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Inelastic electron scattering to negative parity states of Si
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Negative-parity states of Si are studied by high-resolution inelastic electron scattering.
The form factors of the 1 (8.904), 5 (9.702), 1, 2 (9.929), 32 (10.180), and 4 T=1
(12.664) states are determined for the first time, for momentum transfers between 0.9 and
2.4 fm . The 3~ (6.879) state is studied by subtracting off the theoretical contribution of
the nearby 4+ (6.889) state. An upper limit for the 5 T=1 (13.248) is established. The 3
T=0/6 T=0 complex (11.58) remains unresolved. We present evidence for oblate-prolate
deformation changes in the 3 T=0 states. The experimental data are compared with pre-
dictions of the open-shell random phase approximation of Rowe and Wong. In 'Si, the
open-shell random phase approximation is demonstrated to be extremely sensitive to the
ground state wave function used, and other possible limitations of the open-shell random

phase approximation are discussed.

NUCLEAR REACTIONS Si (e,e'), E=96—279 MeV, 8=90', 160',
negative parity states; measured der/d 0 (E,8); deduced electromagnetic
form factors, Tassie model parameters, B(iI,.}values. Open-shell random

phase approximation calculations.

I. INTRODUCTION

Historically, one-particle-one-hole excitations
were proposed by Wilkinson' to explain the E1 pho-
toresonance which dominates the photon absorption
cross sections of even-even nuclei; however, this ex-
planation yielded an excitation energy which was
too low and a width which was too broad. Elliot
and Flowers showed that, by including the residual
particle-hole interaction, the strength is concentrated
in only a few states, resulting in a reduction of the
overall width of E 1 strength in ' 0, and an increase
in the excitation energy to the correct value. Gillet
et al. 3 extended this particle-hole model of nuclear
excitation to include backward-going amplitudes due
to ground-state correlations. This was done via the
random phase approximation (RPA}, and the RPA
correlations in ' 0, Ca, and Pb were found to
increase the collectivity of the low-lying negative
parity states. Rowe and Won g then used an
equations-of-motion formalism to extend the RPA
to open-shell nuclei. The success of this open shell
RPA (OSRPA} was first demonstrated for the nega-
tive parity states of ' C.

More recently, the importance of the role of

single-particle properties in collective excitations of
the nucleus has been further emphasized in the work
of Blaizot and Gogny. These workers have per-
formed large-basis, Hartree-Fock calculations of the
ground state properties of closed-shell nuclei, using
a phenomenological effective interaction chosen to
reproduce the bulk properties of nuclear matter: the
saturation binding energy per nucleon, the Fermi
momentum, and the compressibility. The same in-
teraction in a Hartree-Fock (HF} calculation repro-
duces the binding energies and charge radii of the
finite nuclei ' 0, Ca, Zr, and Pb, and yields
ground state wave functions as well. This HF
ground state, operated on by RPA operators with
the same interaction as that used to calculate the
ground state, yields the collective negative-parity
states in these nuclei. This totally self-consistent ap-
proach leads to unprecedented success in predicting,
for example, the strength of the collective 3 state
in Pb. However, this approach has not yet been
extended to the open shell.

In this paper we consider the negative-parity
states of the open-shell nucleus Si. Our inelastic
scattering measurements are compared to the OSR-
PA calculations. This paper, and the companion pa-
per on negative-parity states of Mg, constitute the
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most exhaustive comparison to date of OSRPA cal-
culations with experimental data.

II. EXPERIMENT

correction applied,

1

a cos —,8

2''sin 2 8

'2

The experiments were performed with the high-
resolution electron scattering facility at the MIT-
Bates linear accelerator. A typical spectrum of
inelastically scattered electrons is shown in Fig. 1.
The targets used were natural Si, originally of thick-
ness 0.25 mm, and etched with hydrofluoric, nitric,
and acetic acid to final thicknesses of 25 to 32
mg/cm . The targets were positioned in reflection
for scattering angle 8=160', in transmission for
8=90'. Typically, a resolution of 65—80 keV
FWHM was achieved at 8=160', and 35—50 keV at
8=90, the resolution being limited by target thick-
ness. Average beam currents were 20—40 pA at
8=160' and 8—20 IMA for 8=90'. Corrections were
made for detector dead time.

In the plane-wave Born approximation (PWBA),
for q »co, the differential scattering cross section
for inelastic electron scattering from a target nu-
cleus of mass Mz to an isolated resonance is given
by10

=4ncr rlz[F, i„(q)+ —,+tan —FTi (q)],2 2

where da/dQ is the cross section with radiative

is the Mott cross section,

rlz ——[1+(2E; /MT )sin' —,8]

is a recoil correction factor, E; (Ef ) are the incident
(final) electron energies, q is the three-momentum
transfer, m is the energy transfer, F,i„(q) is the
Coulomb squared form factor, and FTi„(q) is the
transverse squared form factor, which inay be elec-
tric or magnetic. We further define the total form
factor

do ldQF q =
4mo

Since the electron is accelerated by the Coulomb
field of the target nucleus, the effective momentum
transfer is actually greater than q given above, and is
approximately

3 ZQ
qefr=q 1+—,&3/5

1.05A '~ E;

For each resonance, we present a plot of F (qcff)
versus q,ff, and this is compared with theoretical
PWBA squared form factors. In PWBA for a pure-
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FIG. 1. Spectrum of electrons scattered from a natural Si target. The incident electron energy is 238 MeV, and the
scattering angle is 8=90'.
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ly transverse transition, the ratio

R=F (qgffp8=160')/F (qpffy8=90')

is equal to 21.8, while for a pure Coulomb transi-
tion, R =1.0.

