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Electron scattering from Si and Si has been performed at energies from 126 to 293 MeV and at angles

of 45' and 90'. Form factors were extracted for levels below 5.0 MeV in "Si and ' Si over an effective

momentum transfer range of 0.6 to 2. 1 fm '. A particle-phonon coupling calculation using harmonic-

oscillator single-particle states and data from 'Si give a reasonable description of the low-lying states of
29S1.

NUCLEAR REACTIONS Si(e, e') first 2 excited states; Si(e, e') first 5 ex-
cited states; measured form factors 45' and 90', 0.6 ~ q ~ 2.1 fm; natural Si

target; PWBA analysis, vibrating core and intermediate coupling for Si.

I. iNTRODUCTION

In 1950 Foldy and Milford' proposed an inter-
action between a valence particle and a liquid-
drop nuclear core to explain the deviations of
observed ground-state nuclear magnetic moments
from the Schmidt limits. This interaction pro-
vided a mechanism for an exchange of angular
momentum between the odd nucleon and the core'
and explained qualitatively the direction of these
deviations.

A more detailed development of the particle-
surface coupling model was presented by Bohr'
in 1952. Throughout the early 1950's, methods
were developed for calculating nuclear energy
levels, electromagnetic moments, and electro-
magnetic transition probabilities in weak, inter-
mediate, and strong-coupling limits. ~ In general,
strong-coupling limits were applied inthe middle
of major oscillator shells where nuclei are highly
deformed, and weak or intermediate coupling
limits were applied at or near closed shells.

During the next two decades many calculations
were made for odd-mass nuclei. These calcu-
lations often successfully predicted the energies
of the low-lying nuclear levels, but failed to ex-
plain adequately the static nuclear moments.
Since few electromagnetic transition data existed
at the time, it was difficult to test the calculations
of transition strengths.

The "Si nucleus was one of the first isotopes
to which the particle-core model was applied.
Bohr and Mottelson' calculated the value of the
ground-state magnetic moment in the strong-
coupling limit. They showed that the Schmidt
value, -1.91'„, could be reduced to —1.0 to
-0.6p~, in closer agreement with the observed
value of -0.055'.„.The suspected closure of the 1d,&,

shell at "Si, however, led some authors' "to consi-
der "Si inthe intermediate-coupling approximation,
in which the 2s», and 1d,&, single-particle orbitals
were coupled to phonon states in "Si.

High-resolution electron scattering provides
a very sensitive test for theoretical predictions
of the structure of nuclear states. This experi-
mental technique yields transition charge, cur-
rent, and magnetization densities to these nuclear
states as functions of momentum transfer. Cor-
responding transition densities can be calculated
from the wave functions generated from a the-
oretical model. A comparison of the experimen-
tal and theoretical densities is a meaningful test
of the theory because the interaction is relatively
weak, and the electromagnetic transition operator
is known.

Before approximately 1974 electron accelerator
facilities could not provide the intense beam cur-
rent and high (bp/P -1 x 10 ') resolution required
to perform "Si or "Si scattering experiments
with natural abundance silicon targets. Since
natural silicon is 92.2% "Si, the energy levels
of this isotope dominate the observed electron
scattering spectrum of a natural silicon target.
Thus, previous electron scattering measure-
ments of the silicon isotopes were confined mainly
to states in ' Si." ' The lone exception is the
work of Brain et al. ,"where a separated-isotope
target of "Si was used in an electron scattering
experiment which covered the momentum transfer
range from 0.26 to 1.16 fm '.

The present paper presents experimental form
factors for the ground state 0+, 1.78MeV 2+, and 4.62
MeV 4+ levels in "Siand for four inelastic levels in
"Si(1.27MeV —,+, 2.03MeV —,'+, 2.43MeV —,+, and 4.08
MeV ++). The data cover a momentum transfer range
from 0.6to 2.1 fm '. Form factors for' Si andhigher-
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lying Si and Si states will be included in future
work. Form factors for ' Si calculated using an inter-
mediate particle-phonon coupling scheme to combine
"Sicore states with single-particle states of the odd
neutron are also presented. A comparison of
theory to experiment shows good agreement for
most of the levels studied.

