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The form factors for electroexcitation of the lowest T =2 levels in BBe (14.39 MeV, 2
16.97 MeV, 2 ) have been measured for momentum transfers bebveen 0.5 and 1.1 fm
Results are also presented for levels of unknown TJ" at 16.63 and 17.48 MeV excitation.
Radiative widths have been extracted. The form factor of the 16.63-MeV state is compared
with simple-spherical and deformed shell-model form factors. The ground-state rms radius
and quadrupole moment have been deduced from the elastic scattering data.

I. INTRODUCTION

An interesting feature of 'Be and a few other
light nuclei is the existence of several narrow
states (Fs 100 keV) near 16 MeV excitation. For
example, in Be there are T = —,

' states at 14.39 (—,
'

)
and 16.9V MeV (~ ), and states of unknown T J ' at
16.67, 17.28, and 17.48 MeV. These levels lie
well within the neutron continuum, but are either
bound or slightly unbound to proton emission. The
T= 2 levels have very narrow widths, less than 1
kev, which one expects since the isospin-conserv-
ing particle-decay channels are energetically un-

favored. The spins, isospins, and parities of the
other three levels are not known, so it is not clear
what mechanism is suppressing the neutron partial
widths for decay to the ground and excited states
of 'Be.

Few calculations have been made on the high-en-
ergy states of 'Be. The most extensive work of
which we are aware is the intermediate-coupling
calculation of Barker' for the states based on the
1s~1p' configuration. The interaction parameters
were chosen to fit the excitation energies of a
number of levels in We, including the TJ
(3.43-MeV), +2+ (6.66-MeV), 2 2 (14.39-MeV),
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FIG. 1. Spectra of electrons inelastically scattered from 93e in the 14-22-MeV excitation region. The data points
are separated by 30 keV.

and —,
'

—,
' (16.97-MeV) states. Four T = —,

' levels and
six T= —,

' levels were calculated to lie between 14
and 19 MeV excitation. Five of these states have
predicted ground-state radiative widths greater
than 1 eV, and therefore should be readily popu-
lated by electroexcitation at favorable momentum
transfers.

We have examined the 14-22-MeV region of 'Be'
using inelastic electron scattering with incident-
beam energies up to 122 MeV. The strongest in-
elastic peaks were observed corresponding to
levels at (14.388+0.015), (16.631+0.015), (16.961
a 0.015), and (17.480+ 0.020) MeV excitation.
Weaker levels were found at 13.84, 15.10, 15.93,
18.02, 18.62, 19.51, and 20.76 MeV excitation
(all +0.050 MeV). Most of these levels have been
seen in other electron-scattering work. ' Figure 1
illustrates a spectra obtained in this experiment
in the 14-22-MeV excitation region, while Fig. 2
shows three spectra in the 17-MeV region. Note
that the 16.63-MeV peak has nearly vanished in the
122.3-MeV spectrum, implying the diffraction mini-
mum of the form factor has been approached. The
14.388- and 16.961-MeV excitations are the lowest
known T = —,

' levels in 'Be, previously reported' at
14.392 and 16.973 MeV. The 16.63-MeV peak is

possibly the state reported at 16.67 MeV by Cocke4
from the 'Li('He, P)'Be reaction and at 16.65 MeV
in the Darmstadt electron-scattering work. '

The purpose of this paper is to report measure-
ments of the form factors for the electroexcitation
of the 14.39- (-,' ), 16.63-, 16.96- (2 ), and 11.48-
MeV levels of 'Be at momentum transfers between
0.52 and 1.10fm '. Radiative widths have been ex-
tracted and compared with the theoretical predic-
tions of Barker. The inelastic scattering cross
sections were measured relative to the elastic
cross section. The elastic form factor in turn was
evaluated not by an absolute measurement, but
rather by an internal-consistency method, de-
scribed below.

