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Structure of Be from proton scattering at 180 MeV
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Cross section and analyzing power measurements for the scattering of 180 MeV protons are used
to investigate the structure of Be. Data were collected for 24 states below 21 MeV of excitation.
Detailed line-shape analysis was used to isolate several broad states. Most notably, the dependence
of apparent peak position upon momentum transfer was used to separate the strong resonance listed
as 6.76 MeV in standard compilations into two contributions identified as the — member of the

ground-state rotational band, located at 6.38 MeV, and the 2+ weak-coupling state, located at 6.76
MeV. Calculations of proton scattering were made using a density-dependent effective interaction
in the local density approximation. The quadrupole contribution to elastic scattering was included
in distorted wave Born approximation and found to have an important effect upon the analyzing
power. For states dominated by a single multipolarity, neutron transition densities were fitted to
(p,p') data and compared with the corresponding proton transition densities fitted to (e, e') data.
We find that excitation of the rotational states and the —,

+ state are essentially isoscalar. Shell mod-

el calculations were performed in the full Otic' and 1%co model spaces. Suggested assignments for
most states are made by comparisons of shell model calculations with data for both (p,p') and
(e, e'). Similar calculations for analog states observed with the Be(p, n) B reaction at 135 MeV sup-
port the proposed assignments. Finally, several relatively narrow states are observed between 18
and 21 MeV that are candidates for positive-parity states with T = —.

I. INTRODUCTION

The spectrum of Be is surprisingly poorly known. We
collected data for Be(p,p') at E =180 MeV primarily for
the purpose of subtracting the Be background from ' 0
spectra measured with a BeO target, ' and, in so doing,
found that the positions and widths compiled in Ref. 2
describe the Be spectrum rather badly. For example, the

member of the K =—', ground-state rotational band
is listed at several positions between 6.4 and 6.76 MeV
with no indication of an unresolved companion. In fact,
when we fitted this region of our spectra using a single
broad peak of variable position, we observed a smooth in-
crease of its apparent position with scattering angle.
Therefore, we undertook a systematic investigation of the
properties of the low-lying Be continuum. In this paper,
we report line-shape parameters for several new states of
Be and refine the parameters of several known states.

Subsequently, electron scattering data for Be were ana-

lyzed using the lineshape parameters determined by the
present experiment.

We have performed shell-model calculations in the full
OAcu and 1Acu model space. The negative-parity spectrum
was computed for 1p-shell wave functions using the
Cohen-Kurath interaction. Full 1Acu shell-model calcu-
lations were performed for the positive-parity spectrum
using the Millener-Kurath interaction. The details of
this calculation are reported in Ref. 4. Having performed
a consistent analysis of both the electron and proton
scattering data, multipolarities are proposed for most
states. Similar calculations have also been performed for
the charge-exchange reaction Be(p, n) B at 135 MeV and
compared wi.th existing data. The similarity between lon-
gitudinal form factors and (p,p') on one hand and be-
tween transverse form factors and (p, n) on the other
hand allows several complementary aspects of nuclear
structure to be investigated in a unified picture. The
spectrum we have deduced for Be is compared in Fig. 1.
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II. EXPERIMENT

A. Experimental procedure

The experiment was performed at the Indiana Univer-
sity Cyclotron Facility using polarized protons with
F =179.90 MeV. Scattered protons within a +0.5 an-
gular acceptance were analyzed by the QDDM spectrom-
eter and detected by a standard array consisting of a heli-
cal wire chamber and two plastic scintillators. Detailed
descriptions of this equipment may be found in Refs. 7
and 8. The beam current was measured with an external
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For transitions dominated by a single normal-parity
multipole, the proton transition density was extracted
from the electron scattering data and the neutron transi-
tion density from the proton scattering data. These states
include the lowest —', , —,', and —', + states. Finally, we
also present data which suggest positive-parity T= —,

' as-
signments for several states near 19 MeV of excitation.

The experiment and the detailed line-shape analysis of
the spectra are described in Sec. II. The proton scatter-
ing data are compared in Sec. III with electron scattering
data and with shell-model calculations. Similar calcula-
tions for Be(p, n) B at E =135 MeV are compared with
existing data in Sec. IV. Our conclusions are summarized
in Sec. V.

Faraday cup, believed to be accurate to about l%%uo, for an-
gles 0 ~ 24'. A smaller Faraday cup within the scattering
chamber was used for 0 ~ 24 . The relative normalization
between internal and external cups was found to be
0.93+0.03.

The beam polarization was measured approximately
every eight hours using the low-energy He polarimeter
located after the injector cyclotron. The polarization
was typically about 0.80 for spin up and 0.77 for spin
down with little variation between measurements.

The scattering angle offset was determined by compar-
ing elastic scattering measurements performed on either
side of the beam. From the cross-section measurements,
we found that 60=0.013 +0.005' needs to be added to
the spectrometer angle. The offset resulting from the
analyzing power measurements turned out to be some-
what larger, namely, 60=0.09'+0.03 . However, the
latter measurement is vulnerable to false asymmetries due
to alignment errors or to sideways polarization com-
ponents. Therefore, we omit 50 from the data tables and
claim knowledge of the scattering angle better than 0.1'.

Most of the data reported by this paper were taken
with a self-supporting Be wafer with thickness 26.76
mg/cm . However, the elastic peak was sometimes not
included in the spectra because these data were originally
collected to subtract the Be continuum from ' 0 data
measured with BeO targets. Therefore, we also report
elastic scattering data taken with BeO targets ranging in
thickness between 22 and 35 mg/cm . The average ener-

gy resolution was about 100 keV (FWHM). Comparable
measurements were generally consistent to better than
5%.

We have found that the reproducibility of cross-section
measurements is about 2% beyond statistical Auctua-
tions. However, this fluctuation appears limited to nor-
malizations and not to affect analyzing powers measured
with fast spin Hip. Therefore, we add an additional +2%,
in quadrature, to the final cross-section uncertainties but
do not include this effect in the individual cross sections
comprising the analyzing power. We include an uncer-
tainty of +0.015 in beam polarization to account for pos-
sible variations between polarimeter measurements.
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FIG. 1. Levels observed in Be(p,p') are compared with
selected shell-model states. Firm correspondences between
theory and experiment are indicated by dashed connecting lines,
whereas tentative associations are made with dotted lines. The
theoretical negative-parity spectrum was shifted down by 0.21
Mev to obtain agreement with the

2
T =

2
state at 2.43 Mev

The theoretical positive-parity spectrum was shifted down by
1.36 MeV to obtain agreement with the ~+ T =

~ state at 1.68
MeV.

B. Data analysis

Since the detectors only spanned approximately 9 MeV
of excitation energy, coverage of 22 MeV required three
overlapping bites. Representative spectra illustrating
various aspects of the experiment are shown in Figs. 2—4.
Figure 2 shows a fitted spectrum for scattering spin-up
protons 18' to the right that includes the elastic peak.
Figure 3 shows a spectrum for 34 that illustrates the
strength of the 6.5 MeV bump and which includes the
broad peak at 11.28 MeV. Figure 4 shows a 10 spectrum
which includes several relatively narrow peaks found
above 14 MeV of excitation.