H. EXPERIMENTAL METHODS

The present experiment was performed at the
NIT-LNS Bates Linear Accelerator in Middleton,
Massachusetts. The accelerator is described in
detail in the literature. "'" Similarly, descrip-
tions of the energy loss spectrometer system and
focal plane instrumentation can be found in Refs.
20 and 21. The resolution np/p ranged from
1.6 x 10 ' to 2.0 x 10-', and a typical electron scat-
tering spectrum from natural Si is shown in Fig.
1. Average beam currents ranged from 4 to 40
p.A, with 20-30 pA the most typical values.

Twenty-four measurements were made at dif-
ferent incident electron energies. Five of these
runs were taken at a laboratory scattering angle
of 45', eighteen at 90', and one was taken at 160'.
The experimental parameters for these data runs
are summarized in Table I. These energies and
angles produced a range of effective momentum
transfers, q„„of0.6 &q,~,

& 2.1 fm ' where

q,« =q[1+ 2 (5)"'(Zn@c/E,.R)].

TABLE I. Summary of experimental conditions.

Incident~
energy
gkeV)

Angle b

(deg)

Target
thickness
{mg/cm j

1
.2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

148.7
174.5
199.1
224.6
126.6
251.5
140.6
155.4
161.9
166.4
170.8
176.2
184.1
191.4
200.0
209.9
217 7
228.8
239.0
251.0
265.5
279.6
293.0
108.3

45.00
45.00
45.00
45.00
90.00
45.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90-00
90.00
90.00
90.00
90.00

160.00

26.5+ 1.3
26.5+ 1.3
26.5+ 1.3
26.5+ 1.3
26.5+ 1.3
26.5+ 1.3
26.5+ 1.3
26.5+ 1.3
31.8+ 2.0
26.5+1.3
26.5+ 1.3
31.8+ 2.0
26.5+ 1.3
31.8+ 2.0
31.8+ 2.0
26.5+ 1.3
31.8+ 2.0
26.5 + 1.3
31.8+ 2.0
28.8+ 2.7
28.8+ 2.7
26.5+ 1.3
26.5+1.3
26.5+ 1.3

The uncertainty in incident energy is +0.3 MeV for all
runs o

The uncertainty in all angle measurements was +0.05'..
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FIG. 1. Typical electron scattering spectrum from
natural Si. This spectrum corresponds to Data Run No.
13 in Table I.

Here Z is the atomic number, 8; is the bombard-
ing energy, R is the rms nuclear radius, n is the
fine-structure constant, and q is the kinematic
momentum transfer.

A. Targets

The targets used in this experiment were cleaved
natural silicon crystals; 92.2% "Si, 4.'1% "Si,
and 3.1% 'OSi. The targets were etched to their
final thicknesses from 0.025 cm thick blanks us-
ing hydrofluoric, nitric, and acetic acids. No

residual traces of these chemicals were observed
in the targets.

The thickness of a standard silicon target was
found in the following manner: At a fixed born
barding energy the scattering spectrum of the
chosen target was compared with the scatter-
ing spectra of targets of other materials of known

thicknesses to calculate a fit to the focal plane
and accelerator energy parameters. Varying the
silicon target thickness parameter. in the cali-
bration program resulted in a mapping of the fit
chi square as a function of assumed target thick-
ness. The target thickness corresponding to the
minimum chi square was chosen as the correct
value. An independent check was provided by a
comparison of "Sidata from this experiment
with corresponding data from previous experi-
ments. As can be seen in Fig. 2 the agreement
with previous elastic scattering data is very good.
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nucleus, M is the mass of target in MeV, E; is
the incident energy in MeV, Y is the corrected
peak area in counts/unit charge, e is the elec-
tronic charge, aA is the spectrometer solid angle
acceptance, N, is the number of nuclei in target/
unit area, 6 is the laboratory scattering angle, and
dv/dQ is the differential scattering cross section.
The form factors presented in this paper are all
absolute measurements.

C. Systematic errors

I

0.5
q (fm')Qg) N 2.0

I

2.5

FIG. 2. Comparison of elastic scattering data for Si
from several different laboratories.

Thicknesses of the other three silicon targets
mere compared to the standard target by mea-
suring the form factor of the "Si, 1.78 MeV 2'
levels with all four targets.

Target uniformity was measured using atten-
uation of electrons emitted in the beta decay of
'"Pm following the procedure of Liljestrand
et al." A map of target thickness was made at
a grid spacing of 1.25 mm by 2.5 mm. The aver-
age thickness in the beam spot area was found to
vary by +3%.