II. EXPERIMENTAL APPARATUS

This experiment was carried out at the electron-
scattering facility at the University of Saskatche-
wan. The target was a wafer of metallic beryllium
approximately VO mg/cm' thick. Spectra were
measured at scattering angles of 145.0, 145.9,
and 153.4' and the incident-beam energy was
varied between 62 and 122 MeV. The beam charge
was measured by a nonintercepting resonant-
toroid monitor.
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Scattered electrons were detected by a recently
installed 45-channel array constructed from 24
overlapping plastic scintillators arranged along
the focal plane of a 20-in. radius-of-curvature 127
double-focussing spectrometer. A channel is de-
fined by a multiple-coincidence requirement be-
tween adjacent detectors. The detectors are 0.35
in. wide in the dispersive plane. Each detector
contributes to five channels, so the channel width
is about 0.0'7 in. , which corresponds to a momen-
tum acceptance of about 0.08'fo. Details of the de-
tector system will be published elsewhere. '

distribution used in evaluating the ratios had an
rms radius of 2.45 fm. The 'Be elastic scattering
cross section contains EG and E2 terms, and we
assumed the Coulomb distortion factor is the same
for both.

The Ml and M3 contributions are sl/0 under the
conditions of this experiment, and therefore were
neglected.

Finally, the modified peak areas, corrected for
Coulomb distortion, were least-squares fitted to
the P -shell phenomenological function

III. ANALYSIS OF DATA

Elastic Scattering

Normally, absolute cross-section measurements
depend on an accurate knowledge of the acceptance
solid angle of the spectrometer, the target thick-
ness, and the calibration of the charge monitor.
For the present experiment, the product of these
three variables was not sufficiently well deter-
mined to permit an accurate absolute measure-
ment. Instead, the product was treated as an un-
known parameter which was deduced from the data,
along with the nuclear charge-distribution param-
eters, by a least-squares fitting procedure. This
approach does not lead to precise determination of
those parameters, but it does provide a consisten-
cy check with the results of previous elastic scat-
tering experiments.

The procedure for obtaining the elastic form
factor was as follows. The areas of the elastic
scattering peaks were computed by integrating the
spectra from the high-electron-energy side down
to a point about three peak widths below the maxima.
The usual virtual and soft photon (Schwinger cor-
rection), thick target bremsstrahlung, and ioniza-
tion-loss correction factors were applied. ' Angle-
and energy-dependent kinematic factors, charac-
teristic of the Mott cross section, were removed,
leaving modified elastic peak areas which are di-
rectly proportional to the elastic scattering form
fa.ctor. (Actually, the usual form-factor descrip-
tion is only valid in the Born approximation; for
the present discussion we will define the form
factor as the ratio of an experimental cross sec-
tion dix jd Q to the Mott cross section o„.)

One cannot directly compare elastic scattering
cross sections with calculations based on the Born
approximation, since the electron wave is distorted
by the Coulomb interaction. Therefore, the data
were reduced to "Born-approximation data" by
multiplying the areas by distortion factors equal
to the ratio of EO cross sections evaluated in the
Born approximation to those computed by the phase-
shift program YALERF. The shell-model charge

to give N, o., and 5 for various values of Q. The
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FIG. 2. Spectra of electrons inelastically scattered
from Be near 17 MeV excitation. The three peaks cor-
respond to levels at 16.63, 16.96, and 17.48 MeV exci-
tation, as determined by this experiment. The 17.48-MeV
peak is broader than the others, reflecting the natural
width of this state (-50 keV) (Ref. 3). The ordinate scales
for the three spectra are not identical.
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parameter N is the scale factor which depends on
target thickness, etc. , and Q corresponds to the
spectroscopic quadrupole moment. The rms radius
is determined by a and b.

The errors associated with the elastic data are
a combination of the errors based on the counting
statistics, typically -l/q, and errors which may be
described as "deviations" not associated with
counting statistics. These "deviations" include an
accumulation of instrumental effects; for example,
micrometer measurements on the beryllium tar-
get revealed local thickness variations of about 2/g.
A series of least-squares fits of the modified
areas, uncorrected for Coulomb distortion, were
made to four-parameter functions similar to those
given in Eq. (l). Only the statistical errors were
used in the fitting procedure. That fit which gave
the lowest y' was chosen as providing a measure
of the self-consistency of the data. The statistical
errors were then scaled by (y'/degree of free-
dom)'~', which corresponded to a scale factor of
about 2.

