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The structure of Be is investigated using electron scattering measurements at 90 and 160' for
momentum transfers between about 1.0 and 2.5 fm '. In addition to the — ground state and the

narrow
2

state at 2.43 MeV, detailed line-shape analysis was used to extract cross sections for

broad states at 1.68, 3.05, 4.70, 6.38, 6.76, 11.28, and 13.79 MeV. The previously unknown state at
6.38 MeV was isolated from the known 6.76 MeV state in both (e, e') and (p,p') data using the
dependence of peak position upon momentum transfer. On the basis of the form factor, the 6.38
MeV state replaces the 6.76 MeV state as the —, member of the ground-state rotational band and

the 6.76 MeV state is identified with the lowest —,
+ state predicted by the shell model. The data for

all states are compared with a shell-model calculation that uses the full OA'co and lficu model spaces.
Calculations are also presented for the narrow states between 14 and 18 MeV excitation.

I. INTRODUCTION

For p-shell nuclei it is possible to test extensive shell-
model calculations with a large variety of reactions. In
this paper, we compare OAco and 1Acu shell-model calcula-
tions for Be with electron scattering data for all narrow
states and several broad states below 18 MeV of excita-
tion. In a companion paper, we report similar data for
the scattering of 180 MeV protons. ' We find that much
insight into the structure of this nucleus can be obtained
by comparing these reactions.

The only narrow states that are observed in Be below
14 MeV excitation are the —,

' ground state and the 2.43
MeV state identified as the —,

' member of the ground-
state rotational band. The —,

' member of that band is
usually identified with the broad state listed at 6.76 MeV
in standard compilations. However, when (p,p') spectra
are analyzed with a single Lorentzian peak in this region,
the apparent position systematically shifts from about 6.4
to about 6.8 MeV as the momentum transfer increases. '

The same systematic shift is observed in the present
(e,e') data.

This result can be interpreted as evidence for the ex-
istence of two broad states of different multipolarities,
with the state of lower multipolarity occurring lower in
energy. ' Electroexcitation of the rotational band should
be dominated by a common C2 form factor. The lowest
—', + shell-model state should be excited predominantly via
a C3 multipole and hence its form factor is expected to

peak at larger momentum transfer than those of the rota-
tional band. Therefore, we tentatively identify the new
state observed at 6.38 MeV in this (e, e') experiment and
in the (p,p') experiment of Dixit et al. ' as the —,'rota-
tional state and identify the 6.76 MeV state as the previ-
ously unknown —', + state. Hence, we believe that the
Ajzenberg-Selove assignment of —,

' to a single broad
peak at 6.76 MeV is incorrect.

We have also obtained data for many other relatively
broad states in Be. Empirical fits to the form factor data
were made using shell-model calculations whenever possi-
ble to determine the dominant multipoles. The shell-
model calculations were performed using the Cohen and
Kurath interaction for p-shell matrix elements and the
Millener and Kurath interaction for cross-shell matrix
elements. A more complete description of the calculation
and the notation for the wave functions may be found in
Ref. 7, which describes similar results for ' C. Calculated
and experimental energy levels are compared in Tables I
and II. As detailed in Sec. IV, we tentatively identify the
state at 11.28 MeV as J =—', +, T= —,

' and the state at
13.79 MeV as J =(—', ——', ), T= —,'.

We also compare calculations for four narrow states
above 14 MeV with the electron scattering data of Lourie
et al. These states include the lowest —,

' and —,
' states

with T= —,
' and two positive-parity states with T= —,

' that,
according to Woods and Barker, owe their narrow
widths to parentage by a 2+T=1 excitation of the Be
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core. The present shell model calculation using a larger
basis supports these assignments and is in good agree-
ment with the form factor data.

The experiment and data analysis is described in Sec.
II. The method used to analyze the form factors is
presented in Sec. III. Our results are presented in Sec.
IV and our conclusions are summarized in Sec. V.

II. EXPERIMENT AND DATA ANALYSIS

A. Experimental arrangement
and analysis procedures

The experiment was performed at the MIT-Bates
Linear Accelerator using the ELSSY spectrometer. De-
tailed descriptions of the spectrometer and detector sys-
tems may be found in Refs. 10 and 11. Data spanning
momentum transfers between about 1.0 and 2.5 fm
were taken at angles of 90 and 160 using electrons with
energies between 100 and 360 MeV. The beam energies
were determined with precision better than 0.7 MeV from
the differential recoil between beryllium and oxygen
peaks observed using mixed-isotope BeO target foils.
Data at 90' were collected using a pure Be foil with
thickness 26.76 mg/cm . Most of the data at 160' were

taken with Be targets with thicknesses of 18.65 and
23.16 mg/cm . A few spectra at 160' were taken with
BeO targets ranging in thickness between 22.18 and 38.23
mg/cm . Cross sections were normalized according to
the procedure of Lourie et al. First, the Be elastic cross
section was obtained from measurements made with a
BeO target normalized by comparing the ' 0 cross sec-
tion with phase-shift calculations using the known ' 0
charge density. ' Then, measurements with Be targets
were normalized to this elastic cross section. This nor-
malization procedure is most important at 160 where un-
certainties of 1 in target angle are amplified by reflection
geometry into 10% uncertainties in cross section. The
required normalization factors were generally within
10% of unity.

