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Magnetic dipole transitions in the self-conjugate nucleus 32S up to an excitation energy of 12 MeV have
been investigated in inelastic electron scattering at ⌰ e ⫽180° at the superconducting Darmstadt electron linear
accelerator 共S-DALINAC兲. Transition strengths have been determined from a plane-wave Born approximation
analysis including Coulomb distortion. For the two strongest M 1 transitions, where a discrepancy of a factor
of about 2 was observed in previous (e,e ⬘ ) experiments, values intermediate between the two extremes are
deduced from the present work. The resulting strength distribution is well described by shell-model calculations using the unified sd-shell interaction and an effective M 1 operator. The shell-model wave functions also
provide a reasonable description of the form factors. A quasiparticle random phase approximation calculation
is less successful. The present results allow for the first time studies of the form factor of extremely weak
l-forbidden and isoscalar M 1 excitations in 32S. The l-forbidden transition allows a sensitive test of tensor
corrections to the M 1 operator. A combined analysis with the isospin-analog Gamow-Teller 共GT兲 transitions in
the A⫽32 triplet reveals a situation similar to previous studies in A⫽39 nuclei: microscopic calculations
reasonably account for the GT strengths, but fail in the case of M 1 strengths. A possible explanation may be
found in the nonrelativistic treatment of the latter. Some examples of the role of relativistic corrections are
discussed. A consistent description of the reduced transition strength and the form factor of the isoscalar M 1
excitation requires isospin mixing with the close-lying isovector transitions. The extracted Coulomb matrix
elements are roughly within the limits set by the approximate constancy of the spreading width derived from
the analysis of compound-nucleus reactions.
DOI: 10.1103/PhysRevC.65.024311
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I. INTRODUCTION

The magnetic dipole (M 1) response in sd-shell nuclei
has been a subject of long-standing interest. It is dominated
by spin-flip transitions involving the valence orbits, i.e., of
the type 1d 5/2→1d 3/2 and vice versa. The availability of
shell-model calculations covering the full major shell has
made them a quantitative testing ground of corrections to the
bare M 1 operator 关1– 4兴. As a particular example, in recent
work it has been possible to extract meson exchange current
共MEC兲 contributions to the M 1 strength by comparison of
the latter to the Gamow-Teller 共GT兲 strength in the selfconjugate nuclei 24Mg and 28Si 关5–7兴. Generally, the experimental information on M 1 and isospin-analog GT transitions
permits a decomposition of spin/orbital and isospin parts
关8 –10兴, which in turn serves as a sensitive test of the microscopic models.
In the present work we report on a study of the nucleus
32
S with 180° electron scattering at low momentum transfers. Because of the strong suppression of the longitudinal
contributions to the cross sections, the measurement of back-
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scattered electrons serves as a ‘‘spin filter’’ where magnetic
excitations are enhanced 关11,12兴. Low-multipolarity magnetic transitions have been studied previously in two experiments with the 32S(e,e ⬘ ) reaction 关13,14兴, but the B(M 1)↑
values deduced from both differ by a factor of 2 for the
strongest transitions. The present experiment aims at a clarification and furthermore extends the previous measurements
to higher momentum transfers compared to the rather limited
range of the previous work. This allows for the first time
meaningful tests of theoretical form factor predictions with
experimental data.
With the experimental techniques described below it has
been possible to reach an almost complete suppression of the
nonphysical background in 180° electron scattering. The
high sensitivity enables investigations of even extremely
weakly populated M 1 transitions. As an example, the form
factor of an isoscalar M 1 excitation at 7.190 MeV in 32S is
presented. It is expected to exhibit sensitivity to isospin mixing with nearby 1 ⫹ states populated by isovector M 1 transitions, providing information on Coulomb matrix elements,
which are a subject of continuous interest.
Furthermore, of special importance is the excitation of the
1 ⫹ state at E x ⫽7.003 MeV in 32S, which corresponds to a
rather pure l-forbidden transition of the type 1d 3/2→2s 1/2 .
Because the usually dominating spin-flip excitations are inhibited, l-forbidden M 1 transitions are mainly promoted by a
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tensorial part of the operator 关2– 4兴 and provide a unique
possibility to study this otherwise hardly accessible piece.
The extraction of the l-forbidden transition strength in 32S
thus sheds new light on a long-standing problem in the description of electromagnetic and ␤ -decay observables in light
nuclei. The properties of the effective M 1 and GT operators
deduced from microscopic calculations 关2,3兴 and empirical
fits 关4兴 generally agree quite well except for the isovector
tensor correction. This has been studied in detail in 39Ca and
39
K where pure l-forbidden 1d 3/2→2s 1/2 transitions are expected 关15–19兴. It is found that the calculations reasonably
account for the GT strength, but fail for the M 1 case. This
poses a severe problem, because the main contributions to
the tensorial part of the operator 共mainly due to core polarization and ⌬ isobar excitation兲 strictly scale and do not
depend on details of the calculations of those effects 关1兴. In
the mass-32 multiplet the isospin-analog GT transitions are
known from ␤ decay, and together with the M 1 strength an
independent test of the different calculations of the effective
operator can be performed. A short account of this has already been presented elsewhere 关20兴.
The paper is organized as follows. Section II provides a
description of the experiment with an emphasis on the new
technique of background suppression in the electron scattering spectra by time-of-flight techniques, while the data
analysis and the extraction of reduced transition strengths are
presented in Sec. III. Results for the strong spin-flip M 1
transitions are discussed in Sec. IV including the comparison
of the strength distributions and the form factors to shellmodel and quasiparticle random phase approximation
共QRPA兲 calculations as well as to the analog GT transitions.
Section V deals with the weak l-forbidden and isoscalar M 1
excitations in 32S. Finally, a summary is given in Sec. VI.
II. EXPERIMENTS