Several features of the spectra merit discussion. First,
although the central region of the elastic peak is approxi-
mately Gaussian in shape, prominent exponential tails on
both sides carry significant area. The only other sharp
peak below 14 MeV is the —', state at 2.429 MeV of exci-
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FIG. 4. Sample Be(p,p') spectrum for the scattering of 180 MeV spin-down protons 10' to the right in the laboratory. The four

relatively narrow peaks previously studied by electron scattering (Ref. 4) are Indicated Several addltlonal peaks above 18 Mev are
evident. Note that at this momentum transfer the 19.42 MeV state is excited too weakly to be seen.

tation and is described by the same shape as the elastic
peak. A substantial continuum begins at the 1.665 MeV
threshold for Be~ Be+n. The —,

'+ state at 1.68 MeV is

only 15 keV above threshold, but has a width of about
217 keV. Hence, its peak shows a rather asymmetric
shape. The known states at 3.05 MeV and 4.70 MeV are
evident as gentle bumps in the continuum, particularly in
Fig. 3.

The spectra were analyzed using the ALLFIT program
and methods described in Refs. 10 and 11. Narrow peaks
were fitted with the standard hypergaussian line shape,
including exponential tails on either side of an asym-
metric central peak. Broad peaks were described by
Lorentzian intrinsic line shapes convoluted with the reso-
lution function determined from the narrow peaks. The
asymmetry of the Lorentzian line shape is particularly
important for the —,

'+ state that is located only a small
fraction of its width above threshold. Convolution is im-
portant for that state and for others whose width is simi-
lar to the resolution of the experiment. The continuum
was described by a polynomial background beginning at
the break-up threshold. Once line-shape parameters were
determined for the broad structures, an attempt was
made to maintain continuity of the background across
momentum bites.

The line-shape analysis was divided into several stages.
The first phase was based upon the positions and widths
compiled in Ref. 2. Most notably, a single Lorentzian
was used to describe the broad bump listed as the —,'
state at E =6.76 MeV with width I =1.54 MeV. A

representative spectrum illustrating the prominence of
this bump is shown in Fig. 3. However, it quickly be-
came apparent that these parameters could not provide
an adequate description over the entire angular distribu-
tion. Therefore, we allowed both the position and width
for a single Lorentzian to vary. The angular dependence
of the fitted position is shown in Fig. 5. The apparent po-
sition of the "—,'" state increases rapidly with angle,
varying between about 6.2 and 6.7 MeV of excitation be-
tween momentum transfers of 0.7 and 2.0 fm '. This
variation encompasses the range of positions reported by
the many reactions considered in the compilation. A
similar analysis of electron scattering data also revealed
the same behavior. " Evidently, the strong bump near 6.5
MeV actually consists of at least two broad peaks with
di6'erent multipolarities. The angular distribution of the
lower-energy member peaks at more forward angles than
does that of the upper member.

The second step was to determine the individual posi-
tions and widths of the two members of the doublet.
Having observed that the upper member is dominant at
large angles, the width of the 6.76 MeV state was inferred
from the single Lorentzian width for 8) 32 . The results
are then E =6.76+0.06 MeV and I =1.33+0.09 MeV.
These parameters were then held fixed throughout the
subsequent analysis. A second Lorentzian with variable
position and width was then inserted into the fit near
E„=6.4 MeV. The position and width of the 4.704 MeV
level were held fixed to the compiled values. The
forward-angle data were then used to determine the pa-
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FIG. 5. Line-shape analysis of the 6.5 MeV doublet. Parameters fitted to spin-up spectra are shown as open circles and errors bars
without caps, while results for spin-down are shown as crosses and error bars with caps. Panels (a) and (b) were obtained by fitting a
single Lorentzian peak of variable position and width to the 6.5 MeV region of the spectra. The variation of apparent position with
angle reveals the presence of an unresolved companion, whereas the stability of the width for 0& 30' was used to estimate the width
of the upper member of the doublet. Panels (c) and (d) were obtained by fitting two Lorentzians to this region holding the position
and width of the upper member constant.

rameters of the new state. As shown by Fig. 5, consistent
values were obtained with E =6.38+0.06 MeV and
I = 1.2+0.2 MeV. These parameters were also held fixed
hereafter.

The third step sought a description of the 4 —6 MeV
region surrounding the state listed with E =4.704 MeV
and I =0.74 MeV. Especially at forward angles, we
found it dificult to account for all of the strength in this
region above a quadratic background using these parame-
ters. A typical fit is shown in Fig. 2, wherein the excess
strength between the 4.7 and 6.4 MeV suggests either a
larger width for the 4.7 MeV peak or the presence of an
additional peak near 5.6 MeV. The fist hypothesis was
tested by allowing the parameters of the 4.7 MeV peak to
vary. The resultant width is then considerably larger
than the tabulated 0.74 MeV, but appears to decrease
with angle. Even for large angles, the apparent width
I = 1.35 MeV is almost twice the tabulated width.

The effect of the ambiguity in I (4.704) upon the cross
sections for the 6.38 and 6.76 MeV states was determined
by comparing two sets of fits. First, fits were done with
I (4.704)=0.74 MeV fixed. Next, fits were done with
I (4.704) =1.35 MeV. We found that the differences be-
tween the cross sections for the 6.38 and 6.76 MeV states
were always less than twice the uncertainty estimated by
the fitting code using fixed line-shape parameters. There-
fore, the uncertainty in I (4.704) imposes no significant
uncertainty upon the results for the 6.38 or 6.76 MeV
states.

To describe the excess strength between 4 and 6 MeV,
we decided to maintain the tabulated parameters for the
4.704 MeV peak while adding yet another Lorentzian
near 5.6 MeV. The position and width were varied, keep-
ing the parameters of surrounding peaks constant. From
spectra for 10'&0&22', we determined E =5.59+0. 1

MeV and I =1.3+0.4 MeV.
The analysis of higher excitation regions was much

simpler. When possible, Lorentzian parameters were
fitted to the data. When not, tabulated parameters were
used to obtain estimates of the cross sections. The resul-
tant parameters are compared in Table I with those of
the most recent compilation. The most significant
difference was found for the states listed in the compila-
tion as 11.28 and 11.81 MeV. We found no evidence for
a state at 11.81 MeV. The tabulated widths yield very
poor fits to our spectra. Instead the (p,p') spectra in this
region can be described with a single Lorentzian at 11.28
MeV but with larger width than is attributed by Ref. 2 to
either of these states. The electron scattering spectra of
Glickman et ah. are also consistent with these con-
clusions. Complete details of the line-shape analysis may
be found in Ref. 8.

The final step of the analysis was to determine best-fit
cross sections. The line-shape parameters for all peaks
listed in Table I were held fixed and only heights and
backgrounds were varied during a final round of fits. The
fitted areas and their estimated uncertainties were then
used to determine cross sections and analyzing powers.
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TABLE I. Energy levels (E ) and widths (I ) for states observed in B(p,p'). New values for positions
or widths are marked with asterisks (+ ). Widths smaller than 40 keV were neglected. Proposed assign-
ments are given within parentheses. Unmarked parameters are taken from Ref. 2.