The spectra were analyzed using the ALLFIT program
and methods described in Refs. 14 and 15. Narrow peaks
were fitted using an empirical resolution function convo-
luted with a theoretical radiative response function.
Broad peaks were described by Lorentzian line shapes
[Ref. 14, Eq. (12)], using the positions and widths listed in
Tables I and II and a threshold of 1.665 MeV, and were
convoluted with the radiative response and the resolution
function determined by the narrow peaks.

Given the limited momentum acceptance, two or three

TABLE I. p-shell wave functions for Be using Cohen-Kurath (6—16) interaction.

J„ 3/2}
T 1/2
E,„(MeV)' 0.

E„, (MeV)' 0.
r (MeV)'

(Ap) L S

5/2(
1/2

[2.43]
2.429(1)

1/2,
1/2

2.80

2.78(12)
1.08(11)

3/22

1/2
4.88

7/2)
1/2

5.98
6.38(6)'
1.2(2)'

SU3 amplitudes

5/23
1/2

11.39
13.79(3)
0.59(6)

3/21
3/2

13.27

14.392(2)

1/21
3/2

16.60
16.975(1)

(12)

(20)

(01)

3-
1 —' 0 035

1 ——0.089

2 —' 0.149

2 — 0.042

3 —' —0.017
3-
0 J 0082
2

~
0015

2 — 0.021

1 —' —0.032

1 — 0.036

1
~
—0.003

(31) 1
2

0.925

(31) 2
2

—0.317

(31) 3 —' —0.260

0.939

0.112

0.106

0.094

0.078

0.007

—0.051
—0.077

0.063

0.007

0.987

0.083
—0.108

0.028

0.003

0.073

0.013

0.027

0.322

0.922

—0.107
—0.006
—0.088

0.041

0.045

0.131
0.019

—0.074

0.020

0.029

0.013

0.882
—0.263

0.289

0.209
—0.035

0.150

0.042

0.121

0.227

—0.853

0.165

0.361

0.015
—0.008

0.123

0.027

—0.066

0.169

0.922

—0.126

—0.233
0.209

0.097
—0.061
—0.152

0.959

0.139

0.239

0.054
—0.032

'Excitation energies were adjusted to place 5/2& state at 2.43 MeV.
Positions and widths from Ajzenberg-Selove (Ref. 2) unless noted otherwise.

'Position and width from Dixit et al. (Ref. 1).
Electron scattering data for the state at 13.79 MeV are also consistent with theoretical form factors for 3/23 (9.72 MeV),

7/22 (10.03 MeV), or 5/24 (12.87 MeV).
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TABLE II. Wave functions for positive-parity states of Be(e,e') with T= 2.

1/2)+

5/2)+

3/2)+

9/21+

5/2q+

3/2
7/2~+

1/2+
3/2+
1 /23

7/22

E,„(MeV)'

[1.68]
2.87

4.92

6.39
7.52

8.17

8.46

8.81

9.26
11.08
12.01

Z,„, (MeV)'

1.680(15)
3.049(9)
4.704(25)

6.76(6)'

11.28(5)'

I (MeV)'

0.200(20)

0.282(1 1)

0.743(55)
1.33(9)'

1.1(2)'

0+sd

0.833

0.708

0.516

0.471

0.587

—0.390
—0.258

0.050

0.477
—0.410
—0.399

0.944
—0.073
—0.235

0.550

0.751
—0.693

0.199

0.647

0.525

0.676

—0.740
—0.587

—0.069

Weak-coupling amplitudes
2+ dsi2 2 s&yp 2 d3yp

—0.197

0.150
—0.218

0.071
—0.115

0.744
—0.085

0.494
0.838

—0.554

'Theoretical energies adjusted to place 1/2&+ state at 1.68 MeV.
Positions and widths from Ajzenberg-Selove (Ref. 2).

'Positions and widths from Dixit et al. {Ref. 1).
Largest components of the form Be(J+ ) sd( j ).

spectrometer settings (bites) were required to cover 14
MeV of excitation. Because these data were acquired
during experiments principally designed to study oxygen
isotopes, these bites often had less than ideal coverage of
the broad peaks in the beryllium spectrum. For example,
the broad bump near 6.5 MeV was sometimes only par-
tially covered by one of the bites. In such cases, we used
the spectrum with the most complete coverage to deter-
mine the cross sections for the broad states and then en-
tered fixed cross sections for these peaks into the analysis
of other spectra in which these peaks were cut off. In this
way the continuum could be made consistent between the
bites.