Ntg, ~(n.Q) o~ dQ

where q is the nuclear recoil factor [1+2E; sin'(8/
2/M], o~ is the Mott cross section [Zo.8c cos(6/2)/
2E; sin (8/2)J', g is the atomic number of target

8. Data analysis

The raw spectra were corrected for count-rate
losses and sorted into equal-width bins of nuclear
excitation energy. Peak areas then were extracted
from this corrected spectrum by use of a least-
squares line-shape fitting routine. This code
produced an eight-parameter semiempirical fit
to each peak in the spectrum. In order to check
the consistency of the fit, the integration of the
peak area was cut off at five energies from 0.5 to
3.0 MeV above the excitation energy of the peak.
A radiative correction was calculated for each
cutoff energy and applied to the corresponding
integrated peak area. A fit mas judged acceptable
if the five corrected peak areas agreed to within
+2.0%. The statistical errors in the peak area
calculations were computed using an algorithm
outlined by Bevington. 23 These errors are shown
as error bars in the figures and as percent uncer-
tainties in Tables VI and VII.

The experimental squared form factor ~E ~'was
calculated from the peak area using

The statistical errors are not the only contribu-
tion to experimental uncertainties. The main
sources of systematic errors are summarized
in Table II. Contributions from scattering-angle
measurement, charge integration, detector in-
efficiency, and sol.id-angle measurement inac-
curacies are not expected to vary for different
runs. In principle, errors in energy calibration,
count-rate corrections, and target parameters
are more difficult to characterize and must be de-
termined separately for each run. In the present
work, however, the main limitation on experi-
mental accuracy was the knowledge of the target
thicknesses and uniformities. Other corrections
varied little from run to run.

Since systematic errors in general do not obey
simple statistical distribution laws, it is difficult
to combine errors from different sources. There-
fore, in the tables and figures only statistical
errors are shown. An upper-limit estimate of the
systematic errors for each data point is 7-10%.

III. THEORETICAL CALCULATIONS

The formalism of the particle-phonon coupling
model has been extensively developed and can be
found in the original papers by Bohr and Mottel-
son, ' and Choudhury, ' and in most texts on nu-
clear models.

TABLE II. Principal sources of systematic errors.

Machine energy calibration
Scattering angle
Charge integration
Solid angle
Overall detector inefficiency
Dead-time corrections (1+f)
Target thickness
Target composition
Target uniformity
Radiative corrections

(+0.3 MeV)
(+0.05 deg)
(+1.0%)
(+0.5%)
(+2.0%)
(+go xfPg)

(+5-10 %)
(+1.0lo)
(+3.o%)
(+2.0Vo)

A. Eigenvectors of ~9Si

The intermediate- coupling case considered here
treats the particle-surface interaction operator
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as a perturbation to the collective core motion
plus the odd-neutron single-particle motion. The
basis chosen to describe the "Si system is a lin-
ear combination of product states of "Si core
states and s-d shell single-particle states. These
are coupled to give the wave functions of the "Si
levels. Numerical values for the energy levels
and eigenvectors are obtained by fitting to known
levels in "Si and ' Si."

These eigenvector calculations were chosen for
comparison to the "Si data: the small basis
(present work), the basis of Pandya, ' and the
basis of Castel et al. '0 The main differences are
the number of single-particle and "Si core states
included in the calculations. Tables III-V give
the eigenvectors of the low-lying "Si levels ob-
tained from the three calculations.

The theoretical spectra are compared to the
actual "Si spectrum in Fig. 3. The small basis
calculation uses as input the energies of the
ground state and the —,'+ levels, thus predicting only
the 2+ and ~~+ energies. The inclusion in Ref. 8 of three
two-phonon states (0+, 2+, 4+) at twice the energy of
the one-phonon state in "Si, does not improve signifi-
cantly the low-lying spectrum predictions over those
of the small basis. The calculation of Ref. 10, how-
ever, reproduces very well the energies of the first
four excited "Silevels.