Z„(MeV)

0.
1.680(15)
2.4294(13)
2.78(12)
3.049(9)
4.704(25)
5.59(10)*

6.38(6)*

6.76(6)
11.28(5 )

*

13.79(3)
14.3926(18)
14.4(3)
15.10(5)
15.97(5)
16.671(8)
16.976(2)
17.297(10)
17.490(9)
18.65(5 )

*

19.20(5)
19.42(5 )

*

20.53(3 )
*

20.8(1)

I (Mev)

0.217(10)

1.08(11)
0.282(11)
0.743(55)
1.33(36)*

1.21(23 )
*

1.33(9)*
1.10(23 )

*

0.59(6)

-0.8
0.35(18)*

-0.310
0.041(4)

-02
0.047
0.3(1)*

0.31(8)
0.6(3)*

0.6(1)*

0.68(9)*

3 —
1

2 21+ 1

2 2
5 —

1

2 2
1

— 1

2 2
5+ 1

2 23+ 1

2 2

3 3
2 2

5+ 1

2 2
1

— 3
2 2

7+ 1

Comments

clearly member of E =
2

band

assignment based on C3 angular distribution
weak assignment based on C3 shape
also consistent with J"T=—

also consistent with J"T=
2

assignment based on M2 shape

assignment based on M4 shape

The resulting angular distributions are shown in Sec. III
along with theoretical calculations. As can be seen from
these figures, the angular distributions are generally quite
smooth and show few anomalies for the strong peaks.
The cross sections for both the 6.38 and 6.76 MeV states
are quite smooth, the former peaking at smaller angles
than the latter. Even the data for the 4.704 and 5.6 MeV
states are relatively smooth, although the 5.6 MeV state
could not be followed beyond about q =2.0 fm

Tables of all these data are on deposit with PAPS. '

The quoted uncertainties include only the statistical and
fitting errors estimated by the fit code from the error ma-
trix. This estimate excludes contributions from uncer-
tainties in the line-shape parameters because these pa-
rameters were held fixed in the final analysis. Therefore,
these uncertainties are somewhat underestimated, espe-
cially for weak states and for the overlapping 4.7 and 5.6
MeV states. A more complete angular distribution with
considerably greater statistics would be required to im-
prove upon these line-shape parameters.

III. RESULTS AND INTKRPRKTATION

In this section, we compare the data to scattering cal-
culations using theoretical wave functions in order to
identify the most important structure components. All
calculations are performed in distorted wave approxima-
tion using a density-dependent effective interaction based

upon the Paris potential. ' The isoscalar spin-
independent central and spin-orbit components of the in-
teraction were replaced by the empirical effective interac-
tion fitted to inelastic scattering data for ' 0 and Si.
The nuclear-matter interaction is applied to the finite nu-
cleus using a local-density approximation evaluated at
the site of the projectile. " Distorted waves are generated
by the spherical part of the elastic optical potential,
which is itself evaluated by folding the effective interac-
tion over the ground-state density. The ground-state
density was computed from the Lee and Kurath wave
function, ' using an oscillator parameter b =1.765 fm
chosen to reproduce the tabulated rms charge radius.
The spin-current density is also included. The density
dependence of the interaction for inelastic scattering was
enhanced by the rearrangement factor derived by Cheon
et al. ' as discussed in Ref. 11.

Two shell-model calculations were performed. The
negative-parity states were constructed for the full OAco

lp shell using the Cohen and Kurath (6—16) 2bme in-
teraction. A full 1%co calculation, including 1s~ 1p and
1p ~2s1d contributions, was performed for the positive-
parity states using the Millener and Kurath interaction.
The wave functions for most states relevant to the present
investigation were presented in Ref. 4. Selected energy
levels are compared with experimental levels in Fig. 1.

In constructing the transition densities, we applied
effective charges of 1.6 (0.7) to isoscalar (isovector) densi-
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ties and currents which carry normal-parity b,sr=( —I )
AJ

and which do not involve spin. These parameters are
typical of normal-parity transitions in the p shell and the
lower sd shell. ' Unit effective charge was employed for
all densities involving either abnormal parity or spin.
The standard center-of-mass correction was applied to
shell-model wave functions.

Similar calculations for the scattering of 135—200 MeV
protons from light nuclei have been reported in Refs.
18—20. For example, it was shown that density depen-
dence of the effective interaction is needed to obtain a
good description of analyzing powers for the lowest —',
and —,

' states of Be at E =135 MeV. ' Significant im-

provements in elastic cross-section calculations were also
obtained. Similarly, density-dependent interactions from
nuclear-matter theory and transition densities fitted to
(e, e') data also provide good descriptions of the data for
Li(p, p') at 200 MeV. ' In the latter it was also shown

that distorted waves calculated using optical potentials
from the folding model give better descriptions of inelas-
tic analyzing powers for Li than do phenomenological
potentials of Woods-Saxon shape.

A. Rotational band

The quadrupole deformation of Be is one of the largest
known. Hence, the quadrupole contribution to elastic
scattering is quite important. It has been shown that this
contribution can be computed accurately in DWBA.
Such a calculation was reported recently for Be(p,p') at

135 MeV, wherein it was shown that the quadrupole con-
tribution gives a good account of the elastic scattering
data, particularly its unusual analyzing power, and is
consistent with the rotational model for excitation of the

state. ' Thus, we should be able to identify the —',
member of the ground-state rotational band using this
approach.

Calculations based upon p-shell wave functions are
compared with proton scattering data for the —,

'
and —', members of the ground-state rotational band in
Fig. 6. Contributions to elastic scattering with nonzero
transfer of angular momentum are included in perturba-
tion theory. We find that the quadrupole contribution to
elastic scattering is quite important for momentum
transfers beyond 1.5 fm ', but that the magnetic dipole
and octupole contributions are negligible. Similarly, only
the quadrupole contributions to the —,

' and —,
' inelastic

transitions are important.
The effect of the quadrupole density upon elastic

scattering is particularly strong for the analyzing power.
The elastic analyzing power that results from the spheri-
cal density alone displays a much stronger oscillatory
pattern beyond 1.5 fm ' than does the data. Most
dramatically, the spherical contribution to the analyzing
power exhibits a strong positive peak at 2.0 fm ' that is
entirely absent from the data. The quadrupole contribu-
tion, which shares a common angular distribution with
the —, inelastic transition, is strongly negative in the
same region of momentum transfer that the spherical
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FIG. 6. Comparison between data for the K = — rotational band and calculations based upon shell-model wave functions. The
solid curves portray complete calculations. Individual multipoles are shown as dash-dot curves for AJ =0, long dashes for AJ =1,
short dashes for 6J=2, and long-short dashed curves for 6J =3.
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contribution is strongly positive. Given that the two con-
tributions to the cross section are almost equal beyond
1.5 fm ', the net result is an average analyzing power
that is much smaller than either individual contribution.
This effect has been shown to be important at 135 MeV
(Ref. 18) and has also been observed in unpublished data
for several other energies. ' The discrepancies beyond
3.0 fm ' may be due to defects of either the interaction
or the structure or to the increasing importance of mul-
tistep processes for very large momentum transfer.

Predictions based upon the shell model for the —,
' and

rotational states are also compared with the data in

Fig. 6. The analyzing power calculations for both states
agree well with the data. However, the cross-section cal-
culations differ from the data in much the same way as
did form factor calculations for electron scattering. " In
particular, the calculations are low for low q and high for
high q and the discrepancies are considerably worse for
the —,

' state. Note that analyzing powers are generally
more sensitive to the identification of the multipolarity
and to the details of the interaction than to the shape of
the form factor. Cross-section calculations, on the other
hand, reAect the shape of the form factor directly.

Given that both the proton scattering and the longitu-
dinal form factor for electron scattering to the —', and

states are dominated by a single multipole, we can ex-

tract the proton and neutron transition densities directly
from these data. It is convenient to represent these densi-
ties using the Laguerre-Gaussian expansion (LGE)

(l)

where x =r/6 and where I.„ is a generalized Laguerre
polynomial. The oscillator parameter b =1.664 fm
was chosen for Be based upon the shell model. Note
that the present interpretation of the expansion parame-
ters differ slightly from Ref. 4 in that additional form fac-
tors for center-of-mass and finite-size corrections are not
applied herein. Hence, Eq. (1) describes the point-
nucleon densities, whereas the analogous expansion in
Ref. 4 describes shell-model densities.

