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Differential cross sections for (d,Lif) reactions have been measured for CB, O, O3, and F* targets in
addition to those reported previously for C®2, 06, and F°. Li® particles were identified by using time-of-flight
analysis in conjunction with energy analysis. (d,Li®) reactions for all six targets, investigated at incident
deuteron energies near 15 MeV, have large total cross sections (4.2 to 0.6 mb). The angular distributions are
diffraction-like, and show forward peaking and minor sensitivity to energy changes of a few hundred keV.
A theoretical interpretation of the (d,Lif) reactions is given in terms of a simple direct four-nucleon transfer
mechanism. Most calculations are made in the zero-range distorted-wave Born approximation (DWBA).
The reaction form factor is calculated in the alpha transfer limit; i.e., an a-cluster (with predictable quantum
numbers) is assumed to exist in the target at the instant of the reaction and to be transferred as a whole.
The cluster wave function is generated in a Saxon well of a depth determined by the « separation energy.
Best-fit optical-model parameters for 15-MeV deuterons were used to generate the incident deuteron waves.
All Li¢ distorted waves were based on an optical-model fit to the C2(Li?, Li")C®2 scattering at 7 MeV. No
adjustable parameters were used. In spite of these restrictions and the simplicity of the model, good agree-
ment between data and calculations is observed for C2, C13, O, OV, and O'8. Agreement for F°(d,Li)N15
could be obtained only by parameter adjustments. The normalization of the DWBA predictions also appears
to be in general agreement with the absolute magnitude for these reactions, and tentative spectroscopic
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factors for the reactions are obtained.

A. INTRODUCTION

ECENTLY much of the work on light nuclei has

been focused on the nature of many-nucleon cor-
relations. There has been considerable interest in the
question whether significant clustering of nucleons
exists in nuclei, especially in the form of alpha-like
clusters. It is well known that shell-model wave func-
tions can be rewritten in cluster form,'? and more
recent theoretical investigations®=® have shown that
even without residual interactions the independent-
particle model predicts large 4 nucleon parentages if
these nucleons are coupled to 0t. Several experimental
approaches have been used to probe a-cluster phe-
nomena in nuclei. These include high-energy ‘“knock-
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out” reactions of the type (p,p0)% ! and (e,2c)0-14 as
well as “pickup” reactions such as (d,Li)15-2% and
(a,Be®) 2* The present paper contains some new d-Li¢
data and a review of earlier work!”:18 at 15 MeV.

In the past, stripping and pickup calculations have
been very successful for investigating the single-particle
aspect of nuclear structure, and it is natural to attempt
to obtain corresponding information about correlated
four-particle groups in the same theoretical framework.
Since deuterons and Li® ions are strongly absorbed pro-
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1098 DENES,
jectiles the (d,Li®) reactions are surface reactions, which
are favorable for our purpose, partly because they
generally lead to characteristic diffraction-like angular
distributions. As most evidence,??5-27 such as the a-d
separation energy of only 1.47 MeV supports a strong
d-+a parentage in LiS, the (d,Li°) reaction seems suitable
from the spectroscopic point of view.2® Our analysis was
undertaken with the hope that (d,Lif) reactions can
correctly be described in the framework of current
direct-reaction theory (e.g., by the distorted-wave Born
approximation, DWBA) as the transfer of an alpha
cluster to a deuteron projectile.??

B. DWBA CALCULATIONS FOR (d,Li%)
REACTIONS

DWBA cross sections were calculated using the code
JuLie.® The reaction 4 (d,Li%) B is assumed to be of the
type (B4a)(d,d+a)B. That is, the incident deuteron
picks up an alpha cluster from the target nucleus 4 and
only the component of the target wave function which
has the form 4 = B}« is treated as relevant. The tran-
sition amplitude is then calculated in the zero range,
distorted-wave Born approximation. However, three
finite-range calculations were made using an exact
finite range code® and show no major qualitative change
in angular distribution. The normalization change is
small. As usual we assume that elastic scattering is the
dominant process, and calculate the a pickup in first-
order perturbation theory. And as usual, recoil and
exchange terms are neglected. The neglect of such terms
for targets as light as those in the present study may
be serious.

