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The longitudinal and transverse form factors were determined separately as functions of
the excitation energy from 15 to 40 MeV in the momentum-transfer range 0.75—1.56 F '.
For some of the form~factor spectra the measurements were extended up to an excitation
energy of 100 MeV and the results were compared with the quasielastic model presented by
de Forest. The g dependence of the experimental form factors for levels were compared
with the predictions of the particle-hole model and with the intermediate-coupling model.
We have then found the levels with the following excitation energies (MeV), spins, and pari-
ties: 18.1 (17), 18.6 37), 19.6 (47), 20.0 @2%), 20.6 3¥), 21.6 (37), 22.0 (17), 22.7 (17), and
23.8 (17). We have also found new evidence of the possibility of the spin-isospin mode for

the 22.7-MeV (17) excitation.

I. INTRODUCTION

Inelastic electron scattering from nuclei using
deeply penetrating high-energy electrons is very
useful as a means of elucidating the nuclear struc-
ture®2; in particular, for an investigation of the
giant-resonance region.*"'” The giant resonance
has been studied from photodisintegration, % '°
photon total absorption,?® and inverse reactions
such as the (p, y) reaction.?!?? In the case of
these reactions the momentum transfer ¢ is deter-
mined uniquely by the excitation energy. On the
other hand, in electron scattering the momentum
transfer can be varied for a fixed energy transfer.
This is the advantage of electron scattering over
photonuclear studies. However, some difficulties
in the analysis of the electron scattering data have
remained. In an inelastically scattered electron
spectrum, two types of continuum backgrounds
under the giant resonance have been considered;
one is the “radiation tail” due to electrons degrad-
ed by the radiative effects, and the other may be
due to electrons scattered quasielastically from
the individual nucleons in the nucleus. The former
can be subtracted successfully by a calculation,
since the basic interaction of the electron with the
target is well known. However, an estimate of the
latter appears to be complicated, particularly in
the giant-resonance region.

Recently, the quasielastic model of nuclear elec-
troexcitation has been generalized by de Forest.?®
As a main feature of this theory, the effects of nu-
clear binding and the distortion of the wave func-
tion of the final-state nucleon are included in an
energy-dependent nuclear potential. Then, quasi-
elastic scattering can be treated in the framework
of the independent-particle model. According to
de Forest’s suggestion, quasielastic scattering is
not distinct from the single-particle excitation of
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bound states or resonances; thus, the concept of
a quasielastic background in the giant-resonance
region is unrealistic.

We have carried out high-resolution measure-
ments of inelastic electron scattering from the 2C
giant resonance at various incident electron ener-
gies and scattered angles. For some of the cross-
section spectra at an incident energy of 250 MeV,
the measurement was extended up to an excitation
energy of 100 MeV. After subtracting the radia-
tive tail by a computer code, the spectra were
compared with the predicted cross sections of the
quasielastic model. Satisfactory agreement is ob-
tained between theory and experiment.

The de Forest model predicts a smooth curve
corresponding to the sum of the strengths for the
single-particle excitations of all the multipole
states. This theory is thus incapable of describ-
ing the complicated structure which is seen in the
giant-resonance region. For such fine structure,
detailed descriptions have been provided by the
particle-hole models with the Tamm-Dancoff or
random-phase approximation, as will be men-
tioned later.

The electron interacts with the nucleus not only
through the transverse interaction corresponding
to the photon case, but also has the possibility of
a longitudinal interaction. By carrying out the
measurements at different angles (relatively, for-
ward and backward) keeping the momentum trans-
fer constant, one can extract the longitudinal and
transverse form factors squared as functions of
the excitation energy [ | W;(g, w)[? and | Wy(q, w)|?].
Such a procedure is particularly useful in the
giant-resonance region as a means of isolating a
complicated structure, since the form factors of
some levels are either almost completely longitu-
dinal or transverse. Then, we could find many
levels which were marginally apparent from pre-
vious studies. The usual form factors [ |F(q)[?]
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for these excitations are immediately obtained
from the generalized form factor. To identify the
spin and parity of the level, its form factor as a
function of the momentum transfer is compared
with the theoretical form factor (squared) calcu-
lated by making use of the one-particle—one-hole
model presented by Vinh Mau and Brown,?* Gillet
and Vinh Mau,?® Lewis and Walecka,?® de Forest®’
(later referred to as LWD), and Donnelly.?® Al-
though this j-j coupling approximation does not
provide accurately the magnitude of the experi-
mental form factor, it has been recognized that
its g dependence is well reproduced with this
theory by assuming a multipole operator which
may be associated with the level observed. For
the levels considered to have even parity, the ex-
perimental form factors are compared with the
predictions of the intermediate-coupling model
presented by Boyarkina.?® In some cases, such as
for the giant dipole resonance, its form factor is
compared with Kamimura, Ikeda, and Arima (lat-
er referred to as KIA) model®® which introduced a
coupling of the quadrupole vibration with the dipole
oscillation in the framework of the particle-hole
approximation. The KIA form factors were calcu-
lated using the wave functions of force I in the
present comparison.

The generalized Goldhaber-Teller model® 33
regards nuclear matter as made up of four inter-
acting fluids which build the oscillations of the
four modes, such as the isospin (1) mode, the
spin-isospin (0-7) mode, etc. However, it is pos-
sible to understand the extended fluid model in
terms of the nuclear shell model; the 7 states are
L=1,5=0, and thus J=17; and the o-7 states are
L=1, S=1, and thus J=0", 17, 27, Lewis and Wal-
ecka®® have pointed out that the two electric-dipole
states predicted at 23 and 25 MeV make up the
giant dipole resonance in *2C. The level at 23
MeV has a dominant (1d,,,, 1p,,,~!) configuration
which corresponds to the 7-mode oscillation
which can be strongly excited by the longitudinal
interaction. However, the component (L=1,S=1)
of the 0-7 mode is also contained in this 23-MeV
state and can be seen from the ¢ dependence of its
transverse form factor. The other level at 25
MeV with a dominant (1d,,,, 1p;,,”") configuration
corresponds almost to a pure o-7 mode and is
dominantly excited by the transverse interaction.
The relative magnitude of the transverse form
factors for these 23- and 25-MeV states changes
with increasing momentum transfer, and the ma-
jority of the contribution shifts from the former
to the latter.?®**® Though such transitions are ac-
tually observed near the predicted energies, the
magnitudes of their form factors do not change in
the same manner as theory predicts,!3:26+33:3¢

One of the present experimental purposes is to ex-
amine the presence of the o-7 states. We have
found new evidence of this mode for 22.7-MeV (17)
excitation observed.

