VOLUME 24, NUMBER 4

PHYSICAL REVIEW LETTERS

26 JANUARY 1970

{C. F. Tsang and S. G. Nilsson, University of Califor-
nia Lawrence Radiation Laboratory Report No. UCRL~-
18966, 1969 (to be published).

5J. S. Fraser, J. C. D. Milton, H. R. Bowman, and
S. G. Thompson, Can. J. Phys. 41, 2080 (1963).

®H. W. Schmitt, W. E. Kiker, and C. W. Williams,
Phys. Rev. 136, B837 (1965).

L. Grodzins, R. Kalish, D. Murnick, R. J. Van de

Graaff, F. Chmara, and P. H. Rose, Phys. Letters
24B, 282 (1967).

C. D. Moak, H. O. Lutz, L. B. Bridwell, L. C.
Northeliffe, and S. Datz, Phys. Rev. 176, 427 (1968).

9Heavy Ion Laboratory at Burlington (HILAB) Propos-
al, submitted by Massachusetts Institute of Technology
(High Voltage Engineering Corporation, Burlington,
Mass., 1968).

ELECTROEXCITATION OF THE LOW-LYING STATES OF O ¥

J. C. Bergstrom, W. Bertozzi, S. Kowalski, and X. K. Maruyama
Department of Physics and Laboratory for Nuclear Science, *
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

and

J. W. Lightbody, Jr., S. P. Fivozinsky, and S. Penner
National Bureau of Standards, Washington, D. C. 20234
(Received 15 December 1969)

Measurements are reported of form factors for the electroexcitation of the 0% (6.052~
MeV), 37 (6.131-MeV), 2% (6.916-MeV), and 1~ (7.115-MeV) states of O, in the mo-
mentum-transfer region 0.5 to 1.0 fm™ !, The data are compared with the predictions
of various particle-hole shell models and a two-component phenomenological model.

In this Letter, we wish to report measure-
ments of the form factors for electroexcitation
of the 0% (6.052-MeV), 3~ (6.131-MeV), 2°*
(6.916-MeV), and 1~ (7.115-MeV) states of O*¢,
in the momentum-transfer region 0.5 to 1.0 fm ™,
The experiment was carried out at the electron
linear accelerator facility of the National Bu-
reau of Standards.

An oxygen target was provided by a 35-mg/cm?
wafer of beryllium oxide, oriented for transmis-
sion scattering. Scattered electrons were detect-
ed by a 20-detector array of lithium-drifted sili-
con semiconductors® (1X1.25X60 mm) positioned
along the focal plane of a 30-in. radius of curva-
ture, 169.8° double focusing (n=3) spectrometer.
Background events were minimized by a triple
coincidence requirement between the semicon-
ductors and two large plastic scintillators situ-
ated behind the array. Two scattering angles
were employed, 110° and 145°, and the incident
beam energy was varied between 51 and 105 MeV.
Average beam current was 1-3 pA, and accumu-
lated charge was continuously monitored by a
Faraday cup. The overall resolution was about
0.10%. The 217 doublet was completely re-
solved at all energies, and the 03~ doublet was
resolved at the lower energies. The 0" and 3~
states were not resolved at the higher energies
and line-shape fitting to the spectra was used to
separate them.

The broad £~ (6.66-MeV) state in beryllium
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makes a non-negligible contribution to the spec-
trum. Therefore, data were also takenon a
beryllium target (70 mg/cm?), and the normal-
ized spectra were subtracted from the BeO spec-
tra. The remaining background underlying the
doublets, mostly radiation tail from elastic scat-
tering, was determined by linear interpolation
from the spectra on either side of the doublets,
in conjunction with a line-shape-{fitting proce-
dure which yielded the shapes of the peaks, their
radiation tails, and their areas.

Figure 1 illustrates two spectra, the 0*3~
doublet at 59.7-MeV indicent energy, and the
2%17 doublet at 105 MeV. In both cases, the ox-
ygen elastic radiation tail and other backgrounds
have been removed. The error bars are the
standard deviations due to counting statistics in
each bin. The nonstatistical appearance of the
spectra originates from the procedure for sort-
ing data into energy bins; one counter contrib-
utes to several bins.

The squares of the inelastic form factors [the
ratio of the inelastic cross section to the Mott
cross section (Z =8)] for the 3~ (6.131-MeV) and
17 (7.115-MeV) levels are displayed in Fig. 2.
The form factors for the 0* (6.052-MeV) and 2*
(6.916-MeV) levels are displayed in Fig. 3. The
inelastic cross sections were obtained by com-
parison with the elastic-scattering cross section,
whose absolute values were determined by phase-
shift calculation. The calculation used the gen-
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FIG 1. Inelastic electron-scattering spectra with backgrounds removed. (a) 073~ doublet spectrum sorted into
5-keV bins. (b) 2*1~ doublet spectrum sorted into 10-keV bins. One detector spans about 4 bins in each case.

The vertical scales are in arbitrary units.

eralized harmonic-oscillator parameters o
=1.35, B=1.81 fm (corresponding to an rms ra-
dius of 2.67 fm) and gives a good fit to the avail-
able data® for ¢< 1.9 fm ™!, Transverse form fac-
tors have been extracted from the data and were
found to be at most a few percent of the total
form factors.

Errors in the form factors include the effects
of counting statistics, uncertainties in the over-
all level of background subtraction, the influence
of the radiation tail from the lower member of
a doublet on its neighbor, and uncertainties in
fitted line-shape parameters. The error bars
shown in Figs. 2 and 3 represent reasonable es-
timates of the standard deviations based on the
above effects and the influence of such instru-
mental effects as detector efficiencies, target-
thickness uniformity, and current-monitoring
accuracy.