The distorted waves are generated from the optical-
model potentials which reproduce the observed elastic
scattering from the targets or residual nuclei at the re-
spective energies. The potentials used for both the inci-
dent and exit channels are of conventional form; the
attractive real potential is of the Woods-Saxon volume

form:
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The attractive imaginary potential is of a surface ab-
sorption form given as the derivative of a Woods-Saxon
potential:

ot v |

¥ a

The Coulomb potential used is that of a uniform spher-
ical charge distribution of radius 7,43,

The optical parameters used to obtain the distorted
deuteron waves were obtained from optical-model fits
to the elastic scattering of 15-MeV deuterons® from the
targets under investigation. These best-fit parameters
are listed in Table I for each nucleus. Only one set of
optical-model parameters was used to obtain distorted
Li® waves for all the exit channels. These parameters
are also given in Table I, and are based on a fit to Li’
scattering from C? at Ep,=7 MeV.® This, unfor-
tunately, was the extent of Li® or Li” elastic-scattering
data available at the time of these calculations. Strictly
speaking, our Li potential is only appropriate for the
reaction OY(4,Li")C¥; but as the Li projectiles are
strongly absorbed and, furthermore, have energies close
to the Coulomb barrier, it is hoped that these optical
parameters generate distorted waves characteristic of
Li® scattering from all the residual nuclei under con-
sideration, at least as long as the corresponding Li®
energies are near or below 7 MeV. The laboratory
energies for Li¢ elastic scattering actually required for
the calculations described range from 5.9 MeV for Be®
to 15.3 MeV for N5,

To obtain the form factor we have employed a more
drastic assumption, which we call the quasifree alpha °
transfer or, in brief, “alpha transfer approximation.”
This approximation implies that the « cluster has the
same structure in the target as in Lif and that this
structure is essentially that of a physical « particle
(assumed to be fully space symmetric). We generate
this “cluster wave function’ as a solution for a mass-4
particle moving in a real Saxon (plus Coulomb) po-
tential, i.e., we describe the four-nucleon cluster by a

TasLE I. Optical-model parameters for the deuteron and Li¢
distorted waves. (Best-fit Type A.)

Pro- 14 70 e a w’ 7o/ a’ Vs
jectile Target (MeV) (F) (F) @F) MeV) & F) (MeV)
d Ciz 117.1 0900 1.3 0.982 56.0 1.800 0.405 (5.03)
d C1 1149 0900 1.3 0.964 50.3 1.800 0.393 (5.23)
d O 107.5 0.884 1.3 0.915 26.2 1.593 0.684 (6.17)
d (024 85.3 1.100 1.3 0.902 359 1.600 0.509 (9.41)
d O1s 86.3 1.105 1.3 0.939 39.7 1.608 0.598 (7.27)
d F1 92.2 0965 1.3 0.888 35.8 1.461 0.813 (9.86)
Lis All 126.8 1.18 2.0 0.808 249 2,50 0.901
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“one-body” wave function, and formally treat the
transfer of several nucleons like that of a single nucleon.
The “cluster wave function” is restricted to the orbital
angular momentum / needed for the reaction analyzed,
and to a main quantum number N compatible with the
simple shell-model (independent-particle model, I.P.M.)
wave functions of the constituent nucleons.?®

In order to clarify this point we shall briefly describe,
as a typical example, the OY(d,Li®)C*® reaction. The
lowest order shell-model ground state for the residual
nucleus C*® (treating neutrons and protons alike) is