Our longitudinal and transverse form factors in
the selected energy region were compared with
the theoretical form factors predicted by the qua-
sielastic and particle-hole models mentioned
above. The magnitudes of the experimental form
factors are well reproduced by the theoretical
curves of the quasielastic model. Our transverse
form factors are also compared with those ob-
tained from previous electron scattering at 180°
using low-energy electrons®' °' ! along with the
curve predicted by above theory. Our longitudinal
and transverse form factors are further compared
with recent data in a ¢ range 0.36-0.84 F~! ob-
tained at the National Bureau of Standards.%®

II. EXPERIMENTAL METHOD

The primary beams of the accelerator were de-
flected by an achromatic beam transport system
consisting of a quadrupole magnet between two
bending magnets. Three slit systems were used;
two of them were placed with 5.5-m intervals be-
tween the accelerator and first bending magnet to
fix the location and direction of the beams; the
other was the energy-defining slit installed at the
middle of the two bending magnets. The beams
were refocused on the target by a quadrupole dou-
blet magnetic lens placed 7.2 m upstream from
the target. Two pairs of steering coils were pro-
vided to adjust horizontal and vertical deflections,
respectively. The size and location of the beam
spot at the target was monitored by a closed-cir-
cuit television using a BeO screen with appropriate
markings. This screen was frequently inserted in
the beam during the experiment by remote control.
After passing through the target, the beams were
monitored by a secondary-emission monitor (SEM)
using a conventional current integrator. The effi-
ciency of the SEM was calibrated against a Fara-
day cup. The electrons scattered from the target
were analyzed by a magic-angle (6 =169.7°) 3637
double-focusing magnetic spectrometer of 100-cm
central radius of curvature, The field was moni-
tored by a commercial rotating-coil fluxmeter.
The spectrometer magnet was mounted on a turn-
table which could rotate about a central post on
which a target chamber was mounted. The angle
of rotation for the spectrometer extended from 35
to 145° in usual use. A target ladder accurately
placed at the center of the target chamber held
five targets including a BeO screen and a thick
graphite target for the calibration of the counter
efficiency. The targets could be moved or vi-
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FIG. 1. Spectrum of electrons scattered from 2c at a scattering angle of 35° and incident energy of 250 MeV. The
data points were taken at intervals of A€,/€,=0.025%. The abscissa gives values of the excitations energy up to 30 MeV.
The ordinate gives the cross section in the unit of 10™% ¢m?/sr MeV. The upper plot shows data points corrected for
dead-time losses and for counter efficiencies. The lower plot shows the same data with the radiative effects corrected.

brated by remote control.
The scattered electrons exited the target cham-

ber through a Mylar window, passed through a vac-
uum foil (aluminum) at the entrance of the spec-
trometer, were deflected by the magnetic field,
and were detected by a 33-channel detector ladder,
which covers a 3.3% range in momentum. Each
channel consisted of three Li-drifted silicon de-
tectors working as a counter telescope. Because
of the low background rate of the solid-state de-
tector, unlike the case of a plastic scintillator, the
(slow) coincidences among three elements were
handled in a computer system during pulse-to-
pulse intervals. Data collection, display on an
oscilloscope during measurement, and correction
of counting efficiency were also provided by a com-
puter.

The spectrum of the scattered electrons was tak-
en by shifting the setting of the magnetic field in
steps of A€,/€,=3.3%, €, being the energy of the
scattered electron. For each setting of the mag-
netic field, the location of the counter system was

moved by remote control 1.81 mm stepwise along
the focal plane, corresponding to a momentum
shift of 0.025%. Finally, the data points were col-
lected at intervals of A€,/€,=0.025 or 0.05%.

The relative efficiency of each channel was mea-
sured using an inelastic continuum region of 2C,
however, it may be incorrect to regard this con-
tinuum as completely flat. To smear out some
structures which may be present, the measure-
ment was carried out by increasing and decreasing
the magnetic field corresponding to the continuum.
The slope of the continuum was measured by count-
ing the same peak or structure with a different
portion of the multichannel detector.

An example of the scattered electron spectrum
for '2C is shown in the upper part of Fig. 1. Ex-
cept for the radiative correction, all data points
were corrected for the spectrometer dispersion,
counter dead-time losses, and counter efficiency.
Many peaks may be seen superimposed on the ra-
diation-tail background due mainly to the elastic
peak.
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The radiative effects which are due to the radia-
tion of electrons as they traverse the target re-
move electrons from a given point of the spectrum
and spread them out in a spectrum of lower ener-
gy. The former effect reduces the peak area and
the latter forms a background under the inelastic
peaks which is called a radiation tail. The correc-
tions for these effects were performed with an
iterative-procedure code® using a computer.

As a first step the spectrum is divided into a
number of successive bins of interval AE. Then,
the highest-energy interval or first bin is multi-
plied by a factor e®[x/(A —1)] that corrects for
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electrons removed from the energy interval of
that bin.

A

(d_o) _(dc> ¢ 5s(8E) + 85(AB) (_)
dSY/ real ase/a A-1/’

where (do/dQ), is the cross section corresponding
to the area of interval of AE; and 6,(AE), 6,(AE),
and A/(x - 1) are the terms due to Schwinger radi-
ation, 3°"*! thick-target bremsstrahlung,*? and col-
lision losses,*® respectively.

Next, the subtraction of the radiation tail is
made. The number of radiation-degraded elec-
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FIG. 2. Spectra of scattered electrons at 35, 40, 50, 60, and 80° from '2C for the incident energy of 250 MeV. The
cross section is shown in the unit of 10732 ¢cm?/sr MeV. The arrows indicate the positions of the peaks. The values of
momentum transfer for each spectrum were calculated assuming an excitation energy of 25 MeV.
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trons in each subsequent bin that come from the
first-bin electrons that would be there without ra-
diation was computed with the Isabelle-Bishop for-
mula® and subtracted from each subsequent bin.
Then, the same procedure is applied again to the
second bin and continued until all the bins have
been corrected.

