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L. W. Face, W. L. BeExpEL, E. C. JoNEs, Jr., AND S. NUMRICH
Nuclear Physics Division, Naval Research Laboratory, Washington, D. C. 20390
(Received 1 April 1969)

States in 28Sj have been excited by 180° electron scattering at bombarding energies of 39 and 56 MeV.
Three strong M1 transitions excited levels at 10.86, 11.41, and 12.27 MeV with ground-state radiation
widths of 5.7, 20.8, and 7.3 eV, respectively. Three weaker transitions, probably M1, are also treated. The
apparent excitation of M2 transitions which may possibly be identified with theoretically predicted 2~
spin-isospin giant resonances is discussed. The relation of these results to the theory of Kurath as well as

to nuclear-model assumptions is also discussed.
I. INTRODUCTION

ANY examples have now been reported™ of the
excitation of analog states in self-conjugate nuclei
by means of the magnetic dipole interaction in electron
scattering. Since the Morpurgo® rule strongly inhibits
AT =0 magnetic dipole transitions in such nuclei, only
T=1 states are generally excited. This restriction in
the number of states excited is made even more severe
as a result of effects discussed by Kurath.? He showed
that the M1 transition strength in 7’=0 nuclei with
A=4N (where N is an integer) in the 1p and 2s-1d
shells is strongly concentrated in the lowest few levels
available for this type of transition.

The beauty of 180° electron scattering is that these
effects are highlighted quite strikingly, usually un-
encumbered by the detracting influence of electric
transitions whose probability for excitation is lowest
at this angle. Some of the most attractive examples
exhibiting these effects have been found in our work3:?
on Mg and ®Ne, and in the 2Si results reported here.

In this paper we discuss the properties of the M1
transitions to the states excited, including the identifi-
cation of these states with 7'=1 analog states in %Al.
In a treatment paralleling that given by Kuehne et al.lt
in their photon-scattering work on 2Si, the results
on the M1 transitions are also used to show how they
can affect the choice of an appropriate model for this
nucleus. We also include a survey of the giant-resonance
region resulting from 56-MeV bombardment, with par-
ticular emphasis on the low-excitation portion where it
appears that? theoretically predicted 2= 7T=1 spin-
isospin resonances may have been excited.
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II. RELATED THEORY

The results reported here are compared with the
model-independent theoretical expressions based on the
Born approximation [subject to the distorted-wave
Born-approximation (DWBA) correction, see Sec. IV]
given by Rosen et al.®® Since magnetic transitions usually
are predominant at 180°, we use the magnetic scattering
differential cross section [Ref. 13, Eq. (5)]

(d_a) B T L—l—lﬁ
A0 [QRLHDIE L k2

where L is the multipolarity, ¢ is the momentum
transfer, %; is the incident electron momentum, « is
the fine-structure constant, and B is the reduced transi-
tion probability. The latter can be expanded in terms
of ¢ and the transition radii [Ref. 13, Eq. (13a)]:
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where Ry and Ry * are transition radii as defined in
Ref. 13.

As explained in some detail in earlier papers,®14 by
equating the experimental ratio of the cross sections
obtained at two bombarding energies to the correspond-
ing ratio of expressions (1), B(ML, 0) cancels out
and the result is an expression depending on the un-
knowns L, R, and Ry*. Since Ry*=Ry on theo-
retical grounds, we set Ry *= Ry in the third term of
Eq. (2). If a reasonable tentative value of L is assumed,
a value of Ry can be thus found. If it differs too
markedly from the ground-state matter radius, or from
the average radius for other transitions of the same
multipolarity in the same nucleus, generally another
value of L must be tried.

The values of L and Ry are then used in Egs. (1)
and (2) with the measured cross section at either
energy to determine B(M L, 0). The ground-state radia-
tion width can then be determined and is given by
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Fic. 1. Spectrum obtained from
180° electron scattering from 2Si at
E,=55.9 MeV covering the excitation
region 10-27 MeV.
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[Ref. 13, Eq. (15a)]
3 8 L+127p+1
T [QLADUE L 2J+1

where w is the excitation energy, and Jo and J are
the ground- and excited-state spins,’® respectively.