The 32S(e,e ⬘ ) experiment was performed at the 180°
electron scattering facility 关21兴 of the superconducting
Darmstadt electron linear accelerator S-DALINAC. An advantage of the present over previous 180° systems is the
coupling to a high-resolution, large solid-angle magnetic
spectrometer of the quadrupole-clamshell type 关22兴. The
measurements covered incident energies between 42 and 82
MeV, corresponding to momentum transfers q⯝0.4
⫺0.8 fm⫺1 . The magnetic spectrometer settings were chosen to study an excitation energy region E x ⯝4⫺14 MeV.
Two settings were necessary for the lowest incident energy
covering excitation regions of 3.7–11.3 MeV and 8.6 –14.4
MeV, respectively, with a large overlap for proper normalization. Natural Li2 S was chosen as target material because of
its high melting point (⬇950 °C). The few magnetic transitions in 6,7Li are well known and do not kinematically disturb the analysis of transitions in 32S. Rather, they can be
used for the normalization of the cross sections. The target
was prepared compressing Li2 S powder into disks 2.5 cm in
diameter and about 28 mg/cm2 thick. Because Li2 S is very
hygroscopic, all target fabrication and transfer operations
were conducted in a dry argon atmosphere. Nevertheless,
peaks in the spectra are observed, which can be kinemati-

FIG. 1. Time of flight spectrum of the 32S(e,e ⬘ ) reaction at
E 0 ⫽66.4 MeV measured with the 180° system 关21兴 at the
S-DALINAC.

cally identified to belong to 1 H and 16O, indicating a contamination of the target with water.
An essential point for the success of the present experiment was the suppression of the background in the spectra.
This was achieved by pulsing the electron beam with the
subharmonic buncher originally developed for the free electron laser at the S-DALINAC 关23兴. Thereby, a 10 MHz microstructure is imprinted on the usual 3 GHZ time structure,
corresponding to a quasi-dc beam. This allows to measure
differences of the time of flight of electrons and to localize
the instrumental background sources. Figure 1 presents a
sample spectrum of counts versus time of flight 共TOF兲. Peaks
are visible that can be identifed with target-related events
and delayed electrons backscattered from the Faraday cup.
Furthermore, there are additional structures appearing about
10 ns before the target peak. These result from bremstrahlung photons created by electron beam losses in an energydefining system (40° system兲 of three dipole magnets. While
the difference of path lengths between these photons reaching directly the detector and electrons moving along the main
beamline and scattered from the target into the spectrometer
would be very small, a measurable time difference to the
target-related events results from the additional path of the
electrons through the chicane of the 180° system 共see Ref.
关21兴兲.
Clearly, with an electronic window on the target-related
events, the background can already be reduced considerably.
Further improvement of the time resolution is achieved by
correction for the path length differences through the spectrometer. As demonstrated in Fig. 2 this allows us to deconvolute the target peak into three contributions: the first stemming from from electrons scattered off the pole gap of the
seperating magnet, the second from the target, and the last
from the back wall of the scattering chamber surrounding the
beam line exit. A typical unfolded spectrum assuming three
Gaussians is displayed in Fig. 2, and the final time gate used
in the further analysis is indicated by vertical lines. With
such an electronic gate a part of the true events is cut off and
the deduced cross sections must be corrected for the full line
content based on the fit shown in Fig. 2. The correctness of
this approach can be tested by comparison to the line con-
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FIG. 2. Time of flight spectrum of the 32S(e,e ⬘ ) reaction at
180° for E 0 ⫽42.2 MeV without 共top兲 and with 共bottom兲 a software correction of the time of flight due to the different flight paths
through the spectrometer. The hatched area represents events from
the target.

tents deduced for prominent transitions in the spectra without
TOF background suppression.
The TOF correction finally leads to a background reduction reaching factors up to 10 in the present experiment.
Figure 3 depicts as an example a spectrum measured at E 0
⫽42.2 MeV without 共upper兲 and with 共lower兲 the software
cut on the correct time of flight. The background still remaining is almost solely due to the radiative tail of the elastic and
inelastic lines. It is very low and illustrates the advantageous
properties of 180° scattering.
III. DATA ANALYSIS

FIG. 4. Spectra of the 32S(e,e ⬘ ) reaction at 180° for E 0 ⫽42.2
(E x ⭐9.0 MeV) and 42.6 MeV (E x ⬎9.0 MeV), respectively, E 0
⫽66.4 MeV and E 0 ⫽82.2 MeV in the analyzed excitation energy
region.

tribution assumed in the further analysis. Towards higher excitation energies it rises due to its peculiar form in electron
scattering near 180°. For simplicity it has been described by
a polynomial of second order in the investigated energy region. In spectra taken for heavier nuclei ( 48,90Zr) under the
same kinematical conditions as in the present experiment the
background behavior could be explicitly tested by a fluctuation analysis technique 关24兴.
The spectra were decomposed using the program FIT
关25,26兴. The line shape was described by a function

A. Decomposition of the spectra

y⫽y 0 ⫻

In Fig. 4 the spectra measured in the present experiment
are plotted. The dashed lines represent the radiative tail con-

FIG. 3. Spectrum of the 32S(e,e ⬘ ) reaction at 180° for
E 0 ⫽42.2 MeV without 共top兲 and with 共bottom兲 time-of-flight
corrections.

