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Magnetic dipole transitions in 32S from electron scattering at 180°
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Magnetic dipole transitions in the self-conjugate nucléf® up to an excitation energy of 12 MeV have
been investigated in inelastic electron scatterin® gt 180° at the superconducting Darmstadt electron linear
acceleratofS-DALINAC). Transition strengths have been determined from a plane-wave Born approximation
analysis including Coulomb distortion. For the two strondddt transitions, where a discrepancy of a factor
of about 2 was observed in previous,¢’) experiments, values intermediate between the two extremes are
deduced from the present work. The resulting strength distribution is well described by shell-model calcula-
tions using the unified d-shell interaction and an effectid 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
|-forbidden and isoscalavl1 excitations in3%S. Thel-forbidden transition allows a sensitive test of tensor
corrections to thé\ 1 operator. A combined analysis with the isospin-analog Gamow-T@&Il€r transitions in
the A=32 triplet reveals a situation similar to previous studiesAir 39 nuclei: microscopic calculations
reasonably account for the GT strengths, but fail in the cadd bfstrengths. 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 isb%calar
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.
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[. INTRODUCTION scattered electrons serves as a “spin filter” where magnetic
excitations are enhancgd1,12. Low-multipolarity mag-
The magnetic dipole NI1) response irsd-shell nuclei netic transitions have been studied previously in two experi-
has been a subject of long-standing interest. It is dominatethents with the®’S(e,e’) reaction[13,14], but theB(M 1)1
by spin-flip transitions involving the valence orbits, i.e., of values deduced from both differ by a factor of 2 for the
the type Ms,—1d;, and vice versa. The availability of strongest transitions. The present experiment aims at a clari-
shell-model calculations covering the full major shell hasfication and furthermore extends the previous measurements
made them a quantitative testing ground of corrections to th&o higher momentum transfers compared to the rather limited
bareM1 operatof{1-4]. As a particular example, in recent range of the previous work. This allows for the first time
work it has been possible to extract meson exchange currenteaningful tests of theoretical form factor predictions with
(MEC) contributions to theM1 strength by comparison of experimental data.
the latter to the Gamow-TellefGT) strength in the self- With the experimental techniques described below it has
conjugate nuclef*Mg and 28Si [5—7]. Generally, the experi- been possible to reach an almost complete suppression of the
mental information oM 1 and isospin-analog GT transitions nonphysical background in 180° electron scattering. The
permits a decomposition of spin/orbital and isospin partdigh sensitivity enables investigations of even extremely
[8—10Q], which in turn serves as a sensitive test of the microweakly populatedM1 transitions. As an example, the form
scopic models. factor of an isoscalalM 1 excitation at 7.190 MeV irS is
In the present work we report on a study of the nucleuspresented. It is expected to exhibit sensitivity to isospin mix-
325 with 180° electron scattering at low momentum trans4ng with nearby 1 states populated by isovectbtl transi-
fers. Because of the strong suppression of the longitudinaions, providing information on Coulomb matrix elements,
contributions to the cross sections, the measurement of back¢hich are a subject of continuous interest.
Furthermore, of special importance is the excitation of the
1% state atE,=7.003 MeV in3?S, which corresponds to a
*Visitor from the University of Saskatchewan, Saskatoon, Canad#ather purel-forbidden transition of the typedk,— 2s,,.
STE5N2. Because the usually dominating spin-flip excitations are in-
TPresent address: Jefferson Laboratory, Newport News, VA 2360@hibited, |-forbiddenM 1 transitions are mainly promoted by a
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tensorial part of the operatd2—4] and provide a unique 20 — T T T T T
possibility to study this otherwise hardly accessible piece. 325(e,e") E, = 66.4 MeV
The extraction of thd-forbidden transition strength if°S | |
thus sheds new light on a long-standing problem in the de- / Target Faraday
scription of electromagnetic angtdecay observables in light 40° System Cup
nuclei. The properties of the effectid1 and GT operators 10 l 7
deduced from microscopic calculatiofi3,3] and empirical l

fits [4] generally agree quite well except for the isovector
tensor correction. This has been studied in detai®®a and

3% where purel-forbidden Id3,— 2s,, transitions are ex-
pected[15-19. It is found that the calculations reasonably
account for the GT strength, but fail for thd1 case. This
poses a severe problem, because the main contributions to
the tensorial part of the operat@mainly due to core polar- FIG. 1. Time of flight spectrum of thé%S(e,e’) reaction at

ization andA isobar excitation strictly scale and do not g _gg4 Mev measured with the 180° systef@l] at the
depend on details of the calculations of those effetisin  g_paLINAC.