For natural parity excitations whose form factors
are predominantly Coulomb, we shall present Tassie
model" fits to the data. In this model, the transi-
tion charge density for a transition of multipolarity l
is given by

pi( )= '
Br

'

where the ground state charge density is the Fermi
distribution

p=p [o1 +exp(r c)4—4/t].

and c and t are the radius and thickness parameters,
respectively.

where

pvT

J=(2J+ I)+ T=(2T+ I )+ /

and jp, jh are the angular momenta of the particle
and hole orbitals. Thus all the nuclear structure in-
formation is contained in the amplitudes F&„. In
particular, if W is the electromagnetic operator, then

is a single-particle matrix element, J, T refer to the
spin and isospin of the final state,

III. OSRPA CALCULATIONS

We have performed calculations for the negative
parity states of Si in the open-shell random phase
approximation (OSRPA) of Rowe and Wong. ~ In
the OSRPA, for a J=T=0 ground state, an excited
state ~X) of multipolarity A, is obtained from the
uncorrelated ground state

~
4o) by application of an

excitation operator 0~+:

where

Oi+= g (n~ nz)
' —[Yrp(A)App Zrl, (A)Api, ),—

p&h

p and h are particle and hole orbitals, respectively;
nz and nI, are the fractional occupancies of these or-
bitals in the uncorrelated ground state; Ap+h and Aph
are particle-hole creation and destruction operators,
respectively; and Yzq and Z~l, are the "forward" and
"backward" amplitudes for particle-hole creation
and destruction, respectively. It is convenient to de-
fine the normalized forward and backward ampli-
tudes

Fps =(ng np)'/ T 'Ypg, —

( n n )
i /2 T—i

( I )P
—h +J+TZ +

hp h p ph

because for any tensor one-body operator

the reduced matrix element is given by

is, apart from a numerical factor, the squared form
factor for the state

~
g).

Note that for a pure particle-hole excitation from
a completely filled orbital h to a completely empty
orbital p, Yzi, =1 but F&I, =1 for a T=0 final state
and I/W3 for a T=1 final state. All theoretical
form factors presented in this paper are evaluated in
the plane wave Born approximation (PWBA).

In the calculations described in this paper, three
different uncorrelated ground states for sSi are em-
ployed. The first, designated "KUO," is a shell-
model ground state computed using the Oak Ridge-
Rochester shell model code' and renormalized Kuo
matrix elements' derived from the Hamada-
Johnston potential; the model space is the full sd
shell. The second, designated "OBL," is a projected
Hartree-Fock (PHF) oblate 0+ ground state comput-
ed by Castel and Parikh'; a Rosenfeld two-body in-
teraction was used. The third, designated "WIL," is
a ground state computed by Wildenthal, using two-
body matrix elements fitted to data over the entire
sd shell. ' These matrix elements are not the same
for all nuclei; rather they are given a mass depen-
dence of 18/A '/ to simulate the decrease of the ma-
trix elements with increasing A. On occasion we
will also use a fourth ground state, designated
"PRO," which is a projected Hartree-Fock prolate
0+ solution. ' The sd shell occupancies for these
ground states are tabulated in Table I. In all cases,
in the uncorrelated ground states, orbitals below the
sd shell are assumed to be completely filled, and or-
bitals above the sd shell, completely empty. In addi-
tion to the occupancies for each ground state, it is
necessary to specify the two-particle densities

&Coal

[(A+A+) X(AQ ) ] =o
i 4o),
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Ground state
Kuo/shell model
Oblate PHF
Wildenthal
Prolate PHF

1dgn
0.5593
0.8217
0.7409
0.6200

1d3n
0.3333
0.1850
0.2049
0.2725

2$ ]r2
0.6558
0.1600
0.3676
0.5900

TABLE I. Fractional occupancies for $d-shell orbitals. shape of the Hartree-Fock field may change radical-

ly from that of the ground state. This change is not
considered in the RPA excitation of the negative-

parity states of 'Si from a shell-model ground state.

A. The 5 T=O (9.702 MeV) state

where a, P, y, and 5 are sd shell orbitals for each of
the ground states; there are 63 of these numbers for
sd shell nuclei. It should be noted that, for a Hamil-
tonian with one- and two-body parts, as we have em-
ployed, the OSRPA is sensitive to both the one-body
densities (i.e., the occupancies) and the two-body
densities of the ground state, but not to higher-order
correlations.

The single-particle energies employed were ob-
tained by the interpolation procedure of Ref. 16, and
tabulated in Table II. The two-body residual in-
teraction used is almost identical to the CAL in-
teraction of Gillet and Sanderson; the parameters
are listed in the Appendix. Harmonic oscillator
basis states are used throughout. Unless otherwise
stated, an oscillator parameter

b =(A'lmco)'~ =1.80 fm

is used; this value is chosen to give the same charge
rms radius as elastic electron scattering results. '

Isospin is assumed to be a good quantum number,
and neutrons and protons are not treated separately.

lO

Si 5 T=O (9.702)

( &)~+ ~~ IQ
%1

The 5 T=O state is of interest because, in the
context of the shell model, it is the simplest
negative- and natural-parity state in Si. This state
was previously studied via the (p, y) reaction by
Lam et al. ' This peak is obscure in electron
scattering at 8=160', where transverse excitations
dominate, but is very prominent at 8=90'.

The experimental data are shown in Fig. 2, to-
gether with the OSRPA calculations. The total
squared form factor is obviously predominantly
Coulomb, in agreement with the OSRPA predic-
tions. No renormalization is necessary to obtain the
theoretical results for Fig. 2, but it is necessary to

IV. EXPERIMENTAL AND THEORETICAL
RESULTS

In this section we show the measured electromag-
netic form factors for the strongly excited negative-
parity states of Si, and these are compared to
open-shell RPA calculations. The form factors for
the negative-parity T =0 states are presented first
(5, 3i, 32, etc.), followed by the negative-parity
T= 1 states (6, 5, 4 ). In open-shell nuclei, the

lo
0

90o

KUO

———OBL

~ ~ ~ ~

Orbital Energy

TABLE II. Single particle energies. 4
lOO. 5 0.9 l.3 l.7

gef f (fm ')

2. l 2.5

1P3n
lP in
ldgr2
2$ &r2

ld3n
lan
2p3r2

2P&n

lfsn

—3.9503
0.3814
7.1532

10.7028
13.2399
17.8425
19.3122
21.9932
25.7843

FIG. 2. Experimental total squared form factor for the
5 T =0 (9.702 MeV) peak, for 8=160' (solid disks) and
8=90' (crosses). The solid, dashed, and dotted lines are
the OSRPA predictions for the total squared form factor
at 0=160' for the Kuo/shell model, oblate PHF, and Wil-
denthal ground states, respectively. In each case the
lowest-energy 5 T =0 OSRPA state is plotted. An oscil-
lator parameter of b =1.91 fm was used to obtain the best
fit to the data.
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increase the oscillator parameter to a value of
b =1.91 fm in order to achieve a reasonable fit to
the data. Even with this adjustment the fit is not
within experimental errors.