Considerable doubt has recently been expressed by
Drechsel® as to whether Ry has any model-independent
physical meaning. In our work thus far®!* we have
not intended to give it physical meaning as a nuclear
radius. Nevertheless, it might be inferred that we did
so to the extent that we require the correct value of
L to yield a transition radius roughly equal to the
nuclear matter radius. It happens that this criterion
has yielded consistency in our results, in this region
of A. However, even if we relegate Ry to being a
convenient parameter, and use the criterion that the
transition radii for transitions of the same multi-
polarity in the same nucleus must be roughly equal,
the results obtained from our data would still be the
same. Thus it should not be inferred that our results
indicate anything definite concerning the physical sig-
nificance of Rjs.

We must also mention that our analysis cannot ex-
clude the possibility of a transverse electric excitation
occurring. However, to the best of our knowledge only
a few such cases have been reported.”

WIHB(ML, w), (3)
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III. EXPERIMENTAL CONSIDERATIONS

In this experiment a Si target, isotopically enriched
to 99.919%, and 90.2 mg/cm? thick, was bombarded
with 39- and 56-MeV electrons from the NRL 60-MeV
Linac. The 180° scattering apparatus (including the

15 The ratio involving the nuclear spins in this expression as
given in Ref. 3 was erroneously squared. Also, the sign for the
summation over L has been omitted here, since only one value of
L can contribute for a nucleus with ground-state-spin zero.
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magnetic spectrometer, associated detector system, and
the beam-measuring system) has been described in
detail in Ref. 14. Also discussed there is the use of the
elastic peak and the 15.110-MeV inelastic peak from
a 2C target as a basis for energy calibration.

Some of the difficulties encountered in the fabrica-
tion and use of the 2Si target should be mentioned.
Most of our solid targets, including the present one,
have been made quite successfully from compressed
powders. However, it was found that the silicon was
very difficult to compress to the point where it remained
in the form of a mechanically stable pellet, because
the edges flaked off easily in the target mounting
process. However, since the central area of the pellet
where the beam struck remained intact, the experi-
ment was carried out. The flaking led to obvious diffi-
culties in calculating the number of target atoms in
the beam path by using the weight and area. There-
fore, the determination of this number was based
primarily on x-ray absorption measurements, which
were nevertheless in satisfactory agreement with the
value based on the pellet weight, the area, and an
estimate of the flaking loss. It has since been learned
that compression at about 1000°C in an inert atmos-
phere might have improved the mechanical rigidity.

IV. RESULTS

A discussion of the treatment of the data (that is,
how the quantities L, Ry, and Ty are ultimately ex-
tracted from the raw data) is given in an earlier
report.? Since essentially no structure was found below
10 MeV and since peak analysis usually becomes pro-
hibitively ambiguous beyond about 15 MeV, most at-
tention in terms of quantitative analysis was given
to the region within these limits. However, in order
to ascertain whether there exist strong magnetic transi-
tions, and to present a qualitative picture of the giant
resonance region, data were taken at the 56-MeV
electron bombardment over the full available energy
range of excitation. This is presented in Fig. 1, which
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TaBiLE I. Values of differential cross sections, spin and parity, transition radii, and radiation widths for energy levels excited in 2Si.

PWBA DWBA corrected

Level energy do/dQ)ss  (do/dDQ) s Ry Ty M Ty

(MeV) (1073 cm2/sr) Jr (fm) (eV) (fm) (eV)
10.4840.06 103 39+9 1+ 4.1 3.3 3.94+0.4 2.4 54112
10.8640.04 605 11710 1+ 3.25 8.0 2.98 g 1028 5.7 4,13
10.90+0.06* 4.8+1.3
11.4140.03 250+14 408428 1+ 2.93 29.2 2.58 405102 20.8_3 4143
11.4240.022 3.240.3» 32.444.5 3.0+40.3b 25.743.6°
11.42+0.02¢ 474124 22.944