Inelastic Scattering

The cross section for the electroexcitation of a
discrete level can be written, in the first Born

-4
X IO

where

(Zn ' cos'(8/2) 2E,
~ 2Z, '(e/2)

(2)

is the Mott cross section. Here E~(q) and Fr(q)
are the longitudinal and transverse form factors
for the transition, and q', q„' are the squares of
the three- and four-momentum transfers, re-
spectively. Previous angular-distribution mea-
surements at constant q at this facility' and else-
where' have shown that the electroexcitation cross
sections for the levels in the 14- to 18-MeV ex-
citation region have at most very small longitudi-
nal contributions. Consequently, in the analysis
we have neglected the longitudinal components;
i.e. the form factors were considered to be com-
pletely transverse.

The inelastic spectra were fitted by a nonlinear
least-squares program which synthesized the ob-
served spectra in terms of a series of analytic
peak shapes superimposed on a smooth poly-
nomial background function. The analytic shapes
were integrated to specified energy cutoffs (two or
three peakwidthsbelowthe maxima), and theasso-

approximation

4 2

=g„q", 1F (q) ~

'+ ", + tan'(8/2) )Fr(q) l
',
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FIG. 3. Transverse form factors for the T =2 levels
in 9Be. The solid lines represent generalized Helm mod-
el fits for Ml transitions.

FIG. 4. Transverse form factors for the 16.63- and
17.48-MeV levels. The solid curve through the 16.63-
MeV data represents the generalized Helm model fit for
an Ml transition, and the short-dashed curve is the E2
(spin-Qip) fit, which is slightly poorer. The El and M2
fits to the 16.63-MeV data are nearly indistinguishable
from the solid curve. The solid curve through the 17.48-
MeV data represents an Ml fit, while the long-dashed
curve represents El and M2 fits, which are nearly
identical.



2232 J. C. BERGSTROM et al.

ror associated with the elastic form factor. This
procedure was adopted to give a reliable upper
bound to the errors, some components of which
may not be statistical in origin.

Numerical values of the transverse inelastic
form factors are presented in Table I.

OJ gj
LI

oy 0
L

EO

I

OJ
LL.

Q =6.5

Q=3,5

IV. RESULTS AND DISCUSSION

Elastic Scattering

The rms radius, the quadrupole moment Q, and
the oscillator parameter 5 as determined in the
present experiment are

( r')'~' = 2.46+ 0.11 fm,

Q = 6.5 +o'', fm' '

I

0,6 0.8
q(fm '}

I

l.0
I

I,2

ciated errors were evaluated from the total error
matrix. Inelastic form factors ~Er(q)~' were ob-
tained by comparing the inelastic to elastic peak
areas, using the elastic form factor to provide
the necessary calibration.

The transverse form factors for the —,
' (14.39-

MeV) and —,
' (16.96-MeV) T = ~ levels are shown

in Fig. 3. The results for the 16.63- and 17.48-
MeV levels are displayed in Fig. 4. The error
bars in these figures were generated from a lin-
ear combination of the errors evaluated in the
shape fitting of the inelastic spectra, and the er-

FIG. 5. Comparison of the elastic scattering data,
corrected for Coulomb distortion, with the least-squares
fit to Eq. (1), using Q = 6.5 fm2. The form factor with
this Q is referred to as I 6 5 . Also indicated is the com-
parison of the Q =3.5-fm fj.t with E6 5 .

5=1.5 '3 fm.0 ~ 2

This (r')'~' is consistent with previous measure-
ments obtained at lower momentum transfers:

(r')' '=2 519+0.012 fm, "
Q=3.2+ 1.2 fm',

(r')"I' = 2.46+ 0.09 fm."
However, the present value for Q, although model-
dependent, is much larger than that obtained in the
low-q measurements. A fit of Eq. (1) to the data,
with Q=3.5 fm', yields (i')' ' =2.5i fm which is
close to the rms radius found by Jansen, Peerde-
man, and De Vries, "but the X' of the fit doubles
to X'=12 for 6 degrees of freedom. In Fig. 5 the
data and the fit for Q=3.5 fm' are compared
with the fit for Q =6.5 fm'.