The continuum was described by polynomial functions
whose parameters were adjusted to ensure continuity
across bites. The continuum rises fairly rapidly between
about 1.6 and 6 MeV and then decreases gently for exci-
tation energies between about 6 and 14 MeV. Therefore,
we usually need either quadratic or cubic background
functions to describe the continuum in this region of the
spectrum. However, spectra which do not cover a large
range of excitation energy can also be fitted equally well
with linear backgrounds. The only peaks which are
strongly a6'ected by this ambiguity are the low-lying
positive-parity states at 90, which appear to have larger
areas when linear instead of quadratic backgrounds are
used. Also note that omission of the broad —,

' state at
2.78 MeV, which was seen in (p,p'), ' has a similar effect
upon these peaks. Use of quadratic backgrounds whose
parameters are guided by spectra for higher excitation
energies tends to alleviate both of these difticulties and
improves the consistency of the 90' data for these peaks.

Typical spectra are shown in Figs. 1—3. There are only
two narrow peaks below 14 Me V, namely, the
ground-state and the —,

' state at 2.429 MeV. A continu-
um begins at 1.665 MeV, the threshold for Be—+ Be+n

10

0'

10

0
101

~())!(it),]J!Id('I
Ie I air S ~&Par ~ I»

10
0 1 2 3 4 5

Excitation Energy (MeV)

FIG. 1. Sample spectrum for the 0—5 MeV excitation region
of Be obtained by scattering 170 MeV electrons through 160.
Each peak, the continuum, and the total fit are shown. Notice
that the ~+ peak lies just above the break-up threshold and is

rather asymmetric.

break up. As illustrated by the 160 spectrum shown in
Fig. 1, the peak corresponding to the —,

'+ state is rather
asymmetric because it has a substantial intrinsic width,
yet lies only 15 keV above threshold. The —,

'+ state at
3.05 MeV also appears most clearly at 160'.

Between 3 and 12 MeV there are several peaks with
widths between about 0.3 and 1.5 MeV. Among the most
prominent of these is a strong broad peak near 6.7 MeV
and illustrated by Fig. 2. According to Dixit et aI., this
bump is actually composed of two broad peaks with the
positions and widths listed in Tables I and II. Our
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ample, using electron scattering for momentum transfers
below 1.5 fm ', Ngoc et al., ' Clerc et al. , ' and Slight et
al. ' all report strong states with C2 angular distributions
at 6.4 MeV. Ngoc et al. , in particular, analyzed their
data for that state in terms of the rotational model.
However, a variety of transfer and inelastic scattering re-
actions report positions ranging from 6.4 to 6.8 MeV
with little agreement on width. The discrepancies be-
tween these reactions may be attributed to their incom-
plete description of the spectrum.

C. Analysis of the 11.28 MeV peak

The analysis of proton scattering data made by Dixit et
a/. ' produced a width I (11.28)= 1.10+0.23 MeV for the
state at 11.28 MeV that is almost twice as large as the
width I (11.28 ) =0.575+0.050 MeV compiled by
Ajzenberg-Selove. The latter value is based upon two
transfer reactions. Using the Li( He, p ) reaction,
Cocke' deduced a width of 620+70 keV; however, the
11.28 MeV peak was partially obscured by a stronger
peak at 11.81 MeV. A similar value was found by
Ajzenberg-Selove et al. using the ' B( H, a) reaction,
for which interference from the 11.81 Me V peak seems to
be less important. Finally, Hasselgren et al. ' reported a
width in the range 0.5—1.0 MeV based upon a (p,p') ex-
periment. However, the smaller values did not give a
good description of Dixit's (p,p') spectra. '

We analyzed the (e, e') spectra twice, once with a
width of 0.575 MeV and again with a width of 1.10 MeV
for the 11.28 MeV state. Examples of these fits are
shown in Fig. 3. When the smaller width is used, the fit
tends to fall below the low-excitation side of the 11.28
MeV peak. However, only a very slight preference, on
the basis of g, was obtained for the larger width, so that
the electron scattering data do not determine the width of
this state unambiguously. The cross sections fitted to the
11.28 MeV state are effectively proportional to the as-
sumed width because the fitted peak height is almost in-
dependent of width. Therefore, although the shape of the
11.28 MeV form factor is well determined by the data, an
uncertainty in the overall scale that is perhaps as large as
a factor of 2 must be considered when comparing to
shell-model calculations.

Unfortunately, the results for the 11.81 MeV state are
strongly affected by the ambiguity in the width of the
11.28 MeV peak. As also shown in Fig. 3, the analysis of
the 160 data clearly indicates the presence of the 11.81
MeV peak with either width for the 11.28 MeV peak.
However, use of the larger width reduces the cross sec-
tions fitted to the 11.81 MeV peak, especially at 90' where
nonzero results for the 11.81 MeV state could only be ob-
tained using a narrow width for the 11.28 MeV peak. Be-
cause of these ambiguities, we do not quote results for the
11.81 MeV state. Fortunately, no cross sections for states
other than those at 11.28 and 11.81 MeV are affected by
these ambiguities.