B. Si reduced matrix elements

The inelastic form factors for electron scatter-
ing for the low-lying "Si levels can be calculated
from the reduced matrix elements (RME's) of
the contributing electromagnetic multipole oper-
ators between "Si ground (initial) and "Si excited
(final) states. Since each "Si state is a combin-
ation of product states describing the core and
s-d shell single-particle contributions, the matrix
element of the operator O(X, p) with angular mo-
mentum X and projection p, will be a sum involv-
ing the components of the "Si eigenvectors. The

electromagnetic interaction is sufficiently weak
that O(X, p, ) can be written as a sum of A one-body
operators, where A is the atomic mass number.
In this calculation the sum over A —1 nucleons is
the "Si core phonon operator, and the remaining
operator is the single-particle operator. Since
each operator acts on only one of the two compo-
nents of each product state, the matrix element
for the total operator breaks into a sum of matrix
elements involving only phonon or only single-par-
ticle transitions.

Using the Wigner-Eckart theorem it is possible
to define the RME of the operator O(X, p, ) from
the matrix element

&zM IO(x, p)/SR) = (2J+1) '"(-1)
x &z~&~ lzM&&z

I
lo(&)

I I».
This definition can be applied to both the total and
constituent matrix elements to remove dependence
on the particular angular-momentum projection.
Thus the problem of finding an RME for a tran-
sition to an excited "Si state is reduced to a cal-
culation of RME's for "Si phonon and s-d shell
single-particle transitions.

C. Phonon reduced matrix elements

Phonon RME's (PHRME's) can be calculated in
a straightforward manner using the liquid-drop
multipole operator of Walecka" in terms of an
equilibrium radius a and a scaling constant K
which is proportional to the square of the phonon
frequency. Since the ground state of "Si has J'

and the excited states of interest have J'= ~',
~", 2', only L = 2 and L =4 phonon transitions can
contribute to the form factors of these states.

The RME's calculated according to the sharp-
edged liquid-drop model of Ref. 25 were modified
to include the effects of diffuseness of the nuclear
surface through multiplication by a factor of
exp(-G'q'/2). 26 In this formula G is a diffuseness
parameter whose value is approximately equal to

TABLE III. Configuration of Si states sma11 basis.

Eexp

1

1.27

0.78

2.03

2.03

2.43

2.27

3.Q 7

3.07

4.08

3.07

0 0 0.9617

0.8570

0.4239

-0.2742 -0.2930

1.000

0.342Q

-0.8779

-0.3353 1.000 1.000
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TABLE Dt'. Configuration of 29Si states basis of Ref. 8.

Eexp

NL

00

24

20

0.9200

0.3770

0.0810

-0.0 780

1.27

0.80

0.7090

-0.6050

-0.2930

0.1170

0.1030

0.1470

2.03

1.68

0.9190

-0.0850

0.3550

-0.0210

0.1450

2.43

2,43

0.3400

0.6770

-0.5010

-0.0230

0.3380

-0.2460

3.07

3.03

0.1290

0.8230

-0.1650

0.4530

0.2720

4.08

the proton rms radius. Form factors of the 2+
(1.78 MeV) and 4+ (4.61 MeV) levels in 28Si were
fitted to the experimental data using the functional
forms

El'= " [f (qa)]'exp(-G q'),

f, (qa) =j,(qa),

f,(qa) =j (qa) ——'qaj, (qa),

where j~(x) is the spherical Bessel function of
order L. The frequency parameter K and the ra-
dius parameter a were allowed to vary to obtain
the best fit. The diffuseness parameter 6' was
fixed at 0.693 fm'. The PHRME is then given by

o(~) II oo&=&'"y&(qa)exp( G'q'~2). -
The fits to the "Si data are shown in Fig. 3 for the
2+ and 4+ transitions. Transitions to the 0+
(4.98 MeV) state cannot contribute to the inelastic

TABLE V. Configuration of Si states basis of Hef. 10.

Eel 1.27

1.27

2.03

2.01

2.43

2.46

3.07

3.18

4.08

3.43

2

2

2

2

2

2

2

2

2

0.9753

0.1669

0.1404

-0.0336

0.8942

-0.4055

-0.1724

0.0662

-0.0336

0.0282

-0.3493-

0.9244

0.0317

0.0366

0.1238

0.0705

0.0342

0.3904

0.9088

-0.1199

0.0329

0.0655

-0.0431

0.7923

0.3157

-0.4765

-0.1811

0.1059

-0.0089

0.0362

0,9552

0.0303

-0.2580

-0.1359

0.0405
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FIG. 3. Energy levels in ~9Si as predicted using three sets of basis vectors compared to the experimental level dia-
gram.

form factors calculated here. The two-phonon 2+
used in Ref. 8 has not been included as this level
does not exist below 5.0 MeV in the "Si spectrum.