the mass-32 multiplet the isospin-analog GT transitions are
known from 3 decay, and together with thd 1 strength an o
independent test of the different calculations of the effectivecally identified to belong to'H and *°O, indicating a con-
operator can be performed. A short account of this has aftamination of the target with water.
ready been presented elsewhf28. An essential point for the success of the present experi-
The paper is organized as follows. Section Il provides anent was the suppression of the background in the spectra.
description of the experiment with an emphasis on the newhis was achieved by pulsing the electron beam with the
technique of background suppression in the electron scattesubharmonic buncher originally developed for the free elec-
ing spectra by time-of-flight techniques, while the datatron laser at the S-DALINAG23]. Thereby, a 10 MHz mi-
analysis and the extraction of reduced transition strengths akgostructure is imprinted on the usual 3 GHZ time structure,
presented in Sec. lll. Results for the strong spin-Md  corresponding to a quasi-dc beam. This allows to measure
transitions are discussed in Sec. IV including the comparisogifferences of the time of flight of electrons and to localize
of the strength distributions and the form factors to shell-the instrumental background sources. Figure 1 presents a
model and quasiparticle random phase approximatiogample spectrum of counts versus time of fliF®F). Peaks
(QRPA) calculations as well as to the analog GT transitionsare visible that can be identifed with target-related events
Section V deals with the wedkforbidden and isoscaldl  and delayed electrons backscattered from the Faraday cup.
excitations in%S. Finally, a summary is given in Sec. VI.  Furthermore, there are additional structures appearing about
10 ns before the target peak. These result from bremstrahl-
Il. EXPERIMENTS ung photons created by electron beam losses in an energy-
defining system (40° systerof three dipole magnets. While
The 3S(e,e’) experiment was performed at the 180° the difference of path lengths between these photons reach-
electron scattering facility[21] of the superconducting ing directly the detector and electrons moving along the main
Darmstadt electron linear accelerator S-DALINAC. An ad-beamline and scattered from the target into the spectrometer
vantage of the present over previous 180° systems is thgould be very small, a measurable time difference to the
coupling to a high-resolution, large solid-angle magnetictarget-related events results from the additional path of the
spectrometer of the quadrupole-clamshell tf@2]. The electrons through the chicane of the 180° systege Ref.
measurements covered incident energies between 42 and g21]).
MeV, corresponding to momentum transferg=0.4 Clearly, with an electronic window on the target-related
—0.8 fm™'. The magnetic spectrometer settings were choevents, the background can already be reduced considerably.
sen to study an excitation energy regiBp=4—14 MeV.  Further improvement of the time resolution is achieved by
Two settings were necessary for the lowest incident energgorrection for the path length differences through the spec-
covering excitation regions of 3.7-11.3 MeV and 8.6—14.4trometer. As demonstrated in Fig. 2 this allows us to decon-
MeV, respectively, with a large overlap for proper normaliza-volute the target peak into three contributions: the first stem-
tion. Natural LS was chosen as target material because ofing from from electrons scattered off the pole gap of the
its high melting point 950 °C). The few magnetic transi- seperating magnet, the second from the target, and the last
tions in ®Li are well known and do not kinematically dis- from the back wall of the scattering chamber surrounding the
turb the analysis of transitions if’S. Rather, they can be beam line exit. A typical unfolded spectrum assuming three
used for the normalization of the cross sections. The targegBaussians is displayed in Fig. 2, and the final time gate used
was prepared compressing,5i powder into disks 2.5 cm in in the further analysis is indicated by vertical lines. With
diameter and about 28 mg/énthick. Because LiS is very  such an electronic gate a part of the true events is cut off and
hygroscopic, all target fabrication and transfer operationshe deduced cross sections must be corrected for the full line
were conducted in a dry argon atmosphere. Neverthelesspntent based on the fit shown in Fig. 2. The correctness of
peaks in the spectra are observed, which can be kinematihis approach can be tested by comparison to the line con-
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FIG. 2. Time of flight spectrum of thé?S(e,e’) reaction at
180° for E;=42.2 MeV without(top) and with (bottom a soft-
ware correction of the time of flight due to the different flight paths ~ FIG. 4. Spectra of thé?S(e,e’) reaction at 180° foE,=42.2
through the spectrometer. The hatched area represents events fr¢f,<9.0 MeV) and 42.6 MeV E,>9.0 MeV), respectivelyE,
the target. =66.4 MeV andE;=82.2 MeV in the analyzed excitation energy

region.
tents deduced for prominent transitions in the spectra without
TOF background suppression. - : . . }
The TOF correction finally leads to a background reduc_tr|but|on assumed in the further analysis. Towards higher ex

" hina fact © 10 in th i . tcitation energies it rises due to its peculiar form in electron
lon reaching factors up to In the present experimen Scattering near 180°. For simplicity it has been described by
Figure 3 depicts as an example a spectrum measurég at

. . a polynomial of second order in the investigated energy re-
=42.2 MeV without(uppe) and with (lower) the software . : .
cut on the correct time of flight. The background still remain-glon' In spectra taken for heavier nucléf{Zr) under the

o o ; . ame kinematical conditions as in the present experiment the
ing is almost solely due to the radiative tail of the elastic an ackground behavior could be explicitly tested by a fluctua-
inelastic lines. It is very low and illustrates the advantageou§i

) N : on analysis techniqug24].
properties of 180° scattering. The spectra were decomposed using the program

Il DATA ANALYSIS [25,26. The line shape was described by a function

. 2
A. Decomposition of the spectra ex —C(x—xg)%/of], X<Xq

In Fig. 4 the spectra measured in the present experiment y=ygX ext] — C(x—Xo)%/ 03], Xq<X<Xo+ 70>,
are plotted. The dashed lines represent the radiative tail con- Al(B+X—Xg)?, X>Xo+ 705

| I I B B | (1)

LI
323(3,6')
E0 = 42.2 MeV

6000 -

consisting of three smoothly connected parts. The coefficents
A, B, andC are determined by the condition of continuous
differentiability. The parameters of E@l) are the energy at
the maximum of the peakxf), the number of counts af,

(Yo), the variances of the Gaussian functionsEQr x, and
E,>Xg (o'f and og), respectively, the contact point of the
hyperbolic function ), and the exponent of the hyperbolic
function (y). The line shape has been determined for the
most prominent transitions in each spectrum and then kept
fixed except foixy andy,. All lines and the background were
fitted simultanously. To determine the full peak area, the con-
tributions of the radiative tails were calculated with standard
formulas for @,e’) radiative correction functionésee, e.g.,
Ref.[27]). The energy resolution varied between 70 and 100

Counts

L 1 L
5 6 7 8 9 0 N1

0 Il L 1 L Il L Il L 1
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FIG. 3. Spectrum of the3’S(e,e’) reaction at 180° for
Ey=42.2 MeV without (top) and with (bottom) time-of-flight
corrections.
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keV full width at half maximum(FWHM) due to the beam TABLE I. Cross sections and form factors &1 transitions
resolution and target thickness. The overall precision of theneasured at 18091QCLAM spectrometer[22]) and at 165°
excitation energies determined in this work is estimated to béenergy-loss spectrometf80]). The quoted uncertainties contains
+30 keV. statistical and systematic errors added in quadrature.