33e

12.2740.04 5546 103412 1+ 3.22 10.1 2.93_4.370-32 7.3.4.5720
12.3240.06* 7.5+1.98
12.7940.10 1745 3712 1+ 3.5 4.5 3.2 40107 3.35.7128
13.124-0.05 5310 55418 (27) 5.0 0.20 4.6.1.5709 0.14_y 71010
14.0141.10 20+10 62424 " 4.0 12.2 3.8.,,108 8.9_5,0773
14.663-0.08 110+35 62426 (27) 3.3 0.28 2.7 97718 0.20_g,5010-20

8 Reference 5. In this reference the value of Ry found for the 11.4-MeV
level was also used to find I'g for other levels.
b Reference 18 using the data of Ref. 5.

covers the entire range from 10 to 27 MeV. Above
15MeV, peaks are apparentat 17.9, 18.7, and ~20 MeV.

In order to obtain values of Iy, Ra, and L for
transitions in the 10-15-MeV region, this range was
covered at both the 55.9- and 38.9-MeV bombarding
energies with greater statistical accuracy. The spectra
obtained in terms of the differential cross section and
based on 2500- and 1500-uC accumulations, are pre-
sented in Figs. 2 and 3, respectively.

The energy, inelastic cross sections (integrated over
the energy range of each peak), spin and parity, transi-

¢ Reference 11. Photon scattering result using I'o/I'=1, where I' is
the total level width.

d Reference 6.

© Reference 7.

tion radii, and ground-state radiation widths of each
of the levels excited are presented in Table I. Results
of other workers are included in the table for compari-
son. The peak intensities, upon which these results
are based, were subjected to the Schwinger, brems-
strahlung, and ionization corrections. The uncertain-
ties given for the cross sections are relative values and
represent counting statistics and base-line uncertain-
ties. The uncertainties in the values of the radiation
widths are due to uncertainties in the relative cross
sections, in the radiation corrections, and in the counter
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180° ELECTRON SCATTERING
BY 25
Eq= 559 MeV

| 1 - | |

|
)

Fic. 2. Differential cross section for
180° electron scattering from %Si at
Ey=55.9 MeV covering the excitation
energy range 10-15 MeV.

|
S

|
™

" do¥/dE dQ {1073 cm?/ MeV sr)

15~ 14 13 w12 1
EXCITATION (MeV)



187

efficiency. Since all but the first of these uncertainties
essentially cancel out in the calculations of Ry, the
uncertainties given for this quantity are calculated
from those shown for the cross sections.

It should be emphasized that our results are com-
pared with a theory based on the plane-wave Born
approximation (PWBA) but subjected to a correction
based on the DWBA. The plane-wave results for T
and Ry, uncorrected and with the DWBA correction,
are shown in Table I. Our corrected values are based
on the calculations of Chertok and Johnson!® on the
11.4-MeV transition in 2Si. Accordingly, the cross
section at 56 MeV was divided by 1.1038, and that
at 39 MeV by 1.2798. It was the corrected cross
sections that were employed in Egs. (1)—(3) to obtain
the DWBA values of L, Ry, and T,. The same cor-
rection was used in all transitions treated, since it was
found to be rather insensitive to changes in excitation
energy. Because no M2 corrections are available, the
M1 corrections were used for this case.

However, it should be pointed out that the calcula-
tions of Chertok and Johnson are based on the theo-
retical work of Tuan et al.,”® who only take into account
nuclear currents and not magnetization density. The
work of Drechsel® includes both the currents and the
magnetization density, but a computer program for
calculating the correction ratios is not yet available.
Nevertheless, estimates of the error in the correction
resulting from the neglect of the magnetization density®
indicate that it can be no greater than 25%, in our case.