The spectrum with these corrections applied is
shown in the lower part of Fig. 1. Usually the bin
interval AE was made equal to the interval of data
points. The accuracy of the code used can be seen
by comparing the calculated tail with the measured
one below an energy (7 MeV) of the particle-emis-
sion threshold. In the most serious case (€, =250
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MeV, 6=35°), the radiation tail in the giant-reso-
nance region amounts to about 26% of the measured
counting rate. This type of background decreases
rapidly as the incident electron energy or scatter-
ing angle is increased.

The thickness of the graphite target was chosen
to be 104, 187, or 500 mg/cm? depending on the
experimental condition. The over-all resolution
was determined by the beam-spread, target-thick-
ness, and spectrometer-resolution effects. To
measure all of the spectra with almost the same
resolution, the beam spread was varied from 0.13
to 0.2%, depending on the energies of the incident
electrons, by adjusting the energy-defining slit.
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FIG. 3. Spectra of scattered electrons at 135° from 2C for the incident energies of 88.8, 100, 120, 140.5, and 177.6
MeV. These energies were chosen to give the same momentum transfer as the values of the corresponding forward-an-

gle spectra in Fig. 2.
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The absolute cross section of inelastic electron the particle-hole calculation, high-lying levels are
scattering was obtained by comparing its yield excited by either almost the pure longitudinal or
with the elastic-peak area. The cross section of transverse interaction, or by both. Thus, it seems
elastic scattering from '2C is well known from to be of great importance to determine separately
previous studies.*® the longitudinal and transverse form factors. Such

a procedure is performed with the help of the first-

III. ANALYSIS AND RESULTS order Born approximation.

In Figs. 2 and 3 we present inelastically scat- In the Born approximation for the interaction of
tered electron spectra in *2C up to an excitation the electron with the nucleus, the cross section
energy of 40 MeV measured at the various angles for electron scattering is given by
with the various incident electron energies. Such
spectra show a co.mplicated structure in the ener- =0 yor |F(q)|26(E2 +€,-E, —€), (2)
gy region of the giant resonance. According to aQde,
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FIG. 4. The longitudinal form factors |W(q,w)|? for electroexcitation in '2C over the excitation energy range from
15 to 40 MeV corresponding to momentum transfers of 0.75, 0.84, 1.04, 1.22, and 1.56 F~!. The arrows show the posi-
tions of the form-factor peaks. The spins and parities assigned from the present and previous studies are shown in
the parentheses.
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Z%* cos® 30 Here €, is related to the excitation energy w by
OMott™=Z¢ Tginily ’ 3)
1 2
¢ €,-w (5)
where F(q) is the total form factor defined by this 271 +(2€ sin? 30) /My’
: . : t
relation, Oyjor; 1§ the Mott cross section for elastic where M, is mass of the target nucleus. Using Eq.
electron scattering through an angle 6 of an elec- . . .
. ; (5), W(q, w) is written in the form
tron of energy €, from a point, spinless nucleus
of charge Ze with no recoil, and €, , and E, , are . 1 2
the total energies of electron and nucleus, respec- IW(g, )= A [P

tively; the subscripts 1 and 2 refer to the initial

and final states. W(q, w) is further expressed by the Born approxi-
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FIG. 5. The same as for Fig. 4 except that the transverse form-factors IWT(q,co)i2 are shown.
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where W, (g, w) is the part of the total form factor
due to the Coulomb or the longitudinal interaction
and Wr(g, w) is the part due to the transverse in-

teraction. The four-momentum of the electron

is k‘,:(l?, i€). The momentum transfer is g,

=(q, iA€) =k, —Fk,,. The usual form factor is re-
lated to the form factor W(q, w) by

IF(q)P:fw [W(g, w)|%dw . (1)

In order to determine the longitudinal and trans-

1757

ward and backward), keeping the momentum trans-
fer constant. The forward-angle cross sections
corresponding to ¢ values of 0.75, 0.84, 1.04, 1.22,
and 1.56 F~' were taken at angles of 35, 40, 50,
60, and 80° with an incident electron of 250 MeV,
and the backward-angle data were taken at 135° by
adjusting the incident electron energy to give the
same momentum transfer as above. In our kine-
matical calculation, ¢ was obtained by assuming
an excitation energy of 25 MeV. The values of ¢
were corrected for the change of wavelength of the

verse form factors using Eq. (6), the cross sec- incident electron when it passes through the nucle-
tions are taken at different angles (relatively for- us. This correction factor is y=(1+3Za/2k,R),*®
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FIG. 6. The longitudinal and transverse form-factor spectra are compared with the theoretical longitudinal and trans-
verse form factors calculated using the quasielastic model. Both calculations with the plane and harmonic-oscillator
wave functions show almost the same result. Also shown are the resonance shapes and continuum background for the
22.0- and 23.8-MeV peaks (dashed).
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where « is the fine-structure constant and R is
the equivalent uniform-nuclear-charge radius.
Then, incident electron energies in the backward-
angle experiments were selected so that ¢’(250
MeV, 0) =q’(€,, 135°), where ¢’ =yq.

All the inelastic spectra obtained as functions of
the excitation energy from 15 to 40 MeV were di-
vided into the successive bins of the same interval
of 200 keV, and then the cross-section points were
averaged within the bin intervals. The results of
this procedure are shown in Figs. 2 and 3. Then,
the longitudinal and transverse form factors for
each bin, whose excitation energy is assumed at
the bin center, were calculated using Eq. (6) and
plotted as shown in Figs. 4 and 5. The width of the
resolution function of these spectra (650 keV) is
greatly increased over that of the primary spectra
(~400 keV) by above procedure. However, the
peaks are more clearly isolated than those of the
primary spectra, since the form factors for exci-
tation of some states are either almost completely
longitudinal or transverse. In the longitudinal
form factor of Fig. 4, dominant peaks may be seen
at 16.1, 18.6, 20.0, 21.6, 22.0, 23.8, 25.5, and
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FIG. 7. The transverse form factor for the 15.1-MeV
level., Previous data (Refs. 3—7, 14, 15 ) are also
plotted. The curves were calculated using the intermedi-
ate-coupling model (Boyarkina) with the different oscil-
later-length parameters b.
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possibly 29 MeV superimposed on a smooth contin-
uum. In the transverse form factor, there are
peaks at 15.1, 16.1, 18.1, 19.3, 19.6, 20.6, 22.7,
and 25.5 MeV. The area of the form-factor peaks
for the levels other than the giant dipole resonance
was determined by a fitting procedure using the
shape of the elastic peak (650 keV). The quasi-
elastic background (knock-out-nucleon process)
may contribute to the continuum at energies >20
MeV. However, we have not yet employed any
theoretical calculation for the estimation of the
quasielastic background. For the distinct peaks
seen in the giant-resonance region, the continuum
(packground) was estimated so as to give the same
resonance shape among the peaks corresponding
to the same excitation energy but different momen-
tum transfers. One example is shown in the upper
part of Fig. 6 (dashed curve). The shape is almost
Gaussian with a width of 1.5 MeV. The form fac-
tors for the 15.1-, 16.1-, 16.6-, 18.1-, 18.6-,
19.3-, 19.6-, 20.0-, 20.6-, 22.7-, 22.0-, and
23.8-MeV states are plotted as functions of ¢ as
shown in Figs. 7-16 where the data from previous
studies are also included.

