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Abstract

The 56Fe(e, e′) reaction has been studied for excitation energies up to about 8 MeV
momentum transfersq � 0.4–0.55 fm−1 at the Darmstadt electron linear accelerator (DALINA
with kinematics emphasizingM1 transitions. Additional data have been taken forq � 0.8–
1.7 fm−1 at the electron accelerator NIKHEF, Amsterdam. A PWBA analysis allows spin and p
determination of the excited states. ForM1 excitations, transition strengths are derived with a DW
analysis using shell-model form factors. The resultingB(M1) strength distribution is compared
shell-model calculations employing different effective interactions. The form factor of the prom
low-lying M1 transition at 3.449 MeV demonstrates its dominant orbital nature. It represents a
part of the scissors mode in56Fe.
 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic dipole (M1) excitations are a subject of long-standing interest in nuc
structure. The spin and orbital currents—and their interference invoked byM1 transitions
provide insight into a number of important problems. The spin part is closely linke
the Gamow–Teller (GT) strength fromβ decay or charge exchange processes becaus
mediated by the same one-body operator [1]. A quenching of the sping-factor is observed
in analogy to the renormalization of the axial-vector coupling constant (see, e.g.,
and references therein).M1 transitions are also sensitive to non-nucleonic degree
freedom in elementary nuclear excitations [4–6]. Furthermore, a collective orbital ma
dipole mode—the scissors mode—has been identified [7] at low excitation energies
strength and location are intimately related to rotational properties of the nucleus
e.g., [8–11] and references therein).

Recently, there has been great interest into the study of GT spin–flip transitio
fp-shell nuclei, and in particular in the mass region around56Fe, because they gove
the dynamics of supernova type II explosions [12]. Efforts have been made to de
the corresponding strengths and their energy distributions in state-of-the-art shell-
calculations [13–16]. One finds that the stellar interaction rates must be consid
modified with respect to simplifying assumptions used so far in supernova mod
massive stars [17].

The GT+ and GT− strengths in56Fe have been studied with the (p, n) [18] and (n
[19] charge-exchange reactions, respectively. A study of theM1 response in56Fe serves
as an interesting test of the theoretical approaches. The spin–flip part is a mea
the GT0 component (where the subscript denotes theT = T0 isospin component withT0

being the isospin of the ground state) which plays an important role in neutral-c
neutrino scattering on nuclei relevant to modifications of the electron neutrino spectr
core collapse supernovae [20]. In hadronic charge-exchange reactions alone it is d
to extract the GT0 strength distributions because a superposition of the possible is
components is measured and a decomposition depends on the availability of a
complete set of experimental data onM1, spin–flipM1 and GT strengths [21].

Another important question is the role of the scissors mode in the low-energM1
response of56Fe. Its properties are well established in heavy nuclei and it has
shown to be well separated from theM1 spin–flip resonance and thus of rather p
orbital character [22]. However, infp-shell nuclei the two modes generally exhi
stronger mixing and an extraction of the scissor mode is thus more complicated [2
Correspondingly, the features of the scissors mode in lighter nuclei are less well ex
and56Fe, with a considerable ground state deformation, represents an interesting can

The present work reports on a study of theM1 strength in56Fe with high-resolution
inelastic electron scattering. Emphasis is put on the energy region below the sp
resonance where the scissors mode is expected. Some information onM1 transitions
in 56Fe exists from(γ, γ ′) studies [26–28]. However, investigation of their moment
transfer dependence provides a deeper insight, in particular into the role of spin

interference effects. Some results of the(e,e′) reaction on mixed-symmetry 2+ excitations
in 56Fe have been published previously [29].



r
ion

ctron
h-

[31].

d. The
to the

ectrons

acted
spectra
n

rogram
itions
elastic
pe and
sition.

culated
, and
to be

er: the
ic peak.
R.W. Fearick et al. / Nuclear Physics A 727 (2003) 41–55 43

2. Experiments

2.1. Experimental techniques

Two sets of measurements for the reaction56Fe(e,e′) were carried out, one fo
low-q values (q ≈ 0.5 fm−1) and another for the higher-momentum transfer reg
q � 0.8–1.7 fm−1. The low-q measurements were performed at the Darmstadt ele
linear accelerator (DALINAC) which is described in detail elsewhere [30], while higq

measurements were performed at the electron accelerator at NIKHEF, Amsterdam
In Darmstadt, inelastically scattered electrons were detected using a 169◦ double focusing
magnetic spectrometer, while in Amsterdam a QDD magnetic spectrometer was use
kinematical conditions of the measurements are summarized in Table 1. In addition
spectra of the inelastically scattered electrons, those of the elastically scattered el
were taken for a normalization of the cross sections and a line shape analysis.