The experimental data show a small enhancement
of F (q) at 8=160' over that at 8=90', and this
provides a measure of the small transverse squared
form factor FT (q). Figure 3 shows the Fr (q) ex-
tracted from the data, together with the OSRPA
predictions. Although the error bars are large, and
only upper limits can be established at some values
of q,fr, the transverse data appear to favor the OSR-
PA prediction based on the Kuo/shell model ground
state.

In this example it is seen that the Coulomb
squared form factors have the same shape for the
OSRPA 5 states built on all three ground states,
while the corresponding transverse squared form
factors are of drastically differing shapes. Thus,
FT (q), although small, is an important quantity to
determine experimentally, since it is a sensitive mea-
sure of the parentages of the excited state. The
differing parentage predicted by the various models

considered are shown in Fig. 4. It is interesting that
the 1f7~2-id'&z ' configuration is predicted to be
important by the OSRPA, and yet this configuration
cannot even contribute if one naively regards Si as
a closed 1d5~2 subshell.

Figure 5 shows the distribution of 5 T=O
strength for Si as observed experimentally, and as
predicted by the OSRPA. The experimental B(C5)
value is obtained from a Tassie model fit to the data,
with c=2 580. , t =2.140 fm, and a X of 0.157. The

1B(C5) has been reduced by —, for graphical pur-
poses, and the large value reflects the large transi-
tion radius needed to fit the data. The 52 T=O
state at E„=12.024 MeV is not observed experimen-
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FIG. 3. Transverse squared form factor for the 5

T =0 (9.702 MeV) state in 'Si. Solid squares are values

of F~ (q) extracted from the data of Fig. 2. Solid, dashed,
and dotted lines show predictions for the lowest OSRPA
5 T=0 states built on Kuo/shell model, oblate PHF,
and Wildenthal ground states, respectively.

0.4— WIL
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1 2 3
CONFIGURATION

FIG. 4. Amplitudes for the lowest 5 T =0 OSRPA
state built on Kuo/shell model, oblate PHF, and Wil-
denthal ground states. The configuration numbers
represent the following: 1=1f7&z-1dzzz ', 2:—1f7/7. -

1d3f2 ', 3—:1f&z,-ld, z, '. Forward amplitudes F~z are
represented by hatched bars, backward amplitudes F~~ by
solid bars. The height of the bar represents the magni-
tude of F~q or FI,~. A minus sign over a bar denotes a neg-
ative amplitude.
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tally, with an upper limit of 8(C5) &2)&10
e fm', assuming the same radial dependence as the
5i T =0. It is apparent from Fig. 5 that the distri-
bution of 5 strength is quite sensitive to the ground
state wave function used.

R The 3i T =0 (6.879) MeV) state

The first 3 T=0 state in Si is located at
E„=6.879 MeV. There is a 4+ state only 10 keV
away, at E„=6.889 MeV, ' and the experimental
resolution is insufficient to resolve them. The
squared form factor for this composite peak (Fig. 6)
strongly suggests that more than one multipolarity
is contributing. In Fig. 6 we also plot the 8=160'
and 8=90' total squared form factors for the 42+ in

Si, as predicted by the shell model calculations of
Chung and Wildenthal. 20 To obtain these form fac-
tars from the wave functions of Chung and Wil-
denthal, effective charges of 0.5 for the neutron and
1.5 for the proton, and free nucleon g factors, were

0
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FIG. 6. Experimental total square form factor for the
3 (6.879), 4+ (6.889) composite peak, for 0=160' and
|II=90'. The contribution of the 4+, as predicted by
Chung and Wildenthal, and renormalized to fit the data,
is shown by the dashed and solid lines. The qdq

——0.622
fm ' and q,pp=0. 847 fm ' data points from Mainz were
taken at 8=40' and 8=60, respectively.

OJ~

0 8-
LA

Cl

I I I I I I I I I I I I I

OBL

I I I I I I I I I I I I

WIL

4-
2-

I I I I I I I II I I I I I I I
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FIG. 5. Distribution of 5 T =0 strength in Si, as
observed experimentally, and as predicted by the OSRPA
operating on the Kuo/shell model, oblate PHF, and Wil-
denthal ground states. The dashed arrow in the upper
frame indicates the location and experimental upper limit
for the strength of the unobserved 52 T =0 state.
Strengths shown in the upper frame have been multiplied
by 0.5.

assumed.
The Chung-Wildenthal squared form factors are

much larger than the experimental data points at the
same q. To isolate the 3 squared form factor, we
assume that the 4+ theoretical squared form factor
must be scaled down by a factor of 0.42 to give the
true 4+ squared form factor. This scaling factor is
chosen to make the 4+ squared form factor tangent
to the data points at q=1.9 fm ', where the 3
squared form factor is expected to reach a
minimum.

In Fig. 7 are displayed the data points after the
above-mentioned 4+ form factor is subtracted; this
should be the form factor of the 3i state alone.
However, the result for q,rr & 1.7 fm ' is very sensi-
tive to the precise size and shape of the 4+ form fac-
tor. Out to g ff=1.7 fm ', the 3~ squared form
factor is pure Coulomb, within experimental error.
At g ff 1.12 fm ', a Rosenbluth decomposition
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Fr (q)=(0.51+1.2)X 10 '.
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For q & 1.7 fm ', the apparent nonzero Fr (q), as
manifested by an increase of F (8=160') over Fz
(8=90'), for q,rr & 1.7 fm ', is probably an artifact
of incorrect subtraction of the 4+, since it is not
known a priori how good the theoretical 4+ form
factor is.

Also shown in Fig. 6 are two low-q data points
from the (e,e') study of this state at Mainz. ~' The
Mainz data cover q,rr from 0.6 to 2.0 fm ', the
shape of their squared form factor agrees very well
with ours, but the magnitude of our squared form
factor is =10% smaller than that of the Mainz ex-
periment.