The LGE coefficients for proton transition densities
were fitted to the electron scattering data of Ref. 4, in
effect reparametrizing those results. These densities were
then used in the analysis of the proton scattering data
without further adjustment. Two types of fits were then
made to the proton scattering data using the methods of
Refs. 22 and 23. First, we assumed that the neutron and
proton transition densities were proportional and fitted a
scale factor S to the data. Second, we fitted the LGE
coefficients for the neutron density to the data for q & 2.7
fm, beginning with the corresponding proton parame-
ters as initial guesses. However, upon consideration of

10

10'
0 2

2

10
1.0

10
1.0 I }~ I } I } 1

10
1.0 I } I }

0.0
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FIG. 7. Comparison between data for the K =
2

rotational band and fits based upon densities from electron scattering. For elas-

tic scattering, solid curves portray complete calculations, the dash-dot curves show the hJ =0 contribution assuming that the neu-

tron density is proportional to the proton density fitted to (e, e') and the dashed curves show the quadrupole contribution assuming

p„=p~. For the other two states, the dashed curves show fits to the quadrupole density assuming p„~p~ and the solid curves show

fits to p„based upon the Laguerre-Gaussian expansion.
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TABLE II. Proton and neutron transition densities for Be fitted in LGE with b= 1.664 fm

J hL; bL=2 EL=2 —+ EL=3
2

ao (fm )

Ql

a2
Q3

M, (fm )

R, (fm)

2.172 X 10
—1.262 x 10-'

5.54
3.26

2.043 X 10
—1.278 X 10

2.858 X 10
—2.358 X 10

6.48(30)
3.63(15)

1.061 X 10
—2.494 X 10

4.10
3.49

1.179x 10-'
—9.128 x 10-'

3.18(16)
3.30(12)

7.518 X 10
—1.632 x 10-'

10.19
3.60

8.268 X 10
—4.482 X 10

8.974 X 10
3.335 X 10

13.0( 1.4)
3.64(42)

the limitations of the data for the 6.38 MeV state, it was
not deemed worthwhile to estimate incompleteness errors
upon the fitted densities.

The results of these two analyses are compared in Fig.
7 and the parameters are compiled in Tables II and III.
For both the —,

' and —,'states, we find that scaling the
proton transition densities fitted to electron scattering
gives descriptions of the cross section and analyzing
power data for proton scattering gives descriptions of the
cross section and analyzing power data for proton
scattering much superior to those with shell-model densi-
ties. The scale factors for both states are close to unity,
indicating transitions of predominantly isoscalar charac-
ter.

We have also performed an elastic scattering calcula-
tion based upon electron scattering densities. The spheri-
cal part of the proton density was fitted to the electron
scattering data using the LGE as above. We assumed
that the quadrupole density has the same shape as the
density fitted to the —,

' state and fitted a scale factor to
the electron scattering. To calculate proton scattering,
we scaled the spherical part of the fitted density to A and
assumed that the neutron and proton quadrupole densi-
ties are equal. We again find that the calculation based
upon electron scattering is superior to the shell model.
Most notably, the analyzing power calculation describes
the data very well for momentum transfers less than 2.5
fm

The neutron and proton densities fitted to the —,
' and

states are compared in Fig. 8. We find that the two
densities are virtually identical for the —, state, but the
neutron density seems to be shifted inwards relative to
the proton density for the —', state. In fact, the neutron
density is closer in shape to the —, densities than to its
own proton density. Thus, only the proton density for
the —,

' state differs significantly from the rotational pre-

diction of a common shape. However, in the absence of
electron scattering data below the peak of the form fac-
tor, it is diScult to ascribe much certainty to small shape
differences. Furthermore, the fit to the analyzing power
data would have been better had the proton density fitted
to the (e, e') data been closer in shape to the —,

' densities.
Improvement of the electron scattering data for small
momentum transfer would be helpful.

The isoscalar moment

Mo =M„+M

where

M, = f dr r'+'p, (r) (3)

for ~ equal to p or n provides a useful measure of the
strength of a transition. The fitted densities give
Mo = 12.03 and 7.29 fm for the —,

' and —,
' states. The

ratio 1.65 between these states is in good agreement with
rotational prediction 1.80. We also observe that the shell
model predicts M„/M =0.96 for the —,

' state and 0.75
for the —, state, in good qualitative agreement with the
present analysis of (e, e') and (p, p') data.

The results tabulated in Table II and displayed in Fig.
8 include estimates of uncertainties due to statistical and
normalization errors, but do not include estimates of the
uncertainties due to the proton densities or to errors in
the reaction model. Among the former, the absence of
low-q data for the 6.38 MeV state might affect the magni-
tude of M or the shape of p, as described above.
Among the latter, channel coupling could renormalize
the cross-section calculations. The variation between the
scale factor and the LGE analyses can be taken as a more
realistic estimate of the uncertainty in the deduced ma-
trix elements.

Comfort and Karp " have evaluated the effect of multi-

TABLE III. Comparison between Atted moments and shell-model predictions for the lowest —,
'

and 2+ states of Be.

J7r Fit
Mo (fm )

Theory Fit
M„ /Mp

Theory
5—
2
7
29+
2

12.0(3)
7.3(2)

23.2( 1.4)

9.05
4.41
8.30

1.17(5)
0.78(3)
1.26(14)

0.955
0.75
2.13

1.03(5)
0.94(5)
1.04(6)
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10 10
Be 5/2 Be 7/2

and the state at 6.38 MeV are excited by isoscalar C2
densities of similar shape. Therefore, we identify the 6.38
MeV state with the —,'member of the ground-state rota-
tional band.

10 10 B. C3 excitatlons

10-4 10
0 1 2 3 4 0 1 2 3 4
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FIG. 8. Comparison between form factors and transition
densities Atted to (e, e') data (solid lines) and (p,p') data (bands)
for the

~
and presumed ~

members of the ground-state rota-
tional band. The solid curves for the

~
state lie almost entirely

within the bands.

step processes upon elastic scattering from ' C and for
the excitation of the lowest 2+ state for energies up to
185 MeV and concluded that the effects for moderate
momentum transfers decrease rapidly with energy and
are relatively small at 180 MeV. Roy et al. have inves-
tigated the effects of channel coupling upon Be(p,p') at
E =220 MeV, but used spherical potentials of Woods-
Saxon form fitted to elastic scattering. However, the re-
sulting potentials are unrealistic in part because the elas-
tic quadrupole potential is important and cannot be
neglected and in part because optical potentials for light
nuclei deviate strongly from Woods-Saxon shape in this
energy regime.

A more serious evaluation of the effect of channel cou-
pling for Be would require evaluation of coupling poten-
tials in the folding model using realistic interactions and
good wave functions. An ambitious calculation of this
type is beyond the scope of the present work, which seeks
more qualitative spectroscopic information upon a large
variety of transitions within a consistent framework.