Between excitation energies of 8 and 12 MeV we could 5
reproduce all magnetic transitions observed in previoux 4 q Eo do Fr Error
(e,e") experiment$13,14]. Above 12 MeV the level density . d? .
is too high to permit an unambiguous comparison to thdMeV) (deg (fm™%) (Mev) — (fm“/sr) (%)
other (g,e’) data. Furthermore, because of the successfuf go3 165 0167 202 1.6710° 7 3.2x10°7 45

background suppression we were able to deduce for the first 165 0263 297 2.4710°° 16x10°7 75
time electron scattering cross sections for the very wddk 165 0.313 347 327108 2.9x10~7 57
transitions populating the well-knowlT=1" states at 7.003 165 0382 415 20810°° 26x107 57
and 7.190 MeV, respectively. 180 0.393 422 80810°% 1.1x10°® 57

Since the elastic scattering cross section varies rapidly
over the horizontal angle opening of the magnetic spectrom-
eter (about 177%180°), the data were normalized to the
prominentM1 transition in®Li at 3.562 MeV. For this tran-
sition precise form factor measurements are available s _7
[28,29. The uncertainties in the determined peak areas in thé190 165 0262 29.7 46&0_8 3.0x 10_7 57
spectrum include the statistical contribution and a systematic 165 0313 347 542 1078 4.8x 1077 25
error. The latter amounts to 6% for the lower-energy bin and 180 0.392 422 239107 2.9x10 52
8% and for the higher-energy bin By=42 MeV (the spec- 165 0456 49.0 9.0810° 16x10°7 25
trum was combined from data obtained for two different field 180 0796 822 2.2810°° 1.2x<10°° 50
settings of the spectromejeand 7% for the spectra at 66 and
82 MeV incident electron energy, respectively, added in8-13 ~ 180 0.387 422 72010’ 9.70x10° 8
guadrature. The systematic uncertainty arises from the nor- 180 0.792 82.2 6.8910°% 3.53x10°° 15
malization to®Li and in the case of the higher-energy spec-
trum taken atE,=42 MeV also from the matching to the 9.66 180 0.379 422 210 ' 3.92x10° 11
lower excitation energy part. 180 0.624 66.4 9.7210°8 3.24x10°°% 16

Table | summarizes the kinematics, the experimental cross 180 0.784 82.2 4.0210°° 2.06x10°% 19
sections, and the dedcued transverse form factori of
transitions in®2S investigated in the present experiment. Ad-11.14 180 0.376 42.6 1.3510°° 1.58<10°5 10
ditionally, we include unpublished results of experiments 180 0616 66.4 1.6010 7 533106 13
performed under backward angles (165°) at the high-
resolution energy-loss spectromeltgd] at the S-DALINAC. 1164 180 0374 426 7.%10 7 1.08<10°5 10
These were restricted to a narrow energy bm,#6.5 180 0614 66.4 1.62107 540<10°° 13
—7.3 MeV), aiming at a study of théforbidden transition 180 0.774 822 581108 297106 17
at 7.003 MeV[20].

165 0.457 49.0 3.2810°% 58x107 12
180 0.637 66.4 359108 1.2x10% 27
180 0.797 822 6.1810°% 3.2x10°% 15

B. Transition multipolarities and strengths Moc?) "1 the recoil factor wheréVl, stands for the mass of

For an unambiguous multipolarity assignment and a de'ghe target nucleus, and is the fine structure constant. The

termination of the transition strength at the photon point, ££XPerimental cross sections in E@) are multiplied by a
PWBA analysis can be applied foee’) data of a nucleus DWBA correction factor in order to account for Coulomb

such as®?s with low Z and at low momentum transfgq{31]. distortion effects. These were extracted from a comparison of
In PWBA the cross sections can be written in terms of the®WWBA and PWBA cross section calculations for the given
reduced transition probabilitieB(X\,q), for the inelastic klnehmancs with the COdEAME:-A [32]. I

transition of multipolarityh, from the ground state of spih The measure®(MA\,q) values can_be _extrapp ated do

to a final state of);. Here,X=C describes the Coulomb, ~®=Ex/%C, the so-called photon point, in a fairly model-
X=E the transverse electric, ant=M magnetic contribu- mdgpendent way. For sma_dj, the reduced_ fransition prob-
tions. Near 180° the longitudinal contribution is largely sup-2Pilitiés can be expanded in a power series|df

pressed, leaving essentially the transverse parts. For a target

nucleus withJ;=0 in its ground state the cross section of a B(MNQ):E (—1)'CM\?R? 3)
magnetic excitation of multipolarity is given by B(MX,0) =0 r
( do) 1, 4 g B(MA Q)T @ with
a0 TaY o i e ') Frec
i MEAEDHT kG A+ 214a+1

A
|

4

where ko is the incident momentum,fe.=(1+2Ey/ S22+ + 1)1 A+
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15 T TABLE II. B(M1) transition strengths from a PWBA analysis

of the present®®S(e,e’) measurement in comparison to previous

>
3 10 (e,e’) [13,14) and to nuclear resonance fluorescence experiments
= [36].