Bouten et al."have analyzed the elastic scatter-
ing data of Meyer-Berkhout et al. , Nguyen-Ngoc
et al. , and Bernheim et al. in terms of wave func-

TABLE I. Transverse form factors for levels in Be as measured in the present experiment.

q
(fm ~)

14.39
)Z {q)['xIO'

(MeV)
16.63 16.96

lz {q)I'x xo'
17.48

0.53
0.66
0.73
0.82
0.89
0.89
0.93
0.93
0.97
1.07
1.10

8.51
12.5
13.2
15.4
18.4
18.8
18.6
19.5
20.4
22.1
21.5

+ 0.5
~ 0.7
+ 1.1
+ 0.8
+ 0.8
+ 1.0
+ 0.8
*1.1
+ 0.9
+ 1~1
+ 1.3

0.52
0.65
0.72
0.81
0.87
0.92
0.96
1.06
1.09

4.06 + 0.28
6.12 + 0.40
6.12+0.41

" 5.84+0.48
5.04+ 0.49
4.26 + 0,42
3.50+ 0.43
2.03+ 0.48
0.78 + 0.46

4.93 + 0.32
5.71+0.42
6,49+ 0.45
7.42 + 0.64
6.97+ 0.53
8.00 + 0.50
8.23+ 0.53

10.22+ 0.68
9.32+ 0.69

6.40+ 0.47
9.99+ 0.86

12.2 + 1.1
' ' "1'2.7 +0.8

12.8 + 1.0
13.7 +0.8
12.7 + 0.8
13.4 +'1.0
12.3 +1.1
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tions derived from a projected Hartree-Fock cal-
culation. Their results suggest a quadrupole mo-
ment between 525 and 6 fm2. The quadrupole mo-
ment has also been deduced from a hyperfine-
structure measurement, and with a Sternheimer
shielding correction applied, a value @=5.3+ 0.3
fm' is obtained. "

Inelastic Scattering

2-"irradiative Widths

The possible transition multipolarities and cor-
responding radiative widths of the excited states
have been determined by least-squares fitting the
experimental form factors to the generalized
Helm model of Rosen, Raphael, and Uberall' us-
ing the first Born approximation. According to
this phenomenological description, the transition
magnetization and current densities are Gaussian
functions, described by a width parameter g, cen-
tered at a radius R in the nucleus. The reduced
matrix elements for EA. (transverse) and MA. tran-
sitions are given by

«'ll T;(q) II ~.&/(2~. +»'"

=c', —A, (q)j~(qR)+c', K(q)j„(qR),
q

(4)

«'ll T y(q) II ~0&/(2 ~2+ 1)'"
1/2

&( ),"I ', ( )

X+1
+ c, 2 1 j~,(qR)

(5)

TABLE II. Summary of ground-state radiation widths
from the present experiment and other work. The statis-
tical factor g is defined by g =(2Jp+1)/(2J+1), with Jp

I'„ is the single-particle Weisskopf unit.

(MeV) J"
I'y p

(eV)
Experiment Theory I'y p/I

Only M1 transitions give a satisfactory descrip-
tion of the T = —,

' (14.39- and 16.96-MeV) data in the
Helm model. This confirms the negative-parity
assignments for these levels. The M1 Helm-
model form factors for these levels are shown in
Fig. 3.

The 16.63-MeV level was assigned a positive
parity (M2 or spin-flip E1 transition) by Clerc
et al. ' based on the behavior of the form factor at
low momentum transfers. For this state we find
equally good fits for M1, M2, and spin-flip El
transitions, and a slightly poorer fit for E2. The
results are shown in Fig. 4.

The peak we observe at 17.48 MeV excitation
consists of an unresolved doublet whose compo-
nents lie at 17.28 and 17.48 MeV. ' In all our spec-
tra, the peak shape for this doublet was centered
close to 17.48 MeV excitation, which suggests that
the 17.48-MeV level has the dominant strength. A

recent angular-distribution study of the 'Li(d, n)'He
reaction by Friedland and Venter" indicates J'
= —,', —,', or ~2 for the 17.28-MeV level, and ~2 or

for the 17.48-MeV level. However, Clerc et al. '
conclude that the 17,48-MeV state has positive
parity (M2 transition or spin-flip El}.

