Available online at www.sciencedirect.com

SCIENCE‘&DIHECT“ NUCLEAR

PHYSICS

ﬁ%ﬁ SRL S
LSEVIER Nuclear Physics A 727 (2003) 41-55 —_
www.elsevier.com/locate/npe

Low-energy magnetic dipole responseffre from
high-resolution electron scatteriig

R.W. Fearick®, G. Hartund, K. Langanké, G. Martinez-Pined®®,
P. von Neumann-Cos#l, A. Richter®

& nstitut fir Kernphysik, Technische Universitat Darmstadt, 64289 Darmstadt, Germany
b Physics Department, University of Cape Town, Rondebosch 7700, South Africa
C Institute of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark
d |nstitut d’Estudis Espacials de Catalunya, Edifici Nexus 201, Gran Capita 2, E-08034 Barcelona, Spain
€ Institucié Catalana de Recerca i Estudis Aas) Passeig Lluis Companys 23, E-08031 Barcelona, Spain

Received 26 May 2003; accepted 23 July 2003

Abstract

The 56Fe(e, §) reaction has been studied for excitation energies up to about 8 MeV and
momentum transferg ~ 0.4-055 fm~1 at the Darmstadt electron linear accelerator (DALINAC)
with kinematics emphasizing/1 transitions. Additional data have been taken for~ 0.8—

1.7 fm~1 at the electron accelerator NIKHEF, Amsterdam. A PWBA analysis allows spin and parity
determination of the excited states. Bol excitations, transition strengths are derived with a DWBA
analysis using shell-model form factors. The result?@/1) strength distribution is compared to
shell-model calculations employing different effective interactions. The form factor of the prominent
low-lying M 1 transition at 3.449 MeV demonstrates its dominant orbital nature. It represents a major
part of the scissors mode Mre.
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1. Introduction

Magnetic dipole {/1) excitations are a subject of long-standing interest in nuclear
structure. The spin and orbital currents—and their interference invokadbtransitions
provide insight into a number of important problems. The spin part is closely linked to
the Gamow-Teller (GT) strength frophdecay or charge exchange processes because it is
mediated by the same one-body operator [1]. A quenching of thegsfaintor is observed
in analogy to the renormalization of the axial-vector coupling constant (see, e.g., [2,3]
and references therein}/1 transitions are also sensitive to non-nucleonic degrees of
freedom in elementary nuclear excitations [4—6]. Furthermore, a collective orbital magnetic
dipole mode—the scissors mode—has been identified [7] at low excitation energies whose
strength and location are intimately related to rotational properties of the nucleus (see,
e.g., [8-11] and references therein).

Recently, there has been great interest into the study of GT spin—flip transitions in
fp-shell nuclei, and in particular in the mass region arodffk, because they govern
the dynamics of supernova type Il explosions [12]. Efforts have been made to describe
the corresponding strengths and their energy distributions in state-of-the-art shell-model
calculations [13-16]. One finds that the stellar interaction rates must be considerably
modified with respect to simplifying assumptions used so far in supernova models of
massive stars [17].

The GT, and GT_ strengths irP®Fe have been studied with the (p,n) [18] and (n, p)
[19] charge-exchange reactions, respectively. A study of\ifieresponse iféFe serves
as an interesting test of the theoretical approaches. The spin—flip part is a measure of
the GTo component (where the subscript denotes®he Tp isospin component withp
being the isospin of the ground state) which plays an important role in neutral-current
neutrino scattering on nuclei relevant to modifications of the electron neutrino spectrum in
core collapse supernovae [20]. In hadronic charge-exchange reactions alone it is difficult
to extract the G¢ strength distributions because a superposition of the possible isospin
components is measured and a decomposition depends on the availability of a rather
complete set of experimental data &, spin—flipM 1 and GT strengths [21].