Within the p-ds-fp model space considered, there
are 12 possible particle-hole basis configurations
which can give rise to 3 states. These are tabulated
in Table III. With both lp —+sd and sd~fp excita-

q(I(fm )

FIG. 7. The experimental points with the renormalized
theoretical 4+ contribution subtracted. Solid, dashed, and
dotted lines show predictions at 8=160' for the lowest
OSRPA 3 T =0 states built on Kuo/shell model, oblate
PHF, and Wildenthal ground states, respectively. The
two data points from Mainz have been renormalized by a
factor of 0.9, and the renormalized contribution of the 4+
has been subtracted from them.

TABLE III. Configurations for the 3 T=O state in
28S

2

cu

O 4-

C3

CO

I I I

T=0 EXP

I I I I I I I I I I I

KUO

I I 8 I I I I 4 I J.

OBL

Configuration
number

1

2
3
4
5
6
7
8
9

10
11
12

Particle

1d5/p

1d5/p

1d3/g

If7n
lf7n
lf7n
Ifsn
If5n
Ifsn
2p3/2

2p3/2

2p 1/2

Hole

lp3/z

1p ~/

i@3/z
1d5/g

1d3/p

2$ &/g

1d5/g

1d3/g

2$ &/p

1d5/g

1d3/p

1d5/g

I I I I I I I I I I IR I U I

WIL

I I I I I I I I I 3 ml I I ~ I

10 l5

EXCITATION ENERGY (MeV)

FIG. 8. Distribution of 3 T =0 strength as observed

experimentally, and as predicted by OSRPA operating on

Kuo/shell model, oblate PHF, and Wildenthal ground

states.
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tions possible, the shape of the squared form factor
will depend greatly on the actual admixture of basis
states.

Figure 8 illustrates the distribution of 3 T=O
strength calculated by the OSRPA for the three
ground states of concern to us. In each case, a
strong, low-lying 3 T =0 state is predicted. Figure
7 shows the total squared form factors at 8=160'
for the first OSRPA 3 state in each case. The
Kuo/shell model ground state predicts the correct
shape for F (q), but the magnitude is too small by a
factor of 2.1. The oblate PHF ground state gives
both the correct strength and approximately the
correct shape. The Wildenthal ground state gives
the correct strength but the predicted shape of F (q)
is too broad, indicating that the predicted parentage
of this state is incorrect.

The parentages of the OSRPA 3~ states are illus-
trated in Fig. 9. The Kuo/shell model ground state
yields a 3i with predominantly 1f7/2~sd shell con-
figurations, with small backward amplitudes,
whereas the 3~ states built on the other two ground
states are more heavily mixed in configuration and
have larger backward amplitudes. All three ground
states yield 3i states with very small Fz (q), in
agreement with the data.

Table IV displays the Tassie model parameters
and 8(C3) values for the 3i and 3i states of Si
extracted from the experimental data.

C. The 32 T=O (10.180 MeV) state

Experimentally, a second strong 3 T =0 state is
observed at E„=10.180 MeV. As shown in Fig. 10,
the experimental squared form factor is purely
Coulomb. The Kuo/shell model ground state yields
a second 3 T =0 state at approximately the correct
energy separation above the 3i T =0 state (see Fig.
8), but of the wrong magnitude and also having a
large Fz (q), which is not observed experimentally.
In fact, all the remaining 3 T=O OSRPA states
built on the Kuo/shell model ground state display
large Fz (q), and hence cannot be identified with the
10.180 MeV state. The second 3 built on the ob-
late PHF ground state is of approximately the
correct strength and has a suitably small Fz (q), but
occurs too high in excitation energy, and is of the
wrong shape, as shown in Fig. 10. Similarly, none
of the higher 3 OSRPA states built on the Wil-

0.7—

0.6—

0.5—

0.4—

0.3—

0.2-

T=O KUO

OBL

04-
cL 03-

0.2-

CL- O. I—

y7
7y

04—

0.3—

'ttktIL

denthal ground state has the correct shape and suit-
ably small FT (q). The OSRPA, operating on all
three ground states thus far considered, is unable to
explain the 10.180 MeV 3 T =0 state.

Shown in Fig. 10 is the 160' total squared form
factor for the first OSRPA 3 state built on the
prolate PHF ground state. The magnitude needs to
be decreased by a factor of 4 to fit the data, but the
shape is correct. In agreement with experiment, the
OSRPA predicts FT (q) to be negligible. It is
perhaps plausible that, since the Si PHF intrinsic
state is relatively "soft" to deformation (the energy
difference between oblate and prolate PHF solutions
being only -1 MeV out of a total binding energy of

0. 2—
~7

O. l—

P~~~&~i51 PH~iI+i IR/gg', .m 7
I 2 3 4 5 & 7 8 9 I.O I I 12

CONF IGURATION

FIG. 9. Amplitudes for the lowest 3 T =0 OSRPA
states built on Kuo/shell model, oblate PHF, and %'il-
denthal ground states. Configurations 1 —12 refer to con-
figurations tabulated in Table III. Notation same as for
Fig. 4.

TABLE IV. Tassie model fits to the 3 T =0 states in 'Si.

State

31

32

e {fm)

2.865+0.037
2.625 +0.027

t (fm)

2.438+0.068
2.179+0.040

8(C3)) (e fm )

(3.87+0.75)~ 103

{5.47+1.41)g 10
0.65
0.14
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FIG. 11. RPA amplitudes for the lowest 3 T=O
OSRPA state built on the prolate PHF ground state, be-

fore renormalization to fit the data. The notation is the
same as for Fig. 4.

IO

o-4
0.5 l.0

I I i I

l.5 2.0

qpff (fm ')
2.5 3.0

FIG. 10. 3~ T =0 (10.180 MeV) total squared form
factor. Experimental points are shown by solid disks and
crosses. The solid line is the second lowest OSRPA 3
state built on the oblate PHF ground state. The dashed
line is the lowest OSRPA 3 state built on the prolate
PHF ground state, reduced by factor 0.25 to fit the data.
Theoretical curves are for 8= 160'.