The transition multipolarity which yields the

where

It(q) s e e /2

$(q} e 7 e /2

and M is the nucleon mass, J, and J' are, re-
spectively, the ground- and excited-state spins.
The parameters c„c„R,R, g, and g are to be
determined from the data for a given value of A. .
For so-called pure spin-flip EA, transitions, c', = 0
since the matrix element has no longitudinal coun-
terpart. The radiative widths predicted by the
generalized Helm model are

Pc 8p~ 2 k+j.
zI(2x + 1)!!]2

14.39

16.96

16.63 ~$

17.2sl~ f
17.48)~p

(M1) 6.2+0.6 b

8,1+0.8 c

6.7+1 4 d

6.9+0.5

{M1) 11.5 + 1.4"
8.6~0.9c

(M 1) (2.0 + 0.5) gb

(M2) (0.26 + 0.02) g b

{M2) (0.32+0.08) gc

{M1) (7.3+1.3) gb

(M2) (0.40+0.03) g"

(M2) (0.42 + 0.10)g'

5.3

2.4'

0.92 &

0.11

0.11

0.021g

0.065g

3.8g

~0 (ce}2
2 J'+1

X+1 2K+x 2X

I (2. + 1)!!) "
1 2J +1

(6)

(7)

' Reference 1.
"Present results.
c Reference 5.
d Reference 8.
~ Weighted average.
f JT =~3~~{15.8 MeV).
& yp(17.6 MeV) +p 2 (17.9 MeV).
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FIG. 6. Shell-model M2 form factors for a neutron
transition from the 1p3/2 to the 2s-1d shell, compared
with the form factor for the 16.63-MeV level. The oscil-
lator parameter b 0 and the neutron effective charge e„
have been varied by the method of least squares to give
the best fit to the data. The higher-lying member of
each pair of form factors has been computed with e„=o,
but with the same b 0 as the lower-lying member. The
1p3&2—2s&&2 form factor is independent of e„.

best fit of the generalized Helm model to the pres-
ent data on the 17.48-MeV level is Ml (Fig. 4).
Although the M2 and spin-flip E1 fits are also
satisfactory, all other multipoles can clearly be
rejected. An M1 assignment implies J"& —,

' for
this level, while an M2 transition wou1d give J"
&~2 . While the latter is in agreement with the re-
sults of Clerc et al. , none of these assignments are
consistent with the conclusions of Friedland and
Venter.

Table II summarizes the radiative widths derived
from the M1 and M2 Helm-model fits to the form
factors. Included for comparison are the results
of previous measurements, ' ~ ' and the theoretical
values from the intermediate-coupling calculation
of Barker. ' Reasonable agreement is seen to
exist between theory and experiment for the T = —,

'
levels. Barker's results do not include any levels
which could be immediately identified as the 16.63-
MeV excitation, however a level is predicted at
15.8 MeV (—,', T = —,') whose Ml radiative width is
close to that of the 16.63-MeV level. This tentative
identification has been included in Table II. As for
the 17.48-MeV level, T = —,

' levels are predicted at

17.6 (~a ) and 17.9 MeV (—,
'

), but the sum of the
theoretical ground-state M1 radiative widths is
much smaller than the present experimental value
for the 17.48-MeV peak.

Also presented in Table II are the ratios of the
radiative widths to the single-particle Weisskopf
estimates.

TotaL Width of 14.39-Me V Level

The ground states of 'C and 'Li, together with
the T =-,' levels at 14.39 MeV in 'Be and 14.66 MeV
in B form an isospin quartet which has recently
become the subject of investigation in an attempt
to gain information on isospin impurities in light
nuclei. ' The 14.39-MeV level in Be i,s bound
to isospin-conserving particle decay, therefore
I 1 t is a measure of the iso spin impurities in this
level. Using the weighted mean ratio I',/I'„,
=0.022+ 0.003 from the results of Refs. 16 and 18,
together with the average radiative width I'&,(M1)
from Table II, one obtains F...=0.31+0.05 keV.
This is somewhat smaller than previously re-
ported values of 0.5 keV" and 0.8 keV. '

Adloff et al."used I'»(M1) = 10.5+ 1.5 eV in
evaluating the partial-neutron and -proton widths
of the 'Be and 'B analog states. With the present
value I'&, =6.9+0.5 eV, the partial widths found by
these authors should be reduced by the factor
6.9/10. 5.

26.63-Me V Level

The form factor for this level is slightly unusual
in that it has a maximum at a relatively low mo-
mentum transfer, about 0.7 fm '. This behavior
has been seen in a few other light nuclei, for ex-
ample the Ml transition to the 3.56-MeV (0+, T=1)
state in 'Li."

The model analysis of the 16.63-MeV state is
complicated by the ambiguity in O'. If the parity
is negative, the only candidate in Barker's calcu-
lation' is the predicted level at 15.8 MeV (—,', T= —,'),
which has an M1 radiative width comparable to
that of the 16.63-MeV transition (Table II). Form
factors for this and the other states, using Bar-
ker's wave functions, have not yet been calculated.