D. Analysis of other broad peaks

The state at 4.70 MeV is identified as —,
'+ but its large

width and small strength make it very difficult to extract

the —', + peak from the much stronger 6.5 MeV peaks, the
continuum, and the tail of the —,

' peak. The low-q data
at 160' were usually collected with BeO targets and with
momentum bites that were suitable for ' 0 but unfavor-
able for the —,

'+ state of Be. The larger-q data at 160'
usually did not have enough statistics to permit reliable
extraction of the —', + peak. Although the peak was more
prominent at 90', where the data are less ambiguous, the
absence of backward angle data for this state is probably
an artifact of the experiment that does not reQect the rel-
ative strengths of the transverse and longitudinal form
factors.

The peak at 13.79 MeV was clearly visible at 160', as
shown in Fig. 3, but was virtually absent at 90'. Hence,
that state appears to be predominantly transverse. A
peak at 7.94 MeV was also included in the analysis, but
was too weak to obtain reliable extractions from stronger
neighbors with uncertain widths. The broad —,

' state at
2.78 MeV was not clearly evident in any of the spectra
and was omitted from the analysis.

E. From factor data

Form factors measured at 90' and 160' are compared in
Fig. 5. The rather small differences between forward and
backward angles that are observed for the —,

' and —,'
states indicate dominance of the longitudinal form factor.
These two form factors appear to share similar C2
shapes. A small transverse form factor is evident for the

state, but the transverse contribution to the —,
' data

is too small to extract. Similarly, the ground-state data
show significant magnetic contributions. Except for the
—,
'+ state, all of the positive-parity states show large or
even dominant transverse form factors. These data are
examined in more detail in Sec. IV.

Experimental cross sections are compiled in Table III.
Additional electron scattering data for some of these
states is available from Refs. 16—18 and 22—26. We in-
clude these data in our subsequent analysis whenever ade-
quate agreement is found for overlapping momentum
transfers. Most discrepancies between previous results
for some of the broad states and the present data can be
attributed to deficiencies in the methods of analysis avail-
able to earlier experiments.

III. ANALYSIS OF FORM FACTORS

A. Electron scattering

Electron scattering calculations were performed using
the plane-wave Born approximation, in which the cross
section takes the form

+I' (~)~ ~F
J J

where Z is the atomic number of the target nucleus and 0
is the scattering angle. The point-charge cross section is
given by
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FIG. 5. Form factors measured at 90' are plotted as closed circles and data for 160' as open circles. Notice that the enhancement
of the 160 data indicates substantial transverse form factors for the positive-parity states, but that the proposed 2 state is almost
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2a cos (0/2)
sin (0/2)

(2)
The nuclear structure is described by longitudinal

Coulomb (C), transverse electric (E) and transverse mag-
netic (M) form factors of the form27

where E0 is the incident energy and a is the fine-structure
constant. The recoil factor is given by

kf —k, cos8
1+ (3)

where k; (kf ) is the initial (final) momentum and ET is
the total energy (including rest mass) of the recoil nu-
cleus. The angular factors

I

I

f d'r 'Vr(q, r)p(r) i), (6a)

(6b)

J d'r —V(IVrr(q, r) I(r) (),
q

Vi (0)=q„/q (4a)

V (&)= " +tan —,Iq„'I, g

2 2' (4b)
q

where q and q„are the squares of the three- and four-
momentum transfers, respectively, govern the relative
weights of the longitudinal and transverse form factors.
Distortion corrections are made by replacing the asymp-
totic momentum transfer with the e6'ective local momen-
tum transfer

V, (r, )
q ~qeg

0

where V, is the Coulomb energy at the approximate elec-
tron radius r, =(L+1)/q and L is the minimum orbital
angular momentum transfer for a particular transition.

Pr (I )= f fd r err(q, r) I(r) il,Z J. (6c)

&JM(q r) =~'J(«»JM(r»

+LJM q»=APL(q )I: &L( ) ~JM

(7a)

where~'I (x ) is a spherical Bessel function and YJM(r ) is
an ordinary spherical harmonic.

B. Rosenbluth separation

It is useful to parametrize the form factors using the
polynomial-Gaussian expansion (PGE)'

where (p, I) is the nuclear 4-current operator and where

x =&2x + 1. Scalar and vector solid harmonics are
defined by
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c &4~ q'
Z (2J + 1)!!

V

FJ (q)
1/2

co J+1 4' q f( )J Z (2J + 1)!!

' 1/2

FM( )
~ 'q f( )

—yyB v

J Z (2J + 1)!!

(8b)

(8c)

matching momentum transfer. Furthermore, local Auc-
tuations tend to be smoothed by subtracting a fitted
quantity sensitive to a broad range of q. The principal
disadvantage of this procedure is that if either the trans-
verse or longitudinal form factor is especially small, devi-
ations between the fit and the data for the strong form
factor produce artificially large variations in the separat-
ed data for the weak form factor. For example, the
square of the transverse form factor may appear negative
if the fitted longitudinal form factor is above the data for
backward angles. Nevertheless, for most of the states
studied here, either one form factor is sufficiently dom-
inant or the data are adequate to determine both form
factors with relatively little ambiguity.

where y =(qb/2) and where b is an appropriate oscilla-
tor parameter. The connection between the polynomial
coefficients A and B and the shell model is simplest
when the auxiliary form factor f (q ) is taken as the prod-
uct of single-nucleon and center-of-mass form factors fsN
and f, where

fsN(q)= 1+
2 —2

(9a)

f, (q)=ey " (9b)

and where A=4. 33 fm '. This representation satisfies
Siegert's theorem provided that Bo = A o for
transverse-electric multipoles. It is also useful to observe
that irrotational Aow within an incompressible liquid
drop requires B = A for all v. This condition can be
applied when the transverse-electric form factor is too
small to extract uniquely. Finally, the normalization fac-
tors in Eq. (8) are chosen so that B (EJ)= /1 o for normal-
parity and B (MJ) =Bo for abnormal-parity multipoles.