{(C®)o1p12}rsa--
For the target nucleus O we write

{L(C2)o1p12 L (1p12%) 121ds12 1} 572% -

Hence, if the four-nucleon pickup is to lead to the C3
ground state given above, the transferred nucleons must
be those in the second bracket, i.e., one 1d nucleon and
three 1p nucleons. If harmonic-oscillator wave functions
are considered these 4 nucleons have a total of 34-2=35
energy quanta. The Talmi transformation then
demands that the internal plus external energy quanta
of the cluster made up of these nucleons also total 5.
If, furthermore, the four “cluster nucleons” are in a
relative s state (as we assume in our “standard” calcu-
lations) there are no internal energy quanta, and the
cluster must have 5 energy quanta associated with its
center-of-mass motion. In shell-model language this
means that the “cluster wave function” can only be 3p,
2f, or 1k. Our alpha-transfer model allows us to further
restrict the / value for the cluster wave function and the
reaction as well. Let us now view OY;,+ as a two-body
system [ consisting of C'3;/5- and ao+] in relative motion.
Then one and only one relative orbital angular mo-
mentum (namely /=3) permits the system to be in the
state J7=3+ which characterizes the OV ground state.
As alpha and deuteron are assumed to be in a relative
s state (necessary for zero-range approximation) in the
out-going projectile (Li%), the ! transfer according to this
model must be 3. Therefore, in the first approximation
the a cluster picked up from OY should have a 2f
center-of-mass motion.

It should probably be stressed that the harmonic
oscillator and the independent-particle model so far
are used only to uniquely fix cluster quantum numbers.
However, they remain the basis for calculating four-
nucleon parentages (as for instance for the target C2)
which will be compared with the “spectroscopic factors”
obtained from (d,Li%) experiments. The use of quasifree
alpha form factors is not inconsistent with a shell-model
picture of the nucleus, provided the implied residual
interaction effects at large radii do not significantly
modify the I.P.M. single-nucleon wave functions and
the over-all probability of four-nucleon correlations. We
do expect changes in the cluster wave functions for the
extreme tail of the nuclear potential, for here the re-
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sidual interactions are no longer negligible with respect
to the average nuclear potential. As our reaction con-
tributions mainly come from a region just outside the
nucleus (Fig. 1) it seems realistic to calculate the form
factor, loosely speaking, as a ‘“bound cluster wave
function” in a Saxon potential that yields an asymptotic
form which takes some account of the residual inter-
actions between the transferred nucleons.

The form-factor Saxon well is, strictly speaking, a cal-
culational device, and its geometry cannot be measured.
However, if our model is reasonable, the well dimensions
should be related to those of corresponding scattering
potentials. We have chosen the geometrical parameters
on the basis of the following arguments: (a) Four-
parameter optical-model analysis of a scattering from
light nuclei yields complex well radii close to
R,,=2.0XAY3 F, and diffusivities of 0.6 F.3* Here Ry,
is a number quite close to Ro*+R,, and includes the
finite size of the scattered particle. Such finite size
compensation is probably desirable for our form-factor
potential. (b) Optical-model radii are somewhat am-
biguous since they are very sensitive to the depth of the
scattering potentials chosen, but the Li® wave lengths
are small compared to the known size of Li¢ (Ry;~2.8
F), and it is possible to limit the range of physically
meaningful form factor radii by semiclassical argu-

Ols(d,Lis) c'

Effect of radial cutoffs

(o] 30 60 90

P DU T
12
(0] 150 Bcm.

F1c. 1. Dependence of DWBA predictions for O8(d,Li%) on a
lower radial integration cutoff. Cutoffs below 6F give results that
are hardly distinguishable from O cutoff at forward angles. The
important contributions to the reaction come from the region
between 6 and 8 F.

3 E. B. Carter, G. E. Mitchell, and H. R. Davis, Phys. Rev.
133, B1421 (1964).



1100 DENES,
ments. We would consider radii 7,4'/® in the range 1.8
F<7<2.6 F, with 1.2 F>a>0.5 I as justifiable
choices.

After exploring the effects of various form-factor
radii for several reactions without finding drastic
preferences we fixed, somewhat arbitrarily, 7o=2.2 F
and ¢=0.8 F for all calculations. For the individual
reactions the depth of the form factor potential is ad-
justed to give a binding energy equal to the known
a-particle separation energy. Figure 1 shows DWBA
calculations for the reaction O'¥(d,Li%)C!* as a function
of a lower radial integration cutoff. It demonstrates
that the main contributions to the reaction cross section
come from radii between 6 and 8 F. We have not used
radial cutoffs in the calculations later to be compared
with experiment, mainly for two reasons: Sharp radial
cutoffs although frequently employed are not realistic,
and may give misleading results. Secondly, sharp cut-
offs in the surface region can drastically affect the pre-
dicted cross sections and, hence, may be inadvertently
used as fitting parameters. The latter point was con-
sidered particularly important here, since this study is
not aimed at optimal fits, but rather at an open-minded
investigation of the applicability of our interaction
model.