1073 Ey=16.1 MeV

Longitudinal
Form Foctor

Boyarkina , 16,6 MeV state

IF 12
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FIG. 8. The longitudinal and transverse form factors
for the 16.1-MeV level. The curves correspond to the
particle-hole model (Gillet and Vinh Mau) with =1.64 F
(dashed), the intermediate-coupling model (Boyarkina)
with b=1,64 F (solid), and with 6=1.9 F (dotted).
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Furthermore, the longitudinal and transverse
form factors in the selected energy regions such
as 21-26, 26-37, and 21-37 MeV are shown as
functions of ¢ in Figs. 17-20. The previous elec-
tron-scattering data corresponding to these ener-
gy regions are also summarized in the same fig-
ures.

IV. COMPARISON WITH NUCLEAR MODELS

A. Quasielastic Model

The cross sections for electroexcitation in *2C
displayed up to an excitation energy of 100 MeV
are compared with the theoretical curves of the
quasielastic model presented by de Forest.?® This
theory treats all of the one-particle excitations in
the framework of the independent-particle model.
The effects of binding and the distortion of the
wave function of the final-state nucleon are includ-
ed in an energy-dependent nuclear potential. The
form of this potential was chosen to have a linear
dependence of V(E) =constX (E - E,) on E or an ex-
ponential dependence of V(E) = const xe~%/Fo, As
optimum values of E, de Forest found about 90 MeV
for the linear form V(E) and 100 MeV for the ex-
ponential form. In the present comparison, we
have used both forms, treating E, as an adjustable
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harmonic-oscillator wave function were used as
the wave function of the final-state nucleon. Anti-
symmetrization effects were not considered, al-
though they seemed to be important in the giant-
resonance region.

The predictions of this model are compared with
our spectra at the scattering angles of 40 and 80°
with an incident electron energy of 250 MeV. As
shown in Fig. 21, both models [the plane wave
function and harmonic-oscillator (H.O.) wave func-
tion] are able to predict the main feature of the
cross section quite well. Some discrepancies
which may be seen in the small-w region may re-
sult from ignoring the antisymmetrization effects.
According to de Forest’s example, the magnitude
of the cross section around an excitation energy
of 25 MeV declines about 20% with the inclusion of
antisymmetrization. The plane-wave calculation
(solid curve), though it seems to give a better ap-
proximation in the large-w region, somewhat un-
derestimates the absolute magnitude of the cross
section near w =90 MeV as seen in the upper spec-
trum, while it overestimates in the case of the
lower spectrum. When E is varied markedly to
50 MeV, the agreement in this region is achieved,
as can be seen; however, the over-all agreement

parameter. Both the plane wave function and the
16° |-
|~ Donnelly , 19.5—MeV state
1073 |- Donnelly,  18.8 -MeV  state I” 5 T=1 Main conf. (25 .pa/g-l)
L 2 T=1
:, Main conf.
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N_r— I % § § §§ /1/
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w i i
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r . . ! : . . !
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FIG. 9. The transverse form factor for the 16.6-MeV

g (Fh

g (F")

FIG. 10. The present transverse form factor and the

previous data Ref. 11 for 18.1-MeV state are plotted.

level. The theoretical transverse form factor for the
magnetic quadrupole state with a dominant (2s4/5, pg/5 %)
configuration (Donnelly) is also shown.

Also shown is the theoretical transverse form factor for
the electric dipole state with a dominant (2545, P3/3 )
configuration (Donnelly).
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is not improved.

A more detailed comparison may be made by
using the form-factor spectra separated into the
longitudinal and transverse components. The lon-
gitudinal and transverse form factors up to an ex-
citation energy of 40 MeV at ¢=0.84 and 1.56 F~*
are compared with the theoretical form factors of
the de Forest model as shown in Fig. 6. A gross
agreement between theory and experiment is quite
satisfactory. Some discrepancy for the longitudi-
nal form factor at 0.84 F~! may be removed by
considering the antisymmetrization effects as
mentioned above.

For the next comparison, the longitudinal and
transverse form factors in the selected energy re-
gions of 21-26 and 26-37 MeV were plotted as
functions of ¢ in Figs. 17 and 18. The transverse
form factor measured at 180° by previous electron
scattering experiments and the longitudinal and
transverse form factors obtained at NBS are also
shown in the same figure. The general agreement.
between the theoretical and experimental form fac-
tors is seen to be good. The harmonic-oscillator
wave function gives, however, a better representa-
tion, particularly in the low-¢ range. Although

Donnelly , 19.24 — MeV  state
L 35 T=l  Main conf. (d% , p3%™")
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FIG. 11. The present longitudinal form factor for the
18.6-MeV state and the previous data (Refs. 8, 10, 15)
are plotted. Shown is the theoretical longitudinal form
factor for the octupole state with a dominant (1ds,,,
1p3/5”Y) configuration.
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the quasielastic model cannot describe the fine
structure, the success in predicting the absolute
magnitude of the experimental cross section or
form factor is remarkable. The present experi-
mental result agrees with the previous one within
the experimental errors.

B. Particle-Hole Model and Intermediate-Coupling Model

In the longitudinal form factors shown in Fig. 4,
dominant peaks may be seen at 16.1, 18.6, 20.0,
21.6, 22.0, 23.8, and 25.5 MeV superimposed on
a smooth continuum. In the transverse ones,
there are peaks at 15.1, 16.1, 16.6, 18.1, 19.3,
19.6, 20.6, 22.7, and possibly 25.5 MeV as seen
in Fig. 5.