When the ground-state spin J; &0, several multipoles
can contribute to the excitation of each state. Under
these conditions, it is usually not possible to extract from
the data unique form factors for each multipole. Hence,
for each state, we restrict the analysis to those multipoles
which the shell model predicts will be dominant. Fur-
thermore, we limit the number of terms in each polyno-
mial according to the harmonic-oscillator model. Final-
ly, when the transverse-electric form factor is small, we
assume incompressible, irrotational Aow.

It is usually more useful to display the data in terms of
separated longitudinal and transverse form factors in-
stead of at the two angles 90 and 160'. To make this sep-
aration, we fit the total data set using the functions de-
scribed above. Longitudinal "data" are then produced by
subtracting the fitted transverse form factor from the
data acquired at forward angles. The estimated uncer-
tainty in the fitted transverse form factor is included in
the uncertainty quoted for the longitudinal data. Similar-
ly, transverse "data" are extracted by subtracting the
fitted longitudinal form factor from the backward-angle
data and suitably increasing their uncertainties.

The principal advantage of this procedure is that it is
not necessary to possess data at angle pairs with precisely

C. Form factors from the shell model

Shell model form factors were calculated using
harmonic-oscillator wave functions with b =1.765 fm.
Standard finite-size and center-of-mass corrections were
applied according to Eq. (9). Except for the elastic CO
multipole, effective charges of eo=1+5e +5e„=1.6e
and e& =1+5e —5e„=0.7e were used. These values are
typical of C2 and C3 excitations in the p shell and the sd
shell. ' ' Magnetic multipoles were not renormalized, ex-
cept as noted in the text. To ensure consistency with
Siegert's theorem, transverse-electric multipoles were
computed from the modified operator

1/2J+1 f«gge PqM(q, r)g;TJ~ = ——+E co q

q 2m

1/22J+1
d r ggePJ+i JM

—Vg,3 1

q

+ J d r pe&'JJM P (1O)

evaluated as a sum over single-particle orbitals with
effective charge e and magnetic moment operator p= po. .

IV. RESULTS

In this section, we compare theoretical predictions for
the form factors with the data and empirical fits based
upon the PGE. Wherever possible, the shell model is
used to guide the choice of dominant multipoles and to
constrain the fits. The fitted parameters are collected in
Table IV and the electromagnetic moments are compared
with shell-model predictions in Table V.

A. Ground state rotational band

The simplest model for Be consists of two a particles
covalently bound by a valence neutron. The ground state
of such a system would be highly deformed and would ex-
hibit a rotational band based upon the —', ground state.
The clearest example of this structure is provided by the

state, whose longitudinal form factor is expected to be
almost pure C2. Using two terms of the PGE for the C2
form factor and assuming irrotational Aow, we performed
a Rosenbluth fit to the data for the —', state. The fitted
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TABLE IV. PGE fits to Be(e,e') form factors.

E (MeV) State Ao' Bo

2.43

6.38

1.68

4.70

3.05

11.28

6.76

3
2

5—
2

7
2

+
2

3+
2
5+
2

( 7+)d
2

(9+)d
2

1+
2+c

3+
1+

2+
3+
2+

2+c

[1.1284]

4.13(6)

6.79(4)

5.80(9)

4.05(4)
0.185(8)

0.18(1)

0.17(2)

0.95(29)

7.5(4)

14.7(2)

—0.306(6)

—0.355(5)

—0.58(2)

—1.33(5)
—0.33(1)
—0.028(6)

—0.09(2)

—0.4(2)

—0.0395(3)

0.0769(2)

2.09(7)
0.95(1)

[6.79]
0.73(21)

[0.185]

0.15(3)

[0.18]

[0.17]

0.40(3)

[0.95]
7.6(2)

[7 51

[14.7]

13.2(6)

—0.0756(4)

—0.075(4)

[—0.58]

—3.42(16)
—0.13(1)

[—0.09]
—0.18(2)

38.6(7)

'Coefficients A and B are in units of fm
Square brackets indicate fixed parameter for A, or for B that the parameter is constrained to A .

'Obtained by scaling C2 fitted to 5/2& .
"Suggested multipolarity.

form factors are shown in Fig. 6. The shape of the C2
form factor was then used for the C2 contributions to the

and —,'states, with only the strengths allowed to
vary. Three terms of the CO form factor were adjusted
for the —,

' state. In the absence of a clear need for C4 ex-
citation, this multipole was omitted for both —,

' and —,'
states.