V. DISCUSSION

As was mentioned earlier, since the rule of Morpurgo®
strongly inhibits AT=0 magnetic dipole transitions in

[{X)

1
S

180° ELECTRON SCATTERING
BY 28si
Eo =389 MeV

L
o

~
do/dE dg (10732 cm%/ MeV sr)

1

®

3 12
EXCITATION (MeV)

Fic. 3. Differential cross section for 180° electron scattering
from 2Si at Ey=38.9 MeV covering the excitation energy range
9-15 MeV.
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F1c. 4. Energy-level diagram adjusted for the Coulomb dis-
placement so that the 28Si and 28Al analog states are approxi-
mately aligned. Only the 28Si states denoted with a solid line
were excited in this experiment. The energies given in the 28Al-
level scheme are those quoted from Endt and Van der Leun
(Ref. 22). The parentheses around the states at 14.66 and 14.01
MeV indicate a considerable degree of uncertainty as to their
existence and position.

self-conjugate nuclei, only 7'=1 states are usually ex-
cited. This has been true experimentally in all our
work with self-conjugate nuclei thus far and is ex-
emplified here by the fact that we could not detect
the 1T T'=0 state at 7.38 MeV. The number of meas-
urable M1 transitions is further restricted by effects
discussed by Kurath,® who showed that the M1 transi-
tion strength in 7’=0 nuclei with 4=4N (where N
is an integer) in the 1p and 2s-1d shells is strongly
concentrated in the lowest few levels available for this
type of transition.

In fact, Kurath predicted that 2Si should be a
striking example of this effect in the 2s-1d shell. This
is indeed the case experimentally, where it can be seen
that most of the strength is concentrated in the 11.41-
MeV transition with considerably smaller amounts de-
voted to the 10.86- and 12.27-MeV transitions. How-
ever, a qualitative feature that seems to distinguish
the cases of Mg and *Si from similar examples in
the 1p shell is that it is not the lowest 1+ T'=1 level
but the second or third lowest which is clearly the
most intense in these two nuclei. On the other hand,
an example of a 2s-1d nucleus conforming more precisely
to the behavior found in the 1p shell has recently been
found in #*Ne. Our refrigerated-gas work®® with this
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nucleus indicates from preliminary data that essentially
only one transition at 11.21 MeV is excited, with no
smaller partners yet observable. The results from all
three nuclei thus show an interesting trend which may
or may not be of physical significance: the M1 strength
being first concentrated in the lowest 1 T'=1 level
in 2Ne, essentially split between the lowest two in
Mg, and mostly in the third lowest in %Si.

The identification of the three strongest 1+ levels
excited in #Si with analogs in %Al may present some
difficulties in that the energy differences involved are
aslargeas 0.17 MeV. However, it is reasonable to believe
that the 10.86-, 11.41-, and 12.27-MeV levels can be
identified with the 1.372-) 2.207-, and 2.988- or 3.011-
MeV levels, respectively, in 2Al. This is pictured in
Fig. 4, which presents the energy-level diagrams of
the two nuclei corrected for the Coulomb displace-
ment so that the analog states are approximately
aligned.

There seems to be relatively little question in the
case of the identification of the 10.86-MeV level with
the 1.372-MeV level. The 11.41-MeV level cannot be
identified with the 2.143-MeV level, since this is
reached through a neutron orbital of /,=0 in d, p ex-
periments® and is given an assignment (2, 3)* by Endt
and Van der Leun.2 However, both the 2.207- and
2.279-MeV levels are acceptable in this respect, since
they are reached as a result of /,=2 neutrons. The
2.207-MeV level is suggested, since it is the closest
in energy. However, for the identification of the 12.27-
MeV level, the situation is more ambiguous. The 3.011-
MeV level is a clear possibility with respect to the
above arguments, since it corresponds to a d, p neutron
orbital 7,=2. There is no information on the assign-
ment of the 2.988-MeV level which, however, is more
closely aligned in energy. Thus both are still possible
candidates for this identification at this time.

It may be seen from Table I, the plane-wave value
of Ty for the 11.41-MeV transition from the present
work agrees with the other electron-scattering values®”?
except for that of Barber et al.5 When our value is
DWBA corrected it also agrees with the photon-
scattering value given by Kuehne ef al! The only
comparison available for the I'y’s of the 10.86- and
12.27-MeV transitions is with the values of Liesem.’
There is satisfactory agreement for the 12.27-MeV
transition, but not for that at 10.86 MeV. We have no
explanation for the discrepancy.