再

exp关 ⫺C 共 x⫺x 0 兲 2 /  21 兴 ,

x⬍x 0

exp关 ⫺C 共 x⫺x 0 兲 2 /  22 兴 ,
A/ 共 B⫹x⫺x 0 兲 ␥ ,

x 0 ⬍x⭐x 0 ⫹   2
x⬎x 0 ⫹   2

共1兲

consisting of three smoothly connected parts. The coefficents
A, B, and C are determined by the condition of continuous
differentiability. The parameters of Eq. 共1兲 are the energy at
the maximum of the peak (x 0 ), the number of counts at x 0
(y 0 ), the variances of the Gaussian functions for E x ⬍x 0 and
E x ⬎x 0 (  21 and  22 ), respectively, the contact point of the
hyperbolic function (  ), and the exponent of the hyperbolic
function ( ␥ ). The line shape has been determined for the
most prominent transitions in each spectrum and then kept
fixed except for x 0 and y 0 . All lines and the background were
fitted simultanously. To determine the full peak area, the contributions of the radiative tails were calculated with standard
formulas for (e,e ⬘ ) radiative correction functions 共see, e.g.,
Ref. 关27兴兲. The energy resolution varied between 70 and 100
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keV full width at half maximum 共FWHM兲 due to the beam
resolution and target thickness. The overall precision of the
excitation energies determined in this work is estimated to be
⫾30 keV.
Between excitation energies of 8 and 12 MeV we could
reproduce all magnetic transitions observed in previous
(e,e ⬘ ) experiments 关13,14兴. Above 12 MeV the level density
is too high to permit an unambiguous comparison to the
other (e,e ⬘ ) data. Furthermore, because of the successful
background suppression we were able to deduce for the first
time electron scattering cross sections for the very weak M 1
transitions populating the well-known J  ⫽1 ⫹ states at 7.003
and 7.190 MeV, respectively.
Since the elastic scattering cross section varies rapidly
over the horizontal angle opening of the magnetic spectrometer 共about 177°⫺180°), the data were normalized to the
prominent M 1 transition in 6 Li at 3.562 MeV. For this transition precise form factor measurements are available
关28,29兴. The uncertainties in the determined peak areas in the
spectrum include the statistical contribution and a systematic
error. The latter amounts to 6% for the lower-energy bin and
8% and for the higher-energy bin at E 0 ⫽42 MeV 共the spectrum was combined from data obtained for two different field
settings of the spectrometer兲 and 7% for the spectra at 66 and
82 MeV incident electron energy, respectively, added in
quadrature. The systematic uncertainty arises from the normalization to 6 Li and in the case of the higher-energy spectrum taken at E 0 ⫽42 MeV also from the matching to the
lower excitation energy part.
Table I summarizes the kinematics, the experimental cross
sections, and the dedcued transverse form factors of M 1
transitions in 32S investigated in the present experiment. Additionally, we include unpublished results of experiments
performed under backward angles (165°) at the highresolution energy-loss spectrometer 关30兴 at the S-DALINAC.
These were restricted to a narrow energy bin (E x ⬇6.5
⫺7.3 MeV兲, aiming at a study of the l-forbidden transition
at 7.003 MeV 关20兴.

TABLE I. Cross sections and form factors of M 1 transitions
measured at 180° 共QCLAM spectrometer 关22兴兲 and at 165°
共energy-loss spectrometer 关30兴兲. The quoted uncertainties contains
statistical and systematic errors added in quadrature.

B. Transition multipolarities and strengths

M 0 c 2 ) ⫺1 the recoil factor where M 0 stands for the mass of
the target nucleus, and ␣ is the fine structure constant. The
experimental cross sections in Eq. 共2兲 are multiplied by a
DWBA correction factor in order to account for Coulomb
distortion effects. These were extracted from a comparison of
DWBA and PWBA cross section calculations for the given
kinematics with the code PAMELA 关32兴.
The measured B(M ,q) values can be extrapolated to q
⫽  ⬅E x /បc, the so-called photon point, in a fairly modelindependent way. For small q, the reduced transition probabilities can be expanded in a power series of q 2l :

For an unambiguous multipolarity assignment and a determination of the transition strength at the photon point, a
PWBA analysis can be applied for (e,e ⬘ ) data of a nucleus
such as 32S with low Z and at low momentum transfer q 关31兴.
In PWBA the cross sections can be written in terms of the
reduced transition probabilities B(X,q), for the inelastic
transition of multipolarity , from the ground state of spin J i
to a final state of J f . Here, X⫽C describes the Coulomb,
X⫽E the transverse electric, and X⫽M magnetic contributions. Near 180° the longitudinal contribution is largely suppressed, leaving essentially the transverse parts. For a target
nucleus with J i ⫽0 in its ground state the cross section of a
magnetic excitation of multipolarity  is given by

冉 冊
d
d⍀

4
q 2
1
⫽ ␣2
B 共 M ,q 兲 f rec , 共2兲
4  关共 2⫹1 兲 !! 兴 2 k 20
M

Ex



q

E0

共MeV兲 共deg兲 (fm⫺1 ) 共MeV兲
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F T2
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共%兲

7.003

165
165
165
165
180
165
180
180

0.167
0.263
0.313
0.382
0.393
0.457
0.637
0.797

20.2
29.7
34.7
41.5
42.2
49.0
66.4
82.2

1.07⫻10⫺7
2.47⫻10⫺8
3.27⫻10⫺8
2.05⫻10⫺8
8.03⫻10⫺8
3.28⫻10⫺8
3.59⫻10⫺8
6.16⫻10⫺8

3.2⫻10⫺7
1.6⫻10⫺7
2.9⫻10⫺7
2.6⫻10⫺7
1.1⫻10⫺6
5.8⫻10⫺7
1.2⫻10⫺6
3.2⫻10⫺6

45
75
57
57
57
12
27
15

7.190

165
165
180
165
180

0.262
0.313
0.392
0.456
0.796

29.7
34.7
42.2
49.0
82.2

4.62⫻10⫺8
5.42⫻10⫺8
2.39⫻10⫺8
9.05⫻10⫺9
2.28⫻10⫺8

3.0⫻10⫺7
4.8⫻10⫺7
2.9⫻10⫺7
1.6⫻10⫺7
1.2⫻10⫺6

57
25
52
25
50

8.13

180
180

0.387
0.792

42.2
82.2

7.20⫻10⫺7 9.70⫻10⫺6
6.89⫻10⫺8 3.53⫻10⫺6

8
15

9.66

180
180
180

0.379
0.624
0.784

42.2
66.4
82.2

2.91⫻10⫺7 3.92⫻10⫺6
9.72⫻10⫺8 3.24⫻10⫺6
4.02⫻10⫺8 2.06⫻10⫺6

11
16
19

11.14

180
180

0.376
0.616

42.6
66.4

1.15⫻10⫺6 1.58⫻10⫺5
1.60⫻10⫺7 5.33⫻10⫺6

10
13

11.64

180
180
180

0.374
0.614
0.774

42.6
66.4
82.2

7.81⫻10⫺7 1.08⫻10⫺5
1.62⫻10⫺7 5.40⫻10⫺6
5.81⫻10⫺8 2.97⫻10⫺6

10
13
17
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兺
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where k 0 is the incident momentum, f rec⫽(1⫹2E 0 /
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TABLE II. B(M 1) transition strengths from a PWBA analysis
of the present 32S(e,e ⬘ ) measurement in comparison to previous
(e,e ⬘ ) 关13,14兴 and to nuclear resonance fluorescence experiments
关36兴.

