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IsovectorM1 transitions in 28Si and the role of meson exchange currents
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At the newly installed 180° Darmstadt electron scattering facility we have measured the isovectorM1
transition strengths in28Si in the excitation energy range from 10 to 18 MeV. Overall agreement with a
shell-model calculation using the unifiedsd-shell interaction and effectiveg factors is obtained. Comparison
with Gamow-Teller strength deduced from (p,n) data reveals the presence of meson exchange current contri-
butions of the order of 25% to the summedM1 transition strength.

PACS number~s!: 21.10.Hw, 21.60.Cs, 25.30.Dh, 27.30.1t
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The role of non-nucleonic degrees of freedom, i.e., that
meson exchange currents~MEC! and isobars to the magneti
dipole (M1) and Gamow-Teller~GT! transition strengths in
nuclei, has been a subject of long-standing theoretical
experimental interest@1,2#. It becomes a formidable task to
quantitatively determine these contributions in complex n
clei. On the experimental side, the transition strengths
usually distributed over many levels and one has to ens
that almost all the transitions are observed. Theoretically, o
has to be sure that all structural effects at the nucleonic le
are taken into account. Forsd-shell nuclei, the wave func-
tions obtained with the Brown-Wildenthal unifiedsd-shell
~USD! effective interaction@3# in the full 1s0d shell-model
space, take into account all possible 0\v excitation
strengths. They were able to deduce the effectiveg factors
by fits to reliable data sets@4#. These calculations, along with
the data forM1 strengths from reactions such as (e,e8) and
the GT strengths from (p,p8), (p,n), and (n,p) reactions
provide a sensitive method of evaluating the MEC contrib
tions, as has been shown recently@5#.

As was pointed out in Ref.@5#, self-conjugate nuclei are
special candidates for such tests of MEC’s, as all these p
cesses can be studied with the same target nucleus, and
pure isovector (DT51) nature of theM1 transitions is well
assured. For transitions from the ground state to
11,T51 final states, one may write approximately@1#

B~M1!5
3~mp2mn!

2

8p
@M ~s!1M ~ l !1MD1MV

MEC#2,

~1!

B~GT!5@M ~s!1MD1MA
MEC#2, ~2!
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where the numerical factor in Eq.~1! is 2.643mN
2 . The ratio

of coupling constants (gA /gV) is not included in the defini-
tion of B(GT). The spin matrix elementM (s) and the iso-
bar contributionMD appear in both expressions. Pion ex
change is the main source of MEC contributions which ar
predicted @1# to be large for isovectorM1 currents, but
should be strongly suppressed for axial-vector GT currents
a result ofG parity conservation.

The ratio

R~M1/GT!5
(B~M1!/2.643mN

2

(B~GT!
~3!

measures the combined effects of orbital and MEC contribu
tions, independent of the complexity of the nucleonic wav
function and theD-isobar component. In the absence of thes
contributions the ratioR should be unity. Insd-shell nuclei
the orbital contributions can be predicted reliably from larg
scale shell-model calculations@3#. Earlier, a comparison of
M1 and GT strengths was carried out in24Mg and gave clear
evidence for the important role of MEC’s in isovectorM1
transitions@5#.

Here we aim at a similar investigation of the nucleus
28Si. Recently, high-precision data on GT strength in28Si
have become available@6#. In this paper we present results
on theM1 strength distribution extracted from inelastic elec
tron scattering data measured with the just installed hig
resolution 180° scattering facility@7# at the superconducting
Darmstadt electron linear accelerator~S-DALINAC!.

The 180° electron scattering facility consists of three ch
cane magnets and a separating magnet used in conjunct
with the two-element QCLAM magnetic spectrometer@8#.
The system has a maximum operating momentum of 9
MeV/c. Like any 180° facility, this system acts as a spin
filter, strongly selecting transverse excitations of the nucleu
Some of the unique characteristics of the Darmstadt 180
system are ~i! a very large momentum acceptance
(Dp/p5610%); ~ii ! the ability to reconstruct both horizon-
tal and vertical components of the scattering angle for eac
event, which allows both the definition of solid angle and th
ability to check the angular alignment;~iii ! a large solid

n,
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128 53C. LÜTTGE et al.
angle acceptance~up to 10 msr! which can be reduced to the
desired size by software cuts after the data are taken.
thin-target momentum resolution of the system is better th
831024, limited by the energy spread of the accelerat
beam. A complete description of the system is given Ref.@7#.