The present study is characterized in the mea-
surement in the high-momentum-transfer range
where high-multipole states can be excited domi-
nantly. We have found many peaks for which spins
and parities have not been established from pre-
vious studies. It seems to be useful to compare
our form factors with the theoretical ones calcu-
lated by using the wave functions of a nuclear mod-
el such as the particle-hole model or the interme-

Donnelly

N Main conf.
"N\ (4% 0% )

a(F!)

FIG. 12. The transverse form factor for the 19-MeV
complex. The dashed and dotted curves correspond to
the 20.6-MeV (27, T=1) and 20.17-MeV (4=, T=1)
states with a dominant (1ds/,, 1p3/,”%) configuration
(Donnelly), respectively. The solid curve is the sum of
both contributions.
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diate-coupling model. Although such a microscop-
ic model does not account for the absolute magni-
tude of the form factor accurately, its ¢ depen-
dence is well characterized by the matrix element
with the multipole operator properly chosen. The
particle-hole model has been calculated by Lewis
and Walecka,?® de Forest,?” and Donnelly?® in a
reformulation or an extension of the Brown-Gillet
model?* 2% by assuming a j-j coupling spherical nu-
cleus for the ground state. Among these calcula-
tions Donnelly has presented all of the possible
multipole states in 2C as listed in Table I. We
will compare our form factors mainly with his re-
sult. For even-parity states, the experimental
form factor will be compared with the theoretical
form factor calculated by making use of the inter-
mediated-coupling model presented by Boyarkina.?®
The 15.1-MeV (1%, T=1) state has been exten-
sively examined with experimental and theoretical
interest by many authors. Our data for this level
were taken in the high-g range corresponding to
the second diffraction maximum as shown in Fig.
7 where all of the previous data are also plotted.
According to the particle-hole calculation, this
level is almost a pure (1p,,,, 1p5,,~") single-parti-
cle state. However, it is well known that the mag-
nitude of the form factor for this configuration is

153 Boyarkine , 2% T=1
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FIG. 13. The longitudinal form factor for the 20.0-
MeV level. Also shown are the theoretical longitudinal
and transverse form factors for the 23.7- and 23.9- MeV
2% T=1 states (Boyarkina).

larger by about a factor of 4 than obtained from
the experiment. Agreement between experiment
and theory is improved by the use of the wave func-
tion of the intermediate-coupling model as demon-
strated by Kurath®” and Hirooka.*® Both have cal-
culated the 15.11-MeV form factor by varying the
oscillator-length parameter b to provide the best
fit to the data. Kurath has suggested b=2.0 F;
however, it is considerably higher than the value
(1.64 F) obtained from the analysis of elastic elec-
tron scattering. On the other hand, Hirooka has
shown by using a slightly modified Cohen-Kurath
wave function,?® that b=1.64 F is not only consis-
tent with the 15.11-MeV form factor, but also with
the other data such as the muon capture rate in

I2C or the ft value of the ®B 8 decay.® They have,
however, limited their calculation to within the ¢
range of the first diffraction peak. We have extend-
ed the calculation up to the g value of the second
peak using the Boyarkina wave function. The mag-
nitude of the first peak is well reproduced by the
theoretical form factor; however, it does not ac-
count for the relative magnitude for the second
peak. Recently, Chemtob and Lumbroso®! have
shown that the effect of the meson-exchange cur-
rents gives an increase of the form factors par-
ticularly at the second peak in agreement with the

103 Boyarkina,

T 21.0 -Mev 3" ;T=1 state

B 21,2 -MeV 1Y ;T=1 state ————
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FIG. 14, The transverse form factor for the 20.6-MeV
level. The M1 and M3 form factors calculated using the
intermediate-coupling-model wave functions (Boyarkina)
are also shown,
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experimental observation.

The 16.11-MeV (2", T'= 1) level has almost the
same configuration as the case of 15.1-MeV level.
This level is not only excited by the longitudinal
interaction, but also dominantly excited by the
transverse interaction through the isovector term
in the operator. Both the longitudinal and trans-
verse form factors were separated experimentally
as shown in Fig. 8. Also shown are the theoretical
form factors calculated with the one-particle—one-
hole model (dashed curves) and with the interme-
diate-coupling model (solid curves). The particle-
hole model overestimates the form factor by about
a factor of 5 for both the longitudinal and trans-
verse components, whereas the intermediate-cou-
pling calculation well reproduces the experimental
data in both cases. In the intermediate-coupling
calculation, we used two different oscillator-:
length parameters of 1.64 and 1.9 F; the former
corresponds to the value from the analysis of elas-
tic electron scattering, and the latter provides the
best fit to the 15.11-MeV (1*) form factor?” as
mentioned above. In the 16.11-MeV case the the-
oretical form factor with b=1.64 F gives a better
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FIG. 15. The longitudinal form factors for the 22.0-
and 23.8-MeV levels and the sum of both are plotted
against ¢. The form factors at the photon point were es-
timated from the data of Bezié et al. (Ref. 20). Also
shown are the theoretical form factors for the dipole iso-
spin state with a dominant (1ds/,, 1pss~!) configuration.
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fit to the data than that with b=1.9 F as seen in
Fig. 8.

Figure 9 shows the experimental form factor for
the 16.6-MeV (27, T=1) level. This excitation is
found to be almost completely transverse in ac-
cord with the identification as a magnetic quadru-
pole state. However, the ¢ dependence is quite
different from the usual case; the magnitude of
the second diffraction peak is markedly larger
than the first peak. This feature is well repro-
duced by the theoretical form factor of the predict-
ed 18.80-MeV (27, T=1) state with a dominant
(28 /95 1P5,,~1) configuration (Donnelly).

Figures 4 and 5 show the almost pure trans-
verse excitation at 18.1 MeV which decreases
rapidly as ¢ is increased. The 18.1-MeV level
was first studied by Barber!! in the low-¢ range
and was identified as one of the dipole states by
Donnelly ef al.'® Qur transverse form factor for
the 18.1-MeV excitation is plotted in Fig. 10 where
the data of Goldemberg and Barber!! are also in-
cluded. Also shown is the theoretical transverse
form factor for the predicted 19.52-MeV (17, T=1)
state (Donnelly).