—136 MeV), ' the actual Si ground state may be a
linear combination of oblate and prolate shapes,
with the oblate component being predominant.
Indeed, Bar-Touv and Goswami have suggested,
from other considerations, that the 0+ states of xsSi

should be mixed in shape. The 3i (6.879) state
would then perhaps be a particle-hole excitation of
the oblate component (with other smaller com-
ponents mixed in to give the proper shape to the
form factor), whereas the 3z (10.180) state would be
a particle-hole excitation of the prolate component.
Alternatively, one could imagine the excitation of a
particle-hole pair is coupled to deformation of the
average field of the nucleus. The average field for

Si in the 3~ excited state could be oblate in shape,
which would strongly overlap with the large oblate
component of the ground state wave function. Simi-
larly, the average field of the 3q state could be pro-
late in shape, which would overlap with the smaller
prolate component of the ground state wave func-
tion. Figure 11 shows the RPA amplitudes for the

lowest 3 state built on the prolate PHF ground
state, before renormalizing to fit the data.

It is perhaps surprising that the Wildenthal
ground state, which is derived from matrix elements
fitted to experimental data, is not more successful
than it is. The data used in the fitting are mostly
from low-lying levels in the ds shell, with a strong
bias towards those matrix elements which are im-
portant for the oblate configuration of Si. Hence a
ground state which is the best fit to low-lying data
may not be adequate to describe higher-energy exci-
tations with a predominantly prolate configuration.

D. The 1 T =0 (8.904 MeU) state

The 1 T =0 state at E„=8.904 MeV was ob-
served at both 8=90' and 8=160'. The data are
shown in Fig. 12. Figure 13 shows a Rosenbluth
decomposition of the Coulomb and transverse
squared form factors for this state.

In the model space of the p ds-fp shells, th-ere are
13 particle-hole configurations which can couple to
1 . This is similar to the number of configurations
for the 3 T =0 state, and one might expect simi-

larly good fits. However, as Fig. 12 shows, the
agreement between theory and experiment is much
worse for the 1 T=O state. Moreover, the li
states built on the three different ground states
differ greatly from each other in size and shape.

The likely source of difficulty is the mixing of the
spurious center of mass motion with the calculated
1 T=O states. For a translationally invariant
Hamiltonian, the RPA automatically separates out
the spurious solution and assigns it zero excitation
energy. However, realistic shell model Hamiltoni-
ans, with an assumed fixed center of force, are not
translationally invariant, with the result that spuri-
ous components may be mixed into the states of
nonzero excitation energy.
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FIG. 12. 1 T =0 (8.904) total squared form factor.
Experimental points are shown by solid disks (8=160')
and crosses (8=90'). Dashed and solid lines are the
predicted total squared form factor at 8=160' and
8=90', respectively, for the 1& T=0 state built on the
%ildenthal ground state. The disagreement between
theory and experiment is everi worse for the 1 states
built on the other ground states.

E. The 1,2, T=0(9.929 MeU) state

The E„=9.929 MeV state is listed in the compila-
tion of Endt and Van der Leun' with an ambiguous
spin assignment of (1,2) . This assignment was de-
duced on the basis of l =1 angular distributions
in Al(d, n) Si and Si(p, d) Si reactions. The
experimental squared form factor for this state is
shown in Fig. 14, and the Rosenbluth decomposition
into F, (q) and Fr (q) is shown in Fig. 15.

If this state were a pure 2 excitation, the transi-
tion would be M2 and F, (q) would be zero. Since
the data show both F, (q) and Fr (q) to be nonzero,
the state cannot be pure 2 . It can be either a pure1, or a composite of a 1 and a 2 state spaced
very closely together.

F. The 3 T=O/6 T=O (11.58 MeU) complex

The 6 T=O state, Hke the 6 T=1, is expected
to be dominated by the 1fq&2-ldq~2

' particle-hole

FIG. 13. Coulomb and transverse squared form factors
for the 1 T =0 (8.904 MeV) state in 28Si, extracted from
the data of Fig. 12. The open diamonds denote F, (q)
while the solid disks denote F, (q).

configuration. Being a "stretched" state, the 6 can
be excited in a one-step process only through the
spin transition density. This makes possible a direct
comparison between the cross sections observed in
(e,e') and (p,p'). Because the spectroscopic factors
in (p,p') are smaller for the 6 T =0 than for the
6 T =1 states, in both Si and Mg, Petrovich
and Love have suggested that the T =0 states have
significantly different wave functions from the cor-
responding T=1 states, with more complicated
many-particle-many-hole structure in the 6 1=0.
Thus it would be interesting to measure the elec-
tromagnetic form factor of the 6 T=0.

A peak is observed in the (e,e') spectrum at
E„=11.58+0.015 MeV. Unfortunately, in this
range, there are two known states in Si, the 6
T=O at 11.577 MeV, and a 3 T=O at 11.585
MeV. ' The experimental resolution is insufficient
to resolve these. The experimental data are shown
in Fig. 16.

The 6 T =0 is an M6 excitation, so its squared
form factor should be purely transverse. A Rosen-
bluth decomposition of the data of Fig. 16 is shown.
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FIG. 14. Total squared form factor for the 1, 2
T =0 (9.929 MeV) state in Si. Experimental points are
shown by solid disks (8=160') and crosses (8=90').
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FIG. 15. Coulomb and transverse squared form factors
for the 1, 2 T=0 (9.929 MeV) state, extracted from
the data of Fig. 14. The open diamonds denote F, (q),
while the solid disks denote FT (q).

in pig. 17, together with the OSRPA predictions for
the 6 T =0. F, (q) can be attributed only to the

T=O, whereas Fr (q) can have contributions
from both the 3 T=0 and the 6 T=0. Since
Fr2(q) for the 3 does not necessarily bear any rela-
tionship to F, (q) in either shape or size, it is not
possible to extract the 6 T=0 form factor. How-
ever, the local maximum in Fr (q) near q,rr=1.8
fm ' is perhaps indicative of a contribution from
the 6 T =0.

The salient features of the OSRPA calculations
for the 6 T =0 state in Si are contained in Table
V.