The success of the present calculations, and those of
Ref. 19 for Li(p, p') at 200 MeV, is an indication that
single-scattering calculations based upon density-
dependent effective interactions are reasonable for light
nuclei in this energy regime. In particular, had channel
coupling been crucial, we might have expected much
greater discrepancies between the analyzing power calcu-
lations and the data. Therefore, even if the uncertainties
are underestimated by the present analysis, we would not
expect refinements of the reaction model to substantially
alter the essential conclusion that both the 5/2& state

10'
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10'
& 1.28
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FIG. 9. Data for the states at 6.76 and 11.28 MeV are corn-
pared with calculations for the lowest —+ and z+ shell model
states, respectively. Cross section calculations for the —+ and2
~+ states were multiplied by factors of 4.5 and 2.0, which can
be compared with factors of 10 and 1.7 used for similar compar-
isons with (e, e') data. The solid curves portray complete calcu-
lations. Individual multipoles are shown as long dashes for
AJ=1, short dashes for AJ =2, long-short dashed curves for
6J =3, and dotted curves for 5J =4.

The state at 6.76 MeV is excited with a classic C3 an-
gular distribution that is represented very well by a p ~d
single-particle transition. Neither the electron nor the
proton scattering data for this state can be described by a
C2 density of customary shape. However, we note that
although the present —',

+ shell-model wave function de-
scribes the transverse (M4) form factor well, the calculat-
ed longitudinal form factor (squared) requires an addi-
tional factor of 10 beyond the usual effective charge but
has essentially the correct shape. Similarly, although
the shell-model calculation shown in Fig. 9 reproduces
the analyzing power very well, the calculated cross sec-
tion requires an enhancement factor of about 4.5. How-
ever, because the transverse form factor was predicted
without the large enhancement factor, the M4 contribu-
tion to proton scattering probably should not be
enhanced either. If we attribute the shortfall to the
matter density, the M4 contribution can be neglected and
proton scattering is dominated by a unique transition
density. Hence, the data were analyzed by the methods
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of the preceding section.
Two fits to the data for the 6.76 MeV peak, assuming

C3 excitation of a —,'+ state, are compared in Fig. 10. In
both analyses, the proton transition density fitted to elec-
tron scattering data was held fixed. These densities are
compared in Fig. 11 and the fitted parameters are listed
in Tables II and III. We find that the proton scattering
data are described very well using a neutron density vir-
tually identical to the proton density. Therefore, con-
trary to the shell-model prediction of neutron dominance,
we find the transition to be predominantly isoscalar.

Similar calculations have also been performed for the
state at 11.28 MeV, which Glickman et al. argued most
likely corresponds to the lowest —,

'+ model state. The
shell-model calculation is compared with the data in Fig.
9. Whereas a scale factor of 1.7 was required to fit the
squares of both the longitudinal and transverse form fac-
tors, the corresponding factor for the (p,p') cross section
is closer to 2.0. However, because (e, e') data do not exist
for q (1.0 fm ', the form factor is essentially undeter-
mined at and below its peak. Moreover, the C3 shape
fails to fit the (e, e') data for q )2.2 fm ' also. Unfor-
tunately, no single model state in the appropriate energy
range provides a better description of the form factor

10
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1O-'

40

2O-'

(9/2 )

1 2
(fm ')

00
0 2 4 6 8
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FIG. 11. Comparison between form factors and transition

densities fitted to (e, e') data (solid lines) and (p,p') data (bands)
for the presumed 2+ state at 6.76 MeV.
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FIG. 10. Comparison between (p,p') data for the 6.76 MeV
state and fits based upon C3 densities fitted to (e, e') data. The
dashed curves were fitted assuming p„~p~, whereas solid
curves were fitted using the Laguerre-Gaussian expansion.

data or the (p,p') data either. The fact that the low-q
cross section is substantially greater then expected for a
C3 transition suggests that a lower multipolarity may
contribute also. The characteristic normal-parity analyz-
ing power suggest that an additional contribution, if
present, is probably dominated by a C2 multipole. The
most likely candidate is the second —, state predicted to
occur at about 9 8 MeV, plus a correction for the
compression of the energy scale that plagues shell-model
calculations for this nucleus. In the absence of a
definitive identification for this state, no further analysis
is warranted.

The surprising result that the state tentatively
identified as —', + is reached by a nearly isoscalar transition
illustrates the power of comparisons between electron
and proton scattering data. From electron scattering
alone, we could only conclude that the C3 strength was
considerably larger than expected. Upon addition of the
proton scattering data we find that a transition expected
to be neutronlike is actually more nearly isoscalar in
character. Although refinements of the reaction model
could alter the precise value of M„ /M, this conclusion is
not likely to change.
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C. Other low-lying states

Among the remaining states below 10 MeV, the —,
'+

and —,
'+ peaks are most readily resolved experimentally.

Shell-model calculations for these states are compared
with (p,p') data in Fig. 12. Similar calculations for (e, e')
were presented in Ref. 4. The discrepancies between cal-
culations and data for (p,p') cross sections are qualitative-
ly similar to corresponding discrepancies in longitudinal
form factors. Cross sections and form factors are consid-
erably larger for small momentum transfer and consider-
ably smaller for large momentum transfer than shell-
model predictions. The fact that the analyzing power for
the —,

'+ state appears to lack the strong oscillation charac-
teristic of normal-parity excitations suggests that the cal-
culated AJ"=1 and 3 amplitudes are too strong. The
presence of the characteristic normal-parity analyzing
power for the —,

'+ state suggests that the AJ =1 term
should dominate that transition. These observations are
consistent with the findings by Glickman et al. that
these wave functions produce an M2 form factor that is
too strong and a C1 form factor that is too broad for the
—,
'+ state and a C3 form factor too strong for the —,

'+
state.

Calculations for the lowest —,
'+ shell-model state are

compared in Fig. 13 with data for the state at 4.70 MeV.
Although the discrepancies for the —,

'+ and —', + states are
of comparable magnitude for both (e, e') and (p,p'), and

(p,p') cross section for the —,
'+ state is more than an order
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FIG. 13. Comparison between data for the peaks at 4.70 and
5.59 MeV and calculations for shell-model states with J = —+

and —,respectively. The solid curves portray complete calcu-

lations. Individual multipoles are shown as dash-dot curves for
6J=0, long dashes for 6J = 1, short dashes for 6J=2, and
long-short dashed curves for AJ =3.
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FIG. 12. Comparison between data and shell-model calcula-
tions for the lowest 2+ and —', + states. The solid curves portray

complete calculations. Individual multipoles are shown as long
dashes for 6J = 1, short dashes for 6J =2, long-short dashed
curves for b.J=3, and dotted curves for AJ =4.

of magnitude stronger than the shell-model calculation
for q =0.5 fm '. Nevertheless, the analyzing power data
are consistent with the prediction that normal-parity am-
plitudes dominate the transition. However, we found it
di%cult to separate the broad 4.704 MeV state from the
continuum for low q. In particular, to obtain good fits to
the forward angle data it seemed necessary to increase
the width for the 4.704 MeV state, or to introduce addi-
tional broad structures in the same range of excitation en-

ergy, or both. Calculations for a —,'state predicted to
occur at 4.88 MeV are also compared to Fig. 13 with
data for the broad peak at 5.59 MeV that we used to im-
prove the fit to forward-angle spectra. Note that the an-
gular distributions for the 4.70 and 5.59 MeV peaks are
similar to each other, but that neither assignment de-
scribes the (p,p') data for either state adequately.