One assumption implicit in the above discussion
is that the transverse form factors E~ of the 'Si
2+ and 4+ states are negligible. fbis assumption
was checked by comparing data at the same q,«,
but at 160' and 90 to find the value of the trans-
verse form factor. For both the 2+ (1.78 MeV)
and 4+ (4.61 MeV) levels the contribution at 90'
from transverse scattering was found to be less
than 4%. Thus the assumption of a negligible
contribution from the transverse form factor is
valid at the scattering angles used in this experi-
ment.

Some of the PHRME's required in the calcu-
lation represent transitions between excited
states in the "Si core. The functional form of
these PHRME's was calculated using the diffuse-
edge, liquid-drop model. The radius and scaling
parameters were obtained from the fits to the ~'Si
experimental form factors of the corresponding
multipolarity.

D. Single-particle reduced matrix elements

Single-particle reduced matrix elements
(BPRME's) were calculated using harmonic-oscil-
lator wave functions and the formalism of Willey. 27

The oscillator parameter for the 1d„, shell was
taken from Mhlhaupt" to be d =1.88 fm. The neu-
tron parameters used here were an effective
charge of 0.5e, and a magnetic moment of -1.91

p,„.Both center-of-mass and finite nucleon size
corrections were made to the resulting HME's. "'"

E. Calculation of 29Si form factors

The squared form factors for "Si states were
calculated using the formalism described in the
previous sections according to

F I'= z,
'

2z 1+Xl &filo, (~)

+ ( +tan'e/2)

x I I &f I I
o,(~) lli),

+ 1&I I I
o„(~)Ili), I']) .

In this formula J& is the spin of the initial state;
X is the multipolarity of the transition; Ii) and

I f) are, respectively, the eigenvectors of the
initial and final states; the subscripts L, , E, and
M refer, respectively, to the longitudinal, trans- '

verse electric, and transverse magnetic tran-
sitions; and a is the effective charge of the val-
ence neutron. (In the present calculation, e was
taken to be 0.5.) The subscript t indicates that
these are total reduced matrix elements for the
transition. The total reduced matrix elements
are sums of PHRME's and SPRME's. The sum-
mation on X is extended over all allowed tran-
sition multipolarities.

IV. RESULTS AND DISCUSSION

The experimental form factors are given for
"Si in Table VI and for "Si in Table VII. These
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TABLE VI. Electron scattering squared form factors for levels in Si.

0+ (0.00 MeV}

Run (fm ~} x10 (fm '}

2+ (1.78 MeV}

x10-~ Io

4 (4.62 MeV}

e~ff
(fm &} x10 ~

1
2
3

5
6
7
8
9

10
11
12
13
14
15
16
17
18

.19
20
21
22
23
24

0.601
0.701
0.796
0.895
0.951
0.999
1.051
1.156
1.203
1.234
1.266
1.304
1.360
1.412

1.544
1.599
1.678
1.744
1.836
1.939
2.039
2.134

3270
2000
1150
613
361
261
138
36.5
17.6
10.6

5 ~ 89
3.62
3.32
4.89

8.77
9.60
8.22
6.08
4.60
2.49
1.12
0.417

0.72
0.67
0.54
0.74
0.97
0.88
0.64
2.0
0.81
0,51
3.87
8.31
1.15
3.1

0.42
1.12
0.54
0.73
0.95
1.13
1.88
1.68

0.597
0.698
0.793
0.891
0.944
0.995
1.044
1.149
1.196
1.228
1.259
1.297
1.354
1.406
1.467
1.537
1.593
1.672
1.737
1.830
1.932
2.032
2.127
1.131

443
617
658
691
626
636
561
425
337
324
271
243
159
126
63.3
32.4
17.7
3.62
0.932
3.35
7.81

10.5
10.9

397

0.72
0.94
1.64
1.14
0.70
0.81
0.61
0.65
0.47
0.55
0.37
0.55
0.45
0.89
0.86
1.17
2.5
2.1
6.7
3.9
2.7
1.09
1.01
3.5

0.692
0.787 .