Another important question is the role of the scissors mode in the low-enéigy
response ofSFe. Its properties are well established in heavy nuclei and it has been
shown to be well separated from thi¢1l spin—flip resonance and thus of rather pure
orbital character [22]. However, irfp-shell nuclei the two modes generally exhibit
stronger mixing and an extraction of the scissor mode is thus more complicated [23-25].
Correspondingly, the features of the scissors mode in lighter nuclei are less well explored
and°SFe, with a considerable ground state deformation, represents an interesting candidate.

The present work reports on a study of thel strength in?®Fe with high-resolution
inelastic electron scattering. Emphasis is put on the energy region below the spin—flip
resonance where the scissors mode is expected. Some informatidfil amansitions
in %6Fe exists from(y, y’) studies [26—28]. However, investigation of their momentum
transfer dependence provides a deeper insight, in particular into the role of spin—orbit
interference effects. Some results of tkeee’) reaction on mixed-symmetry'2excitations
in 56Fe have been published previously [29].



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 reactRSire(e, €) were carried out, one for
low-g values ¢ ~ 0.5 fm~1) and another for the higher-momentum transfer region
g ~ 0.8-17 fm~L. The lowg measurements were performed at the Darmstadt electron
linear accelerator (DALINAC) which is described in detail elsewhere [30], while high-
measurements were performed at the electron accelerator at NIKHEF, Amsterdam [31].
In Darmstadt, inelastically scattered electrons were detected using adéBle focusing
magnetic spectrometer, while in Amsterdam a QDD magnetic spectrometer was used. The
kinematical conditions of the measurements are summarized in Table 1. In addition to the
spectra of the inelastically scattered electrons, those of the elastically scattered electrons
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 foifFaf, of
11.66 mgcn? thickness and a purity of 99.93%. Fig. 1 shows the background subtracted
electron scattering spectra measured at Darmstadt, while Fig. 2 presents the spectra
measured at Amsterdam. Prominent in the spectra i\ftheexcitation of a state at an
excitation energy of 3.449 MeV and several kno#/a transitions around this energy.

2.2. Data analysis

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

The inelastic cross sections were extracted from the spectra in the following manner: the
area under each fitted peak was divided by the area under the corresponding elastic peak.

Table 1
Kinematical conditions of th@%Fe(e, &) measurements. The effective momentum trangggr is defined in
Eq.(2)

Eqg (MeV) Oe (deg) ges (fm™1) AE (keV) Ex (MeV)
298 141 0417 32 20-90
299 165 0436 33 20-90
414 117 0476 38 20-85
413 165 0552 35 20-90
68.6 154 0811 31 20-90

107.1 154 1193 30 20-90

157.2 154 1687 44 2090
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Fig. 1. Background subtracted spectra of tiEe(e, €) reaction measured at the DALINAC.

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

From the seven spectra, a consistent set of 18 peaks which could be identified in most
spectra was selected for further analysis. A model-independent analysis (see, e.g., [35])
was used in order to establish the multipolarity of the observed transitions and an initial
determination of the transition strength. In the plane wave Born approximation (PWBA),
the reduced transition strength for longitudinal electric transitiafiy qr transverse
magnetic transitionsM), of multipolarity L, may be written as a power series in the
momentum transfey

[BXL.9)t . @) 2
7}3(”,0”_1+v§lbu(XL>Rtr (XL)g*, 1)

where X = C,M and L > 1. The coefficients,(XL) are given, e.g., in Ref. [35].
The quantitiesRy are weighted moments of the transition charge density and the
transition current density (see, e.g., [36]). The quamRityx ) = / Ry (X L) is called the

transition radius. In practice, the ratioéX L) = (R\" (X L))Y/?/Ry(XL)? andv(X L) =
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Fig. 2. Background subtracted spectra of tAEe(e, €) reaction measured at the NIKHEF.