The C2 form factor fitted to the —,
' state provides a

good fit to both the —,
' data and the elastic data for

q ~ 1.5 fm '. From the strength of the elastic C2 form
factor, we deduce a quadrupole moment Q=5.9+0. 1

e fm in good agreement with the value 5.3+0.3 from
hyperfine measurements. We also note from Table IV
that the relative strengths of the —,

' and —,
' states are in

good accord with the rotational model, which predicts
that the B(C2) values for the —,', —,', and —,'states
should follow the ratios 1:—", :—", . However, with the
scale-factor analysis the —', form factor is only about half
the intensity predicted by that model.

Shell-model calculations for the ground-state rotational
band are compared with the data in Fig. 7. The longitu-
dinal form factor is described very well for the —,

' state.
Using standard effective charges co=1.6 e and e& =0.7
for the C2 form factors gives good agreement with the
form factor for the —,

' state and with the C2 contribution
to elastic scattering, although the quadrupole moment is

smaller than either the hyperfine measurement or the
(e, e') analysis. Nevertheless, good agreement with the
elastic form factor at high-q is obtained through enhance-
ment of the second maximum of the CO form factor. The
shape of the C2 form factor, on the other hand, appears
to peak at a momentum transfer that is slightly too large.
We also observe that the shell-model calculation for the

state is almost identical with the scale-factor fit and
also peaks too far out. Finally, the shell model predicts
strengths in the ratio 1:3.41:1.35 compared with the rota-
tional model 1:2.57:1.43. Thus, the shell model enhances
the strength of the —,

' state relative to the ground state.
Alternatively, the fit to the data for the —', state can be

improved considerably by allowing the shape of the C2
form factor to vary. With a more Aexible shape, the
fitted form factor is larger at its peak, but falls more rap-
idly with momentum transfer. Allowing for this shape
difference, the ratio of strengths 1:2.69:1.92 agrees well
with the rotational model. If this difFerence in form fac-
tor is taken seriously, it would indicate a stretching of the
quadrupole density for higher spins. However, in the ab-
sence of reliable data at low momentum transfer, it is
difticult to determine the shape of the form factor or to
uniquely determine its peak. Although a broad bump
with C2 characteristics has been observed in several pre-
vious low-q experiments, ' ' the analysis techniques
were not conducive to reliable extractions.
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TABLE V. Electromagnetic matrix elements for Be(e,e').

E,„, (MeV)

2.43

6.38

1.68

3.05

4.70

6.76

11.28

Eth (MeV)

[2.43]

[1.68]

2.87

4.92

6.39

7.52

8.46

9.26
12.01

3/2)

5/2)

7/2i
1/2)+

5/2+

3/2)+

(9/2(+ )'

5/2q+

(7/2) )'

3/23+

7/22+

Matrix element'

Q(e fm~)

p (nm)
B(M3)
B(C2}
8(C2)
B(M1)
8(M3)
B(C2)
B(C1)
B(M2)
B(C1)
8(M2)
B(C3)
B(M4)
B(C1)
B(M2)
8(C3)
8(C3)
B(M4)
B(C3)
B(C3)
8(M4)
B(C3)
8(C3)
B(M4)

5.86(6)
—1.16(2)

4.4(3)
17.1(3)

46.0(5)

0.0090(3)
0.5(3)

33(1)
0.034(3)
0.023(8)
0.029(5)
0.16(2)

0.9(6)

58(3)

216(5)
174(16)

57(6}

Other

5.3(3)
—1.1778(9)

25.6( 1.4)'
0.027(2)'

Theory'

4.35
—1.27

9.72

9.43

32.2
0.0068
2.22

12.7
0.0045

0.022

0.0039
0.018

12.5
127.6

0.0006
0.013
3.41

17.6
223.8
25.7
26.5
35.9
3.26

4.72

78.7

'Quadrupole moment, dipole moment, and reduced transition probabilities. The units of B(CJ) and B(MJ) are both e fm
From present PGE fits.

'Includes effective charges but omits scale factor applied to plotted form factors.
From Ajzenberg-Selove compilation (Ref. 2).

'Low q (e, e') from Ref. 16.
'Low q (e, e') from Ref. 33.
~Suggested identifications.

The data for the —,
' and —,

' states are sufficient to ex-
tract the rather small transverse form factors for these
states. The 180' data of Lapikas et al. determine the
elastic M1 form factor, whereas the present 160 data
determine the elastic M3 form factor. Two terms are
needed to describe the M1 at low q. The data of Clerc et
al. ' determine the M1 for the —,

' state. No attempt was
made to fit an M3 form factor to the rather sparse trans-
verse data for the —', state. Fits to these form factors are
shown in Fig. 6 and the coefficients and multipole mo-
rnents are listed in Tables IV and V. Shell-model calcula-
tions, shown in Fig. 7, describe the shapes of these trans-
verse form factors quite well. For elastic scattering, the
squared magnetic form factors need to be quenched by a
factor of about 0.7 to reproduce the data, whereas no
quenching seems to be needed for the —,

' state.
The absence of a detectable transverse contribution for

the 6.38 MeV peak supports assignment to the ground-
state rotational band. By contrast, the enhancement of
the 160' data for the 6.76 MeV peak, shown in Fig. 5,
strongly suggests a positive-parity assignment.