0.886
0.934
0.990

. 1.034
1.139
1.186
1.217
1.250
1.287
1.340
1.396
1.458
1.530
1.580
1.660
1.734
1.819
1.922
2.020
2.120

4.10
7.31

15.2
16.2
24.9
27.4
36.5
37.7
42.6
44.7
49.2
47.9
50.9
49.6
45.6
44.6
35.9
26.9
23.4
15.3
8.81
4.98

21
7.1
4.2
3.0
7.9
2.4
2.5
1.06
1.28
0.54
2.5
0.82
1.38
1.35
1.27
3.3
1.68
2.9
1.53
l.85
1.43
6.4

' The squared form factor should be multiplied by the indicated factor.
Percentage errors are statistical only.

data are also presented in graphical form in Figs.
4(a) and 4(b) and 5(a)-5(e}.

The data pn the Si grpund state frpm thj. s ex-
periment agree with most of the previous measure-
ments. " '6 Discrepancies in the height of the sec-
ond maximum result primarily from use of the
Born approximation to extract the form factor, and
the use of q,« to compare data taken at different
energies and angles. This agreement indicates
that the experimental uncertainties in the absolute
cross sections are small.

The liquid-drop parametrization used here ade-
quately fits the form factors for the "Si2+ and 4+
levels over most of the momentum transfer range
of this experiment. Previous electron scattering
measurements of MGlhaupt" and Nakada and Tori«
zuka" have used both Hel.m" model and ¹lsspn"
model fits to parametrize the data. Using the
form factors of "Si to distinguish between the dif-
ferent descriptions of the core is difficult since
the data can be parametrized by all three models.
The choice of the vibrational model was a conven-
ient one for this calculation, but the agreement
between the calculations and the data should not
be interpreted as evidence that "Si is a vibrational
nucleus.

Results of the particle-phonon coupling calcu-
lation for the three bases of "Si are shown in Figs.
5(a)- 5(e) along with the data. The calculations
with the three bases work reasonably well for the
1.27MeV ~+, the 2.03 MeV 2+, andthe 2.43 MeV g+
levels. However, the prediction of Ref. 10 over-
estimates the actual form factor of the 3.0V MeV
level. The single datum in Fig. 5(d} for the 3.07
MeV &+ level is shown to indicate the upper limit
on the form factor of this state. None of the cal-
culations adequately describes the 4.08 MeV &+
level.

The eigenfunctions depend on the choice of the
basis vectors, the form of the system Hamiltonian,
and the energy levels of "Si and "Si. All three
eigenfunction calculatioris use the same form of
the system Hamiltonian. The calculations with
the small basis and the basis of Ref. 10 use the
actual "Si energy levels while the calculation of
Ref. 8 uses a true vibrational model for the "Si
energies.

The basis of Ref. 8 is the least realistic, as in-
dicated by the poor agreement of the calculation
with the data. In this calculation all excited states
include sizable contributions from the nonexistent
two-phonon 2+ state. In addition, the 4+ and 0+



22 INELASTIC KLKCTRON SCATTKRIWG FROM Si 381

TABLE VII. Electron scattering squared form factors for levels in Si.

(1.27 MeV)

e~
Bun (fm ) &&10

(2.03 MeV) $ (2.43 MeV) $ (4.08 Mev)
l~l' ~ e.s

(fm-s) x10 % {fm-i) x10-5 % (fm ) &&10

0.596
13 0.696
8.8 0.791
5.9 0.890
5.8 0.942
6.0 0.994
5.9 1.041
6.4 1.148
5.2 1.193
6.7 1.225
4.4 1.257
6.9 1.295
5.3 1.351

10.3 1.403
1.464

12.5 1.535
1.590

294
331
355
304
331
252
181
137
122
108
97.2
64.2
46.9

0.697
0.792
0.890
0.943
0.995
1.044 '

1.149
1.195
1.226
1.258
1.296
1.352
1.405

75
55
36
21
24
13.3
10.0
10.3
5.0
5.2

10.5
5.6

25

1.536 10.7

1.670 1.10 49

2.98 18.7 1.827
3.36 41
4.39 15.8 2.029
4.86 17.5 2.125

1.72 49 1.829
1.931

2.11 11.0 2.031
2.63 10.6 2.126

1
2 0.698 130
3 0.794 129
4 0.892 81.8
5 0.946 84.7
6 0.996 82.1
7 1.046 64.8
8 1.151 48.6
9 1.198 37.3