The target used in the present experiment was a self-supporting foil of56Fe, of
11.66 mg/cm2 thickness and a purity of 99.93%. Fig. 1 shows the background subtr
electron scattering spectra measured at Darmstadt, while Fig. 2 presents the
measured at Amsterdam. Prominent in the spectra is theM1 excitation of a state at a
excitation energy of 3.449 MeV and several knownE2 transitions around this energy.

2.2. Data analysis

The spectra were decomposed into peak and background components using the p
FIT [32,33] as described by Hofmann et al. [34]. Because of the experimental cond
the shape of the inelastic peaks of one spectrum must be that of the corresponding
peak. The line shape parameters were thus determined from the elastic line sha
then kept fixed for the inelastic peak except for the peak area and the peak po
Spectral lines and background were fitted simultaneously. The full peak area was cal
after correction for radiative losses. Energy resolution ranged from 30 to 44 keV
the absolute uncertainty in excitation energies obtained in this work is estimated
±10 keV.

The inelastic cross sections were extracted from the spectra in the following mann
area under each fitted peak was divided by the area under the corresponding elast

Table 1
Kinematical conditions of the56Fe(e,e′ ) measurements. The effective momentum transferqeff is defined in
Eq. (2)

E0 (MeV) Θe (deg) qeff (fm−1) ∆E (keV) Ex (MeV)

29.8 141 0.417 32 2.0–9.0
29.9 165 0.436 33 2.0–9.0
41.4 117 0.476 38 2.0–8.5
41.3 165 0.552 35 2.0–9.0
68.6 154 0.811 31 2.0–9.0

107.1 154 1.193 30 2.0–9.0

157.2 154 1.687 44 2.0–9.0
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Fig. 1. Background subtracted spectra of the56Fe(e,e′) reaction measured at the DALINAC.

The ratios were corrected for radiation and spectrometer dispersion effects, and we
multiplied by the theoretical elastic scattering cross sections calculated with the dis
wave Born approximation (DWBA) phase shift method.

From the seven spectra, a consistent set of 18 peaks which could be identified i
spectra was selected for further analysis. A model-independent analysis (see, e.g
was used in order to establish the multipolarity of the observed transitions and an
determination of the transition strength. In the plane wave Born approximation (PW
the reduced transition strength for longitudinal electric transitions (C) or transverse
magnetic transitions (M), of multipolarity L, may be written as a power series in t
momentum transferq√

B(XL,q)↑
B(XL,0)↑ = 1+

∞∑
ν=1

bν(XL)R
(2ν)
tr (XL)q2ν, (1)

where X = C,M and L � 1. The coefficientsbν(XL) are given, e.g., in Ref. [35
The quantitiesRtr are weighted moments of the transition charge density and√

transition current density (see, e.g., [36]). The quantityRtr(XL) = Rtr(2) (XL) is called the

transition radius. In practice, the ratiosu(XL) = (R
(4)
tr (XL))1/2/Rtr(XL)2 andv(XL) =
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Fig. 2. Background subtracted spectra of the56Fe(e,e′ ) reaction measured at the NIKHEF.

(R
(6)
tr (XL))1/3/Rtr(XL)2 vary only slightly for all possible transitions. An average

values was obtained for56Fe using the program PAMELA [37] and the values were fixe
u = 1.15 andv = 1.26. The method was applied to the low-q form factor data only, and th
series was truncated atν = 3. The formulation applies in PWBA. In practice the distorti
of the wave functions is not negligible and the measured cross sections were corre
the ratio of PWBA to DWBA cross section extracted from output of the program PAME
These correction factors range from 0.72 to 1.66.