=

@ 05 ] S-DALINAC [13] [14] [36]

E, B(M1)1 B(M1)7 B(M1)] B(M1)]

< 00 — (MeV) (18) (1R) (1R) (1R)

~ 20 :

3 8.13 0.879) 1.1418) — 1.2417)

- ® 1 9.66 0.376) 0.6918) 05524  0.4312

S . 1 11.14  2.1015) 2.4022) 1.2413 —

= 5 ] 11.64 1.049) 1.2620) 0.7714) —

1 results of Ref.[13] and nuclear resonance fluorescence
1 (NRF) data[36]. In accordance with the NRF results the
] excitation strength of the 9.66 MeV transition is significantly
] lower than deduced from the othee,&’) experiments, al-
7 though our analysis includes their data. For the two most
] prominentM1 transitions to states at 11.14 and 11.64 MeV
we find strengths intermediate between the two disparate re-
sults of Refs[13] and[14]. Additional M1 strength above
12 MeV observed in Ref.14] could not be identified in the
FIG. 5. Example of the PWBA analysis for the excitation of the present experiments. All transitions analyzed in this energy
state at 11.14 MeV assuming a Mtbp), a M2 (middle), or a M3 region were determined to haw2 character. The presence
transition (bottom). The solid lines correspond to a fit of E(B) of fragmentedM 1 strength as deduced by R§14] cannot
with the values given in the text. be excluded from the present data. However, the claim of
M1 transitions with strengthB(M 1)T>0.4,uﬁ at energies
above 13 Me\[14] is in contradiction to the sensitivity lim-
its of the present work.

B(M3,q) (u, fm?)

0.0 0.1 0.2 0.3 0.4 0.5 0.6
a® (fm™)

The transition radiR? are defined, e.g., in Reff33]. Terms
up to orderl =3 were included in the analysis. The transition
radii RS and Rf were correlated wittR2 through the rela-

tions Ry=1.09(R%)2 andR¢=1.18(R2)°. These coefficients IV. DISCUSSION OF STRONG TRANSITIONS

were obtained from the radial moments calculated with the A. B(M1) strength distribution

codePAMELA [34]. _ S
With these assumptions a least-squares fit of(Bxto the The deduced experiment&8(M1) strength distribution

data was performed for each transition with two variablescan be compared to the microcopic shell model and quasi-
B(MA\,0) and the transition radiug,, assuming a definite particle random phase approximati¢QRPA) calculations.
\. Form factor data from previous experimefit8,14 were  Shell-model wave functions were obtained from the unified
included in the fit. Because the PWBA analysis is valuable agd-shell (USD) interaction[37], which has been shown to
low momentum transfers only, the fits were limited to dataProvide an excellent description of static and dynamic mag-
for q<0.65 fm *. An example of this procedure is depicted netic properties isd-shell nuclei{ 38]. For the description of
in Fig. 5 for the transition populating the,=11.14 MeV the M1 transition strengths effectivg factors were em-
state. Results are shown fee=1 to 3 assuming a magnetic ployed. Two sets are available: one from the empirical fit of
transition. The multipolarity assignment is based on the bedBrown and Wildenthal (BW) [4] with gf(1V)=0.613,
¥2 and the condition of a value for the transition radius rea-g&"(1V)=3.971, g&"(1V)=0.399 for mass-32 nuclei, and
sonably close to the root-mean-square charge radiu¥®f one from Towner and Khanr@K) [2] based on a one-boson
(R.=3.23 fm[35]). While very good correspondence with exchange potential and perturbation theory. The effeagive
the data is achieved assuming-1, systematic deviations factors g&(1V)=0.544, g&(1V)=4.267, g"(1V)=0.167
are observed at the lowegtvalues assuming a higher mul- result from an interpolation from the values calculated for
tipolarity. Furthermore, théM 1 transition radius of 3.13) closed-shelt: 1 nuclei using the mass dependence suggested
fm is compatible with the charge radius, but much too largen Ref. [4]. The QRPA approach has been successfully ap-
values are needed favi2 [R,=5.93(13) fm or M3 [Ry, plied to describe magnetic dipole properties in deformed
=7.45(18) fm. medium-masg39] and heavy[40] nuclei. Details are pro-
Table 1l summarizes the transition strengths of the fourvided in Ref.[41].
strongM 1 transitions in comparison to results of other ex- Figure 6 shows thé/1 strength distributions of the ex-
periments. The weakl 1 transitions around 7 MeV are dis- periment and the different models. The excitation energies of
cussed separately in Sec. V. The transition strength at 8.1B" states calculated with the USD interaction agree well
MeV in the present experiment is slightly lower than thewith experiment, and transition strengths derived with BW
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2 . ' | | |
| BW g-—factors i o 0 — T T
PRl . I | I '
3 3 | 1 ~ 1r 7]
. P | L ey 5 I J
< 0 1 ! I l T I ! S,
=56 4 8 oL 325(p,n)*xCl .
2 "
P i 1 3 I 1
1F - o~ L 1 L 1 L I L ] L
3 | g 6 8 10 12 14 16
0 — |} BT T/ PR Excltation Energy (MeV)
2 - -
I i FIG. 7. Comparison of th8(M1) (present workwith the GT
1k _ (Ref. [42]) strength distributions, normalized relative to each other
L I i with the aid of Eq.(5).
0 L I | T A TS B
6 8 10 12 14 16 part of the isovectoM1 operator by rotation in isospin
Excitation Energy (MeV) space. Thus, one can calculate the spin Bdiv1), from
o _ the relation
FIG. 6. M1 strength distribution i¥?S: experimenttop), shell-
model calculations with the effective operator of BW (second 3(Mp_Mn)2
row) and TK[2] (third row), and QRPA calculations d#1] (bot- B(Ml)g:TB(GT), 5
tom).

where the numerical factor equals 2.65%3 Any deviation

and TK effectiveg factors satisfactorily reproduce the four .
of the ratio

prominentM 1 transitions below 12 MeV, although the TK
results tend to be somewhat high. The strength ratio of the B(M1)
transitions to the 11.14 and 11.64 MeV states is reversed in R=——
both cases with respect to experiment. However, they appear B(M1),
to be strongly mixed in the calculation and their ratio de'from R=1 results from the combined effects of orbital and
pends sensitively on the predicted energy difference, whicrp\/IEC contributions

is larger than that found experimentally. Therefore, one Figure 7 Compa;es the tothl1 strength from the present
should rather compare the sum of both, which is again Welte,e’) experiment with the GT strength derived from the

b by e caltors vang e oW stecve meg £ ST umar i e = st e
P P ' 9 P4 s Q value for 32C1—32S g decay, good correspondence is

dicted around 13.5 MeV can be excluded from the presengbserved for the excitation energies. The transition strengths
data, which set an upper limit of about ﬁ.%l between 12 gies. g

o extracted from both experiments are very similar, but some
and 1?) Mev. Tr}eMl Stre';'jgt?] distribution ?jb?ve 12h Me\rf | ifferences remain. These can be traced back to the com-
must be more fragmented than suggested from the shelgineq effects of spin/orbital interference and MEC enhance-

mo<|jqe| results.t_This is i?dtgegd]s\;vf:at -isszfg'urlldz in rf_hﬁ]‘rge'ments of theM 1 excitations, which were shown to contrib-
exchange reactions populatin ates n [42], whic ute significantly insd-shell nucle{5-7]. An interpretation of

are the isosp'in'analog states B8. the differences as interference between the spin and orbital
The description of the energy spectrum by the QRPA re

