 1 of Ref. [57]) and B(M 1) strengths
ranging from 3.45(85) to 4.1(1.0) u for the two extremes of
IS quenching are extracted.

Figure 4 summarizes the findings of the above analysis. The
B(M1) strengths deduced from all three hadronic reactions
agree well with each other and with the result from the
(e,e’) experiment, in particular if no or little IS quenching is
assumed. Even considering the uncertainty due to the unknown
magnitude of IS quenching, the large value from the (y,n)
experiment is inconsistent with the present results.

Summary. A new method for the extraction of B(M1)
strength from inelastic proton scattering at forward angles is
presented. Application to 2**Pb shows good agreement with
electromagnetic probes and highlights the sensitivity above the
neutron threshold, where sizable additional strength is found
not accessible in previous work. The assumptions underlying
the method are shown to be well justified by the case of the
prominent transition in **Ca, where a direct comparison with
the analog transition excited in the (p,n) reaction is possible.
The B(M 1) strengths deduced from the (p, p’) and (p,n) data
agree with each other and with the (e,e’) result [24]. The much
larger value from a recent (y,n) experiment [26] is clearly
in conflict with the (e,e’), (p,p’), and (p,n) results derived
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by completely independent methods. Systematic studies with
this new experimental tool are under way (including a detailed
comparison with results from electromagnetic probes for *°Zr
[10,13,59]) and promise for the first time a systematic picture
of the IVSM1 resonance over wide mass and deformation
ranges.
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