Measurements on a28Si target of thickness 16 mg/cm2

were taken with the 180° system at incident energies
E0542.7, 50.3, and 62.1 MeV. Two spectrometer mome
tum settings were taken at each energy in order to cover
excitation energy range from 10 to 18 MeV. For simplicity o
analysis, the acceptance for this experiment was limited t
constant symmetric solid angle of 6.4 msr and to the mom
tum region of25% to 18%. The energy resolution wa
between 70 and 90 keV~FWHM!, primarily because of the
thickness of the target.

Figure 1 shows a measured spectrum at 62.1 MeV. T
levels are labeled with spin and parity as determined fro
previous experiments@9–11#. Their energies agree with
those in the literature@11# to within 65 keV. The well-
known strongM1 transition atEx511.45 MeV@9# serves as
a useful check of the normalization. TheB(M1) transition
strengths for the 11 levels were extracted by fitting to
distorted-wave Born approximation~DWBA! form factors
calculated using shell-model parameters from the fullsd-
shell analysis of Brown and Wildenthal@4#. Additional still
unpublished data@10# on these transitions, measured at t
high resolution energy-loss spectrometer@12# in Darmstadt
at angles between 117° and 165° were in good agreem
with the new data and were included in the fits together w
the results of Ref.@9#.

Figure 2 shows the experimentalB(M1) strengths along
with the Brown-Wildenthal USD calculations employing e
fective g-factors @4#. A few observations are in order. Th
fragmentation ofM1 strength over this energy region is we
accounted for. The only exception occurs for the 11.45 M
level for which the measured transition strength is nearly
factor of two larger than the model estimate. The origins
this discrepancy are not clear, especially since the mode
able to identify the manifestations of orbital and spin curre
interferences. As an example, in28Si(p,p8! scattering, a
strong transition withB(M1).0.8mN

2 was observed at
Ex513.35 MeV @13#. The model simultaneously accoun
for this transition along with the fact that this level is no

FIG. 1. Spectrum of28Si(e,e8) scattering atE0562.1 MeV and
Q5180°.
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seen in (e,e8) scattering as a result of nearly equal contribu
tions from spin and orbital currents with an almost perfe
cancellation forM1 transitions.

To assess the role of meson exchange currents we foll
the discussion in Ref.@5#. First, it is instructive to compare
the totalM1 and GT strengths over the 0\v space. To this
end, we can employ the sum ofM1 strengths in the (e,e8)
reaction from this experiment and the GT transition strengt
in the (p,n) reaction @6# corresponding to excitations
Ex<15.5 MeV in 28Si. The limit on the excitation energy
was guided by the shell model, which shows that this ener
region exhausts the 0\v strengths ofM1 and GT transitions.
As noted in Ref.@6#, theB(GT) strength deduced from the
(p,p8) data @13# are prone to ambiguities due to optica
model parameters. We do not, therefore, include these res
in our discussion below.

Table I summarizes the experimental and model resul
The last column shows the ratioR(M1/GT) defined in Eq.
~3!, which makes a direct comparison of the squares of t

TABLE I. IsovectorM1 and GT strength comparison in28Si.

(B(M1) (B(GT) R(M1/GT)

ESPa 20.27 9.60 0.80
sd freeb 8.67 3.49 0.94
sd BW(ds)

c 6.29 1.98 1.20
sd BW(ds ,d l)

d 6.38 1.98 1.22
sd BW(ds ,d l ,dp)

e 5.87 1.94 1.14
sd TK(ds ,d l ,dp)

f 6.90 2.26 1.15
Experiment 7.09~37! 1.89~5! 1.42~10!

Experiment/sd free 0.82~4! 0.54~1!

aPured5/2→d3/2 single-particle transition.
bFull sd-shell model with free nucleong factors.
cds contribution to the BW effective operator~Ref. @4#!.
dds andd l contribution to the BW effective operator.
eFull BW effective operator.
fFull TK effective operator~Ref. @14#!.

FIG. 2. Comparison of the experimentalB(M1) strength distri-
bution and shell-model calculations using the USD interaction@3#
and effectiveg factors@4#.
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transition matrix elements forM1 and GT processes trans
parent. Barring accidental cancellations,R51 indicates that
bothM1 and GT transitions are purely due to nuclear sp
effects. Note that the experiment givesR51.42(10). Also
included are the results of various theoretical calculatio
the extreme single particle~ESP! values, using the USD in-
teraction with free nucleong factors, the Brown-Wildenthal
~BW! phenomenological effectiveg factors with various cor-
rections added sequentially, and that of Towner and Kha
~TK! who calculate the corrections to the operators direc
in perturbation theory@14#. Correction factors (ds ,d l ,dp) for
the spin, orbital, and tensor parts of the magnetic dipole a
GT operators, respectively, are defined as in Ref.@4#. All the
calculations are carried out in the full 1s0d-shell space.