. > : . parts of theM1 operator alone would imply constructive
sults is poorer; all relevant transitions lie essentially be|OV\P P Py

" . interference for transitions to the states EB{=9.66 and
Ex=10 MeV. Only three §trong transitions are predlcted11'64 MeV and destructive interference for the transition
and the summed strength is almost a factor of 2 below th

S - ) %opulating theE,=11.14 MeV level. However, without a
data. This is in contrast to the findings iSi [41] where the o : -
reproduction of the experimenta@(M 1) distribution [14] quantitative estimate of the MEC effects 1S a separation

of spin and orbitalM1 matrix elements in analogy to the

(6)

was superior over the shell model. 283 case[8] is not possible. The GT strength seeti42]
) above 12 MeV is much smaller than what was found in the
B. Comparison to GT strength (e,e’) experiment of Ref[14], and there is no correspon-

The examined nucleu#s is self-conjugate with ground dence in excitation energies. This casts further doubt on the
state(g.s) isospinT=T,=0. This allows a direct compari- existence of strong=0.4u2) transitions around 13.5 MeV
son of the isovectoM 1 strengths with the analog GT tran- claimed by Ref[14] unless one assumes very strong spin/
sition strengths. The same selection rule3=1, AT=1, orbit cancellation effects that are not predicted by the shell-
are valid for the GT operator, which is connected to the spirmodel results. It should be noted that the G3trength dis-
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TABLE Ill. Comparison of results for the prominekt1 transitions in*2S deduced from the present work
and using Eq(5) for the isospin-analog GT transitioig2] with shell-model calculations employing the
USD interaction and effectivg factors of BW[4] or TK [2]. The ratioR is defined in Eq(7).

Expt. BW TK

E, B(M1) B(M1), R B(M1) B(M1), R B(M1) B(M1), R
(MeV) (1R) (18) (18) (18) (1R) (18)

8.13 0.879) 0.91(12) 0.9623) 1.05 0.68 1.54 1.25 0.74 1.69
9.66 0.376) 0.193) 1.9561) 0.28 0.12 2.33 0.28 0.15 1.97
11.14 2.1015 2.6634) 0.7916) 1.13 1.09 1.04 1.44 1.29 1.12
11.64 1.049) 0.8211) 1.2728) 1.92 1.56 1.23 2.32 1.84 1.26
> 4.3821) 4.57398) 0.9513) 4.38 3.45 1.27 5.29 4.06 1.30

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 theM1 operator is not known. Attempts to
study the effective operator at finitgin sd-shell nuclei have

tribution from a 32S(n,p)3?P experimen{43] (for a T=0
nucleus GT, and GT_ strengths should be equas in good
agreement with the results of R¢#2] although the energy
resolution is too limited for a level-by-level comparison.
Experimental and shell-model results f&(M1) and
B(M1), strengths are given in Table Ill. It may be noted that

. . . 32
B(M1), values for I excitations in™S have also been been reported for nuclei in the vicinity of closed shé#3],

deduced from a study of thep(p') reaction[44]. However, but it is not clear whether these results could be extrapolated

these values are much Iarge( than those deduced from ”«ES open-shell cases. A satisfactory description is attained with
charge-exchange reaction. This can be traced back to an ug,

i _ " e USD interaction, in particular for thel 1 transitions to
derestimate of the unit cross sectionused for the conver- the E,=8.13 and 11.64 MeV states. The QRPA calculations

sion of experimental cross sections to transition strengthgrovide a reasonable description near the first maxima of the
(see the discussion in Rd’]). Therefore, a detailed com- form factors but systematically underpredict the data at
parison is omitted. higherg. (One should keep in mind that the assignment of
A systematic difference is observed in Table Il betweenQRPA to the experimental levels is arbitrary.
the results using the BW and TK corrections: the former One exception is the form factor of the strong®si
accounts for theM1 strengths, but underpredicts the GT transition populating the state at 11.14 MeV, which shows a
strengths, while the latter is somewhat closer for the(®f  Mmuch steeper decrease towards higherlues(cf. Fig. 8.
still below the dataand overpredicts th&11 transitions. As  In particular, the corresponding line is absent in the data
a result both approaches lead to values larger than 1 for tH@€asured at the highest (E,=82.2 MeV), indicating a
normalized raticR defined in Eq/(5). Except for the weaker Pronounced minimum of the form factor. Here, the shell-
transition to the state at 9.66 MeV wifR<1, the experi- Model result is poor at higheg while the QRPA results
mentalR values are compatible with unity within error bars. Would give a better description. One possible explanation

However, the corresponding analyses?iMg [5] and 28Si "

[6,7] have shown the need to compare the totdlw0 L o
strengths with the shell-model values. There, the effect of | FS(ee) =t
orbital contributions tends to cancgt5,46], although they « 10T R T 2 I
might be strong for the individual transition, and remaining & N p X
differences can be attributed to enhancements of vector me- 10° _ \\—— /_ AN
son exchange currents. Thus, an answer to the question of 0 &= 8'1‘7’ MoV oV &= g'sf vV N
MEC enhancements of tHd 1 strength in32S has to await L
further experiments capable of extracting the comphte
response up to about 16 MeV. o 107 T
C. Form factors = " \\