Ex
共MeV兲
8.13
9.66
11.14
11.64

FIG. 5. Example of the PWBA analysis for the excitation of the
state at 11.14 MeV assuming a M1 共top兲, a M2 共middle兲, or a M3
transition 共bottom兲. The solid lines correspond to a fit of Eq. 共3兲
with the values given in the text.
2l
The transition radii R tr
are defined, e.g., in Ref. 关33兴. Terms
up to order l⫽3 were included in the analysis. The transition
radii R tr6 and R tr4 were correlated with R tr2 through the relations R tr4⫽1.09(R tr2) 2 and R tr6⫽1.18(R tr2) 3 . These coefficients
were obtained from the radial moments calculated with the
code PAMELA 关34兴.
With these assumptions a least-squares fit of Eq. 共3兲 to the
data was performed for each transition with two variables,
B(M ,0) and the transition radius R tr , assuming a definite
. Form factor data from previous experiments 关13,14兴 were
included in the fit. Because the PWBA analysis is valuable at
low momentum transfers only, the fits were limited to data
for q⬍0.65 fm⫺1 . An example of this procedure is depicted
in Fig. 5 for the transition populating the E x ⫽11.14 MeV
state. Results are shown for ⫽1 to 3 assuming a magnetic
transition. The multipolarity assignment is based on the best
 2 and the condition of a value for the transition radius reasonably close to the root-mean-square charge radius of 32S
(R c ⫽3.23 fm 关35兴兲. While very good correspondence with
the data is achieved assuming ⫽1, systematic deviations
are observed at the lowest q values assuming a higher multipolarity. Furthermore, the M 1 transition radius of 3.77共8兲
fm is compatible with the charge radius, but much too large
values are needed for M 2 关 R tr⫽5.93(13) fm兴 or M 3 关 R tr
⫽7.45(18) fm兴 .
Table II summarizes the transition strengths of the four
strong M 1 transitions in comparison to results of other experiments. The weak M 1 transitions around 7 MeV are discussed separately in Sec. V. The transition strength at 8.13
MeV in the present experiment is slightly lower than the

S-DALINAC
B(M 1)↑
(  N2 )
0.87共9兲
0.37共6兲
2.10共15兲
1.04共9兲

关13兴
B(M 1)↑
(  N2 )

关14兴
B(M 1)↑
(  N2 )

关36兴
B(M 1)↑
(  N2 )

1.14共18兲
0.69共18兲
2.40共22兲
1.26共20兲

—
0.55共24兲
1.24共13兲
0.77共14兲

1.24共17兲
0.43共12兲
—
—

results of Ref. 关13兴 and nuclear resonance fluorescence
共NRF兲 data 关36兴. In accordance with the NRF results the
excitation strength of the 9.66 MeV transition is significantly
lower than deduced from the other (e,e ⬘ ) experiments, although our analysis includes their data. For the two most
prominent M 1 transitions to states at 11.14 and 11.64 MeV
we find strengths intermediate between the two disparate results of Refs. 关13兴 and 关14兴. Additional M 1 strength above
12 MeV observed in Ref. 关14兴 could not be identified in the
present experiments. All transitions analyzed in this energy
region were determined to have M 2 character. The presence
of fragmented M 1 strength as deduced by Ref. 关14兴 cannot
be excluded from the present data. However, the claim of
M 1 transitions with strengths B(M 1)↑⭓0.4 N2 at energies
above 13 MeV 关14兴 is in contradiction to the sensitivity limits of the present work.
IV. DISCUSSION OF STRONG TRANSITIONS
A. B„M1… strength distribution

The deduced experimental B(M 1) strength distribution
can be compared to the microcopic shell model and quasiparticle random phase approximation 共QRPA兲 calculations.
Shell-model wave functions were obtained from the unified
sd-shell 共USD兲 interaction 关37兴, which has been shown to
provide an excellent description of static and dynamic magnetic properties in sd-shell nuclei 关38兴. For the description of
the M 1 transition strengths effective g factors were employed. Two sets are available: one from the empirical fit of
Brown and Wildenthal 共BW兲 关4兴 with g Leff(IV)⫽0.613,
eff
g eff
S (IV)⫽3.971, g P (IV)⫽0.399 for mass-32 nuclei, and
one from Towner and Khanna 共TK兲 关2兴 based on a one-boson
exchange potential and perturbation theory. The effective g
eff
factors g Leff(IV)⫽0.544, g eff
S (IV)⫽4.267, g P (IV)⫽0.167
result from an interpolation from the values calculated for
closed-shell⫾1 nuclei using the mass dependence suggested
in Ref. 关4兴. The QRPA approach has been successfully applied to describe magnetic dipole properties in deformed
medium-mass 关39兴 and heavy 关40兴 nuclei. Details are provided in Ref. 关41兴.
Figure 6 shows the M 1 strength distributions of the experiment and the different models. The excitation energies of
1 ⫹ states calculated with the USD interaction agree well
with experiment, and transition strengths derived with BW
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FIG. 7. Comparison of the B(M 1) 共present work兲 with the GT
共Ref. 关42兴兲 strength distributions, normalized relative to each other
with the aid of Eq. 共5兲.

FIG. 6. M 1 strength distribution in 32S: experiment 共top兲, shellmodel calculations with the effective operator of BW 关4兴 共second
row兲 and TK 关2兴 共third row兲, and QRPA calculations of 关41兴 共bottom兲.

and TK effective g factors satisfactorily reproduce the four
prominent M 1 transitions below 12 MeV, although the TK
results tend to be somewhat high. The strength ratio of the
transitions to the 11.14 and 11.64 MeV states is reversed in
both cases with respect to experiment. However, they appear
to be strongly mixed in the calculation and their ratio depends sensitively on the predicted energy difference, which
is larger than that found experimentally. Therefore, one
should rather compare the sum of both, which is again well
described by the calculations using the BW effective magnetic dipole operator. The additional strong transition predicted around 13.5 MeV can be excluded from the present
data, which set an upper limit of about 0.4 N2 between 12
and 14 MeV. The M 1 strength distribution above 12 MeV
must be more fragmented than suggested from the shellmodel results. This is indeed what is found in chargeexchange reactions populating 1 ⫹ states in 32Cl 关42兴, which
are the isospin analog states of 32S.
The description of the energy spectrum by the QRPA results is poorer; all relevant transitions lie essentially below
E x ⯝10 MeV. Only three strong transitions are predicted
and the summed strength is almost a factor of 2 below the
data. This is in contrast to the findings in 30Si 关41兴 where the
reproduction of the experimental B(M 1) distribution 关14兴
was superior over the shell model.
B. Comparison to GT strength