The value of the transition radius Ry for the 1t
level at 11.41 MeV agrees within the uncertainties
with that found by Liesem. He does not, however,

21 W, W. Buechner, M. Mazari, and A. Sperduto, Phys. Rev.
101, 188 (1956); H. A. Enge, W. W. Buechner, A. Sperduto,
and M. Mazari, Bull. Am. Phys. Soc. 1, 212 (1956) ; H. A. Enge,
MIT, Laboratory Nuclear Science Progress Report, 1956, p. 47
(unpublished).

2P M. Endt and C. Van der Leun, Nucl. Phys. Al105, 1
(1967).
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determine values for the 10.86- and 12.27-MeV levels.
The corresponding energies agree with those given by
other experimenters®® to within 0.4%.

Our analysis shows that additional M1 transitions
occur at 10.48, 12.79, and possibly at 14.01 MeV.
The percentage uncertainties in Iy and Ry are con-
siderably greater, as is apparent from Table I. The
existence of the 14.01-MeV transition, as well as its
assignment as M1, is particularly uncertain in view
of the assumptions, discussed below, which had to be
made in order to extract values of I'y and Ry for the
M2 strength in this excitation energy region. The 10.48-
MeV level may tentatively be identified as the analog
of the 0.973-MeV level in Al Similar identifications
for the 12.79- and 14.01-MeV levels are virtually im-
possible at this time in view of the higher level density
of this region.

The values of Ty given for all the 1+ levels can be
used in conjunction with Kurath’s theory to extract
direct nuclear-structure information through the cal-
culation of the /s coupling matrix element. This was
first attempted by Kuehne ef al.,'' and a comparison
between the results of their photon scattering and our
electron scattering in the case of Mg has since been
reported.® The /s coupling matrix elements can be
calculated using an approximate sum-rule expression®
relating the matrix element to reduced transition proba-
bilities corresponding to the ground-state M1 transi-
tions. This expression was developed by Kurath in
extrapolating the behavior of the 4N nuclei in the 1p
shell to the 2s-1d shell. A somewhat more convenient
form of this expression in terms of the I'y’s instead of
the reduced transition probabilities is given by Kuehne
et al.l! as

> [Toi(M1)/3.395 eV](10 MeV/ E;)?

7

=(~a/2MeV) (g| Tlosilg), (&)
where T'y; is the radiative width for the M1 transition
from the excited state of energy E; to the ground state
g, and @ is the coefficient of the 1;s; term in the potential
of the ith nucleon. For the d shell, a=—2 MeV.!

Using only the T'y for the 11.4-MeV state, Kuehne
et al. calculate a value of 5.2 for the Is coupling matrix
element. Our value using the T'y’s from the lowest five
of the M1 transitions is 8.8. We give this value sepa-
rately because of the uncertainty, discussed below, of
the existence of the 14.01-MeV transition, which, if
included into the sum, leads to a value of 10.0. In
either case the inclusion of the M1 strength from these
additional levels leads to a value almost twice that of
Keuhne et al.

Kurath has pointed out that the question of whether
the oblate or prolate shape is more consistent with a
deformed axially symmetric model might be clarified
by a study of the magnetic dipole strengths in 2Si.



187

The value of 5.2 falls between the oblate prediction
by Nilsson® of (D :;-s;)=7.6 and his prolate pre-
diction of 4.3 (using n=—4). Our value of 8.8 clearly
is more consistent with the oblate prediction. This is
in agreement with recent ground-state quadrupole
measurements? on this nucleus. However, it must be
pointed out that the theoretical result for (Y 1;s;)
is quite sensitive to calculational details (e.g., another
value obtained for the oblate axially symmetric case®
is 4.3 instead of 7.6). Furthermore, the results of these
theoretical calculations are in considerable doubt be-
cause more recent work? on Mg has considerably
altered many of their predictions. Also, the results of
Ref. 25 are in disagreement with recent work of
Banerjee,”” who shows the Mg nucleus to be triaxial.
Thus a conclusive statement on this matter will have
to be withheld until more reliable theoretical calcula-
tions are available.