The absolute normalization of our DWBA cross sec-
tions was estimated following Ref. 30. It may be in
error by as much as an order to magnitude, but if we
take our calculated cross sections at face value we find
that they are of the same order of magnitude as the ex-
perimentally observed cross sections, apart from what
might be called spectroscopic factors for “effective o
clustering.”

C. EXPERIMENTAL PROCEDURE

All (d,Li% reactions under investigation were
initiated by roughly 15-MeV deuterons from the Uni-
versity of Pittsburgh’s cyclotron. In addition to the
previously investigated targets C'2, O, or I (Ref. 17),
we prepared new, very thin targets containing C13, O,
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O 08, or F¥ in order to investigate (d,Li) cross
sections in more of the light nuclei and recheck our
previous results. The energy spectra for M =6 particles
were separated from the other mass groups by two-
parameter particle analysis consisting of simultaneous
measurements of the time of flight and the energy of the
particle. It has been shown previously by magnetic-
rigidity-plus-energy analysis that the M =6 spectra
consisted predominantly of Li*++ ions.!” The particle
detection systems have been described in detail in the
same reference. Recently, several minor modifications
have been incorporated into the time-of-flight system
in order to improve its over-all performance, although
the basic mode of operation remained identical to the
original design. A schematic diagram of the current
time-of-flight system is shown in Fig. 2. The modifica-
tions consist of a changed location for the T (stop) de-
tector, the use of a commercial time pickoff unit
(Ortec Model 260), which utilizes the intrinsic fast
rise time of the solid-state detector to obtain the event
timing (start) signal, and the replacement of the E
pulse amplifier by a Tennelec TC 200 amplifier. With
these modifications, the over-all time-of-flight resolution
for the various particle groups was typically between 2
and 3 nsec. An example of a time-of-flight spectrum of
6-MeV particles from O which traverse a 1-m flight
path is shown in Fig. 3. In the time interval shown only
masses 4, 6, 7, and 10 appear. The 3-nsec time resolution
is seen to be adequate for separating the masses 6 and 7.
For all particle groups which have been analyzed ‘“cross
talk” between adjacent mass groups has not been a sig-
nificant problem. The time-of-flight setup was also used
to investigate the energy dependence of the differential
cross section. The deuteron beam was degraded by as
much as 1.5 MeV in energy by the insertion of one of
three different aluminum foils at the entrance aperture
shown in Fig. 2. Intermediate absorber values were then
obtained by rotating the absorber assembly. For each
absorber setting the beam energy was measured by con-
ventional magnetic analysis. The energy spread of the
beam ranged from 80 keV at full energy (15 MeV) to
about 200 keV at 13.5 MeV.

To Detector @_T
NE 102 Scintillator . . . sToP
and RCA 6342A Collimating Slits PULSE
Photomultiplier Antiscattering Slits
Target
TIME OF
Faraday Cup LIGnT |TIME PULSE o.;e;t.:ic
Focused SWITCH
Deuteron——— >—¢ -——
Beam ART N.D. 160 FM
6 gLLgE 128 x 32
P . TWO DIMENSIONAL
Entrdnce 16 SCATTERING ANALYSER
Aperture CHAMBER ORTEC 260[ [ORTEC TENNZEOLOEC
with Provision TIME }|»-{ 103 |»+ TC
for Absorbers Acceptance”” [ PICKOFF | |PREAMP| |AMPLIFIER| ENERGY PULSE
Aperture Solid State
Detector

Fic. 2. Modified schematic for simultaneous time-of-flight and energy analysis. Experimental time-of-flight
resolution varied between 2 and 3 nsec.
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Targets