10 1.229 29.1
11 1.261 24.3
12 1.299 20.1
13 1.356 13.0
14 1.408 8.63
15
16
17 1.595 0.96 121
18 1.673 0.28 179
19
20 1.831
21
22 2.034
23 2.129
24

113 38
169 18.4
147 15.1
128 11.7
136 9.1
120 9.7
124 7.2
88.1 8.4
73.0 6.2
67.5 7.8
61.4 4.8
44.3 8.9
37.5 5.7
28.9 10.5
15.5 10.8
7.60 11.5
1.88 61

1.94 36

2.41 17.2
2.68 16.3

1.219
1.251

1.346
1.397
1.458
1.530
1.584
1.663
1.736
1.821
1.923
2.024
2.119

4.05
6.29
5.89
5.51
7.07
5.07
5.32
4.95
3.48
3.00
2.18

25
25
16.5
10.2
14.8

9„9
12.9
15.5
15.8
11.6
14.1

2.42 62
2.33 66

' The squared forin factor entries should be multiplied by the indicated factor.
Percentage errors are statistical only.

levels are assumed to be at twice the energy of
the one-phonon level. instead of the actual "Si
level energies.

The description of the "Si core in Ref. 10 offers
an improvement on the predictions of Ref. 8. The
Ref. 10 basis also describes the shape and scaling
of the 2.43 MeV +~+ level and the shape of the 1.27 MeV
~+ level better than the smallbasis calculation. The
Ref. 10 basis, however, overestimates by an order
of magnitudethe stregnthof the 3.07MeV +level
and overestimates slightly the strength of the 2.03

MeV —,'+ level. The chief problem seems to be the
inclusion of the id„, single-particle state in the
configurations. In this calculation the 1d„,
coupled to the ground state 0+ is the main com-
ponent of the 3.07 MeV level and is a substantial
component of the 2.03 MeV level. It should be

, noted, however, that the calculations for those
levels in Ref. 10 that contain very little 1d„,
strength show good agreement with the data.

The PHRME's for "Si appearing in the calcu-
lation include both transitions from the ground
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PIG. 4. Squared form factors for electron scattering from Si. (a) 2+(1.78 MeV) level. (b) 4+(4.61 MeV) level. Da-
ta from three different laboratories are shown along with the fits to the diffuse edge vibrating liquid-drop model.
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FIG. 5. Squared form factors for electron scattering from the low-lying levels in Si. (a) &'{1.27 MeV) level. (b)
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as solid circles and the data of Ref. 17 are shown as solid triangles. Also shown are theoretical curves calculated
from the three sets of eigenvectors as described in text.

state and transitions between excited states.
Since ground state to one-phonon 2+ and two-pho-
non 4+ PHRME's could be fit to the data, these
PHRME's are more independent of the choice of
the model than PHRME's between two excited
"Si states. However, these excited core state
PHRME's contribute only a few percent to the
form factors of the "Si states except for the 4.08
MeV level. This level contains sizable PHRME's
between excited "Si levels.

To determine which form factors are most sen-
sitive to the SPRME calculations, Coulomb and

transverse electric SPRME's were set equal to
zerq. When this was done three form factors
changed by more than 10%: the 1.27 MeV -',+,
3.07MeV —,'+, and 4.08MeV ~2+ levels. Clearly,
these form factors contain significant single-par-
ticle transition strengths, and will be influenced
by errors in calculating the SPRME's. In fact, as
can be seen by inspection of Figs. 5(a)-(e), the
calculated form factors of the 1.27 MeV level and
especially the 4.08 MeV level do not agree with
the experimental data as well as the calculated
form factors for the 2.03 and 2.43 MeV levels.
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The latter two levels are dominated by the mea-
sured core form factors in "Si, and the fit largely
depends on the nature of the coupling and not the
details of the SPRME's or the model for the core.
On the other hand, the 1.27 and 4.08 MeV levels
contain significant strength from SPRME's and/or
PHRME's between excited "Si states and are
more sensitive to the details of the core and val-
ence neutron.

V. CONCLUSIONS

Within the framework of the model used, the
following conclusions are drawn from these data:

(1) There appears to be very little 1d„, strength
in the low-lying levels of "Si.

(2) The low-lying levels in "Si can be described

as a particle with effective charge 0.5e weakly
coupled to a ~ Si core.
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