Values of
√

B(XL,q)↑ were extracted from the experimental form factors, corre
for distortion, and were fitted to Eq. (1) as a function ofq2 using

√
B(XL,0)↑ and

Rtr(XL)2 as fitting parameters. Fig. 3 illustrates the procedure for the cases o
states atEx = 3.449 MeV andEx = 4.732 MeV, with known transitions ofM1 andE2
type, respectively. The fits allow the different multipolarities to be clearly distinguis
This procedure was applied to the transition strengths for all 18 observed levels
multipolarities assigned are given in Table 2 for the transitions observed in the exper

3. DWBA analysis of form factors and B(M1) strengths

For the identified 1+ levels, the experimental transverse form factors were comp
with form factors calculated with DWBA wave functions in order to obtain experime

values for the transition strengthsB(M1)↑. Input data for the DWBA calculation, in the
form of one body transition densities, was obtained from a shell-model calculation. It may
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Fig. 3. PWBA analysis of the56Fe(e,e′ ) form factors for two examples of transitions to known 1+
(Ex = 3.449 MeV) and 2+ (Ex = 4.732 MeV) states, respectively.

Table 2
Levels observed in the56Fe(e,e′) experiment. Excitation energies,Ex, and total angular momentum an
parities,Jπ , are extracted from a model-independent PWBA analysis while the transition strengthsB(M1)↑
are determined in a model-dependent DWBA analysis using shell-model transition densities

Ex (MeV) Jπ B(M1)↑ (µ2
N ) B(M1)↑ (µ2

N )
This work [28]

2.661 2+
2.963 2+
3.369 2+
3.449 1+ 0.510(51) 0.494(32)
3.599 2+
3.816 2+
4.539 2+
4.732 2+
5.255 2+
5.571 1−
5.692 2+
7.071 2+
7.209 1+ 0.546(39) 0.425(26)
7.249 1+ 0.224(41) 0.149(23)
7.899 1+ 0.121(23) 0.199(20)
8.056 ?
8.443 1+,2+ 0.142(37)

8.895 1+ 0.212(41) 0.238(116)
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Fig. 4. Examples of the DWBA analysis ofM1 transitions identified in the56Fe(e,e′ ) reaction using shell-mode
form factors. Results obtained with the FPD6 [39] and FPC8 [40] interactions are shown as short-das
long-dashed lines, respectively.

be noted that the DWBA corrections to the cross sections are significant and may
factors up to two compared to the PWBA analysis discussed in the previous section

The shell-model calculations were performed using the program OXBASH [38].
16 particles outside the (N,Z = 20,20) shells were described in a restrictedfp model
space, with possible configurations(f7/2)

14(p1/2p3/2f5/2)
2 and(f7/2)

13(p1/2p3/2f5/2)
3,

i.e., including 2p–2h and 3p–3h excitations (truncation levelt = 3). Calculations were
performed using the FPD6 [39] and FPC8 [40] interactions. An adjusted single pa
spectrum is needed for the description of nuclei in the vicinity of the doubly magic56Ni
when using the FPD6 interaction [41]. One-body transition densities were obtain
excitations toJπ = 1+ states.

Using these one-body transition densities, DWBA transverse form factors for the m
transitions were calculated with the program PAMELA [37]. An effective sping-factor
geff
s = 0.7gfree

s for the proton and neutron was introduced. These form factors were s
to the experimental data, and the scaled value of theB(M1) transition strength wa
obtained. Fits for various transitions are illustrated in Fig. 4. The results are show
function of the effective momentum transferqeff

qeff = q

(
1+ 3

2

Ze2

h̄cE0Req

)
, (2)

whereReq= 1.12×A1/3. The differences of the momentum transfer dependence are
indicators of differences in the underlying structure of the shown examples. The 1+ states
at 7.209 MeV and 8.895 MeV are typically excited by spin–flip transitions of domi
1f7/2 → 1f5/2 type. The state at 3.449 MeV is mainly excited by orbital currents

discussed in detail below, while the transition to the level at 7.249 MeV is more complex
with several relevant contributions.
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The set of available shell-model form factors was fitted to each data set and the
with the lowestχ2 was chosen. Transition strengths extracted using this fitting proce
did not differ significantly for the FPC8 or FPD6 interactions. Thus their results
averaged and taken as the experimental values. Table 2 summarizes theB(M1) strengths
of the transitions identified to haveM1 character in the model independent analy
The values are compared with the results of Bauwens et al. [28] measured by n
resonance fluorescence. The agreement is quite good except for the transitions to th
at 7.249 and 7.899 MeV where the results are just outside the respective error ba
the transition to the level at 3.449 MeV a further experimental resultB(M1) = 0.62 µ2