A 37, T=1level at 18.6 MeV was first reported
by Feldman, Suffert, and Hanna® and further stud-

107
N Kamimura et al., 24.0-MeV state
————Donnelly , 24.9-MeV state
I” 2 T=1  Man conf. (d3% ,p% ")

qa (£

FIG. 16. The transverse form factor as a function of
q for the 22.7-MeV peak. The curves correspond to the
form factors for the dipole spin-isospin states with a
dominant (1ds/,, lpg/z_i) configuration. The KIA model
predicts sizable strength even at the photon point.
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ied by Donnelly et al.'® Friar® has suggested that
the form factor for the excitation of this level is
almost pure longitudinal. Our 18.6-MeV form fac-
tor is found to be longitudinal in accord with this
interpretation. The form-factor points are plotted
in Fig. 11 and compared with the theoretical form
factor for the predicted 19.24-MeV (37, 7= 1) state
(Donnelly). The agreement of the previous data
which are also plotted in the same figure with ours
seems to be reasonable.

As may be seen in Fig. 5, the excitation energy
of 19.3 MeV shifts to 19.6 MeV as ¢ is increased.
The presence of a 27 state at 19.3 MeV was con-
firmed by recent high-resolution low-g experi-
ment.* The most prominent peak at 19.6 MeV
may correspond to a 47, 7= 1 state suggested by
Donnelly et al.'® Our transverse form factor for
the 19-MeV complex are plotted in Fig. 12. In the
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FIG, 17. The longitudinal and transverse form factors
as functions of ¢ for a range of 21-26 MeV. The data
points of the previous studies (Refs, 3, 9, 11, 20, 35)
are also plotted. Also shown are the theoretical results
of the quasielastic model with the plane (solid) and har-
monic-oscillator (dashed) wave functions.

same figure the dashed and dotted curves are the
theoretical form factors corresponding to the pre-
dicted 20.60-MeV (27, 7=1) and 20.17-MeV (4",

T =1) states (Donnelly), respectively.

Figure 13 shows the experimental longitudinal
form factor for the 20.0-MeV peak. Boyarkina
predicts the second and third 2%, 7= 1 states at
23.7 and 23.9 MeV. The absolute magnitude of the
experimental form factor is well reproduced by
the theoretical form factor of the predicted 23.9-
MeV state as seen in the same figure.

The peak at 20.6 MeV has been suggested as a
27, T=1 state with a dominant (1d,,,, 1p4,;” ') con-
figuration from the previous study by Torizuka
et al.'® The present experiment was extended up
to a ¢ value of 2.2 F~! as shown in Fig. 14. Then
we have found that the ¢ dependence of the theoret-
ical 27 form factor is not in accord with the exper-
imental form factor, which seems to be associated
with the multipole order 3. The possible 37, T=1
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FIG. 18. The same as for Fig. 17 except that the form
factors for an extended range of 26~37 MeV are shown.
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YAMAGUCHI,
state predicted at 19.24 MeV with a dominant
(1dg,,, 14, ") configuration was identified with the
18.6-MeV peak as mentioned before, and another
25.09-MeV (37) state with a dominant (1dg,,, 1p5,,”%)
configuration has a comparable strength for both
the longitudinal and transverse excitations from
the particle-hole calculation (Donnelly). As may
be seen in Fig. 4, such a longitudinal component

is not found near 20.6 MeV. The possibility of 3,
T =1 state for this form factor was then investigat-
ed by using the Boyarkina wave function 3", 7=1,
E_=21.0 MeV) as shown in Fig. 14. Also shown is
the theoretical curve for the 21.2-MeV (1%, T=1)
state listed in the Boyarkina table. The ¢ depen-
dence and magnitude of the experimental form fac-
tor is well reproduced by both the 1* and 3* form
factors. However, the 3* assignment seems to be
more probable, since the lowest-lying high-spin
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FIG. 19. The data are the same as for Fig. 17. Shown
are the theoretical form factors corresponding to the
sum of the form factors for the dipole states at 23.09 and
24.89 MeV (Donnelly) with dominant (1dg/y, 1p3/;"Y) and
(1d374, 1p3/5~ 1) configurations, respectively.
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TABLE 1. The theoretical and observed energy levels

(MeV) for J"=1-, 27, 37, and4~, T =1 in 2C,
Donnelly Main Present
JT (Ref. 28) configuration work
1- 19.52 (25179, 1pgp™Y) 18.1
23.09 (1ds9, 1pg5~Y)  22.0, 23.8, 25.5
24.89 (1dy,9, 1pg™")  22.7, 25.5
35.55 (1py9, 1sy57Y)
2= 18.80 (28195 1pgo~Y) 16.6
20.60 (1dy5s 1pg5~Y) 19.3
23.83 (dy/q, 1pgs™Y)
3- 19.24 (1d5,9, 1p30™Y) 18.6
25.09 (Ady5, 1pgs™") 25.5
4 20.17 (dy)p, 1p35~Y) 19.6
107"
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FIG. 20. The longitudinal and transverse form factors
for a range of 21—-37 MeV are plotted as function of gq.
The theoretical curves are the sum of the form factors
for the dipole states at 23.09, 24.89, and 35.55 MeV
(Donnelly) corresponding, respectively, to dominant
(Uds/g, 1377 "), (dy/g, 103757Y), and (195, 183/,7Y)

configurations.
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state is favorably excited in the usual case.

The longitudinal form-factor peak at 22.0 MeV
shifts toward lower excitation energy as ¢ is in-
creased, and then another peak is clearly seen at
21.6 MeV which seems to be a 2* or 3~ state. Re-
cently, Antony-Spies et al.>* have predicted the 3~
states in '2C at 18.8 MeV (T=1), 20.6 MeV (T =0),
and 24.8 MeV (T=1). The first seems to corre-
spond to the 18.6-MeV (37) state as mentioned be-
fore and the second may correspond to our 21.6-
MeV peak.

The dominant peaks near 22.0, 23.8, and 25.5
MeV in Fig. 4 and also 22.7 and 25.5 MeV in Fig.
5 are considered to make up the giant dipole reso-
nance. However, the single-particle-hole model
has predicted only two electric dipole states at
23.09 and 24.89 MeV (Donnelly) in this energy re-
gion. The level at 23.09 MeV has a dominant
(1dy,,, 1pg,,~ ") configuration and corresponds in
the collective model to the isospin oscillation
which can be strongly excited by the longitudinal
interaction. The other level at 24.89 MeV which

GIANT RESONANCE..
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has a dominant (1dg,,, 1p4,,”") configuration corre-
sponds to the spin-isospin oscillatibn, which is
mainly excited by the transverse interaction.