B. C3 excitations

The longitudinal form factors for the states at 6.76 and
11.28 MeV seem to peak further out in momentum
transfer than those of the ground-state rotational band,
suggesting a multipolarity of C3 rather than C2. Similar-
ly, the transverse from factors are more important and
also peak at larger momentum transfer, suggesting M4
dominance. Therefore, we identify the 6.76 MeV state
with the lowest —', + state, which is predicted to occur at
an excitation energy of 6.39 MeV. Based upon the simi-
larity between the longitudinal form factors for the 6.76
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FIG. 7. Shell model calculations for the ground-state rotational band are compared with the data using the same legend as Fig. 6.
The squared elastic magnetic form factor calculation has been scaled by 0.7 to give better agreement with the M1 data.

data by a factor of about 1.7. If these identifications are
correct, the data suggest that proton transitions partici-
pate considerably more strongly than predicted, perhaps
as a consequence of deformation of the single-particle po-
tential.

However, we note that although the shapes of the form
factors are well determined by this experiment, the mag-
nitudes for both states depend strongly upon their
widths. For example, if the width of the 11.28 MeV is
not actually as large as the result of Dixit et al. , ' the scale
factor needed to bring the shell-model calculation into
agreement with the data would be closer to unity. Simi-
larly, the magnitudes for the calculated form factors de-
pend upon wave functions at large radii which, for these
broad states, may be poorly described by harmonic-
oscillator orbitals. Therefore, we consider the accuracy
of the calculated shapes to provide relatively strong
confirmation of these assignments despite the inaccuracy
of the magnitudes of the form factors.

If the identifications of the 6.76 MeV state as —', + and
the 11.28 MeV state as —', + are correct, the longitudinal
form factors should be dominated by C3 and the trans-
verse by either M4 or E3 multipoles of similar shape.
Fits to the data using C3+M4 for the 6.76 MeV state
and C3+E3 multipoles for the 11.28 MeV state are

shown in Fig. 9. A small E3 contribution for the 6.76
MeV state was estimated assuming irrotational Aow. Al-
though the longitudinal data do not extend to small
enough momentum transfer to confirm the shapes and ex-
tract the strengths with great confidence, the successful
high-q shapes tend to support our identification of C3
multipoles.

In the present calculation, about 90% of the 9/2&+
wave function is described by weak-coupling between a
valence d5&2 neutron and the 2& T=O state of the Be
core. Therefore, excitation of that state is dominated by
a p~d neutron transition whose C3 strength depends
upon the neutron effective charge. Enhancement of the
corresponding proton transition requires admixture of a
Li2+@d5&2 configuration, which is dificult to accom-

plish in the face of a 14 MeV gap between these core
states. Moreover, even if the interaction were adjusted to
concentrate all C3 strength carried by —,'+ states into a
single state, the total strength would still be less than half
the strength observed near 6.7 MeV. Therefore, three
possible explanations for this concentration of C3
strength present themselves. First, the model space may
require enlargement. Second, ground-state correlations
of the type (sd) p could substantially enhance the low-
lying C3 strength. However, both of these modifications
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FIG. 10. Shell-model calculations for low-lying positive-parity states, using long dashes for J= 1, short dashes for J=2, long-short

dashes for J=3, dots for J=4, and solid curves for total form factors. The present data are shown as closed circles and those of
Clerc et al. (Ref. 17) as open circles.
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factor develops a minimum near 1.5 fm ' and is again
strong near 2 fm '. The strength of the second max-
imum of the fitted Cl form factor interferes with extrac-
tion of the C3 multipole and causes the fitted C3 form
factor to be small and uncertain. Similarly, the Clerc
data for large angles require an M2 form factor that is
considerably stronger than the shell-model prediction.
Two terms for the M2 and one for the M4 form factor
were used. An acceptable fit is achieved for the trans-
verse form factor but the fit to the longitudinal form fac-
tor must be considered somewhat speculative.

factor has a predominantly M3 character that agrees well
with the data for both 90 and 160 in both shape and
magnitude. This choice also describes the (p,p') data
quite well. ' However, the —,

' state at 13.35, —,
' state at

12.87, and the —,
' states at 10.03 and 12.22 MeV also

agree with the shape of the form factor and are within a
factor of 2 of the magnitude. Therefore, we conclude
that the state at 13.79 MeV is most likely a negative-
parity T= ,' sta—te with J =(—,

' ——,') and prefer an as-
signment of —,

' based upon comparison of (e, e') and
(p,p') data.