On the other hand, if the parity is positive, the
simplest model is the promotion of a 1p nucleon
to the 2s-1d shell. As a test of this model, form
factors have been calculated in the framework of
the spherical and deformed (Nilsson) harmonic
oscillator, in the first Born approximation.

Shell Model. For the calculation based on a
simple spherical shell model, the neutron is
raised from the 1P3&, to the 1d»„2siga, or 1d,/3
shells. The assumption is made that the Be core
remains an inert spectator, so the excited state
necessarily has T= —,

' in this description. The sin-
gle-particle-transition matrix elements follow
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from the expressions given by de Forest and Walecka, "and for M2 transitions one obtains for

p 3/a 2sxga.

(n'I'j'
]( T ~"(q)([nlj) =i(0.461',„/Mbo)y(1-y)e ";

for 1p»p. 1d3

(n'I'j'll T,"(q)llnfj& =i(0 29.1/Mb, )(ll„—e„)ye "; (9)

for 1p»~ -1d»~.
(n'I'j'~~ Tf"(q) (( nlj) = i( 0666/ Mb, )[(1-0.47 6y) p, „+2e„/3] ye ", (10)

where y = (qb, /2)', 5, is the harmonic-oscillator parameter, p, „=-1.91, and e„ is the "effective charge" of
the neutron. The form factor is given by

where f (q) is the nucleon form factor, the exponential factor is the usual center-of-mass correction
term, "and A is the mass number.

The above expressions contain two variables, 5, and e„(except for the 1P,&, -2s,&, transition, which is
independent of e„). These parameters were varied to give a least-squares fit to the data. , and the results
are shown in Fig. 6. The parameters which give the best M2 fits are:

1p», -2s,&, 5, =1.65 fm;

1p„,- ld», -. 0, =1.89 fm, e„=0.99;

1p»z 1d3(2 ' 60~ 2.1 fm n=

Included in Fig. 6 are the form factors calculated with e„=0.
The data are seen to be fairly well described by an M2 neutron transition to the 2sziz or 1d,i, shells. The

values for b, are larger than the parameter b extracted from the elastic scattering data. This is not sur-
prising, since the 16.63-MeV level lies well within the neutron continuum, so the radius of a 2s-1d-shell
neutron would be larger than that predicted using the infinite harmonic-oscillator potential which describes
the ground-state properties.

Form factors for E1 transitions to the 2s,&„1d,&~, and 1d,&, shells have also been calculated in the sin-
gle-particle model. The apparent absence of a longitudinal component in the experimental form factor im-
plies a very small, or zero, neutron E1 effective charge. Assuming e„(El)=0, the El matrix elements
are:

1p3)p 2sygp

(n'I'j'(~ T ( q))) njf) =(0.266@, /Mb, )y(y-l)e '; (12)

1p3]~- 1d3(~.

(n' I'j'
~( T, (q))) nlj) = (0.'752p„/Mb, )y(1-0.4y)e "; (13)

1p31~ -1d5(~.

(n'l'j')~ T (q)((nlj) =(0.564', „/Mb, )y(1 —0.4y)e ". (14)

The E1 form factors do not agree with the data unless they are scaled by over-all multiplicative factors.
Also, the 1d-shell transition matrix elements require very large b, to put the maximum at the observed
position. However, the possibility of E1-M2 mixing cannot be excluded. Unfortunately, the electron-
scattering data do not provide a sensitive measure of the mixing ratios.

Strong-Coupling Model. It has been suggested that the 'Be ground state (J' = ~ ), the 2.43- (~ ), and

6.66-MeV (—,
' ) states are members of a K= ~ rotational band. Furthermore, the first and second excited

states of 'Be are broad resonances which approximately lie on a rotational sequence. Therefore, the
ground state of We could be described as a neutron bound to an axially deformed 'Be core. If the compo-
nent of the total nuclear angular momentum J along the intrinsic-symmetry axis is denoted by K, and the
projection of the angular momentum of the valence neutron along the same axis is 0, then, for 0= %, the
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nuclear wave function is"
2J 1 'I'

IzMsc) =
(

', [()„',(R)x,+(-()" '"a'„(f)Q(- )'c„x, ,),16m' j
where )(»

——Q& c&»)(&» is an expansion of the single-particle orbital in terms of a set of undeformed-poten-
tial orbitals )(~» (shell-model functions, for example).