The 0V, O, and F'® targets were prepared by the
deposition of thin layers of tungsten oxide (with oxygen
enriched in OV or O8) or calcium fluoride on 100 pg/cm?
Ni backings. C!® targets were prepared by cracking
methyl iodide (containing carbon enriched to 529 in
C®) on resistively heated 900-ug/cm? Ni backings.
Thicker foils were required in this case because the
thin ones could not be handled in the manner required
by this procedure. 900-ug/cm? Ni foils were selected
because Li® groups from the remote surface (as viewed
by the detector) lost about 1 MeV in passing through
the foil and were easily resolved from corresponding Li®
groups from the near surface. All these targets were too
thin and fragile to be weighed in order to find the
target thickness. Instead, elastic scattering from O'%
and F*® targets was compared with that from thicker
O and F* targets, which could be weighed. The thick-
ness of the C'3 and OY targets could only be calculated
by relying on the isotopic enrichment listed by the
suppliers. The C®® targets used in this experiment had
a C thickness of 8 ug/cm? the two O enriched tung-
sten oxide targets had an OY thickness of 52 ug/cm?
and 7 ug/cm? respectively. The O enriched tungsten
oxide target had an O target thickness of 36 ug/cm?,
and the CaF, target had a F'® thickness of 84 ug/cm?.

Experimental Spectra

Examples of the energy spectra for mass-6 ions from
C1, O O, and F*° targets are presented in Fig. 4.
Contaminant Li® groups from C® and to a lesser extent
O are seen to be strong in all the spectra and a con-
tinuum of Li® ions from the 3-body breakup of the
(C2+d) system dominates the low-energy regions. In
Fig. 4(d), the C*¥(d,Li®)Be® peak stands out above the
Li® continuum from the (C®2+4d) 3-body breakup,
although the exact number of these ions is not very
certain. This spectrum also exhibits a “ghost” spectrum
approximately 1 MeV below the normal C2 or C®
spectrum. This is caused by the Li® jons originating at
the far surface of the target which have been degraded
in traversing the Ni “backing.” The Li® ions from the
0O'(d,Li%C* reaction [ Fig. 4(c)] are just resolved from
the Li¢ group from the O%(d,Li®)C!* reaction. This
target was extremely thin (7 pg/cm? of OV), thus Li¢
ions from C®2 and O contaminants are relatively
abundant (note X1/10 scale). The O8(d,Li®)C™* group
from the O target [ Fig. 4(b)] is well separated from
all the other Li® groups since there was no appreciable
O impurity in the O target. Similarly, Li® ions from
the F¥(d,Li)N¥ ground-state reaction [Fig. 4(a)] are
well resolved from all other Li® ions. This M =6 spec-
trum can be compared with a previous Li® spectrum
from F'9 obtained with a much thicker target.!” Li® ions
leaving N in its first (or second) excited state near
(5.28 MeV) seem as numerous as those which leave N5
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T T T T T T T T T T T

1000} TIME oF FLIGHT SPECTRUM M=4 .
[ ForR PARTICLE ENERGY oF 6MeV
ONE METER FLIGHT PATH

3 nsec
Ola(d,LiG) '

100} Q. ap =30° i

COUNTS per CHANNEL

0 2 4 6
(To = TIME oF FLIGHT) PULSE HEIGHT

) P P SR R M R T
8 10 12 14 16 18 20 22 24 26 28 30 32 34

F16. 3. Portion of a time-of-flight spectrum for particles having
an energy of 6 MeV and a 1-m flight path. This target contained
C2, 0, and O nuclei and was observed at 81,,=30°. The time
resolution is about 3 nsec.

in its ground state, even after subtraction of the back-
ground Li® ions from the (C?4-d) 3-body breakup. There
is a possibility that He® ions are present in the spectra
from O and F'® [Figs. 4(a) and (b)]. A small M=6
group [Fig. 4(b)] superimposed on the continuum of
Li%ions from the 3-body breakup of the (C?+44) system
has been assigned tentatively as He® ions from the
O®(d,He®)N* reaction, since this group is observed
with the correct kinetic energy at this angle. In addition,
similar groups are observed at neighboring angles with
the appropriate kinematic shift in energy. The Li®
background from C® is too large to claim a similar
effect in the case of any He® ions from the F'9(d,Hef)Q15
reaction. Magnetic analysis, which separates Hett+ ions
from Li®++ jons, but not from Li®t+ ions, did not show
doubly charged, mass 6 ions at the HeS energy for the
ground-state transition significantly above what might
be expected from background Li%*+ ions [from the
C2(d,Li®) reaction] in either the O or F! targets. The
peak widths of the Lif groups are due primarily to the
thickness of the target deposits on the foil backing.
Straggling of Li® ions from the O'7 and O'8 targets is much
more pronounced than in the C!3 or F*® targets. This is
attributed to straggling of the Li ions from the high-Z
tungsten nuclei in the oxygen targets.