The examined nucleus 32S is self-conjugate with ground
state 共g.s.兲 isospin T⫽T z ⫽0. This allows a direct comparison of the isovector M 1 strengths with the analog GT transition strengths. The same selection rules ⌬J⫽1, ⌬T⫽1,
are valid for the GT operator, which is connected to the spin

part of the isovector M 1 operator by rotation in isospin
space. Thus, one can calculate the spin part B(M 1)  from
the relation
B共 M 1 兲⫽

3共  p⫺  n 兲2
B 共 GT兲 ,
8

共5兲

where the numerical factor equals 2.643 N2 . Any deviation
of the ratio
R⫽

B共 M 1 兲
B共 M 1 兲

共6兲

from R⫽1 results from the combined effects of orbital and
MEC contributions.
Figure 7 compares the total M 1 strength from the present
(e,e ⬘ ) experiment with the GT⫺ strength derived from the
32
S(p,n) 32Cl reaction 关42兴. When the latter is shifted by the
g.s Q value for 32Cl→ 32S ␤ decay, good correspondence is
observed for the excitation energies. The transition strengths
extracted from both experiments are very similar, but some
differences remain. These can be traced back to the combined effects of spin/orbital interference and MEC enhancements of the M 1 excitations, which were shown to contribute significantly in sd-shell nuclei 关5–7兴. An interpretation of
the differences as interference between the spin and orbital
parts of the M 1 operator alone would imply constructive
interference for transitions to the states at E x ⫽9.66 and
11.64 MeV and destructive interference for the transition
populating the E x ⫽11.14 MeV level. However, without a
quantitative estimate of the MEC effects in 32S a separation
of spin and orbital M 1 matrix elements in analogy to the
28
Si case 关8兴 is not possible. The GT⫺ strength seen 关42兴
above 12 MeV is much smaller than what was found in the
(e,e ⬘ ) experiment of Ref. 关14兴, and there is no correspondence in excitation energies. This casts further doubt on the
existence of strong (⭓0.4 N2 ) transitions around 13.5 MeV
claimed by Ref. 关14兴 unless one assumes very strong spin/
orbit cancellation effects that are not predicted by the shellmodel results. It should be noted that the GT⫹ strength dis-
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TABLE III. Comparison of results for the prominent M 1 transitions in 32S deduced from the present work
and using Eq. 共5兲 for the isospin-analog GT transitions 关42兴 with shell-model calculations employing the
USD interaction and effective g factors of BW 关4兴 or TK 关2兴. The ratio R is defined in Eq. 共7兲.

Ex
共MeV兲

B(M 1)
(  N2 )

Expt.
B(M 1) 
(  N2 )

R

B(M 1)
(  N2 )

BW
B(M 1) 
(  N2 )

R

B(M 1)
(  N2 )

TK
B(M 1) 
(  N2 )

R

8.13
9.66
11.14
11.64
兺

0.87共9兲
0.37共6兲
2.10共15兲
1.04共9兲
4.38共21兲

0.91共12兲
0.19共3兲
2.66共34兲
0.82共11兲
4.57共38兲

0.96共23兲
1.95共61兲
0.79共16兲
1.27共28兲
0.95共13兲

1.05
0.28
1.13
1.92
4.38

0.68
0.12
1.09
1.56
3.45

1.54
2.33
1.04
1.23
1.27

1.25
0.28
1.44
2.32
5.29

0.74
0.15
1.29
1.84
4.06

1.69
1.97
1.12
1.26
1.30

tribution from a 32S(n, p) 32P experiment 关43兴 共for a T⫽0
nucleus GT⫹ and GT⫺ strengths should be equal兲 is in good
agreement with the results of Ref. 关42兴 although the energy
resolution is too limited for a level-by-level comparison.
Experimental and shell-model results for B(M 1) and
B(M 1)  strengths are given in Table III. It may be noted that
B(M 1)  values for 1 ⫹ excitations in 32S have also been
deduced from a study of the (p, p ⬘ ) reaction 关44兴. However,
these values are much larger than those deduced from the
charge-exchange reaction. This can be traced back to an underestimate of the unit cross section ˆ used for the conversion of experimental cross sections to transition strengths
共see the discussion in Ref. 关5兴兲. Therefore, a detailed comparison is omitted.
A systematic difference is observed in Table III between
the results using the BW and TK corrections: the former
accounts for the M 1 strengths, but underpredicts the GT
strengths, while the latter is somewhat closer for the GT 共but
still below the data兲 and overpredicts the M 1 transitions. As
a result both approaches lead to values larger than 1 for the
normalized ratio R defined in Eq. 共5兲. Except for the weaker
transition to the state at 9.66 MeV with RⰆ1, the experimental R values are compatible with unity within error bars.
However, the corresponding analyses in 24Mg 关5兴 and 28Si
关6,7兴 have shown the need to compare the total 0ប 
strengths with the shell-model values. There, the effect of
orbital contributions tends to cancel 关45,46兴, although they
might be strong for the individual transition, and remaining
differences can be attributed to enhancements of vector meson exchange currents. Thus, an answer to the question of
MEC enhancements of the M 1 strength in 32S has to await
further experiments capable of extracting the complete M 1
response up to about 16 MeV.

The experimental form factors are plotted in Fig. 8. The
shell-model and QRPA predictions are shown as solid and
dashed lines, respectively. The curves are normalized to the
data. The shell-model results are calculated with free nucleon
g factors, since the momentum transfer dependence of the
corrections to the M 1 operator is not known. Attempts to
study the effective operator at finite q in sd-shell nuclei have
been reported for nuclei in the vicinity of closed shells 关47兴,
but it is not clear whether these results could be extrapolated
to open-shell cases. A satisfactory description is attained with
the USD interaction, in particular for the M 1 transitions to
the E x ⫽8.13 and 11.64 MeV states. The QRPA calculations
provide a reasonable description near the first maxima of the
form factors but systematically underpredict the data at
higher q. 共One should keep in mind that the assignment of
QRPA to the experimental levels is arbitrary.兲
One exception is the form factor of the strongest M 1
transition populating the state at 11.14 MeV, which shows a
much steeper decrease towards higher q values 共cf. Fig. 8兲.
In particular, the corresponding line is absent in the data
measured at the highest q (E 0 ⫽82.2 MeV), indicating a
pronounced minimum of the form factor. Here, the shellmodel result is poor at higher q while the QRPA results
would give a better description. One possible explanation

C. Form factors

The form factor data available from the present experiment as well as from Refs. 关13,14兴 provide a stringent test of
the microscopic calculations. Early attempts to describe the
form factors using simplified wave functions 共see Ref. 关13兴兲
showed large differences, but a clear distinction was difficult
because of the limited q range of the data. The new results at
higher momentum transfers reported here are thus particularly helpful to test the validity of the shell-model and QRPA
results.