(Rt(rﬁ)(XL))l/3/Rtr(XL)2 vary only slightly for all possible transitions. An average of
values was obtained f8PFe using the program PAMELA [37] and the values were fixed at
u=1.15andv = 1.26. The method was applied to the lgnform factor data only, and the
series was truncated at= 3. The formulation applies in PWBA. In practice the distortion

of the wave functions is not negligible and the measured cross sections were corrected by
the ratio of PWBA to DWBA cross section extracted from output of the program PAMELA.
These correction factors range from 0.72 to 1.66.

Values of/B(XL, q)t were extracted from the experimental form factors, corrected
for distortion, and were fitted to Eq. (1) as a function¢d¥f using /B(XL,0)f and
Ry(XL)? as fitting parameters. Fig. 3 illustrates the procedure for the cases of the
states atEyx = 3.449 MeV andEy = 4.732 MeV, with known transitions o1 andE2
type, respectively. The fits allow the different multipolarities to be clearly distinguished.
This procedure was applied to the transition strengths for all 18 observed levels. The
multipolarities assigned are given in Table 2 for the transitions observed in the experiment.

3. DWBA analysisof form factorsand B(M1) strengths

For the identified 1 levels, the experimental transverse form factors were compared
with form factors calculated with DWBA wave functions in order to obtain experimental
values for the transition strengti® M 1)+. 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 the’®Fe(e, €) form factors for two examples of transitions to knowr 1
(Ex = 3.449 MeV) and Z (Ex = 4.732 MeV) states, respectively.

Table 2

Levels observed in th@Fe(e, &) experiment. Excitation energiesjy, and total angular momentum and
parities, J™, are extracted from a model-independent PWBA analysis while the transition strehgdhb) 1
are determined in a model-dependent DWBA analysis using shell-model transition densities

Ex (MeV) " BMD)t (u}) BMD)?t (u3)
This work [28]

2.661
2.963
3.369
3.449
3.599
3.816
4.539
4.732
5.255
5571
5.692
7.071
7.209
7.249
7.899
8.056
8.443
8.895

0.510(51) 0.494(32)

0.546(39) 0.425(26)
0.224(41) 0.149(23)
0.121(23) 0.19920)

HYHRENNENNNNNENNY

, 2t 0.142(37)
0.212(42) 0.238(116)

=
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Fig. 4. Examples of the DWBA analysis #f1 transitions identified in theSFe(e, €) reaction using shell-model
form factors. Results obtained with the FPD6 [39] and FPC8 [40] interactions are shown as short-dashed and
long-dashed lines, respectively.

be noted that the DWBA corrections to the cross sections are significant and may reach
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]. The
16 particles outside theM, Z = 20, 20) shells were described in a restrictéd model
space, with possible configuratioty2) 4(p1/2p3/2f5/2)% and (f7,2)3(p1/2p3/2f5/2)°,

i.e., including 2p—2h and 3p-3h excitations (truncation level 3). Calculations were
performed using the FPD6 [39] and FPCB8 [40] interactions. An adjusted single particle
spectrum is needed for the description of nuclei in the vicinity of the doubly nv&jic
when using the FPD6 interaction [41]. One-body transition densities were obtained for
excitations to/” = 1% states.

Using these one-body transition densities, DWBA transverse form factors for the model
transitions were calculated with the program PAMELA [37]. An effective gpifactor
¢ = 0.7gf for the proton and neutron was introduced. These form factors were scaled
to the experimental data, and the scaled value of Bii&f1) transition strength was
obtained. Fits for various transitions are illustrated in Fig. 4. The results are shown as a
function of the effective momentum transtgs