N

has been obtained using the self-absorption technique [42]. A state at 3.120 MeV
likely Jπ = 1+ assignment has been reported [43] but the g.s. decay width is very
(B(M1)↑ ≈ 3×10−3 µ2

N ) and thus beyond the sensitivity limit of the present experim

4. Shell-model description of the M1 response in 56Fe

As demonstrated in Fig. 5, theM1 strength distribution in56Fe below the spin–flip
resonance provides a sensitive test case for different shell-model interactions. T
part of Fig. 5 displays the experimentalB(M1) strengths deduced with the metho
described in the previous section. In the second and third row results obtained w
FPC8 and FPD6 interactions, respectively, in thet = 3 model space discussed above
presented. The most prominent transition at 3.449 MeV is reasonably well descri
energy and absoluteB(M1) value by both. The experimental sensitivity limit is of t
orderB(M1) ≈ 0.1 µ2

N . Thus,M1 transitions as predicted in the excitation-energy ra
Ex � 4–7 MeV by the FPC8 results are largely excluded, while weaker transitio
predicted by FPD6 may be possible. The two strong transition just above 7 MeV are
at the right energy in the FPD6 results while the corresponding group is shifted to
6.5 MeV in the FPC8 calculation. TheM1 strength is underestimated in both cases
even more severe in the distribution generated with FPD6.

It may also be noted that a calculation in a (2p–2h) configuration space usi
interaction derived from theG matrix has been reported earlier [44]. A study of the poss
mixed-symmetry character (within the interacting boson model-2) of low-lying 1+ states
predicts a splitting in two levels atEx ≈ 3.5 MeV [45] which is not observed in the prese
experiment, in line with the experimental findings of [28]. However, the total g.s.B(M1)
strength predicted for both excitations agrees well with experiment.

It is interesting to compare the experimental observations to a larger spacefp-shell
calculation presented in the bottom part of Fig. 5. We performed calculations usin
code NATHAN [46]. NATHAN has been developed in thejj -coupling scheme usin
the quasispin formalism. We adopted a version of the code adapted to shared-m
parallel machines. The calculation has been performed within the fullfp shell allowing
a maximum of 4 particles to be promoted from thef7/2 orbital to the rest of the she
(p3/2,1/2, f5/2), i.e., truncation levelt = 4. At this truncation levelB(M1) strength
distributions are virtually converged. We checked this by performing a truncation

t = 3 calculation and observed a reduction of 5% in the totalB(M1) strength by going
from t = 3 to t = 4. The KB3G interaction was used, an improved version of the standard
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Fig. 5. ExperimentalB(M1) strength distribution in56Fe below 9 MeV in comparison with shell-mod
calculations in a 3p–3h space using the FPC8 [40] and FPD6 [39] effective interactions, respectively
4p–4h calculation using the KB3G interaction.

KB3 interaction which corrects the latter for some slight shortcomings around theN = 28
shell gap [47]. We have calculated the individual orbital and spin contributions to thM1
strength distributions as well as the totalB(M1) strength. As above, an effective sping-
factorgeff

s = 0.7gfree
s has been adopted. To allow for a detailed comparison with the h

resolution data, all strength distributions have been obtained after 400 Lanczos itera
The prominent low-energy transition is well described although theB(M1) value of

0.41µ2
N is slightly below the experimental value of 0.51µ2

N . There is a general tenden
to smallerB(M1) values than found in the experiment. A counterpart to the theoreti
predicted excitation of the 1+ state at 4.596 MeV may be masked in the experim
by close-lying prominentE2 transitions. For excitation energies above 8 MeV la
differences are visible between the three shell-model results. It has been discusse
neighboring54Fe and otherN = 28 isotones that sufficiently large model spaces are ne
for a realistic description of theM1 spin–flip resonance [3]. Obviously a 3p–3h mo
space is not yet sufficient to give a realistic picture of the fine structure of theM1 strength