Errors

The experimental random errors due to statistics,
background subtraction, particle group separation
(time-of-flight and energy), and counting loss were
estimated and combined. They are indicated by error
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bars for each differential cross-section point. Con-
taminants in the targets were not a signficant source of
error for the measured reactions. The high-Z elements
in the targets (i.e., Ni, Ca, or W) do not produce any
detectable heavy fragment background. After prolonged
use of the targets it was found that there was an appre-
ciable buildup of C? and O contaminations. For-
tunately, the main interest for the OY, O and F**
targets was in particle groups with kinetic energies
greater than those of the groups from C®2 and O
However, subtraction of the Li® ions due to the (C2+-q)
3-body breakup was necessary in the case of the C?
target, in order to extract the Li® cross sections for the
C13(d,Li%Be? ground-state reaction. This led to quite
large uncertainties in the cross-section measurements
for the C'3(d,Li%)Be® reaction.

A lower limit to the systematic errors which are asso-
ciated with the absolute cross sections given has been
obtained from deuteron elastic scattering on these and
other target nuclei. It has been concluded from the re-
producibility of the elastic scattering and from a com-
parison of low-angle platinum elastic scattering to
Coulomb scattering, that the scale error in experiments
using our scattering facilities is usually only 4109,
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provided good uniform targets are used. The average
target thickness, measured by a comparison of its
elastic scattering with thicker, known composition
targets could be determined to 109,. However many of
the targets were not uniform and the reproducibility of
absolute (d,Li®) cross sections with thin targets does
not appear to be better than 209,. Therefore we assign
an over-all uncertainty of 4209, to the absolute cross-
section scale.

The energy of the incident beam was measured accu-
rately for each angular distribution and the deuteron
energy was kept constant for each particular angular
distribution. The energy spread of the beam was about
80 keV and, allowing for a 4-20-keV drift in the median
energy, a =50 keV uncertainty is assigned to the meas-
ured average deuteron energy.

D. EXPERIMENTAL RESULTS

The center-of-mass angular distributions for (d,Li®)
reactions from C2, C13, O, Q'7, O'8, and F'? are shown in
Fig. 5. The cluster pickup model allows only one
! transfer in each of these reactions. The angular distri-
butions for the /=0 transfers in C2, O, and O'® along
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TasLE II. Total cross sections for (d,Li%) reactions.

Approximate
barrier or (mb)  or(expt)/
Target penetrability best est. o7(DWBA) S./S.(C2)
cr 0.90 4.2 0.60 1.0
cs 0.50 2.0 1.20 2.0
o1 0.80 29 3.00 5.0
oY 0.85 0.65 0.30 0.50
O 0.85 0.60 0.20 0.34
1o 0.90 1.4 (0.30) (0.50)

with the two distributions for the /=1 transfer in F®
taken at different energies have quite similar character-
istics. They are forward-peaked and have strong
oscillatory behavior, resembling diffraction patterns
characteristic of direct surface reactions. The positions
of the maxima are regularly spaced, and they move
together and to smaller angles with increasing mass
number. A weak diffractive character can still be seen
in the /=23 transfer from O although now the minima
appear to be “washed out.” If a simple pickup mecha-
nism applies, then the strong diffractive effects diminish
with increasing / transfer in the manner shown by the
DWBA predictions (solid lines in Fig. 5) and the dif-
fractive pattern shifts toward larger angles. These
characteristics are quite similar to those observed in
single-nucleon transfers such as (d,p) stripping or (d,!)
pickup reactions.