FIG. 8. Experimental form factors of the prominent M 1 transitions in 32S from Ref. 关13兴 共open circles兲, Ref. 关14兴 共open squares兲,
and the present work 共full circles兲. The solid lines are shell-model
calculations with the USD interaction and free g factors. The dashed
lines are from the QRPA calculations of Ref. 关41兴.
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FIG. 9. Form factor of the l-forbidden transition to the J 
⫽1 ⫹ , E x ⫽7.003 MeV state in 32S. Full circles: data measured at
180°. Full triangles: data measured at 165°. Solid line: calculation
with wave functions from the USD interaction and free nucleon g
factors normalized to the data.

would be a destructive interference with an orbital matrix
element much larger than predicted in the shell-model results. Such an effect is indeed suggested by the reduction of
the the B(M 1) value with respect to the pure spin M 1
strength 共see Table III兲 deduced from the GT results 关42兴.
The form factor shape of the transition to the state at at 11.14
MeV can be reproduced by artificially enlarging the orbital
part in the shell-model calculations. However, the orbital matrix element needed would then be much larger than what
one would deduce from the comparison to the GT strength.
V. WEAK M1 TRANSITIONS
A. The l-forbidden transition to the state at 7.003 MeV

A 1 ⫹ state at 7.003 MeV is known in 32S 关48兴. It can be
excited from the g.s. via an l-forbidden (1d 3/2→2s 1/2 and
vice versa兲 transition. Thus, the usually dominating allowed
spin contributions are suppressed, and the transition is
mainly governed by the tensor corrections of the effective
operator that are otherwise hardly accessible. A study of this
transition based on the present experiments has been presented in Ref. 关20兴. Therefore we restrict ourselves here to a
brief summary of the most important results plus some subsequent analyses attempting to shed further insight into the
problem raised there.
The extracted form factor of the l-forbidden transition is
displayed in Fig. 9. The q dependence is vastly different
from the dominant spin-flip transitions 共cf. Fig. 8兲 with a first
maximum around q eff⯝1 fm⫺1 . Using the same approach to
calculate the form factor as for the strong transitions, i.e.,
wave functions from the USD interaction and free g factors,
a satisfactory description of the form factor shape can be
obtained This allows the extraction of the reduced M 1 transition probability B(M 1)↑⫽0.0040(5)  N2 , which constitutes, to the best of our knowledge, the smallest ever measured in electron scattering. It may be noted that the shellmodel result overpredicts this value by a factor of about 3.
The isospin analog states of the 7.003 level are the ground
states of the respective mass-32 neighbors 32Cl and 32P.

Thus, GT strengths are available from the ␤ decay, allowing
for a combined analysis 关20兴. This data set enables an independent test of a long-standing problem in the description of
electromagnetic and ␤ -decay observables in light nuclei
关15–19兴. The properties of the effective M 1 and GT operators deduced from empirical fits 共BW兲 and microscopic calculations 共TK兲 generally agree quite well except for the isovector tensor correction. This has been studied in detail in
39
Ca and 39K where pure l-forbidden 1d 3/2→2s 1/2 transitions are expected. It is found that the TK corrections reasonably account for the GT strength, but fail for the M 1
case. This poses a severe problem because the main contributions to the tensor corrections 共core polarization, ⌬ isobar
excitation兲 strictly scale and do not depend on details of the
calculations. On the other hand, a satisfactory description is
achieved with the empirical BW corrections. However, this
only reflects that in their fit the isovector tensor correction is
almost exclusively determined by experimental results on
l-forbidden transitions. The present data in A⫽32 nuclei provide an independent test. The comparison to the shell-model
results seems to reinforce the discrepancy 关20兴.
It may be noted, however, that isospin mixing had to be
included in the shell-model calculations in order to explain
the large asymmetry of the GT decay between the mirror
nuclei 32Cl and 32P. The form factor calculation shown in
Fig. 9 is based on isospin-pure wave functions and may be
appreciably modified by the inclusion of isospin mixing. On
the other hand, as pointed out above, a possible q dependence of the corrections to the bare M 1 operator is also
neglected. Because of the good description of the form factor
data the extraction of the M 1 strength by extrapolation to the
photon point should not be too sensitive to these simplifications.
Some ideas on how to explain the discrepancy have been
put forward 关49兴 based on relativistic effects not included in
the the nonrelativistic model of Ref. 关2兴. In the calculation of
magnetic dipole moments one usually replaces the dependence of the nucleon current on the velocity by the momentum. However, the strict proportionality holds in the nonrelativistic limit only. For any two-body part of the interaction
the relativistic description leads to additional terms. Take,
e.g., a two-body spin-orbit force V LS (r ik ) 关50兴,
i
pជ k 1
vជ k ⫽ 关 H,rជ k 兴 ⫽ ⫺
ប
M ប