The experimental form factor for the 3~ (6.131-
MeV) state is compared with the random-phase-
approximation calculation of Gillet and Melkanoff*
in Fig. 2(a). These authors worked within the
framework of 1p-1h (one-particle, one-hole) ex-
citations, and used an oscillator length parame-
ter of 1.75 fm. This form factor implies a radia-
tive width of about 1.6X107° eV for the ground-
state transition of the 3~ state, compared with

the experimental value (2.63+0.21)xX107% eV.5
When normalized to yield the experimental width,
the theoretical form factor fits the data very
well.

In Fig. 2(b) comparison is made of the 1~
(7.115-MeV) form factor with a simple calcula-
tion based on a shell-model excitation from the
1p to the 2s-1d shell. The initial and final states
were treated as pure S=0, 7=0 configurations,
and the spurious excitation of the center of mass
was removed. Corrections were made for the
proton size and center-of-mass effect. FZ2(q) has
been multiplied by a factor of 3.6 to give a rough
fit to the data. Comparison of this calculation
with the experimental radiative width is not rele-
vant since the transition at the photon point pro-
ceeds predominantly by 7 =1 impurities in the
wave functions.

As shown in Fig 3(a), the 0* form factors of
Boeker,® which are based on the Op-0h, 2p-2h,
and 4p-4h wave functions of Brown and Green,’
are not consistent with the data.

One phenomenological interpretation of the
even-parity states is the rotational model of
Goldhammer and Prosser.? In this model the
ground state of O'¢ is assumed to be dominated
by two components, one spherical and the other
deformed. The 0* (6.052-MeV) state is inter-
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FIG. 2. (a) Form factor for the 3~ (6.131-MeV) state
in O, The solid line is the form factor of Gillet and
Melkanoff (Ref. 4). (b) Form factor for the 17 (7.115~
MeV) state. The solid line represents a simple shell-
model form factor, multiplied by 3.6 (see text).

preted as the orthogonal mixture of these com-
ponents. The 2* (6.916-MeV) state is considered
to be the first excited member of a rotational
band based on the deformed component, and the
4* (10.353-MeV) and 6* (16.2-MeV) states are
other members of the band. We extend this
model and describe the deformed component with
quadrupole deformation parameters g and y. y
=0 implies axial symmetry and the maximum
asymmetry is represented by y=30°° If we use
the observed 2*-4* energy separation as a scale
factor, then the energy of the deformed compo-
nent can be obtained as a function of y from the
known behavior of the rotational energy levels
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FIG. 3. (a) Form factor for the 0% (6.052-MeV)

state, Curves 3 and 4 are the predictions of E. Boeker,

Phys. Letters 24B, 616 (1967), using a deformed and

spherical basis, respectively. Curves 1 and 2 are the

predictions of the two-component model (see text) in

which the 2* (6.916-MeV) ground-state radiative width

was taken as 0,096 and 0.080 eV, respectively.

(b) Form factor for the 2% (6.916-MeV) state. The

solid curves are the predictions of the two-component

model, as in (a).

of a triaxially deformed nucleus.!® The energy
of the deformed component in turn uniquely pre-
scribes the amplitudes of the components of two
0* states. The amplitude of the deformed com-
ponent in the ground state is about 0.41 and 0.45
for ¥=25° and 30°, respectively. It is interesting
to note that in this model, for y=25° a 3* level
and a second 2* level are predicted to lie within
3% of the 2* (9.847-MeV) and 3* (11.080-MeV)
levels in O'. The charge density of the deformed
component is given by the harmonic-oscillator
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form
p()=ce™"E 142 6/B'Y],
B'=B[1+2],0,,Y,,(Q)],

where «,, is determined by 8 and 7.!'! We assume

the spherical and deformed components of this
model cannot be connected by a single-particle
operator. The spherical state can be eliminated
from further discussion by using the “known”
elastic form factor to relate the spherical-state
scattering amplitude to the deformed-state scat-
tering amplitude.

The oscillator length parameter B and deforma-
tion parameter B are fixed by requiring the 0*
(6.052-MeV) and 2* (6.916-MeV) form factors to
yield, respectively, the monopole matrix ele-
ment!? (3.80 fm?) and ground-state radiative
width. Recent measurements of the radiative
width of the 2% (6.916-MeV) ground-state transi-
tion give results between 0.080 and 0.100 eV.!3
For a width of 0.080 eV, we obtain 8=0.57 and
B=1.76 fm, while for a width of 0.96 eV we have
B=0.63 and B=1.73 fm. The parameters 8 and
B are relatively insensitive to the value of y in
the neighborhood of y=25°.

While it was possible to satisfy the model con-
straints with 8< 0 (oblate ellipsoidal deformation)
and y < 30°, the required values of 8 and B
(I8l >1, B < 1.55 fm) were not considered to be
reasonable.

Setting ¥=30° yields a maximum ground-state
radiative width for the second 2* state of this
model of about 4X1073 eV, compared with the
experimental value for the 2* (9.847-MeV) level
of about 6X 1073 eV.* It should be pointed out
that this predicted width decreases very rapidly
with decreasing y. However, the observed
branching ratio®

2% (6.916 MeV)~0* (6.052 MeV)
2% (6.916 MeV) ~0* (gnd.)

=(2.5+0.4)x 107

requires y < 20°. The form factors based on this
phenomenological model are compared with the
experimental form factors for the 0% (6.052-MeV)
and 2% (6.916-MeV) states in Figs. 3(a) and 3(b),
for ¥=25° and 30°. We note that large y is pre-
ferred.

Although the comparison with the data is not
exceptionally good, it is interesting that this

simple two-component phenomenological model
does come close to unifying many features of
the low-lying even-parity states of OS>, We are
in the process of extending this experimental
work to the more highly excited states.
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