Total cross sections for these (d,Lif) reactions were
estimated and are listed in Table II. The cross sections
are quite large, of the order of 1 mb, although they do
vary by a factor of 5 over this mass region. The Li®
energies are near the Coulomb barrier, hence the cross
sections decrease rapidly with increasing charge number
of the target. Indeed, for Al*” heavy-ion fragments could
not be observed above the background.

Effect of Energy Variations on the Angular
Distributions

A comparison of the two angular distributions taken
at 14.5 and 14.9 MeV for F*® (Fig. 5) shows that at the
lower energy, the first minimum is more pronounced,
but otherwise the angular distributions have similar
magnitudes and gross structure. Since one important
criterion for a direct reaction is that its cross section
vary smoothly with incident bombarding energy,
the two angular distributions for F'® suggest that while
compound effects are present, they are not particularly
pronounced at these bombarding energies. Further
insight into the nature of the reaction mechanism was
obtained by investigating the detailed dependence of
the differential cross sections for C** with incident bom-
barding energy. C? was the lightest target and most
suspect to give compound contributions. C2(d,Li¢) ex-
citation functions were taken at the first minimum
f1.o=18° and the first maximum 6;,;,=30°. The results
are shown in Fig. 6. The excitation function at 18° shows
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Fi16. 6. Excitation functions for C'2(d,Li¢)Be3. The closed circles
represent data near the 30° diffraction maximum. Open circles
represent the cross section at fap= 18°, near the first diffraction
minimum.

a slow but pronounced energy dependence, while the
excitation function at 30° shows no pronounced energy
dependence and appears uncorrelated with the energy
dependence at the 18° minimum. It is obvious that
energy variations influence the detailed shape of the
angular distributions, particularly, as might be expected
at the minima of the diffraction patterns. For O the
measurements of elastic deuteron scattering indicates
noticeable cross-section fluctuations with energy near
Eq=15 MeV. In C2(d,Li%) and F'*(d,Li®) fluctuations
are only seen near the first DWBA minimum. It is
possible that these energy-dependent effects are due to
high-spin resonances in the exit channels, similar to
those in o scattering.’® High-spin resonances would be
most visible at very small and very large angles. We
would not say that these energy-dependent effects are
insignificant, but we feel that they are not drastic
enough to shake one’s belief that the reactions may pri-
marily be described as direct transfer reactions. They
do indicate that one should not expect perfect agree-
ment of simple direct-interaction theory (i.e., DWBA)
and the experimental angular distributions at these
energies.

E. DISCUSSION

The comparison of data and DWBA predictions in
Fig. 5 shows strikingly similar characteristics and
generally good agreement. This is particularly signifi-
cant in view of the fact that no fitting parameters were
used and all distorted waves result from the best availa-
ble elastic-scattering data. Quantitative disagreements
generally are found at the DWBA minima which for
Al=0 are always too deep. Here compound contribu-
tions to the reaction can be expected to be most visible.
It is hard to assess which of the disagreements are
brought on by the lack of complete Li scattering data,

3 D. Robson (private communication).
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but it is likely that those effects will be most drastic for
T19(d,Li%), where the equivalent Li® laboratory energy
is 15 MeV, 8 MeV higher than in the C2(Li%Li") ex-
periment that determined the Li potentials used.
Indeed, in the case of F**(d,Li®)N® there is little re-
semblance between the experimental data and the
DWBA Al=1 prediction. The general slope of the theo-
retical curve is much too steep and the oscillations are
about 90° out of phase. The situation is not improved
by taking finite range into account accurately [dotted
curve in Fig. 5(d)]. In fact, the finite-range prediction
looks qualitatively much like the zero-range curve, and
falls off even faster.

In analogy to customary pickup and stripping work
our numerical calculations were made with the assump-
tion that the target contains exactly one cluster, the
transfer of which would leave the residual nucleus in the
observed final state. Furthermore, we assumed for the
calculation that Li® has a parentage of exactly one
deuteron and one “a’” cluster. Both assumptions, of
course, are only made for normalization purposes so that
our final calculational result must contain two factors
Sa and Sqq, which in case that our model is fully appli-
cable might be called “cluster spectroscopic factors”
for the target nucleus and the outgoing projectile, re-
spectively. For properly normalized DWBA predictions
the ratio of experimental cross section over calculated
cross section cexpt/opwaa thus should equal the product
SaSad.