It is noteworthy that a small amount of T = 1 ad-
mixture would greatly enhance the strength of the
squared form factor, since for spin excitations like
the 6 T=1 components are excited -28 times
more strongly than T =0 components. However,
for the observed Fr (q) to be entirely due to the 6
a mixture is required:

16 ) =0.9816 T=O)+0.1916 T =1),
which seems like an improbably large amount of iso-

spin mixing for two 6 states separated in excitation
energy by 2.8 MeV.

G. The 6 T =1 {14.356 MeV) state

The very prominent 6 T =1 state was discussed
in a previous paper. We wish to present here the
results of some recent calculations for the 6 T =1,
using the OSRPA.

As mentioned in Ref. 28, the observed 6
strength is smaller than the theoretical strength as
calculated in the OSRPA. We present in Table VI a
summary of the calculations. The experimental
B(M6) value is obtained from the' theoretical values
simply by scaling down according to the ratio of
F (q) at the peak of the form factor. This is not
strictly correct since the shape of the theoretical
form factors does not match that of the experimen-
tal data.

It is seen that the theoretical B(M6) depends
strongly on the particular ground state used in the
calculation. The factor by which the M6 strength is
quenched thus ranges from 0.37 to 0.55, depending
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FIG. 16. The experimental total squared form factor
for the 11.58 MeV complex. The solid disks denote data
taken at 8= 160'; the crosses denote data taken at 8=90'.

on the model ground state. Thus, in any discussion
of quenching of magnetic strength due to, e.g., re-
normalization of nucleon magnetic moments, it may
be safest to restrict the discussion to closed-shell nu-

clei, since the ground states of open-shell nuclei are
perhaps less well known.

H. The 5 T =1 {13.248 MeV) state

The 5 T=1 state at E„=13.248 MeV has been
investigated via the (p, y) reaction by Lam et al. '

There are several known states'9 in the vicinity of
the 5 within the energy resolution of this experi-
ment, so the observed peak at 13.244+0.010 MeV
may actually be a composite of several unresolved
peaks. In fact, the observed squared form factor

FIG. 17. Coulomb and transverse squared form factors
for the data of Fig. 16. The open diamonds denote E,~(q),
while the solid disks denote ET (q). The solid, dashed,
and dotted lines marked "6 " are the OSRPA predictions
for the 6 T=0 transverse squared form factor, for the
Kuo/shell model, oblate PHF, and Wildenthal ground
states, respectively. The lines marked "3 " are the
remaining part of E& (q) after the corresponding 6 con-
tribution has been subtracted. An oscillator parameter of
b =1.8 fm was used in the calculations.

does not resemble that of a 5 state, so the 5 con-
tribution to the strength of the observed peak is
probably small. However, we can use the strength
of the peak to put an upper limit on the strength of
the 5 T = I. The experimerital data are shown in
Fig. 18.

The OSRPA calculations are summarized in
Table VII. It is seen that if the E„=13.248 MeV
peak is identified with the OSRPA 5& T =1 state,

TABLE V. OSRPA predictions for the 6 T=0 state in '8Si, assuming a 1f7iz-Idq12
configuration and b =1.8 fm.

Ground state

Kuo/shell model
Oblate PHF
Wildenthal

E„(MeV)

16.983
14.621
15.382

B(M6) (p~ fm' )

3.878 X10'
5.838' 10'
5.134' 10'

Ez~ (fore)

0.74804
0.90652
0.86096

EI,& (back)

0.01628
0.00867
0.01889
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TABLE VI. OSRPA predictions for the 6 T =1 state in ~'Si, assuming a 1f7i2-Idqi2
configuration and b =1.8 fm.

Ground state

Kuo/shell model
Oblate PHF
Wildenthal
Experiment

E„(MeV)

17.397
14.843
15.655
14.356

8(M6) (p/'fm' )

1.088 x 10
1.647 x 10'
1.462 x 10
6.022x 10'

F~q (fore)

0.4320
0.5234
0.4971

Fq~ (back)

0.0137
0.0088
0.0122

10
Si 5 T= I REGION (I3.248)

I I I

then the observed strength is much less than the
predicted strength. The OSRPA predicts, and the
data show, a large transverse component to F (q); an
analysis of the OSRPA amplitudes reveals that for
q & 1 fm ', FTt(q) is dominated by the spin part of
the transverse electric operator. However, reduction
of the nucleon spin g factor, sometimes suggested as
the mechanism for the quenching of magnetic exci-
tations, cannot explain the observed lack of 5

T=1 strength, since the OSRPA prediction for
F,2(q) alone exceeds the observed total squared form

factor, and F, (q) does not depend on spin magnetic
moments. It is implausible that the 13.248 MeV
peak can be identified with the OSRPA 5z or 53
T= 1 states, since no 5 T=1 peak of the predicted
strength is observed at lower excitation energies. A
similar but less drastic, quenching is observed for
the 5 T=1 in Mg. s

The apparent quenching may in fact be due to
fragmentation of the 5 T =1 strength due to cou-
pling of the particle-hole OSRPA 5i state with oth-
er degrees of freedom in the nucleus. The 5 T =1
state at E„=13.248 MeV may therefore be the
lowest lying of these fragments, with other 5 T = 1

fragments yet to be discovered.

I. The 4 T =1 (12.664 MeV) state

lo

lO

Ii

I II

A prominent peak is observed at
E„=12.66+0.015 MeV; this we tentatively identify
with the 4 T =1 state at E„= 12.664 MeV. Out
to q ff = 1.9 fm ', which is the largest q at which
data were taken at both 160' and 190', the squared
form factor is almost purely transverse (see Fig. 19).
This is what we expect for an M4 transition. In
fact, at q,rr=1.55 fm ', a Rosenbluth decomposi-
tion gives

Fz (q) =(8 8+ 1.0) )& 10

F, (q) =(2.35+2.24) &(10

lO
0.5

I
I

t
I

I
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FIG. 18. Experimental total squared form factor for
the 13.24 MeV peak, for 8=160' (solid disks) and 8=90'
(crosses). The dashed and solid lines show the total
squared form factor for 8=160' and 8=90', respectively,
for the 5i T=1 built on a Wildenthal ground state. The
agreement between theory and experiment for the other
ground states is even worse.