(or the corresponding GT strength) in this energy region while a calculation using the full
0h̄ω space is expected to do so for a sufficient number of Lanczos iterations.



nded

s for
results
ture
stly
rgies,
rfere
very

s. An
ns
se can

etail
n

rries
50 R.W. Fearick et al. / Nuclear Physics A 727 (2003) 41–55

Fig. 6. Shell-modelM1 strength distribution obtained in a 4p–4h space with the KB3G interaction [47] exte
up to 15 MeV including the spin–flip resonance and its separation into spin and orbital contributions.

The role of spin and orbital currents are qualitatively similar in all three calculation
excitation energies up to 7 MeV. As an example, a decomposition of the 4p–4h space
with the KB3G interaction is shown in Fig. 6 which should also give a realistic pic
in the spin–flip regime. Orbital contributions are important below 8 MeV and mo
constructive interference with spin matrix elements is found. At higher excitation ene
spin excitations dominate and the much smaller orbital contributions mainly inte
destructively. In the region between 7 and 8 MeV, a concentration of orbital but
little total M1 strength is predicted due to a large cancellation with spin contribution
interesting feature of the theoreticalM1 distribution are four very strong spin transitio
at high excitation energies (i.e., high level densities) between 10 and 14 MeV. The
be understood to arise from isospin conservation because the corresponding 1+ states have
isospinT = T0 + 1. It is interesting to note that this behavior is confirmed in great d
in an 56Fe(p,p) experiment at very forward angles (Θ = 2.8◦) and for an incident proto
energyEp = 280 MeV [48]. For these kinematical conditions∆L = 0 spin–isospin–flip
excitations populating 1+ states are favored in proton scattering.

The absolute value of the dominantly orbital transition at 3.449 MeV, which ca

a large fraction of the scissors mode, is very sensitive to the predictions of spin/orbit
matrix element ratiosML,S (given by B(M1) = [ML ± MS]2) in the various models.
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Table 3
Spin and orbital matrix elementsML,S and their ratioR predicted by the shell-model calculations described
the text for the prominent scissors mode transition in56Fe

Interaction ML (µN ) MS (µN ) R B(M1)↑ (µ2
N

)

FPC8 0.51 0.24 2.18 0.56
FPD6 0.52 0.27 1.94 0.62
KB3G 0.45 0.19 2.58 0.41
Experiment 0.51

A decomposition for the calculations discussed above is presented in Table 3. The
and FPC8 results show almost identical orbital matrix elements but differ in the
contribution, and accordingly in the predicted orbital-to-spin ratioR, where values aroun
2 are found. The predictions of the KB3G calculation are consistently smaller forML and
MS and a largerR value of about 2.6 is predicted. This may be compared to experim
findings ofR ≈ 1 in 46Ti andR > 4 in deformed rare-earth nuclei [49].

Investigations of the scissors mode in heavy nuclei have demonstrated the sen
of electron scattering form factors to the difference betweenM1 transitions governed b
orbital or spin excitations [50–52]. It is instructive to look at the same question in lig
nuclei like 56Fe where the mixing is generally more pronounced. By way of exampl
use in Fig. 7 the FPC8 (upper part) and KB3G (lower part) shell-model results to inves
this question for the transition to the state at 3.449 MeV. The long-dashed (short-d
lines show the result obtained by setting the spin (orbital)g-factor to zero in the form facto
calculation. The solid lines represent the full results including the cross terms. Clear
orbital/spin ratio shows a pronounced momentum transfer dependence which allow
of the microscopic calculations beyond theB(M1) strength distributions deduced at t
photon point.