The form factor data available from the present experi- © E,= M4 MoV l\\ +  EF 1164 MeV .
ment as well as from Ref§13,14] provide a stringent test of 00 o.l R O.IB 00 o.|4 : o.la
the microscopic calculations. Early attempts to describe the a, (fm™ q,, (fm™)

form factors using simplified wave functiorisee Ref[13])
ShOWGd |al'ge dlffel’ences, but a C|eal’ dlStIﬂCtIOﬂ was dlffICU|t FIG. 8. Experimenta| form factors of the promindﬂﬂ_ transi-
because of the limited range of the data. The new results at tions in 325 from Ref.[13] (open circley Ref.[14] (open squards
higher momentum transfers reported here are thus particiémd the present worlfull circles). The solid lines are shell-model
larly helpful to test the validity of the shell-model and QRPA calculations with the USD interaction and frgéactors. The dashed
results. lines are from the QRPA calculations of Rg41].
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T ] Thus, GT strengths are available from {Belecay, allowing

10-5:_ 325(e,e") __ for a combined analysig20]. This data set enables an inde-
; E, = 7.003 MeV ] pendent test of a long-standing problem in the qlescription. of
g electromagnetic ang3-decay observables in light nuclei

[15-19. The properties of the effectiiel1 and GT opera-
tors deduced from empirical fitW) and microscopic cal-
culations(TK) generally agree quite well except for the is-
ovector tensor correction. This has been studied in detail in
3%Ca and **K where purel-forbidden Xz,—2s,,, transi-
tions are expected. It is found that the TK corrections rea-
sonably account for the GT strength, but fail for thel
— — — case. This poses a severe problem because the main contri-
0.0 0.3 °_‘6 0.8 butions to the tensor correctiofsore polarizationA isobar
Qe (fM™) excitation strictly scale and do not depend on details of the
FIG. 9. Form factor of thel-forbidden transition to thel™ Calc_ulatlons.. On the othgr hand, a satlsfactory descrlptlon_ IS
achieved with the empirical BW corrections. However, this

=1%, E,=7.003 MeV state ir’?S. Full circles: data measured at v reflects that in their fit the i tor ton |
180°. Full triangles: data measured at 165°. Solid line: calculatiorP "'y FETIECLS thatin their it the 1Isovector tensor correction 1s

with wave functions from the USD interaction and free nuclgon almo§t excluswgl_y determined by expe_nmental re_sults on
factors normalized to the data. I-forbidden transitions. The present datadin 32 nuclei pro-

vide an independent test. The comparison to the shell-model
results seems to reinforce the discrepafy.

IF I

107

would be a destructive interference with an orbital matrix . . .
element much larger than predicted in the shell-model re- It may_be noted, however, that ISOSpIN miXing had to t_)e
sults. Such an effect is indeed suggested by the reduction mcluded in the shell-model calculations in order to expl_am
the the B(M1) value with respect to the pure sp1 the Iarge asymgr;etry of the GT decay betvv_een the mirror
strength(see Table Il deduced from the GT resul{€2]. ”Pc'e' _2C| and P._The_form factor calculgtmn shown in
The form factor shape of the transition to the state at at 11.15'9- 9 IS based on 1Sospin-puré wave fupctlons ar_1d_ may be
MeV can be reproduced by artificially enlarging the orbital @PPreciably modified by the inclusion of isospin mixing. On
part in the shell-model calculations. However, the orbital maiNe other hand, as pointed out above, a possiptiepen-

trix element needed would then be much larger than whafiénce of the corrections to the ba"“?l operator is also
one would deduce from the comparison to the GT strength.negleCted' Because of the good description of the form factor
data the extraction of thigl 1 strength by extrapolation to the

photon point should not be too sensitive to these simplifica-
tions.
A. The I-forbidden transition to the state at 7.003 MeV Some ideas on how to explain the discrepancy have been
A 1" state at 7.003 MeV is known if?S [48]. It can be put forward[49] based on relativistic effects not included in
excited from the g.s. via ahforbidden (Ig,—2s,, and the the nonrelativistic model of Rd®2]. In the calculation of

vice versa transition. Thus, the usually dominating allowed magnetic dipole moments one usually re_places the depen-
.dence of the nucleon current on the velocity by the momen-

spin_contributions are suppressed, and the transition 'Rim. However, the strict proportionality holds in the nonrel-
mainly governed by the tensor corrections of the effective .. . .~~~ =" prop y . .
tivistic limit only. For any two-body part of the interaction

operator that are otherwise hardly accessible. A study of thi relativistic descriotion leads to additional terms. Tak
transition based on the present experiments has been pre-e elativistic description 1eads 1o additional terms. fake,
sented in Ref[20]. Therefore we restrict ourselves here to a9 @ two-body spin-orbit forc¥, s(rix) [50],
brief summary of the most important results plus some sub- i 5k 1
sequent analyses attempting to shed further insight into thevk=%[H,rk]= i E [(Fe—1) X (Sk+S)IVLs(Tik),
problem raised there. i

The extracted form factor of theforbidden transition is (7
displayed in Fig. 9. They dependence is vastly different
from the dominant spin-flip transitior{sf. Fig. 8 with a first
maximum aroundjs=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 frgéactors,
a satisfactory description of the form factor shape can b
obtained This allows the extraction of the redudéd tran-
sition probability B(M 1)T=0.0040(5)uﬁ,, which consti- 3 ( 4m
tutes, to the best of our knowledge, the smallest ever mea- M (M1)= \/4—[—2r2f(r)(\/ﬂ[Y(2)®3];+ s,)
sured in electron scattering. It may be noted that the shell- T\ 3k
model 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 neighb#i@l and 3%P.