In the discussion of the 5 T=0 state, we saw
that states of different parentages could have the

Ground state Max F, (q) Max F (q)9p

Kuo/shell model
Oblate PHF
Wildenthal

1.36x 10
1.61 x 10
1.13x 10-'

3.23 x10-'
1.73x 10-'
2.42x 10

10.038
15.428
14.293

TABLE VII. OSRPA predictions for the 5i T=1
state. Column two is the height of the first maximum of
F,~(q). Column three is the height of the first maximum
of the total squared form factor, as measured at a scatter-
ing angle of 8=90'. The maxima are reached at values of
q ff between 1.7 fm ' and 1.8 fm ' in each case.
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FIG. 19. Experimental total squared form factor for
the 4 T =1 (12.664 MeV) peak, for 8= 160' (solid disks)
and 8=90' (crosses). The dashed line and solid line are
the 8=160' and 8=90' total squared form factors, respec-
tively, for the contrived 1d5/2-1p3/2

' configuration listed
in Table VIII. The dotted line is the 4~ T=1 OSRPA
state built on an oblate PHF ground state, reduced by a
factor of 0.5. The dashed-dotted line is the sum of the
squared form factors for the 4& and 42 T =1 states built
on the oblate PHF ground state.

same shape for F, (q), but that measuring both
F, (q) and FT (q) imposes more stringent con-
straints on the parentage. For magnetic states such
as the 4, F, (q) is always zero, so there is no
"second constraint" and the parentage cannot be
unambiguously deduced froin the (e,e') results
alone. As an example, the three contrived sets of
RPA amplitudes listed in Table VIII were all found
to give good fits to the data (see Fig. 19). Because
this is not a "stretched" state, both spin and orbital
current densities can contribute to the transition,
and these cannot be separately extracted from the
data in a model-independent fashion. For the above
three contrived configurations, it is found that con-
figuration 2 is a pure spin-flip transition, whereas
the other configurations have large orbital contribu-
tions as well. The excitation of this state by a dif-
ferent probe (e.g., protons) which has a different rel-
ative sensitivity to the spin and orbital densities, to-

Configuration F~p (fore) Fq~ (back) b (fm)

Set 1

Set 2
Set 3

1f5yi 1d5yi-

ld5/2 lp3/2

&f7n ld3n-
1f5yi-1d3yz

0.6345
0.2436
0.3750

—0.1211

0.0
0.0
0.0
0.0

1.80
1.80
1.77

gether with the (e,e') data, would enable one to
separate out the spin and orbital densities.

The OSRPA is totally unsuccessful in explaining
the observed squared form factor for this 4 T =1
state. For all the ground states, the predicted 4~
7= 1 state exhibits a much narrower squared forin
factar than is observed experimentally, indicating an
unexpectedly small transition radius. The graph of
F (160') for the oblate PHF ground state, shown in
Fig. 19, is typical.

Calculations were also performed in which the
nucleon spin magnetic moments were decreased by a
factor of 0.75, but the RPA amplitudes were left un-

changed. For a pure spin-flip transition, FT (q)
would be decreased by (0.75) =0.56, approximately
the quenching factor observed for the 6 T=1
state. For the 4& T =1 OSRPA states built on the
three ground states of concern to us, this decrease in

spin magnetic moments resulted in almost no
change in shape, and a decrease in the magnitude of
FT (q) by 0.50—0.60; thus quenching of the nucleon
magnetic moment is not the cause of the broad form
factor.

The situation is further confused by the fact that
at E„=12.644 MeV, only 20 keV away, there is
another resonance which Meyer et aI. tentatively
designate 4, but which Endt and Van der Leun'
list only as 3 —5 . Its strong decays' to the 5
T =0 (E„=9.072) and 3 T =0 (E„=6.879) is sug-

gestive of 4 T =1. Hawever, to the end of August
1982 (Refs. 19 and 31) no experiment had ever been
done explicitly to measure the spin of the
E„=12.644 resonance via, e.g., angular correlations
of decay y rays. If this resonance is 4 T =1, then
there are two 4 T =1 states within 20 keV of one
another, and the experimentally observed squared
form factor is a composite af the squared form fac-
tors of the two states.

The calculations predict the 4~ and 4z T =1
states to be fairly closely spaced (see Fig. 20). Un-
fortunately the sum of the 4i and 4s squared form
factors, for any one of the four model ground states
considered, does not resemble the observed squared
form factor. The sum of 4i and 4z squared farm
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FIG. 20. Distribution of 4 T =1 strength as observed
experimentally, and as predicted by the OSRPA operating
on the Kuo/shell model, oblate PHF, and Wildenthal
ground states. The experimental value was obtained from
the B(M4) value of the contrived 1d5~2-1p3/2

' configu-
ration of Table VIII. Because the OSRPA predicts a
larger transition radius than is observed, and since
B(M4)—r, the predicted B(M4)'s are much larger than
the experimental value, which has been multiplied by 10
for graphical purposes.

factors for the oblate PHF ground state, shown in
Fig. 19, is the most favorable case; the analogous
sum for the other ground states shows an even more
marked dip at q = 1.8 fm

It might seem plausible that, if there are two 4
T=1 states only 20 keV apart, some residual in-
teraction might cause the OSRPA states to be
mixed, i.e.,

14' &'=~14' &+p142&

142& p141 &+t 142&

and the total squared form factor which we observe
would be the sum of F (q) for 14~&' and 142&',
rather than the sum of 14~ & and 142&. It is easy to
show that F (q) would be the same in both cases, as
follows. If 1@o& is the Si ground state, and

14'&=Ot' I@'o& and 142& O2
I

C'o&

then it follows that

where M is an electromagnetic operator.
Substituting for P&+ and P2+, and using the fact

that a and p are real numbers such that a +p =1,
it follows that F (q)=F (q)'. Thus, mixing has no
effect on the summed squared form factor, and can-
not explain the observed F (q).

In conclusion, the OSRPA is unable to predict the
observed, anomalously broad form factor. It would
be desirable to establish the spin of the E„=12.644
MeV resonance, since if it were a strong resonance
in (e,e') and not 4 T=l, our previous analysis
would be erroneous. It would also be desirable to
redo this (e,e') experiment with a thinner target to
obtain high resolution, so that any interfering peak
20 keV away could be resolved.