In the strong-coupling model, the 16.63-MeV transition might be interpreted as a transition of the va-
lence neutron from the 0 = —, [101]Nilsson orbital (1p», shell in the limit of zero deformation) to one of
the six Nilsson orbitals which degenerate into the 1d,&„2s»„and 1d,&, shells at zero deformation. The
transition matrix element ip this model can be shown to be

«'&'ll r, (q)ll J,A;&=[(2J,+1)(2~'+1)]' 'Q cz» cz» ( j'll&, (q)ll j &

(16)

If the contribution of the core is neglected,
(j ll T~(q)ll j & is simply the M2 and E1 single-
particle matrix elements, given by E(ls. (8) to
(10), and (12) to (14), respectively.

The matrix elements contain the free parame-
ters b„e„, and the deformation parameter P. A
brief search was made, varying b, and e„, for
the best fit to the 16.63-MeV form factor (e„ is
assumed to be zero for the E1 transitions, as
mentioned above). The deformation was fixed at
P=0.3 (prolate deformation), and the c&» coeffi-
cients tabulated by Davidson22 were used. Of the
six Nilsson orbitals which were tried in the final-
state function, acceptable M2 fits were obtained
only for the —,

' [220] orbital, with Z' = —,
' and —,'.

The corresponding values of the oscillator con-
stant and neutron effective charge are

The magnetic-moment operator (((, (r) of the core
is given by g, [p(r)L],~, where L is the core an-
gular momentum and p, (r) has been given the same
spatial distribution as the charge density p(r). Re-
placing L by J-], where ] is the neutron angular
momentum (neither L nor j are conserved), one
sees that the core matrix element contributes a
term in j which in effect modifies the neutron mag-
netic-moment operator p„(r) = (g, s +gI 1)()(r —r, ).
The net result is to replace g„which depends on
8„, and g„which depends on the free magnetic
moment, by functions of q' which depend on the de-
tails of the core-transition charge density.

io-4-

J'= ~, 5, =1.96 fm, e„=-0.5,

b0=2.00 fm, e„=-0.5.

The M2 form factors for a neutron transition be-
tween the —,

' [101] and —,
' [220] ¹isson orbitals

are compared with the experimental results in
Fig. 7. The only reasonable E1 fit is for the

[101]—~ [211] transition, for which one ob-
tains J'=- —,', b, =2.06 fm, and is also included in
Fig. 7.

In fitting the undeformed- and deformed-shell
model M2 form factors to the data, the effective
charge e„of the neutron has been treated as a
variable, while the magnetic moment was fixed at
the usual value. The reduced matrix elerihents in
E(l. (16) were evaluated ignoring the contribution
from the core excitation for simplicity. However,
a more detailed calculation would show that the
core contribution could be included by considering
e„and the magnetic moment of the neutron to be
functions of q. This can be seen roughly as follows.

El

9Be
Ex- l6.65 IVIeV

z [IOI](J=z) p [2201(J p)
——[220](Ji= )—
——[2II](J'=—)2 2

I

OP
I

QT

q(fm ')

I I

0,9

FIG. 7. Strong-coupling model M2 and Z1 form fac-
tors for the promotion of a neutron from the X =& [101]
orbital to the K' = ~+[220]and 2+[211] orbitals. The de-
formation parameter is P =0.3. The effective charges
of the neutron are e„(M2) =-0.5, e„(&1)=0.0.
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V. CONCLUSION

The 'Be elastic scattering data have been inter-
preted within the framework of a charge distribu-
tion generated by protons moving in the 1s and 1p
shells of an undeformed harmonic-oscillator po-
tential. However, the 1p-shell contribution to the
EO form factor [the o. term in Eq. (1)] was not
constrained to the shell-model value. The electric
quadrupole moment in this model arises from the
p-shell protons and was treated as a variable-
scale parameter.