As is seen in Table I, the experimental summed transit
strengths are much smaller than the ESP value. Also, the
resultR50.8 indicates that the orbital contribution interfere
destructively with the spin part, as anticipated for a pu
d5/2→d3/2 transition. The USD calculation with free nucleo
g factors — shown assd free — gives results closer to the
experimental values with less than 10% contribution fro
the orbital term. This is corroborated by Hino, Muto, an
Oda@15# who studiedM1 strength working in aj j -coupling
scheme and using the wave functions of the USD interacti
Their calculations show that the orbital current contributio
amount throughout thesd shell to less than 10% of the tota
strengths. Relative to the USD calculation, the experimen
strengths are 82% and 54% forM1 and GT transitions, re-
spectively, and it is clear that further refinements are nec
sary.

It is clear that, if the model space is adequate, the
transitions, which are driven by the spin contributions, ma
it essential that the spin component of theg factors is modi-
fied. Now, with the spin correctionds turned on, shown as
BW(ds) in Table I, the results forB~GT! are in excellent
agreement with the experiment. This is a further indicati
that model space effects are properly included in the cal
lation. The spin corrections are fairly sizable for these tra
sitions being about 25% forM1 and 40% for GT strengths

It is found that the orbital-correction contributions, a
seen by comparing BW (ds ,d l) with BW (ds) in Table I, are
only at the 1% level. The contribution of the tenso
correction factor, as seen by comparing BW (ds ,d l ,dp) with
BW (ds ,d l) in Table I, amounts to about 7% forM1 transi-
tions and is about 2% for the GT transitions. However, i
clusion of the tensor term worsens the agreement for theM1
data.

Alternatively, one can use the correction factors of TK f
the calculations@14#, as shown in Table I. Similar to the BW
results, the orbital and tensor contributions have little infl
ence on the results; rather the modification of the transit
strength is due to quenching of the spin operator. Excell
agreement with the experimentalB(M1) value is found, but
the GT strength is overestimated by about 20%. Clearly,
two independent approaches, BW and TK, cannot simu
neously account forB(M1) andB(GT). It is to be remarked
that both of them predict the same valueR(M1/GT).1.15.

The main findings are compared in Fig. 3 to the pre
ously studied @5# case 24Mg. The experimental ratio
R(M1/GT) is clearly enhanced over unity for both nuclei.
calculations with the USD interaction and free nucleong
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factors the ratio is close to unity~dashed line!. Note that the
somewhat larger value for24Mg results from a 10% admix-
ture of orbital strength. When effectiveg factors are intro-
duced, regardless of whether using empirical~BW, solid line!
or directly calculated~TK, dotted line! correction factors, the
M1 strength is clearly enhanced over the GT strength. T
experimentalR(M1/GT) ratio is satisfactorily reproduced
for 24Mg, but somewhat underpredicted in28Si. It is quite
interesting to note that the two different approaches~BW and
TK! predict an enhancement ofR(M1/GT) of about 25% by
theds contribution. In the TK approach this effect is directly
related to the difference between vector and axial-vect
MEC contributions discussed in the introduction, whic
makes theR(M1/GT) ratio a direct and sensitive measure o
MEC corrections to the spin operator. These results are
line with the observation of MEC effects on magnetic dipol
moments ofp-shell nuclei@16#.

The present investigation of28Si with the newly commis-
sioned 180° electron scattering spectrometer at t
S-DALINAC highlights the importance of MEC’s in com-
plex nuclei with conclusions similar to the previous study o
24Mg. These conclusions became possible only throug
high-precision experiments and a combined analysis of ele
tromagnetic and hadronic cross sections. Furthermore, forsd
shell nuclei reliable many-body wave functions and effectiv
operators are available. Extension of such analyses to ot
regions of thesd-shell would certainly be of interest and are
in fact planned.
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FIG. 3. Experimental ratiosR(M1/GT) defined in Eq.~3! for
24Mg and 28Si. Calculated ratios are shown for the USD interactio
@3# with free g factors~dashed lines! and effectiveg factors from
the BW @4# ~solid lines! and the TK@14# ~dotted lines! approach.
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