兺i 关共 rជ k ⫺rជ i 兲 ⫻ 共 sជ k ⫹sជ i 兲兴 V LS共 r ik 兲 ,
共7兲

where vជ , pជ , rជ , and sជ denote velocity, momentum, space, and
spin vectors, respectively. The contributions arising from
these relativistic corrections can be estimated after the following simplifications: 共i兲 neglect of the isospin dependence,
共ii兲 averaging over all terms dependent on k, and 共iii兲 a
spherically symmetric core 关50,51兴 to be
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Here, g(r)⫽⫺V 0 ( p /4 ) 2 V WS where V WS stands for a
Woods-Saxon potential, and f (r) is the derivative of g(r).
Application of Eq. 共8兲 yields a correction to the tensor matrix
element of the l-forbidden M 1 transition in 32S of ␦ M P ⫽
⫹0.031 N . This would be of the right order of magnitude to
explain the difference between the BW (M P ⫽⫺0.136 N )
and TK (M P ⫽⫺0.070 N ) matrix elements, but is of the
wrong sign. Some caution is necessary in the interpretation
of this result because of the simplifications 共i兲–共iii兲. In particular, assumption 共iii兲 is questionable for a well-deformed
nucleus like 32S.
The importance of a relativistic description of l-forbidden
M 1 transitions is also emphasized by the close link to pseudospin symmetry. The introduction of pseudospin accounts
for the near-degeneracy of shell-model orbitals with (n r ,l, j
⫽l⫹1/2) and „n r ⫺1,l⫹2,j ⬘ ⫽(l⫹2)⫺1/2… found throughout the nuclear landscape. Here, n r denotes the radial quantum number, and l and j stand for the orbital and total angular
momentum. Within pseudospin symmetry these are described as spin-orbit partners with pseudospin l̃ ⫽l⫹1. Transitions between the two are of the l-forbidden type discussed
here.
While this concept was empirically established 30 years
ago 关52兴, a deeper understanding has always been lacking.
Only recently has the origin of pseudospin been shown to
result from the near cancellation of the attractive scalar and
the repulsive vector relativistic mean fields 关53兴. As a result,
the lower component of the Dirac wave functions of the
pseudospin doublet have a high spatial overlap 关54兴 and one
finds finite M1 and GT transitions probabilities within the
doublet, which can be expressed through the magnetic moments of initial and final states 关55兴.
A test of these relations against the available experimental data near closed shells reveals overall a surprisingly
good correspondence, although marked deviations are observed near certain shell closures 关56兴. In particular, a perfect
description is obtained for M 1 关56兴 and GT 关55兴 transitions
in 39Ca. An application to the mass-32 case is presently
not possible because experimental information on the magnetic moments of the involved state is missing „note, how⫹
ever, a recent measurement of  (1 g.s.
) in 32Cl 关57兴… and
pairing effects would have to be included in the theoretical
description.

FIG. 10. Form factor of the isoscalar transition to the J  ;T
⫽1 ⫹ ;0, E x ⫽7.190 MeV state in 32S. Full circles: data measured
at 180°. Full triangles: data measured at 165°. Full square: lifetime
measurement of Ref. 关58兴. Dashed line: calculation with wave functions from the USD interaction and free nucleon g factors normalized to the data.

⫺0.5 fm⫺1 but overestimates the strength at the photon
point. Furthermore, the value at the highest q, where the
transition is rather pronounced in the spectrum, is significantly underpredicted. A large normalization factor of 10.6
with respect to the shell-model results is needed.
A possible explanation for these discrepancies may be the
effects of isospin mixing, which are known to modify the
properties of isoscalar transitions in light nuclei weakly excited from the ground state. The analysis of isospin mixing
within the most simple two-state model has been discussed,
e.g., in Ref. 关59兴 for the famous case of the isocalar and
isovector M 1 transition in 12C. In the present example it is
assumed that mixing occurs with the closest-lying strongly
excited 1 ⫹ ,T⫽1 state in 32S at E x ⫽8.13 MeV. The actual
1 ⫹ -state wave functions are written in terms of isospin-pure
wave functions
兩 7.19典 ⫽ ␣ 兩 T⫽0 典 ⫹ ␤ 兩 T⫽1 典 ,

共9兲

兩 8.13典 ⫽ ␤ 兩 T⫽0 典 ⫺ ␣ 兩 T⫽1 典 ,

共10兲

with ␣ 2 ⫹ ␤ 2 ⫽1.
The coefficients ␣ , ␤ are determined from the experimental reduced transition probabilities

B. The isoscalar transition to the state at 7.190 MeV

Since isoscalar M 1 transitions are strongly suppressed
compared to isovector ones, experimental information from
electroexcitation is much more scarce. Similar to the
l-forbidden case weak corrections to the bare M 1 operator—
otherwise hardly accessible—may be enhanced. The form
factor deduced for the isoscalar transition to the state at
7.190 MeV is plotted in Fig. 10. Recently, a lifetime measurement has been reported for this level 关58兴. Together with
the known g.s. branching ratio 关48兴 one can deduce
B(M 1)↑⫽0.011(5)  N2 . The corresponding form factor
point is also included in Fig. 10. The shell-model result normalized to the data is displayed as dashed line. The momentum transfer dependence is reasonably described at q⯝0.3

B 共 M 1 兲 7.19 兩 ␣ M T⫽0 ⫹ ␤ M T⫽1 兩 2
,
⫽
B 共 M 1 兲 8.13 兩 ␤ M T⫽0 ⫺ ␣ M T⫽1 兩 2

共11兲

where M T⫽0 , M T⫽1 stand for the pure isoscalar and isovector matrix elements, respectively. With ␣ ⯝1 and the predominance of isovector over isoscalar M 1 transition strength
one can neglect the term ␤ M T⫽0 and make the simplifying
assumption
B 共 M 1 兲 8.13⫽ 兩 M T⫽1 兩 2 .

共12兲

The value for M T⫽0 has to be taken from the shell-model
calculations.
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Following the method outlined in Ref. 关59兴 one obtains a
T⫽1 mixing amplitude, which can be converted to a Coulomb matrix element 具 H C 典 ,

具 H C 典 ⫽ ␣ ␤ 兩 ⌬E 兩 ,

共13兲

where ⌬E is the experimental energy difference. Depending
on the relative sign between ␣ and ␤ , 具 H C 典
⫽147(76) keV or ⫺63(49) keV is obtained.
These values are compatible with to the systematics of
Coulomb matrix elements 关60兴. As shown in Ref. 关60兴 an
approximate constancy of the spreading width ⌫ ↓ is expected, which is related to the Coulomb matrix element by
↓

⌫ ⫽2 

具 H C典 2
D

.