The survey of the giant-resonance region, the results
of which are presented in Fig. 1, was primarily con-
ducted to see qualitatively what magnetic effects exist.
In addition to the peaks already discussed, peaks at
13.12, 14.66, 17.9, 18.7, and ~20 MeV are observed.
Measurements with 150- to 225-MeV bombarding
energies and angles of 25° to 65° conducted by Gulkarov
et al.®® reveal relatively strong peaks at the latter three
of these energies for about the same momentum trans-
fer. This may mean we are exciting electric transitions
in this region. However, because of the progressive de-
crease in confidence of the exact location of the base
line as the excitation energy increases, quantitative
measurements were only attempted on the peaks at
13.12 and 14.66 MeV. Liesem® as well as other workers,
has not reported these peaks. The data reported in
Table I for the corresponding T'y’s and Ry’s are most
consistent with an assumption of L=2, indicating 2~
levels at these energies. In the case of the 13.12-MeV
peak, this conclusion is somewhat marginal (note the
relatively large transition radius in Table I) but analysis
still clearly favors an M2 assignment.

It should be emphasized that these results are based
toasignificant extent on our judgment of what the curve
of the elastic radiation tail and general background
should be in the region of these peaks. This is especially

% S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat.-Fys.
Medd. 29, No. 16 (1955).

2 0. Hausser (private communication).

% J. Bar-Touv and I. Kelson, Phys. Rev. 138, B1035 (1965).

26 A. Goswami, J. Bar-Touv, A. L. Goodman, G. L. Struble,
and W. Yucker, Bull. Am. Phys. Soc. 13, 18 (1968); A. L. Good-
r(nan, )G. S. Strube, and A. Goswami, Phys. Letters 26B, 260

1968).

2 M. K. Banerjee (private communication).

#1. S. Gulkarov, N. G. Afanasyev, G. A. Savitsky, V. M.
I((}évastunov, and N. G. Shevchenko, Phys. Letters 27B, 417
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true in the case of the 14.66-MeV peak, where, in
addition, it has been very difficult to conclusively
analyze all of the contributions to this broad peak.
The analysis was conducted under the assumption that
the peak widths of all contributors were approximately
equal. This reasonable but uncertain assumption was
made and analysis attempted because the qualitative
behavior of this structure, under variation of the bom-
barding energy, strongly indicated that higher multi-
poles were playing a role. Thus the values given for
the M2 transition at 14.66 MeV and the M1 transition
at 14.01 MeV should be regarded as tentative estimates
of some of the behavior in this region. The analysis on
this basis further indicates the presence of a peak at
about 14.3 MeV which qualitatively also behaves like a
magnetic transition with L> 1. It was not treated quan-
titatively and included in Table I because of insufficient
measurable intensity at the 39-MeV bombardment.

If there are 2~ levels at 13.12 and 14.66 MeV (and
possibly 14.3 MeV), they may provide some confirma-
tory evidence for the existence of the 2= T'=1 spin-
isospin giant-resonance states predicted by Hill*? at 14.3
and 14.8 MeV. If there were nuclear deformation, these
states would each split into two states whose energy
separation is proportional to the deformation.?:3 Also,
the higher-energy state would be expected to be more
intense if the deformation were prolate, and the reverse
if oblate. Thus when more refined measurements are
available in this region, it may be possible to comple-
ment the sum-rule results with the M1 transitions in
determining something about the nuclear shape. Ad-
ditional evidence, preliminary in nature, for the exis-
tence of M2 transitions in this region has been reported
by Drake et al.3!

It is interesting to observe that two peaks at 12.9
and 13.4 MeV also appear in roughly the same energy
region in our Mg work?® which behave qualitatively
the same at the different bombarding energies as the
M?2 transitions discussed here.
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