Finally, we compare the data for the broad 2.78 MeV
peak with calculations for the lowest —,

' shell-model state
in Fig. 14. The low-q data are in good agreement with
the predicted spin-Aip strength that arises from the
predominantly 1p3/2 + 1p, &2 valence neutron transition.
However, the calculated cross section for higher momen-
tum transfer could be improved by enhancing the C2
contribution and reducing the M1 contribution. Further-
more, the observed analyzing power displays the strong
oscillatory pattern characteristic of normal-parity isoscal-
ar excitations. Therefore, the analyzing power calcula-
tion would be improved considerably by enhancing the
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FIG. 14. Comparison between data and shell-model calcula-
tions for the lowest 2

state. The solid curves portray complete

calculations. Individual multipoles are shown as long dashes
for 6J = 1 and short dashes for 6J =2.

D. Identification of the states at 13.79 and 15.97 MeV

The multipolarities of the states we observe at 13.79
and 15.97 MeV have not been established definitively.

C2 contribution. However, this peak is rather dificult to
extract because it is broad, lies on top of a continuum,
and is under the much stronger —,

' peak. Hence, part of
the apparent enhancement of the C2 contribution may be
the result of ambiguities in data analysis.

Coincidentally, even more severe difticulties with the
analysis of the Be(p, n) B continuum at forward angles
prevent the extraction of low-lying positive-parity analog
states altogether. In that reaction, the continuum cross
section is much larger than the cross sections expected
for shell-model states. Therefore, the isolation of broad
states from a strong continuum of undetermined shape
appears problematical.

Nevertheless, the —,
'+ and —,

'+ states do appear to be
sufticiently clear to isolate from the underlying continu-
um. The similarity between the (p,p') and (e, e') results
suggest that oscillator wave functions in a spherical basis
do not adequately describe 1%co excitations of this highly
deformed nucleus.

On the basis of similarities observed in the "B(p, He) Be
and "B(p,t) B reactions and on energy correspondences,
it has been suggested that the Be states at 11.81 13.79,
and 15.97 MeV are J"=—,

' T= —,
' analogs of B states at

12.06, 14.01, and 16.02 MeV. However, the angular
distributions are undistinctive and are consistent with
any hJ =2 transition from the —', mass-11 ground state.
Indeed, electron scattering calculations based upon shell-
model states within several MeV of the desired energy
tend to eliminate any positive-parity assignment for the
13.79 MeV state. However, several negative-parity
T =

—,
' states with multipolarities between —', and —,'pro-

duce form factors with the desired shape and magnitudes
within a factor of 2 of the (e, e') data for the 13.79 MeV
state. Form factors for the state at 15.97 MeV have not
been measured with (e, e').

The proton scattering data for both of these states are
quite similar. The cross-section angular distributions
suggest 61.=2 and the small analyzing powers suggest
that abnormal-parity amplitudes are significant. Recog-
nizing that predictions for excitation energies in this re-
gion tend to be several MeV low, proton scattering calcu-
lations have been made for several candidate transitions
with energies between 10 and 16 MeV. Shell-model states
with J =—', give cross sections that are considerably
larger than the forward-angle data due to the AJ =1+
multipole. With appropriate normalization factors, the
third and fourth —,

' and second and third —', states all
give comparable fits to the present data; better data at
forward angles would be needed to distinguish between
these multipolarities. Higher-lying —', and —', states give
good analyzing powers but cross sections as much as a
factor of 10 too small.

Of the candidates considered, the third —,
' model state

agrees best with the ratio between the longitudinal and
transverse form factors observed for the 13.79 MeV state;
the other candidates do not describe both form factors
using a single normalization factor. However, the factors
for (e, e') and (p,p') are different, namely 1.0 and 0.6.
Similarly, with a scale factor of 0.4, the fourth —', shell-
model state gives good agreement with the data for the
state at 15.97 MeV. However, the energies of these states
are calculated as 11.39 and 12.87 MeV, an average of
about 2.7 MeV lower than the observed states.

Alternatively, the —,
' states predicted at 10.03 and

12.22 MeV require factors 0.3 and 0.8 to reproduce the
cross sections for states observed at 13.79 and 15.97
MeV. However, the discrepancy between the energies is
somewhat larger. Therefore, we choose to compare the
data in Fig. 15 with calculations based upon —, assign-
ments for both states. Relatively good agreement be-
tween calculations and data for both cross section and
analyzing power is obtained for both states.

Therefore, although the data available do not permit
conclusive identification of the 13.79 and 15.97 MeV
states, the preponderance of data supports assignments of
either —,

' or —', . On the basis of the comparison between
electron scattering and proton scattering, an assignment
of —,

' is preferred for the state at 13.79 MeV.
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FIG. 15. Data for the states at 13.79 and 15.97 MeV are com-
pared with shell-model calculations for third and fourth states
with J = z, where the cross sections are renormalized by fac-

tors of 0.6 and 0.4, respectively. The solid curves portray com-
plete calculations. Individual multipoles are shown as long
dashes for AJ=1, short dashes for EJ=2, and long-short
dashed curves for hJ =3.

Two narrow negative-parity states with T= —,
' have

been observed in electroexcitation measurements. Calcu-
lations of the transverse form factors for the —,

' state at
14.393 MeV and the —,

' state at 16.976 MeV were com-
pared in Ref. 4 with the electron scattering data of Refs.
28 and 29. With a scale factor of 1.2, that calculation for
the —,

' state agrees well with the (e, e') data for q 8 1.8
fm ' but falls below the data for larger momentum
transfer. Similarly, with a scale factor 1.4 the calculation
for the —,

' state agrees with the high-q data for the E2
form factor but falls well below the data at low q for
which the M1 form factor is calculated to be largest.

Similar calculations for proton scattering are compared
with the data in Fig. 16 using scale factors of 1.0 and 1.4
for the 14.393 and 16.976 MeV states, respectively. Good
agreement is obtained for both cross sections and analyz-
ing powers. We note that the M1 form factor for the —,

'

state, which is poorly described by this wave function, is
not expected to contribute much to proton scattering
within the measured range of momentum transfer.
Hence, we obtain good agreement for (p,p') using the
(e, e') scale factor.

Finally, the shell model predicts that the lowest —,
'

state with T=—', should occur at about 17.14 MeV. In
Fig. 16 we also compare calculations for that model state
with the data for the state at 17.30 MeV. The strong
low-q cross section is well described by the calculated GT
amplitude, but the calculation falls well below the cross
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FIG. 16. Calculations for the lowest T=
~

shell-model states with J"=~, —,', and ~, scaled by factors of 1.0 and 1.4 and 1.0,
are compared with data for the states at 14.393, 16.976, and 17.30 MeV, respectively. The solid curves portray complete calculations.
Individual multipoles are shown as long dashes for AJ = 1, short dashes for hJ =2, and long-short dashed curves for AJ =3.
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section data for larger momentum transfer. If this sug-
gested assignment is correct, perhaps another state with
higher multipolarity also occurs near this excitation ener-
gy.

F. Narrow positive-parity states near 17 MeV

Two narrow T= —,
' states of transverse character have

been observed in electron scattering measurements at
16.671 and 17.49 MeV. Woods and Barker suggested
that these states arise by coupling 2s1d valence neutron
configurations with the 2i+T=1 and 22+T=O states of
the Be core, and are narrow because of their parentage
in highly excited core states. The states at 16.671 MeV
was associated with a valence 2s configuration because its
form factor is primarily of M2 character and was tenta-
tively identified as —,

'+. The state at 17.49 MeV has a
strong M4 contribution and is thus identified with the
[ 1d 5&2

2+ T = 1 t —,
' + T =

—,
' weak-coupling state.