The dipole strength of the isospin state may be
redistributed among the 22.0-, 23.8-, and 25.5-
MeV states observed. In order to obtain the form
factor for these states, their resonance shape and
the continuum background were estimated as
shown in Fig. 6 (dashed curves). The sum of the
longitudinal form factors for the 22.0- and 23.8-
MeV excitations are compared with the theoret-
ical form factor (Donnelly and KIA) in Fig. 15.
The longitudinal form factor at the photon point
obtained from the (y,total) cross section® is also
shown. Although these peaks are considered as
almost pure 17 states, the g dependence of their
form factor observed shows a slight discrepancy
from that of the theoretical 1~ form factor, par-
ticularly in the high-g region. A tendency for the
calculated form factors to decrease too rapidly
with increasing momentum transfer has already
been pointed out by Donnelly.?® According to his
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FIG. 21. Spectra of the scattered electrons at 40° (top) and 80° (bottom) from 12C for an incident energy of 250 MeV.
The spectra are compared with the predictions of the quasielastic model presented by de Forest. The curves corre-
spond to the various combinations of the final-state wave functions and the energy-dependent potentials as listed in the

lower part.
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suggestion, it may be changed to some extent by
the use of finite-well wave functions instead of the
harmonic-oscillator wave functions.

The spin-isospin states may also redistribute
among peaks, one of which seems to be the 22.7-
MeV state. The 22.7-MeV form factor is com-
pared with the theoretical o-7-state form factor
(Donnelly and KIA) as shown in Fig. 16. As may
be seen, the g dependence of the KIA form factor
for this state is slightly different from the simple
particle-hole-model case. Actually the 22.7-MeV
form factor rather resembles the KIA 1~ o-7 form
factor. The other spin-isospin states may be dis-
tributed around 25.5 MeV as suggested by previous
studies.?® 33 However, this peak becomes dis-
tinct as ¢ is increased. It may correspond to the
excitation of the predicted 25.09-MeV (37, 7=1)
state mentioned before. The 25-MeV complex
seems to consist of the 17 7, 17 0-7, and 3~
states.

The spins and parities identified by the present
and previous studies are shown in the upper part
of Figs. 4 and 5 where arrows indicate the posi-
tion of the peaks. The excitation energies for the
various multipole states calculated by the one-
particle—one-hole calculation may be identified
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FIG. 22. The longitudinal and transverse form factors

as functions of the excitation energy corresponding to

¢=0.84 and 1.56 F~ !, The position and strength for the

KIA-model 17, 27, and 3~ states are shown.
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with the peaks excited by electron scattering ex-
cept for the highest-lying state, for which the res-
onance width seems to be broad. The theoretical
and observed energy levels (MeV) for J"=1", 27,
37, and 47, T=11in C are listed in Table I. The
even-parity states found by the present experi-
ment are also compared with those predicted by
the intermediate-coupling model in Table II. Also
shown are the energies for the 1% and 2* states
calculated by Gillet and Vinh Mau,?®

The experimental longitudinal and transverse
form factors in the energy regions 21-26 and
21-37 MeV are compared with the sum of the di-
pole form factors for the 23.09- and 24.89-MeV
levels and the sum of those of the 23.09-, 24.89-,
and 35.55-MeV levels (Donnelly), respectively,
as shown in Figs. 19 and 20.

V. DISCUSSION

As mentioned in the previous section the simple
particle-hole model fails to describe the fine
structure in the giant-resonance region. The KIA
model includes the additional effect of a coupling
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- 1
3l ; { Hif i f{
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FIG. 23. The upper points show an inelastically scat-
tered electron spectrum from 12C at 180° (Ref. 9). The
middle curve shows a (e, e¢’) spectrum at 141° (Ref, 54).
The lower curves show the cross sections for photoab-
sorption (Ref. 20); (y,?p,) (Ref. 21); and (y,n) (Ref. 19),
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of the dipole excitations based on the 2C ground
state with those based on the lowest vibrational
4.43-MeV (2*) state. The one-particle—one-hole
states split to various states by the effect of this
coupling as may be seen in Fig. 22.

Our longitudinal and transverse form factors at
¢=0.84 and 1.56 F~! are compared with the sche-
matic magnitude of the KIA form factor as shown
in Fig. 22. As can be seen in the upper spectrum,
the dipole isospin state seems to be split into
three main peaks (22.0, 23.8, and 25.5 MeV) with
almost the same strength, while the strength of
KIA 7 state concentrates too much on the one pre-
dicted at 21.2 MeV. The KIA model predicts many
3~ states, as shown in the spectra, where the mo-
mentum transfer is favorable for E3 excitation.
The predicted 3~ states at 17.7 and 23.0 MeV with
dominant (dg,,pg/,,"") and (dy,,Ps,” ") configura-
tions, respectively, may correspond to the actual
peaks at 18.6 and 25.5 MeV.

The possibility of the dipole spin-isospin mode
was examined by many authors. %26 3%3¢ The peak
around 25.5 MeV has been considered as a candi-
date for this mode of excitation. In our trans-
verse form factor, there may be seen resonances
in the vicinity of 22.7 and 25.5 MeV. The g depen-
dence of the 22.7-MeV form factor is quite simi-
lar to the feature of the 17 o-7 state predicted by
the KIA model as mentioned before. The KIA mod-
el predicts sizable strength for the excitation of
this state even at the photon point. As can be seen
in Figs. 4 and 5, the position of the 22.7-MeV (o-17)
state corresponds to the dip of the isospin excita-
tion. Thus, the presence of this o-7 state may be
seen in the photoabsorption spectrum or in the low-
g spectrum at large angles as a smooth peak near
22.7 MeV.

Figure 23 shows examples of such spectra ob-
tained at Stanford® and Darmstadt® and reported
by Bezi¢ et al.?° The Stanford data were taken at
€,=65 MeV and 6= 180°. At 6=180°, only the
transverse term contributes to the cross section,
since the Mott cross section vanishes. Thus, this
spectrum should be compared with our transverse

TABLE II. The observed and theoretical energy levels
(MeV) for J"=1*%, 2%, and 8%, T=1 in *C.