3 Ze?
=qgll+=-——-——), 2
geff q( + ZhCEOReq> 2

whereReq=1.12x A3, The differences of the momentum transfer dependence are clear
indicators of differences in the underlying structure of the shown examples. Thtates

at 7.209 MeV and 8.895 MeV are typically excited by spin—flip transitions of dominant
1f7/2 — 1fs5/2 type. The state at 3.449 MeV is mainly excited by orbital currents, as
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 result
with the lowesty? was chosen. Transition strengths extracted using this fitting procedure
did not differ significantly for the FPC8 or FPD6 interactions. Thus their results were
averaged and taken as the experimental values. Table 2 summariz&&ig strengths
of the transitions identified to hav& 1 character in the model independent analysis.
The values are compared with the results of Bauwens et al. [28] measured by nuclear
resonance fluorescence. The agreement is quite good except for the transitions to the states
at 7.249 and 7.899 MeV where the results are just outside the respective error bars. For
the transition to the level at 3.449 MeV a further experimental reBuif1) = 0.62 MJZ\,
has been obtained using the self-absorption technique [42]. A state at 3.120 MeV with
likely J® = 1% assignment has been reported [43] but the g.s. decay width is very weak
(B(M1)+ ~ 3x 103 uf\,) and thus beyond the sensitivity limit of the present experiment.

4. Shell-model description of the M1 responsein *°Fe

As demonstrated in Fig. 5, th&1 strength distribution ir?®Fe below the spin—flip
resonance provides a sensitive test case for different shell-model interactions. The top
part of Fig. 5 displays the experimentB(M1) strengths deduced with the methods
described in the previous section. In the second and third row results obtained with the
FPC8 and FPD6 interactions, respectively, in the 3 model space discussed above are
presented. The most prominent transition at 3.449 MeV is reasonably well described in
energy and absolut8(M1) value by both. The experimental sensitivity limit is of the
orderB(M1) ~ 0.1 M;zv- Thus,M1 transitions as predicted in the excitation-energy range
Eyx ~ 4-7 MeV by the FPCS8 results are largely excluded, while weaker transitions as
predicted by FPD6 may be possible. The two strong transition just above 7 MeV are found
at the right energy in the FPD6 results while the corresponding group is shifted to about
6.5 MeV in the FPC8 calculation. Th#1 strength is underestimated in both cases but
even more severe in the distribution generated with FPD6.

It may also be noted that a calculation in a (2p—2h) configuration space using an
interaction derived from thé matrix has been reported earlier [44]. A study of the possible
mixed-symmetry character (within the interacting boson model-2) of low-lyingthtes
predicts a splitting in two levels dy ~ 3.5 MeV [45] which is not observed in the present
experiment, in line with the experimental findings of [28]. However, the totalRy.&11)
strength predicted for both excitations agrees well with experiment.

It is interesting to compare the experimental observations to a larger gjpasbell
calculation presented in the bottom part of Fig. 5. We performed calculations using the
code NATHAN [46]. NATHAN has been developed in thg-coupling scheme using
the quasispin formalism. We adopted a version of the code adapted to shared-memory
parallel machines. The calculation has been performed within thef fuBhell allowing
a maximum of 4 particles to be promoted from tlig, orbital to the rest of the shell
(p3/2,1/2, f5/2), 1.e., truncation levek = 4. At this truncation levelB(M1) strength
distributions are virtually converged. We checked this by performing a truncation level
t = 3 calculation and observed a reduction of 5% in the t®@l/1) strength by going
fromr = 3 tor = 4. The KB3G interaction was used, an improved version of the standard
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Fig. 5. ExperimentalB(M1) strength distribution in®Fe below 9 MeV in comparison with shell-model
calculations in a 3p—3h space using the FPC8 [40] and FPD6 [39] effective interactions, respectively, and a
4p-4h calculation using the KB3G interaction.