V. DISCUSSION

As a tool for predicting the properties of the
negative-parity states of Si, the OSRPA is seen to
be very sensitive to the ground state wave function
used. In each case, a change in the ground state
from Kuo/shell model to oblate PHF to prolate
PHF to Wildenthal is observed to drastically change
both the distribution of strength as a function of ex-
citation energy, and the particle-hole configuration
amplitudes of the individual states. In the OSRPA,
the double-commutator formalism' was specifically
designed to make the OSRPA insensitive to many-
body correlations of rank greater than two;
nonetheless, the calculations presented in this paper
demonstrate that the results are Uery sensitive to
one- and two-body densities of the ground state
wave function. Of course, the uncertainty in the
ground state must be resolved before the validity of
the OSRPA itself can be tested against experimental
data.
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Other parameters which enter the calculations are
the single-particle energies and the residual interac-
tion. Variations in these quantities will also affect
the results. The Gillet CAL interaction was ob-
tained empirically by selecting calibration states in
closed-shell nuclei whose structures were assumed to
be adequately described by the RPA, and then vary-
ing the parameters of the interaction until the RPA
predictions agreed with experiment. This interac-
tion, obtained for closed-shell nuclei, is then as-
sumed to be valid in open-shell nuclei. This is
perhaps questionable. The Gillet interaction is
density-independent, whereas the true nucleon-
nucleon interaction depends on the local density of
nuclear matter. The average density may not be the
same in open-shell nuclei as in closed-shell nuclei,
and so a residual interaction derived for closed shells

may not be applicable in open shells.

The OSRPA assumes that the excited state is ob-
tained from the ground state by promoting a single
nucleon to a different orbital; all other nucleons are
assumed to remain frozen in place. There is no pro-
vision for the possible rearrangement of the remain-

ing core nucleons. But if the excited state is strong-

ly collective, one might expect that excitation of one
nucleon to be coupled to changes in the configura-
tion of many of the remaining nucleons. Since such
rearrangements of the -core may have unknowingly
occurred in the calibration states used to fit the
parameters of the residual interaction, the interac-
tion may already be partially renormalized for such
core rearrangements. Of course, there is no a priori
reason to believe that the core rearrangement associ-
ated with a calibration state should resemble that as-
sociated with another excited state in a different nu-

cleus.
The Si nucleus is interesting in that it is soft to

shape deformations, in contrast to the Mg nucleus,
which is rigidly prolate. The electron scattering
data for the 3~ and 3q T =0 states in Mg and Si
are very suggestive of this. In Mg, the OSRPA
operating on a single shell model ground state is suf-
ficient to reproduce the shapes of both 3& and 32

states, whereas in Si, the 3I resembles the
OSRPA excitation of an oblate PHF ground state,
while the 32 resembles the OSRPA excitation of a
prolate PHF ground state.

The coupling of a one-particle-one-hole configura-
tion to other degrees of freedom in the nucleus, such
as core rearrangement, can lead to fragmentation of
the particle-hole strength. This was proposed as a
possible explanation for the anomalously weak exci-
tation of the 5 T =1 state. The softness of the Si
nucleus to shape deformations makes it especially
vulnerable to such core rearrangement effects. Gen-
erally, when the observed strength of a single peak is

less than predicted by theory, it is questionable
whether the quenching is due to fragmentation of
the strength or due to more exotic effects, sucii as
meson exchange currents of b-hole effects.

States such as the 6 T=1 and the 5 T=O
have only one or a very small number of contribut-
ing particle-hole configurations, and thereby offer
the hope that the particle-hole structure may be suf-

ficiently well understood that deviations between

theory and experiment may be attributed to one or
more of the complicated or exotic effects mentioned
above. Such deviations do indeed exist. The
quenching of the strength of the 6 T =1 (Ref. 28)
is part of a general pattern of quenching of magnetic
strength in many different nuclei, and has been at-
tributed to renormalization of the nucleon magnetic
moment, 9 to 5-hole effects, and to many
particle-many hole components in the wave func-
tion. The OSRPA predicts the correct strength for
the 5 T=0, but an anomalously large oscillator
parameter is required to achieve a satisfactory fit to
the data. Discrepancies between theory and experi-
ment for such simple states as the 6 and the 5 are
a clear indication that there is much more new and
interesting physics yet to be unraveled by the study

of these states.

VI. SUMMARY

The high resolution of the present experiment has
enabled us to isolate, for the first time, the elec-
tromagnetic form factors of the 1 T=0 (8.904),
5 T=O (9.702), 1, 2 T=0 (9.929), 3p T=O
(10.180), and 4 T= 1 (12.664) states. The 3~

T =0 (6.879) state has been studied by subtracting
off the theoretical contribution of the nearby 4+
(6.889) state. An upper limit for the squared form
factor of the 5 T = 1 (13.248) has been established.
The 3 T=0/6 T=0 complex at 11.58 MeV
remains unresolved.

The OSRPA predictions for these negative-parity
states has been shown to be sensitive to the ground
state wave function used. The Kuo shell model
ground state is most successful for the 5 T=O
state, the oblate PHF and %ildenthal ground states
are most successful for the 3I T =0 state, and the
prolate PHF ground state is most successful for the

3z T =0 state. None of the ground states used can
reproduce the form factor of the 4 T=1 state.
The 5 T=1 to be anomalously weak, leading to
speculation that the strength may be fragmented.
The small transverse squared form factor of the
natural parity states is shown to be a sensitive mea-
sure of the parentage of the state.
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APPENDIX: GILLET FORCE PARAMETERS

The parameters are defined in terms of the singlet
and triplet projection operators for spin and isospin
P, (o },P, (o ), P, (r), and P, (r), where

P, (o }=—,(1—cri cry),

P, (cr)= —„(3+oi o2)

and analogously for P, (r) and P, (r}. The two-body
interaction is

V(r) =exp[ (r—i') ][C "P,(r)P, (o)

+C"P,(r)P, (cr)

+C 'P, (r)P, (o)
+C"P,(r)P, (o)],

where

C"=29.25 MeV, C' = —45.0 MeV,

C '= —22. 5 MeV, C =6.75 MeV,
and

@=1.6795 fm
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