The rms radius obtained from the present ex-
periment is consistent with other electron-scat-
tering results, but the quadrupole moment is
larger than found from previous measurements.
Whether this disagreement. is a consequence of
the particular model used has not been explored.
The experimental values for the quadrupole mo-
ment of 'Be range from 2 fm' to more than 6 fm',
and the theoretical predictions vary as much. "
An absolute mea, surement of the 'Be elastic form
factor is currently in progress at this facility,
with a greater range of momentum transfer than
reported here, in an attempt to obtain a more ac-
curate value for Q.

The intermediate-coupling calculation of Barker
suggests three T =-,' levels below 18 MeV excita-
tion in 'Be. The lowest of these is the state at
14.39 MeV (—,

'
), for which the theoretical and ex-

perimental ground-state radiative widths are in
reasonable agreement (Table II). The other two
levels should be near 17 MeV excitation, with J'

and —,
' . The predicted radiative width of the

level is in satisfactory agreement with the ex-
perimental value for the 16.96-MeV level, but the
predicted width for the —,

' state is much smaller,
about 0.003 eV, and so would not be seen in the
present experiment. Thus, there is little doubt
that the 16.96 MeV excitation is the TJ
state.

A fourth T = —,
' (-,' ) level is predicted by the in-

termediate-coupling calculation to lie near 18.7
MeV. The theoretical ground-state radiative
width is about 2.5 eV, so it should be observable
by inelastic electron scattering. A broad bump
does indeed appear in the spectra around 18.6 MeV
excitation (see Fig. 1), which may be the same
broad peak seen in 'Li(d, P), 'Li(d, n), and 'Li(t, o.)
reactions. ' Whether or not these reactions pro-
ceed via isospin impurities in a predominantly
T = —,

' state is not known.
Let us now consider the 16.63-MeV level.

The Helm-model analysis is consistent with
M1, M2, spin-flip E1, and possibly E2 tran-
sitions. The E2 fit can probably be rejected since
it requires g ~ 2, about twice the usual value

associated with a transition density. Calcu-
lations of E1 and M2 form factors, for the
promotion of the valence neutron to the 2s-1d
shell of an undeformed harmonic oscillator, were
compared with the data. The M2, 1p», -2s, /,
form factor, which contains one free parameter
(b, ), gives a good description of the da'ta with b,
=1.65 fm. This b, is larger than that obtained
from the elastic scattering data, and corresponds
to an oscillator spacing O'Goo:15 3 MeV The M2,
1P 3/2 1d5/2 form factor also fits the data, but
is somewhat larger, and a second parameter, the
neutron M2 effective charge must have a value
near unity. The corresponding E1 form factors
do not agree with the data unless they are re-
normalized.

Although the simple harmonic-oscillator results
are encouraging, they are probably not realistic,
since Be is known to be a deformed nucleus. Con-
seciuently, a strong-coupling model (with inert
core) wa, s tried in which the neutron is promoted
by M2 or spin-flip E1 transitions to one of the six
Nilsson orbitals based on the 2s-1d shell. Only
the M2 and E1 form factors calculated, respec-
tively, with the —,

' [220] and —,
' [211] orbitals are

consistent with the 16.63-MeV level data and both
required b, =2 fm. Since b, is an effective average
of the 1p- and 2s-1d-shell oscillator parameters,
the actual b, value for the above excited-state or-
bitals may be larger than this. The separation
between these orbitals and the ground-state va-
lence orbital (~ [101]), at a deformation P =0.3
and 5, =2 fm, is only about 5-9 MeV, while the ob-
served excitation energy is 16.6 MeV. Therefore,
none of the orbitals which were considered seem
to give a consistent description of the experimen-
tal data and excitation energy of this state.

The preceding discussion assumes a positive-
parity assignment for the 16.63-MeV level. On
the other hand, intermediate coupling within the
1s41p' configuration' yields a state at 15.8 MeV
(—,', T= —,') with the M1 radiative width comparable
to that found for the 16.63-MeV level. The form
factor has not been calculated, but the tentative
identification is supported by the observation that
no narrow level of corresponding strength is seen
.near 15.8 MeV. A weak peak appears in the spec-
tra at 15.93 MeV, but the radiative width is prob-
ably less than 2 eV.

The generalized Helm-model analysis is not
sufficient to assign a parity to the 17.48-MeV
level, since M1 and M2 fits are both satisfactory.
However, if once again we use Barker's calcula-
tion as a guide, the prediction of no strong nega-
tive levels in this region would suggest a posi-
tive parity for the observed peak, and therefore
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