Present Boyarkina Gillet and Vinh Mau
JT work (Ref. 29) (Ref. 25)
1* 15.1 15.5 16.6
21.2
2% 16.1 16.6 16.3
23.7
20.0 23.9
28.5
3* 20.6 21.0
24.5

form factor. Although there is a difference in the
q values, agreement between the Stanford spec-
trum and ours is quite satisfactory. Our trans-
verse form-factor peak at 22.7 MeV may be con-
firmed by this comparison.

The Darmstadt spectrum was obtained at €,
=55.1 MeV and 6=141° where the transverse ex-
citation is highly enhanced. Thus, this spectrum
shows a complex of 22.0-MeV 7and 23.8-MeV T
and 22.7-MeV o-7 states to be a broad resonance
as seen in Fig. 23. Almost the same structure
may also be seen in the (y, total), (v,p,), and (y,%)
cross sections. !

As mentioned above, the KIA model is superior
to the simple particle-hole model. However, it
may be unrealistic to consider the ground state
for '*C to be spherical. The (*2C, *C),% (p,p’),%
and (e, e’) 5" reactions show strong evidences for
the possibility of the rotational band based on the
ground state in *C. Nilsson, Sawicki, and Glen-
denning® have made calculations on the giant di-
pole transition by assuming 2C to be an oblate
spheroid. In strongly deformed nuclei, the dipole
state splits into the separate groups correspond-
ing to the characteristic frequencies along the ma-
jor and minor axes of the nuclear spheroid.% &

A great variety of states, with considerable dipole
strength have been presented by Nilsson et al.
which may explain the fine structure in the giant
resonance. Recently Suzuki® has found that the
dipole o-7 state also splits into separate ones as
in the case of the 7 state in the deformed '*C nu-
cleus.

As can be seen from examples, such as for the
15.1-MeV (1%), 16.1-MeV (2%), 20.0-MeV (2%),
and 20.6-MeV (3%) states, the intermediate-cou-
pling model reproduces excellently the absolute
magnitude of the experimental form factors. An
attempt to describe the *C giant dipole resonance
using the intermediate-coupling wave function has -
been made by Goncharova and Yudin®? and by Rowe
and Wong.%* % These calculations show that the
dipole strength distributes among a number of
states which may reproduce the fine structure of
the giant resonance. Such a splitting of the dipole
states appears simply as a consequence of the in-
termediate-coupling shell-model character of the
ground state. As mentioned before, the KIA and
Nilsson states are due to a collective mechanism,
such as dipole-quadrupole vibrational coupling or
an intrinsic deformation of the *C ground state.
The quite different approaches for the *C giant
resonance display almost the same structure. How-
ever, all of the approximations show the trend for
the dipole strength to be concentrated too much on
the one or two close-lying dipole states, compared
with experimental observation.
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d-*He Elastic Scattering at 12.000 MeV *
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Accurate cross-section measurements are presented for d-*He elastic scattering at 12.000 MeV.

INTRODUCTION

As part of a continuing program of accurate
cross-section measurements, we have measured
d-a elastic scattering differential cross sections
at 12,000 MeV. The average relative error for
the data is 0.67% and the scale error is 0.52%.
The data were taken at this energy to complement
the tensor and vector analyzing power measure-
ments of Lawrence et al.' The closest previous
cross-section measurements were made by Sen-
house and Tombrello? at 11.475 MeV with average
relative errors of 2.7%.

METHOD

The deuteron beam from the Los Alamos tandem
Van de Graaff accelerator passed through a gas
target with thin Havar foil windows, and the scat-
tered deuterons or « particles were detected by a
single E-AE detector arrangement using solid-
state detectors. Amplified pulses gated by the
E-AE coincidence were digitized and sent to an
on-line computer for mass analysis and storage.
The resulting spectra were later analyzed for the
yield.

The experimental apparatus used is described
in detail by Jarmie et al.® and Detch.* The meth-
ods and techniques used for this experiment are
as described in those references with the follow-
ing exceptions. Due to the kinematics of the scat-
tering, the energy of the deuterons at angles
greater than 100° in the lab prevented detection
of the deuterons with particle identification. With-
out particle identification, the background was
too high and ill shaped to permit reasonable in-
terpretation. Thus, in order to complete the an-
gular distribution, we detected the « particles at
lab angles from 12 to 35° (corresponding to deu-

teron center-of-mass angles from 156 to 110°),
The agreement at the overlap angles is very good
as is shown in Table 1.

The detector efficiency was corrected for nucle-
ar reactions based on the data of King et al.’
This was done for both the detected deuteron and
a particle. The largest correction was 0.3%.

TABLE I. Differential cross sections. d+o elastic
scattering, 12.000+0.015 MeV (20 keV FWHM).

Relative Absolute
01y 0(0)1ap 0com. 0(0)e.m. error  error
(deg) (mb/sr) (deg) (mb/sr) (%) (%)

12.00 984.5 18.03 441.8 0.72 0.90
15.00 702.1 22.51 318.0 0.34 0.62
20.00 397.4 29.95 183.7 0.42 0.67
25.00 194.9 37.33 92.51 0.47 0.70
30.00 76.14 44.63 37.33 0.62 0.81
35.00 22,57 51.84 11.50 1.06 1.16
40.00 12.74  58.94 6.786 1.04 1.16
45.00 24.23 65,92 13.58 0.74 0.91
50.00 43.50 72,75 25.82 0.73 0.90
55.00 62.09 79.42  39.28 0.62 0.81
60.00 74.69 85,92 50.68 0.59 0.78
65.00 79.19 92.21 57.97 0.58 0.77
70.00 75.18 98.30 59.74 0.61 0.80
75.00 66.35 104.16 57.55 0.61 0.80
80.00 53.90 109.78 51.28 0.62 0.80
35.00% 166.1 109.96 50.66 0.83 0.98
30.002 126.5 119.96 36.50 0.64 0.82
90.00 31.25 120.28 36.21 0.67 0.85
100.00 18.75 129.77  26.73 0.76 0.92
25.002 96.94 129.97 26.74 1.08 1.20

20.002 107.0 139.97 28,43 0.57 0.77
17.502 132.2 144.98 34.60 0.56 0.76
15.00% 167.9 149.98 43.39 0.57 0.76
12,002 216.4 155.98 55.24 0.46 0.69

2 At these angles, the recoil ‘He was detected. The
center-of-mass angle listed is the corresponding deu-
teron angle.