The orbital part of the FPC8 result exhibits a smoothq dependence while the spin pa
shows pronounced minima atqeff ≈ 0.8 and 1.2 fm−1. From the ratio of the total an
orbital form factor one can easily see that the interference sign changes from pos
low q to negative in the vicinity of the second maximum of the spin form factor aga
positive near the third maximum. The spin form factor differs considerably from tho
prominent spin–flip excitations aroundEx � 8 MeV shown in Fig. 4. While the latter ar
dominated by the 1f7/2 → 1f5/2 transition, the spin strength mixed into the scissors m
state form factor is mainly generated by transitions between the 2p states.

The form factors obtained with the KB3G calculation are comparable forqeff �
0.8 fm−1. The spin–flip part looks qualitatively similar to the FPC8 result although
second maximum is shifted to a slightly higher valueqeff � 1.5 fm−1. However, significan
differences are observed for theq dependence of the orbital strength. Forq > 1 fm−1 it is
much weaker and exhibits a minimum similar to the spin–flip contribution. Furtherm
the interference is generally destructive for these higher momentum transfers inc
the region of the second maximum. As a result the experimental form factor at higq is
underpredicted by factors up to an order of magnitude while the FPC8 calculation ac
quite well for the data.
Finally, the well established relation between deformation and scissors mode strength
is discussed briefly for the present case. Application of the phenomenological sum
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Fig. 7. Form factors of the scissors mode transition atEx = 3.449 MeV. The data (open squares) are compa
with the predictions of shell-model calculations described in the text using the FPC8 (upper part) and
(lower part) interactions. The dashed and dashed-dotted lines are the separated spin and orbital parts, res
and the solid lines show the full results including the cross-terms.

rule presented in [9] leads to the following predictions for56Fe: total low-energy
scissors mode strength

∑
B(M1) = 0.35 µ2

N and energy centroidEsc = 4.49 MeV.
However, any comparison to experimental results is complicated by the strong interf
with spin admixtures. Analyzing the different shell-model results, a varying degre
correspondence is found which is particularly sensitive to the group ofM1 transitions
with large orbital matrix elements predicted around 6–7 MeV. A more quantitative an
would require measurements of the corresponding spinM1 matrix elements, e.g., with 0◦
inelastic proton scattering.

5. Summary and concluding remarks

The present work has focused on an experimental investigation of theM1 strength in
56Fe below the main spin–flip resonance with high-resolution inelastic electron scatt
Data taken at the DALINAC at lowq have been complemented by measuremen
NIKHEF for momentum transfers up to about 1.7 fm−1. A B(M1) strength distribution ha
been deduced by a DWBA analysis of the form factors using shell-model wave func

The low-lyingM1 strength turns out to be a very sensitive test of different shell-model
approaches. It is found that a full 0h̄ω calculation is not necessarily superior to results
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obtained in the restricted, but sufficiently large (in the present case 3p–3h) model s
The choice of the residual interaction seems to be more important.

All shell-model results agree that the prominent transition at 3.449 MeV carries a
fraction of the scissors mode in56Fe. However, because spin contributions are gene
larger infp-shell nuclei compared, e.g., to the rare earth region, itsB(M1) strength is
particularly sensitive to the ratio of orbital and spin matrix elements. The form fa
exhibits a strong momentum transfer dependence of the spin/orbit mixing, which a
q differs considerably from that at the photon point and thus serves as an experi
proof of the dominantly orbital nature. A group ofM1 transitions with rather stron
orbital contributions is predicted between 7 and 8 MeV. However, destructive interfe
leads to absoluteB(M1) values that are probably too small to be observed in the pre
experiments.

Future interest should also focus on the spin–flip resonance region. The spin–flM1
response provides a measure for the GT0 strength relevant in neutrino–nucleus interactio
during a supernova shock wave [20]. Generally, as complete as possible data sets onM1
response from high-resolution electromagnetic and hadronic reactions are of high i
because they permit a full test of spin and orbitalM1 modes and their interference patte
in state-of-the-art microscopic model calculations. Thus, it would be worthwhile to e
the(e,e′) experiments to higher excitation energies and a better mapping of the mom
transfer dependence and combine it with high-resolution charge exchange and in
proton scattering data which can be obtained, e.g., at the detector of EUROSUPER
Collaboration [53,54] at KVI, Groningen or the new high-resolution facility at RC
Osaka [55,56], and maybe also in future at iThembaLABS, Somerset West [57].
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