The corresponding states in our calculation turn out to
be the sixth —,

'+ and fourth —,'+ states, predicted to occur
at 14.85 and 14.84 MeV, respectively. Calculated trans-
verse form factors were compared with the (e, e') data in
Ref. 4. After multiplying the —', + calculation by 0.7 and
the —,

' + calculation by 1.0, good agreement between
theory and experiment is obtained for both states. There-
fore, we conclude that Barker's identification of these
states is correct.
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FIG. 17. Data for the T=
2

states at 16.67 and 17.49 MeV
are compared with calculations for the sixth 2+ and fourth 2+
shell-model states, with both cross sections scaled by factors of
0.6. The solid curves portray complete calculations. Individual
multipoles are shown as long dashes for hJ =1, short dashes for
6J=2, long-short dashed curves for hJ =3, and dotted curves
for EJ=4.

Similar calculations are compared with the (p,p') data
in Fig. 17, using the same scale factors of 0.6 for both
states. The calculated cross sections are then in good
agreement with the data for both states. The small
analyzing powers confirm the abnormal-parity character
of these transitions. The differences between the scale
factors for the two reactions probably reflect inaccuracies
for abnormal-parity components of the effective interac-
tion that are not as well calibrated as the normal-parity
components. These components of G matrices based
upon the Paris and Bonn potentials differ significantly
and the best choice is not yet clear. ' Nevertheless, the
present level of agreement lends strong support to the
identification of these states.

G. Positive-parity T =
z states

We have also observed five relatively narrow states
near 19 MeV. The small analyzing powers suggest abnor-
mal parity. The forward peaking of the angular distribu-
tions for the states at 18.65, 19.2, 20.53, and 20.77 MeV
suggests M1 or M2 assignments. The angular distribu-
tion for the state at 19.42 MeV, on the other hand, peaks
at about 1.2 fm ', suggestive of an M4 excitation. The
most likely assignments for these states are positive-
parity states with T= —,', predicted to occur between 19
and 22 MeV.

Among these states, only the peaks at 18.65 and 19.42
MeV could be extracted reliably. The peaks at 20.53 and
20.77 MeV both have widths of 0.6 MeV and consequent-
ly could not be resolved. The peak at 19.2 MeV was too
weak for a determination of its width. Hence, in Fig. 18
we compare shell-model calculations with data for the
states at 18.65 and 19.42 MeV only.

We compare the data for the 19.42 MeV state with cal-
culations based upon the theoretical wave function for
the lowest —', + T= —,

' state, predicted to occur at about
22.07 MeV. Although the calculated energy is 2.6 MeV
higher than this state, the absence of low-q strength sug-
gests AL )2. Within the 1p ~2s1d model space, the —', +

state is reached by a nearly pure M4 excitation with a
particularly simple form factor. We find that excellent
agreement with the data is obtained using a scale factor
of 0.4. Renormalizations of this magnitude are typical of
M4 excitations from the p to sd shell.

The data for the 18.65 MeV state are compared with
calculations for the lowest —', + T= —,

' state, predicted to
occur at 19.50 MeV, the lowest of the T =

—,
' states with

positive parity. The low-q cross section is reproduced by
applying a scale factor of 0.5 to the calculation. Howev-
er, any T=—,'assignment with J =( —,

' ——,')+ provides a
comparable fit to this data. We prefer the —,

'+ assignment
based upon the reasonableness of the renormalization fac-
tor. Given that truncated shell-model calculations usual-
ly overestimate noncollective one-body transition
strengths, renormalization factors near 0.5 fall within the
range of normal expectation. The —,

'+ and —,'+ states
would require factors of 0.2 and 1.5, respectively, and are
considered unlikely candidates.
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FICi. 18. Data for the states of 18.65 and 19.42 MeV are com-
pared with shell-model calculations for the lowest T =

~
states

with J =
~

+ and
~

+, where the cross sections are renormalized

by factors of 0.5 and 0.4, respectively. The solid curves portray
complete calculations. Individual multipoles for the z+ state
are shown as dash-dot curves for hJ =0, long dashes for hJ = 1,
and short dashes for hJ =2. Only hJ =4 is significant for the
~+ state.

IV. COMPARISON WITH Be(p, n) B

Several of the states for which assignments have been
suggested on the basis of (e, e') and (p,p') data have also
been observed by Andersen-Pugh et al. using the
Be(p, n) B reaction at 135 MeV. These states include the

narrow —,
' and —,

' states and several broader but distinct
peaks between 12 and 18 MeV excitation of B. It is of
interest to compare calculations for these states with the
(p, n) data shown in Figs. 19—21. Analogs of the low-

lying broad states observed in Be between 1.6 and 11
MeV are too broad for reliable extraction from the con-
tinuum given the statistics achieved by the (p, n) experi-
ment.

Calculations for the (p, n) reaction were performed us-

ing exactly the same methods as for (p,p'). The isoscalar
contributions to the distorting potentials were based
upon the empirical effective interaction for 135 MeV.
Different optical potentials rejecting the charge ex-
change and Q value were computed for the incident and
exit channels. The isovector components of the interac-
tion were obtained from the Paris-Hamburg 6 matrix. '

Unlike (p,p'), the [I+p(B/Bp)] enhancement of inelastic
density dependence was not used for charge exchange, '

in part because density dependence has a much smaller
effect upon AT=1 components of the effective interac-

tion. The same shell-model wave functions and effective
charges were employed for both reactions.

These calculations agree very well with the cross-
section data for the —,

' and —,
' members of the K"=—',

ground-state rotational band, shown in Fig. 19, and with
the analyzing power data for the ground state, shown in
Fig. 20. It is interesting to note that the (p, n) reaction
emphasizes the 6J = 1+ and 3+ multipoles, whereas the
(p,p') reaction emphasizes the b,J =0+ and 2+ mul-
tipoles. Hence, the sensitivity of the (p, n) reaction for
these states is most similar to the transverse electromag-
netic form factor, whereas the sensitivity of (p,p ) is most
similar to the longitudinal form factor.

Relatively narrow states were also observed at 16.7 and
17.5 MeV which appear to be analogs of the positive-
parity T =

—,
' states observed at 16.67 and 17.49 MeV in

Be. The data for these states are compared with calcula-
tions for the 5/26+ and 7/24 assignments which success-
fully described both (e, e') and (p,p') data for Be. We
find that the (p, n) data are very well described using scale
factors similar to those applied to the corresponding
(e, e ') and (p,p ') calculations. Notice that the 5J =2
multipole dominates all three reactions at low momentum
transfer for both states and that the hJ =4 multipole
becomes important at high momentum transfer for the
presumed —,

'+ state. These characteristics support the
description of the lower state as primarily
[2s&&z +2T= 1]—',

+ T= —,
' and the upper state as pri-

marily [1d&&z2+T =1]—,
'+ T =——,'. The agreement be-

tween the scale factors for all three reactions supports the
isospin structure of the model wave functions.

A relatively strong narrow peak has been observed in
the delayed proton spectrum for the beta decay of C cor-
responding to a state in B at about 12.1 MeV. Mikolas
et al. argue that the assignment in best agreement with
shell-model calculations of the energy and the branching
ratio is —,

' T= —,'. The similarity between beta decay and
charge exchange permit this state to be observed with
reasonable strength in (p, n). In Fig. 19 we compare cal-
culations for the third —,

' T= —,
' shell-model state with

the (p, n) data for a peak at 12.2 MeV. We find that a
scale factor of 0.7 yields a good fit to the data.