V. WEAK M1 TRANSITIONS

whereu, p, r, ands denote velocity, momentum, space, and
spin vectors, respectively. The contributions arising from
these relativistic corrections can be estimated after the fol-
lowing simplifications:(i) neglect of the isospin dependence,
éii) averaging over all terms dependent knand (iii) a
Spherically symmetric corfs0,51] to be

N—Z\2m 2Z

t,— T)F A 90, Lun]. 8)
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Here, g(r) = —VO)\()\p/4Tr)2VWS where V\ys stands for a
Woods-Saxon potential, anfdr) is the derivative ofg(r).
Application of Eq.(8) yields a correction to the tensor matrix

10
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s _ 325(e,e')

E = 7.190 MeV

element of thd-forbiddenM1 transition in %S of 6Mp=
+0.031xy . This would be of the right order of magnitude to
explain the difference between the BWIt=—0.136uy)
and TK (Mp=—0.07Quy) matrix elements, but is of the
wrong sign. Some caution is necessary in the interpretation
of this result because of the simplificatiotig—(iii). In par-
ticular, assumptioniii) is questionable for a well-deformed
nucleus like®?S,

The importance of a relativistic description leforbidden
M1 transitions is also emphasized by the close link to pseu-
dospin symmetry. The introduction of pseudospin accounts
for the near-degeneracy of shell-model orbitals with,(, |
=1+1/2) and(n,—1]+2,j'=(1+2)—1/2) found through-

=t

/T—é-i\
10 ;',’/ AN
L \ /]
:f \ J ]

NI ML NI N
0.2 0.8 1.0

IF 2

PR IS SR N N
0.4 0.6
q,, (fm™)
FIG. 10. Form factor of the isoscalar transition to th&T
=1%:0, E,=7.190 MeV state ir’?S. Full circles: data measured
out the nuclear landscape. Herg,denotes the radial quan- at 180°. Full triangles: data measured at 165°. Full square: lifetime

tum number, antlandj stand for the orbital and total angular measurement of Ref58]. Dashed line: calculation with wave func-
momentum. Within pseudospin symmetry these are detions from the USD interaction and free nuclegfiactors normal-

scribed as spin-orbit partners with pseudodpirl + 1. Tran-  1zed to the data.
sitions between the two are of thdéorbidden type discussed
here. —0.5 fm ! but overestimates the strength at the photon
While this concept was empirically established 30 yeardoint. Furthermore, the value at the highestwhere the
ago[52], a deeper understanding has always been |ackind_ransition is rather pronounced in the spectrum, is signifi-
Only recently has the origin of pseudospin been shown t¢antly underpredicted. A large normalization factor of 10.6
result from the near cancellation of the attractive scalar aniith respect to the shell-model results is needed.
the repulsive vector relativistic mean fielfs3]. As a result, A possible explanation for these discrepancies may be the
the lower component of the Dirac wave functions of theeffects of isospin mixing, which are known to modify the
pseudospin doublet have a high spatial ovefB4] and one properties of isoscalar transitions in light nuclei weakly ex-
finds finite M1 and GT transitions probabilities within the Cited from the ground state. The analysis of isospin mixing
doublet, which can be expressed through the magnetic mavithin the most simple two-state model has been discussed,
ments of initial and final statd$5). e.g., in Ref.[59] for the famous case of the isocalar and
A test of these relations against the available experijsovectoer transition in 12C. In the present example itis
mental data near closed shells reveals overall a surprising@ssumed that mixing occurs with the closest-lying strongly
good correspondence, although marked deviations are ofxcited I",T=1 state in®’S atE,=8.13 MeV. The actual
served near certain shell closufés]. In particular, a perfect 1" -state wave functions are written in terms of isospin-pure
description is obtained fok 1 [56] and GT [55] transitions ~ wave functions
in %°Ca. An application to the mass-32 case is presently
not possible because experimental information on the mag-
netic moments of the involved state is missifipte, how-
ever, a recent measurement @f1;.) in *Cl [57]) and 8.13=p|T=0)—a|T=1),
pairing effects would have to be included in the theoreticakm,[h o2+ B2=1
description. .

0.0

|7.19=a|T=0)+8|T=1), 9

(10

The coefficientsy, 8 are determined from the experimen-

tal reduced transition probabilities
B. The isoscalar transition to the state at 7.190 MeV

B(M1)7_19:|aMT:0+ BM1_4|?
B(M1)8.13 |BMT:O_Q’MT:1|2'

Since isoscalaM 1 transitions are strongly suppressed
compared to isovector ones, experimental information from
electroexcitation is much more scarce. Similar to the
I-forbidden case weak corrections to the bt operator—  whereM;_,, M_, stand for the pure isoscalar and isovec-
otherwise hardly accessible—may be enhanced. The forfor matrix elements, respectively. With=1 and the pre-
factor deduced for the isoscalar transition to the state ajominance of isovector over isoscaMrl transition strength
7.190 MeV is plotted in Fig. 10. Recently, a lifetime mea- one can neg]ect the ter M _ o and make the S|mp||fy|ng
surement has been reported for this Ie\&]. Together with  assumption
the known g.s. branching ratig48] one can deduce
B(M 1)T=0.011(5)u§,. The corresponding form factor
point is also included in Fig. 10. The shell-model result nor-
malized to the data is displayed as dashed line. The momerhe value forM;_q has to be taken from the shell-model
tum transfer dependence is reasonably describeg=d1.3  calculations.

11)

B(M1)g15=|M7_4]2 (12
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Following the method outlined in Reff59] one obtains a [ '3‘2 T ]
T=1 mixing amplitude, which can be converted to a Cou- 10>k S(e.e’) 5
lomb matrix elemen{Hc), FE=7.190 MeV ]

(Hc)=a BIAE], 13

whereAE is the experimental energy difference. Depending
on the relative sign betweena and B, (H¢)
=147(76) keV or—63(49) keV is obtained.