D. The 13.79 MeV state E. Narrow states above 14 MeV

The multipolarity of the state we observe in the 160'
data at an excitation energy of 13.79 MeV has not yet
been established. Based upon similarities observed in the
"B(p, He) Be and "B(p,t) B reactions and energy
correspondence, it has been suggested that the Be states
at 11.81, 13.79, and 15.97 MeV are J =

—,', T= —,
' ana-

logs of 8 states at 12.06, 14.01, and 16.02 MeV. How-
ever, the angular distributions are uncharacteristic and
are consistent with any AJ=2 transition from the —,

'
mass-11 ground state. Comparing form factors comput-
ed for several shell-model states with energies in this vi-
cinity, we can eliminate any of the positive-parity states
as variable candidates. Several negative-parity T=—,

'

states with multipolarity between —,
' and —', produce

form factors with the desired characteristics. In Fig. 12
we compare the 90 and 160' data with calculations for
the third —, state, which is predicted to occur at an exci-
tation energy of about 11.39 MeV. We find that the form

10

I. Negative-parity states with T=
2

Shell model calculations for the lowest —,
' and —',

states with T= —,
' are compared with data for their trans-

verse form factors in Fig. 13. A scale factor of about 1.2

1 2 x Calc.
14.393 MeV-

T=3/2
J 3/2

10-4

Data for four states above 14 MeV that came from this
experiment have previously been published by Lourie et
al. Additional data at lower momentum transfer have
been reported by Bergstrom et al. For completeness
and for later use in the companion paper on (p,p'), we
present form factors based upon the present shell-model
calculation.
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FIG. 12. Data for the 13.79 MeV state are compared with
calculations for the third

2
T=

~
shell model state.

FIG. 13. Shell-model calculations for narrow T=
~

negative-parity states are compared with the data from Lourie
et al. {Ref. 8) {closed circles) and Bergstrom et al. {Ref. 40)
{open circles). Total form factors are shown as solid curves, M1
as long dashes, E2 as short dashes, and M3 as long-short
dashes. Scale factors were applied to squared form factors as in-
dicated.
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state, including the position of the minimum. In fact,
these form factors are in better agreement with the data
than those of Woods and Barker. Therefore, the present
calculations support their identifications of these states.

V. SUMMARY AND CONCLUSIONS

Electron scattering data have been used to study the
structure of Be, with particular attention given to states
whose large intrinsic widths have inhibited previous stud-
ies. Although line-shape uncertainties complicate this
study for some states, the shapes of the form factors and
the relative strengths of the longitudinal and transverse
contributions are determined with useful precision.

Several new identifications have been proposed. De-
tailed analysis of spectra for both electron and proton
scattering under similar conditions reveals that the peak
listed at 6.76 MeV and identified as —, in standard com-
pilations actually consists of two broad peaks which are
ex|-ited with similar strengths. On the basis of its strong
C2 form factor, which is consistent with both the shell
model and the rotational model, we identify the state at
6.38 MeV as the —', member of the ground-state rotation-
al band. The state at 6.76 MeV has a longitudinal form
factor with characteristic C3 shape and a substantial
transverse form factor with characteristic M4 shape.
Therefore, we identify the 6.76 MeV state with the previ-
ously unidentified —,'+ state predicted by the shell model.
Similarly, comparisons between the data and form factors
and energies predicted by the shell model suggest assign-
ments of —,'+ for the 11.28 MeV state and ( —', ——,') for
the T= —,

' state at 13.79 MeV.
With harmonic-oscillator wave functions and standard

effective charges, the shell model provides good descrip-
tions of all of the narrow states. In particular, both the

longitudinal and transverse form factors for the —,
' and

states are described very well, although the elastic
magnetic form factor needs to be reduced by a factor of
about 0.7. The narrow negative-parity T= —,

' states are
also described well. Finally, the positive-parity T= —,

'

states near 17 MeV which originate in the coupling of a
neutron in the sd shell to a 2+ T=1 excitation of the Be
core are also described quite accurately.

However, this model fails to account for the strength
of the longitudinal form factors observed for the —',

+ and
—', + states and fails to describe the shapes of the form fac-
tors for the low-lying positive-parity states. These
difhculties for J ~

—,
' are probably due to the use of

harmonic-oscillator orbitals where unbound orbitals in a
highly deformed potential would be more appropriate for
Cl excitation of broad states with positive parity. Use of
more realistic radial wave functions can also be expected
to improve transverse form factors for low multipoles.
To increase the predicted C3 strength, either an enlarge-
ment of the model space or inclusion of (sd) p ground-
state correlations is probably required. We might also ex-
pect lplh excitations across 3A'm to make important iso-
scalar contributions to C1 and C3 transitions.

In the following paper, the scattering of 180 MeV pro-
tons is used to study these same states. Analyzing powers
provide additional information on multipolarities and the
comparison between (p,p') and (e,e') provides informa-
tion on the relative strengths of neutron and proton tran-
sition densities. For example, from this comparison we
find that the 6.76 MeV state is reached by a very nearly
isoscalar transition, contrary to the shell-model predic-
tion of neutron dominance. Therefore, the large scale
factor required to reproduce the longitudinal form factor
for this state indicates that the present 1k' shell model
does not adequately describe the isospin structure of this
transition.
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