We have also argued that the shell-model candidate in
best agreement with the (e, e') and (p,p') data for the
13.79 MeV state of Be is the third —', T= —,

' state and
that the analog in B occurs at 14.0 MeV. A calculation
is shown in Fig. 19 scaled by the same factor of 0.6 used
for (p,p ). Despite the poor statistical precision of the
(p, n) data, we find that this reaction is also compatible
with the suggested assignment.

Finally, calculations are compared in Fig. 21 with data
for the lowest T =—', state, which occurs at 14.6 MeV in
B. This comparison is complicated by the occurence of

two peaks with rather different widths at approximately
the same excitation energy. Andersen-Pugh et al. at-
tempted to separate these peaks with a line-shape pro-
gram, but uncertainty in the width of the broad peak
made reliable extraction of the narrow peak of interest
very diScult for small momentum transfer. Therefore,
the data for both peaks are shown in Fig. 21. We find
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FIG. 19. Cross sections for T =
2

states of Be observed in the Be(p, n) reaction at 135 MeV are compared with shell-model calcu-
lations. Solid lines represent the sum of AJ=0 (dash-dot), AJ =1 (long dashes), AJ =2 (short dashes), AJ =3 (long-short), and
AJ =4 (dots) contributions, as appropriate. Note that the cross section calculated for the 16.7 MeV peak remains below 10 mb/sr
for q ) 1 fm '. See text for scale factors and further details.

that the AJ"=1+ contribution appears to agree with the
strength of the broad state, but that the strength assigned
to the narrow peak is anomalously small. The AJ =3
multipole agrees well with the data for larger momentum
transfer where the broad peak is less important, but could
be improved upon reduction by a factor of 0.7. Given
that the —,

' T =
—,
' state is well established and that calcu-

lations using p-shell wave functions agree relatively well
with the data for (e, e') and (p,p'), we suspect that most of
the low-q strength observed in the vicinity of 14.6 MeV
should have been assigned to this state rather than to an
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FIG. 20. Analyzing power data for the Be(p, n) B ground-
state transition at E~ = 135 MeV is compared with a calculation
based upon the Cohen-Kuratk wave function.

FIG. 21. Calculations for the Be(p, n) (3/2, ) T =
2

reaction
at E~ =135 MeV are compared with data for the two peaks ob-
served in B at 14.6 MeV. Data for a broad peak are shown as
open circles and data for the narrow peak associated with the
(3/2& ) T=

~
state are shown as closed circles. Individual mul-

tipoles are shown for AJ = 1+ (long dashes), hJ =2+ (short
dashes), and b,J=3+ (long short).



43 STRUCTURE OF Be FROM PROTON SCATTERING AT 180 MeV 1775

TABLE IV. Scale factors deduced from comparisons between shell-model calculations and data for
(e, e'), (p,p'), and (p, n).

Jjl T 8
n

3/2i 1/2
5/2i 1/2
9/21 1/2
7/21+ 1/2
3/23 1/2
5/23 1/2
5/24 1/2
5/26+ 1/2
7/24+ 1/2
3/2i 3/2
1/2i 3/2
5/2i 3/2
3/21+ 3/2
9/21+ 3/2

E (Be)

0.0
2.429
6.76

11.28

13.79
15.97
16.67
17.49
14.393
16.976
17.30
18.65
19.42

(9B) b

0.0
2.36

12.2
14.0

16.7
17.5
14.6

F2 c
L

1.0
1.0

10.0
1.7

1.0

F2 d
T

0.7
1.0-1.2 '

1.0
1.7

1.0

0.7
1.0
1.2
1.4

(p,p')

1.0
1.0
4.5
2.0

0.6
0.4
0.6
0.6
1.0
1.4
1.0
0.5
0.4

(p, n)

1.0
1.0-1.5

0.7
0.6

0.7
1.0

0.7-1.0 g

Indicates association with nth shell-model state with spin J, parity m, and isospin T.
Excitation energy in MeV.

'Square of the longitudinal (e, e') form factor from Ref. 4.
Square of the transverse (e, e') form factor from Ref. 4.

'6J = 1+ needs to be enhanced, but 6J =3+ does not.
'AJ =1 needs tobe enhanced, but AJ =3+ does not.
gSurn of narrow and broad peaks near 14.6 MeV agrees with AJ =1+ calculation, but AJ =3+ calcu-
lation requires factor of 0.7.

underlying broad peak of undetermined multipolarity.
The scale factors which bring cross sections and form

factors calculated with shell-model wave functions into
qualitative agreement with the data for the (e, e'), (p,p'),
and (p, n) reactions are compiled in Table IV. Small
diA'erences between factors for Be and B may be attri-
buted in part to difFerences between unbound single-
particle wave functions for the two systems. Uncertain-
ties in the widths of some of the states, especially for B,
further complicate these comparisons. Nevertheless, the
scale factors deduced for all three reactions are in good
qualitative agreement for most states and support the
proposed identifications. The most glaring discrepancy,
as already discussed, occurs for the broad C3 excitation
at 6.76 MeV which requires a factor of 10 for the longitu-
dinal form factor squared and a factor of 4.5 for the (p, p')
cross section.

V. CONCLUSIONS

Considerable insight into nuclear structure can be ob-
tained from a consistent analysis of both electron and
proton scattering data for a particular target. We have
studied many states of Be using electron scattering, the
scattering of 180 MeV protons, and charge exchange in-
duced by 135 MeV protons. By comparing the data for
these reactions with each other and with shell-model cal-
culations, several new assignments and the excitations
which pose the greatest challenges to theory are
identified.

Although the shell model provides a reasonable
description of the ground-state rotational band, the devi-
ations between theory and experiment appear to increase

with excitation energy. A phenomenological analysis of
the data shows that the transitions remain essentially iso-
scalar but reveals some diff'erences between the quadru-
pole densities for these states. Similarly, the data for the
state at 6.76 MeV are described well by a simple C3 form
factor but the comparison between (e, e') and (p,p') shows
that this transition is mostly isoscalar, contrary to the
shell-model prediction of neutron dominance.

The data for the low-lying positive-parity states are
very poorly described by the 1%co shell model, with the
discrepancies appearing similar for both (p,p') and (e, e').
Similarly, the broad peak associated with the lowest —,

model state appears to receive an unexpectedly strong C2
contribution.

The data for several relatively narrow states above 14
MeV are described very well by the shell model. These
include the lowest —,

' and —,
' states with T =

—,'. The
positive-parity states at 16.671 and 17.49 MeV are
identified as the sixth —,

'+ and fourth —,'+ T = —,
' states and

owe their narrow widths to parentage in highly excited
states of the core. Several narrow states above 18 MeV
are assigned positive parity and T =

—,'. Among them, the
state at 19.42 MeV appears to be a pure M4 excitation
and hence is most likely the lowest —', + T =—', state.

Several other tentative assignments are suggested. In
particular, the state at 13.79 MeV seems to be either —,

'
or —,', with —', preferred by both (p,p') and (e, e'). Pro-
ton scattering data for the state at 15.97 MeV are also de-
scribed well by T= —,

' shell-model states with J =—', or
7
2

Therefore, within the OAco and 1A'co spaces, the shell
model provides a good description of the structure of
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most states of Be which are relatively narrow. However,
the broad low-lying states have proven more difficult to
describe. These difficulties may be related to deformation
of the single-particle potential or to coupling to a-cluster

configurations. Future theoretical investigations of de-
formed states in light nuclei should benefit from the avai-
lability of complementary data for the (e, e'), (p,p'), and
(p, n) reactions upon the same target.
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