These values are compatible with to the systematics of : )
Coulomb matrix elementf60]. As shown in Ref[60] an RO

PR B A |
approximate constancy of the spreading width is ex- co o2 04 06 083 10
pected, which is related to the Coulomb matrix element by Qs (fm™)
(H >2 FIG. 11. Form factor of the isoscalar transition to th&T
M=oz (14 =170, E,=7.190 MeV state in®’S including isospin mixing.
D 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
Here, D denotes the average level spacing. A valle the spin-flip M1 transition to the state at 11.14 MeV and the
~30 keV can be deduced from the systematics ofi-forbidden transition, respectively, that describe the respective ex-

compound-nucleus reactiofi60], but a variation of about Perimental data. The solid line is a fit allowing for isospin mixing

+20 keV is still consistent with the typical scattering of the with these two states plus the 8.13 MeV state as described in the

data. The level density can be calculated, e.g., from the mi<t

i - 1 . o . . -
croscopic approach of Re61] to bep~3.7 MeV"". How-  ined from the fit is compatible with zero within the uncer-

ever, one is still in an excitation regime where the level in-i5inties. The following Coulomb matrix elements are de-
formation is complete, suggesting~1—2 MeV ! as a rived:

more realistic estimate. An upper limitH:)| <90 keV can

be derived by insertion of these values into Etd). Thus, E,=7.003 MeV, (Hc)=62(11) keV,
the present results comply with the magnitude of Coulomb
matrix element suggested by the approximate constancy of Ex=8.13 MeV, (Hc)=0(47) keV,
the spreading width.

A general limitation of this type of analysis is its depen- E,=11.14 MeV, (Hc)=—258100 keV.

dence on the shell-model value for the plire0 M1 matrix
element that bears considerable uncertainty. Furthermor
mixing with other strongly excited 1, T=1 states cannot be
neglected. For example, even larger valud$ic)
=400(214) keV or—169(132) keV would result for mix-
ing with the strongly excited state at 11.14 MeV.

While the analysis above is restricted to the photon point, V. SUMMARY
one can also utilize the experimental information on the mo-
mentum transfer dependence. In this case one has to rely on The magnetic dipole response S has been studied
the shell-model predictions of the form factor shapes. Bottwith 180° electron scattering. The transition strengths up to
the transition to the 8.13 MeV state and the one to the 11.1&,=12 MeV have been determined by a PWBA analysis.
MeV state are included. The form factor for the latter transi-For the two strongest transitions, where a discrepancy of a
tion is modified to reproduce the experimental data as defactor of about 2 was observed in previousd') experi-
scribed above by enlarging the orbital matrix element withments[13,14], values intermediate between the two extremes
respect to the shell-model result. Because of its anomajousare deduced from the present work. Shell-model calculations
dependence théforbidden transition significantly contrib- employing the USD interaction and an effectiMel operator
utes forg>0.3 fm ! and must also be included. [2,4] are capable of describing td 1 strength distribution

A fit to the data was performed allowing for the normal- well. However, the isospin-analog GTstrength[42] is sys-
ization of each form factor and the relative phases as freeematically underpredicted. This makes a possible extraction
parameters. It turns out that there exists only one specifiof MEC contributions to theM 1 transitions based on the
combination of phases that permits a simultaneous descrighell-model results as reportgsh-7] for other self-conjugate
tion of all data. Destructive interference is necessary betweenuclei in thesd-shell *Mg, ?8Si) more questionable. On
the isoscalar and the isovector spin-flip contributions while ahe other hand, if th&(M 1), values derived from the data
constructive interference of the isoscalar with Herbidden  of Ref. [42] were systematically about 20% too large, very
amplitude is required. The result is presented in Fig. 11. Notgjood agreement with the analysis of ottsd-shell nuclei
that the form factors for the transition to the state at 8.13tould be achieved. Therefore, an independent measurement
MeV are not visible because the mixing amplitude deter-of the GT strength irf?Cl and/or *?P would be important.

Again, there is a considerable model dependence due to the
©rse of the isospin-pure shell-model form factor shape for the
isoscalar transition. Further experiments would be of impor-
tance to test the validity of such a procedure, e.g., to confirm
the pronounced minimum suggestedyg=0.6 fm 1.
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The shell-model wave functions provide a reasonable deaccounts well for the description bforbiddenM 1 [56] and
scription of the form factors. The QRPA calculation of Ref. GT [55] transitions.
[41] underpredicts the totaf 1 strength by a factor of about ~ Because of their strong suppression with respect to is-
2 and underestimates the form factors of the spin-flip transiovector excitations, data on isoscalrl transitions from
tions at higher momentum transfers. electromagnetic probes are scarce. This leaves the isoscalar
The experimental improvements achieved by the backcorrections to theM1 operator much more uncertain and
ground suppression with the TOF measurement permit fol-depth studies would be highly desirable. The present re-

the first time studies of the form factors of the extremelySults suggest the need to include isospin mixing for a consis-
weak |-forbidden as well as an isoscalM1 excitation in  tentinterpretation 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 con-
tancy of the spreading width, but the experimental uncer-
ainties are still somewhat large for quantitative conclusions.
|T|owever, the experimental progress demonstrated opens the
possibility of detailed form factor studies on isoscaldd

323, Thel-forbidden transition allows a sensitive test of ten-
sor corrections to th# 1 operatof20]. A combined analysis
with the isospin-analog GT transitions in tide=32 triplet
reveals a situation similar to previous studiesAir 39 nu-
clei: the otherwise successful microscopic calculations b
Towner and Khanné2] of corrections to theM1 and GT
operators reasonably account for the GT strengths, but fal
for M1. As pointed out repeated[y18,19, this poses a se- " ; . ; o
vere problem because the main contributions to the tens& ansitions in future experiments with the 180° system at the
corrections(core polarization, A isobar excitatioh strictly -DALINAC.
scale and_ do not depepd on dgta!ls of the calcqlqthns. ACKNOWLEDGMENTS
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