KB3 interaction which corrects the latter for some slight shortcomings around th&8
shell gap [47]. We have calculated the individual orbital and spin contributions & the
strength distributions as well as the tof&a{M 1) strength. As above, an effective sgin
factor g®" = 0.7g™® has been adopted. To allow for a detailed comparison with the high-
resolution data, all strength distributions have been obtained after 400 Lanczos iterations.
The prominent low-energy transition is well described althoughBRtw 1) value of
0.41;1%, is slightly below the experimental value of O.ﬁi,. There is a general tendency
to smallerB(M 1) values than found in the experiment. A counterpart to the theoretically
predicted excitation of the "1 state at 4.596 MeV may be masked in the experiment
by close-lying prominentE2 transitions. For excitation energies above 8 MeV large
differences are visible between the three shell-model results. It has been discussed in the
neighboring*Fe and otheN = 28 isotones that sufficiently large model spaces are needed
for a realistic description of tha71 spin—flip resonance [3]. Obviously a 3p—3h model
space is not yet sufficient to give a realistic picture of the fine structure d#fthetrength
(or the corresponding GT strength) in this energy region while a calculation using the full
Ohiw space is expected to do so for a sufficient number of Lanczos iterations.
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Fig. 6. Shell-modeh 1 strength distribution obtained in a 4p—4h space with the KB3G interaction [47] extended
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 calculations for
excitation energies up to 7 MeV. As an example, a decomposition of the 4p—4h space results
with the KB3G interaction is shown in Fig. 6 which should also give a realistic picture
in the spin—flip regime. Orbital contributions are important below 8 MeV and mostly
constructive interference with spin matrix elements is found. At higher excitation energies,
spin excitations dominate and the much smaller orbital contributions mainly interfere
destructively. In the region between 7 and 8 MeV, a concentration of orbital but very
little total M1 strength is predicted due to a large cancellation with spin contributions. An
interesting feature of the theoreticll distribution are four very strong spin transitions
at high excitation energies (i.e., high level densities) between 10 and 14 MeV. These can
be understood to arise from isospin conservation because the correspondiatel have
isospinT = Tp + 1. It is interesting to note that this behavior is confirmed in great detail
in an>6Fe(p, p) experiment at very forward angle® (= 2.8°) and for an incident proton
energyEp = 280 MeV [48]. For these kinematical conditionsl. = O spin—isospin—flip
excitations populating™ states are favored in proton scattering.

The absolute value of the dominantly orbital transition at 3.449 MeV, which carries
a large fraction of the scissors mode, is very sensitive to the predictions of spin/orbit
matrix element ratiosVf;, s (given by B(M1) = [M + Ms1?) in the various models.
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Table 3
Spin and orbital matrix elemeni®; ¢ and their ratioR predicted by the shell-model calculations described in
the text for the prominent scissors mode transitioR%Re

Interaction My (un) Mg (uy) R BMD1 (1)
FPC8 051 024 218 056
FPD6 052 Q27 194 062
KB3G 0.45 019 258 041
Experiment 0.51

A decomposition for the calculations discussed above is presented in Table 3. The FPD6
and FPCS8 results show almost identical orbital matrix elements but differ in the spin
contribution, and accordingly in the predicted orbital-to-spin r&jaevhere values around

2 are found. The predictions of the KB3G calculation are consistently smalléf faand

Mg and a largerR value of about 2.6 is predicted. This may be compared to experimental
findings of R ~ 1 in 6Ti and R > 4 in deformed rare-earth nuclei [49].

Investigations of the scissors mode in heavy nuclei have demonstrated the sensitivity
of electron scattering form factors to the difference betw&gntransitions governed by
orbital or spin excitations [50-52]. It is instructive to look at the same question in lighter
nuclei like °Fe where the mixing is generally more pronounced. By way of example we
use in Fig. 7 the FPC8 (upper part) and KB3G (lower part) shell-model results to investigate
this question for the transition to the state at 3.449 MeV. The long-dashed (short-dashed)
lines show the result obtained by setting the spin (orbgd§ctor to zero in the form factor
calculation. The solid lines represent the full results including the cross terms. Clearly, the
orbital/spin ratio shows a pronounced momentum transfer dependence which allows a test
of the microscopic calculations beyond tB¢M 1) strength distributions deduced at the
photon point.