共14兲

Here, D denotes the average level spacing. A value ⌫ ↓
⬇30 keV can be deduced from the systematics of
compound-nucleus reactions 关60兴, but a variation of about
⫾20 keV is still consistent with the typical scattering of the
data. The level density can be calculated, e.g., from the microscopic approach of Ref. 关61兴 to be  ⬇3.7 MeV⫺1 . However, one is still in an excitation regime where the level information is complete, suggesting  ⬇1⫺2 MeV⫺1 as a
more realistic estimate. An upper limit 兩 具 H C 典 兩 ⭐90 keV can
be derived by insertion of these values into Eq. 共14兲. Thus,
the present results comply with the magnitude of Coulomb
matrix element suggested by the approximate constancy of
the spreading width.
A general limitation of this type of analysis is its dependence on the shell-model value for the pure T⫽0 M 1 matrix
element that bears considerable uncertainty. Furthermore,
mixing with other strongly excited 1 ⫹ ,T⫽1 states cannot be
neglected. For example, even larger values 具 H C 典
⫽400(214) keV or ⫺169(132) keV would result for mixing with the strongly excited state at 11.14 MeV.
While the analysis above is restricted to the photon point,
one can also utilize the experimental information on the momentum transfer dependence. In this case one has to rely on
the shell-model predictions of the form factor shapes. Both
the transition to the 8.13 MeV state and the one to the 11.14
MeV state are included. The form factor for the latter transition is modified to reproduce the experimental data as described above by enlarging the orbital matrix element with
respect to the shell-model result. Because of its anomalous q
dependence the l-forbidden transition significantly contributes for q⬎0.3 fm⫺1 and must also be included.
A fit to the data was performed allowing for the normalization of each form factor and the relative phases as free
parameters. It turns out that there exists only one specific
combination of phases that permits a simultaneous description of all data. Destructive interference is necessary between
the isoscalar and the isovector spin-flip contributions while a
constructive interference of the isoscalar with the l-forbidden
amplitude is required. The result is presented in Fig. 11. Note
that the form factors for the transition to the state at 8.13
MeV are not visible because the mixing amplitude deter-

FIG. 11. Form factor of the isoscalar transition to the J  ;T
⫽1 ⫹ ;0, E x ⫽7.190 MeV state in 32S including isospin mixing.
The data and the shape of the dashed line are the same as in Fig. 10.
The dashed-dotted and dotted lines are shell-model form factors for
the spin-flip M 1 transition to the state at 11.14 MeV and the
l-forbidden transition, respectively, that describe the respective experimental data. The solid line is a fit allowing for isospin mixing
with these two states plus the 8.13 MeV state as described in the
text.

mined from the fit is compatible with zero within the uncertainties. The following Coulomb matrix elements are derived:
E x ⫽7.003 MeV,

具 H C 典 ⫽62共 11兲 keV,

E x ⫽8.13 MeV,

具 H C 典 ⫽0 共 47兲 keV,

E x ⫽11.14 MeV,

具 H C 典 ⫽⫺258共 100兲 keV.

Again, there is a considerable model dependence due to the
use of the isospin-pure shell-model form factor shape for the
isoscalar transition. Further experiments would be of importance to test the validity of such a procedure, e.g., to confirm
the pronounced minimum suggested at q eff⯝0.6 fm⫺1 .
V. SUMMARY

The magnetic dipole response in 32S has been studied
with 180° electron scattering. The transition strengths up to
E x ⫽12 MeV have been determined by a PWBA analysis.
For the two strongest transitions, where a discrepancy of a
factor of about 2 was observed in previous (e,e ⬘ ) experiments 关13,14兴, values intermediate between the two extremes
are deduced from the present work. Shell-model calculations
employing the USD interaction and an effective M 1 operator
关2,4兴 are capable of describing the M 1 strength distribution
well. However, the isospin-analog GT⫺ strength 关42兴 is systematically underpredicted. This makes a possible extraction
of MEC contributions to the M 1 transitions based on the
shell-model results as reported 关5–7兴 for other self-conjugate
nuclei in the sd-shell ( 24Mg, 28Si) more questionable. On
the other hand, if the B(M 1)  values derived from the data
of Ref. 关42兴 were systematically about 20% too large, very
good agreement with the analysis of other sd-shell nuclei
could be achieved. Therefore, an independent measurement
of the GT strength in 32Cl and/or 32P would be important.
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The shell-model wave functions provide a reasonable description of the form factors. The QRPA calculation of Ref.
关41兴 underpredicts the total M 1 strength by a factor of about
2 and underestimates the form factors of the spin-flip transitions at higher momentum transfers.
The experimental improvements achieved by the background suppression with the TOF measurement permit for
the first time studies of the form factors of the extremely
weak l-forbidden as well as an isoscalar M 1 excitation in
32
S. The l-forbidden transition allows a sensitive test of tensor corrections to the M 1 operator 关20兴. A combined analysis
with the isospin-analog GT transitions in the A⫽32 triplet
reveals a situation similar to previous studies in A⫽39 nuclei: the otherwise successful microscopic calculations by
Towner and Khanna 关2兴 of corrections to the M 1 and GT
operators reasonably account for the GT strengths, but fail
for M 1. As pointed out repeatedly 关18,19兴, this poses a severe problem because the main contributions to the tensor
corrections 共core polarization, ⌬ isobar excitation兲 strictly
scale and do not depend on details of the calculations.
A possible explanation may lie in the nonrelativistic treatment. Some examples of the role of relativistic corrections
are discussed. For example, the contributions due to a twobody spin-orbit interaction would be of the right order of
magnitude to explain the difference between the TK and BW
tensor matrix elements, but has the wrong sign 共note, however, the simplifying assumptions in the calculation兲. The
initial and final states of l-forbidden transitions also constitute the partners of a pseudospin doublet. Pseudospin symmetry has been shown to be a relativistic symmetry 关53兴 and

accounts well for the description of l-forbidden M 1 关56兴 and
GT 关55兴 transitions.
Because of their strong suppression with respect to isovector excitations, data on isoscalar M 1 transitions from
electromagnetic probes are scarce. This leaves the isoscalar
corrections to the M 1 operator much more uncertain and
in-depth studies would be highly desirable. The present results suggest the need to include isospin mixing for a consistent interpretation of the transition strength and the measured
form factor. Coulomb matrix elements derived either from a
two-state model at the photon point or a form factor analysis
allowing for mixing with all close-lying 1 ⫹ ,T⫽1 states are
in the range of values suggested by the approximate constancy of the spreading width, but the experimental uncertainties are still somewhat large for quantitative conclusions.
However, the experimental progress demonstrated opens the
possibility of detailed form factor studies on isoscalar M 1
transitions in future experiments with the 180° system at the
S-DALINAC.
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Nucl. Instrum. Methods 153, 17 共1974兲.
关31兴 H. Theissen, in Springer Tracts in Modern Physics, Vol. 65,
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