The orbital part of the FPC8 result exhibits a smogtthependence while the spin part
shows pronounced minima at# ~ 0.8 and 1.2 firt. From the ratio of the total and
orbital form factor one can easily see that the interference sign changes from positive at
low ¢ to negative in the vicinity of the second maximum of the spin form factor again to
positive near the third maximum. The spin form factor differs considerably from those of
prominent spin—flip excitations arouritf ~ 8 MeV shown in Fig. 4. While the latter are
dominated by the f7,» — 1 f5/> transition, the spin strength mixed into the scissors mode
state form factor is mainly generated by transitions between phetétes.

The form factors obtained with the KB3G calculation are comparablegfgr<
0.8 fm~1. The spinflip part looks qualitatively similar to the FPC8 result although the
second maximum is shifted to a slightly higher vadug ~ 1.5 fm~1. However, significant
differences are observed for thedependence of the orbital strength. Gor 1 fm~ it is
much weaker and exhibits a minimum similar to the spin—flip contribution. Furthermore,
the interference is generally destructive for these higher momentum transfers including
the region of the second maximum. As a result the experimental form factor ay high
underpredicted by factors up to an order of magnitude while the FPC8 calculation accounts
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 transitiotat= 3.449 MeV. The data (open squares) are compared

with the predictions of shell-model calculations described in the text using the FPC8 (upper part) and KB3G
(lower part) interactions. The dashed and dashed-dotted lines are the separated spin and orbital parts, respectively,
and the solid lines show the full results including the cross-terms.

rule presented in [9] leads to the following predictions f§Fe: total low-energy
scissors mode strength’ B(M1) = 0.35 Mzzv and energy centroiEsc = 4.49 MeV.
However, any comparison to experimental results is complicated by the strong interference
with spin admixtures. Analyzing the different shell-model results, a varying degree of
correspondence is found which is particularly sensitive to the grou dftransitions

with large orbital matrix elements predicted around 6—7 MeV. A more quantitative analysis
would require measurements of the corresponding Afllnrmatrix elements, e.g., with?0
inelastic proton scattering.

5. Summary and concluding remarks

The present work has focused on an experimental investigation @i thetrength in
56Fe below the main spin—flip resonance with high-resolution inelastic electron scattering.
Data taken at the DALINAC at lowy have been complemented by measurements at
NIKHEF for momentum transfers up to about 1.7 flnA B(M1) strength distribution has
been deduced by a DWBA analysis of the form factors using shell-model wave functions.
The low-lying M1 strength turns out to be a very sensitive test of different shell-model
approaches. It is found that a fulk® 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 spaces.
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 major
fraction of the scissors mode #Fe. However, because spin contributions are generally
larger in fp-shell nuclei compared, e.g., to the rare earth regionB{f& 1) strength is
particularly sensitive to the ratio of orbital and spin matrix elements. The form factor
exhibits a strong momentum transfer dependence of the spin/orbit mixing, which at large
q differs considerably from that at the photon point and thus serves as an experimental
proof of the dominantly orbital nature. A group @f1 transitions with rather strong
orbital contributions is predicted between 7 and 8 MeV. However, destructive interference
leads to absolut®(M 1) values that are probably too small to be observed in the present
experiments.

Future interest should also focus on the spin—flip resonance region. The spM4flip
response provides a measure for theyGffength relevant in neutrino—nucleus interactions
during a supernova shock wave [20]. Generally, as complete as possible data setd &n the
response from high-resolution electromagnetic and hadronic reactions are of high interest
because they permit a full test of spin and orbi#&l modes and their interference pattern
in state-of-the-art microscopic model calculations. Thus, it would be worthwhile to extend
the (e, €) experiments to higher excitation energies and a better mapping of the momentum
transfer dependence and combine it with high-resolution charge exchange and inelastic
proton scattering data which can be obtained, e.g., at the detector of EUROSUPERNOVA
Collaboration [53,54] at KVI, Groningen or the new high-resolution facility at RCNP,
Osaka [55,56], and maybe also in future at iThembalLABS, Somerset West [57].
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