As mentioned in Sec. B the absolute normalization
of our DWBA calculations is only certain to about an
order of magnitude. This, however, does not prevent us
from using the (d,Li®) calculations for spectroscopic
purposes if we decide that our model is adequate. The
unknown normalization correction % is the same for all
calculations, so is the factor S,q, hence once we know
S, for one of the six targets we can determine 5Sqq,
and the values S, for the other ones can be obtained
also. A calculation of S, for C2 was made, using the
prescription by Smirnov® and independent-particle
model wave functions for C2. A value very close to one
was found.’® S,(C?)=1 leads to $S4.=0.6, a number
which suggests that 7 is surprisingly close to one.

Column 5 in Table II lists the values of S, based on
S«(C®?)=1, and shows an interesting trend. As long as
all transferred nucleons are 1p nucleons (in C2, C'¥
0%) S, increases rapidly with the number of available
1p nucleons. However, as soon as the ground transition
requires that nucleons from the 2s, 1d as well as the 1p
shell must be transferred (in O, O, and F%) S, de-
creases by almost an order of magnitude. This trend
agrees very well with an independent-particle picture
of the nucleus. It would be most interesting to see if
similar S, ratios will be obtained for (d,Li%) reactions
at higher energies.

(1;56Y)u. F. Smirnov and D. Chlebowska, Nucl. Phys. 26, 306
1).
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In a search for possible modifications of DWBA cal-
culations which might lead to improved agrecment
while remaining within the framework of our alpha-
cluster pickup model, several variations have been per-
formed on the standard DWBA calculations. These
variations are of four general types:

(1) Evaluation of the effects of reasonable variations
in the geometrical parameters for the Saxon potential
used to generate the form factor.

(2) DWBA calculations with distorted deuteron
waves generated from optical-model potentials which
were obtained without the use of an1-s term (Type B).20

(3) Evaluation of the effects of higher shell-model
configuration admixtures to the ground-state wave
functions.

(4) Use of angular-momentum transfers which are
not predicted by the simplest cluster transfer model.
Such ! values occur in the transfer of an excited 2+
cluster, where l,*=14-2.

(Kurath’s® calculation of the quadrupole deforma-
tion of Li” has shown that the excited alpha-core com-
ponent in Li? is not small.) Examples of predictions re-
sulting from these variations of the standard (no free
parameter) DWBA calculations are shown in Fig. 7.
The solid curve for the O'¥(d,Li%)C!* reaction shows a
calculation with the same parameters as the O'® pre-
diction in Fig. 5 with the exception that the form-factor
diffuseness parameter ¢ has been decreased from 0.8 to
0.6 F. This variation leads to a qualitatively better
agreement with the data for O'. It was observed more
generally that minor adjustments of the diffuseness
parameter ¢ will usually improve agreement. It should
be noted that the calculations are really sensitive to
(R+a). Once a suitable radius R is chosen only a varia-
tion in the diffuseness parameter @ need be considered
or vice versa. The dashed curve in Fig. 7(a) is calcu-
lated under the same conditions as the solid curve
except that a Type-B deuteron optical potential® is used
to generate the distorted deuteron waves. For this
example the agreement is certaintly inferior to the
Type A, V,=0 potential (Table I). However, the cal-
culations do not always indicate a preference of one
type of optical potential over the other.

Admixtures of higher shell-model configurations to
the ground-state wave functions are not well known,
hence calculations including these admixtures have not
been made. In the DWBA calculations, consideration
of higher target configurations attributes to the trans-
ferred cluster higher values of IV, the principal quantum
number of its center-of-mass motion. The contributions
of various allowed values of V are coherent, so it would
not be proper to simply add cross sections. Instead the
form factor integral F(r) should be replaced by
> v axnFy(r), where ay is the coefficient giving the
strength of the configuration. Some DWBA calculations

37 D. Kurath, Phys. Rev. 140, B1190 (1965).
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ment with experiment.

have been done by replacing the lowest predicted N by
a value N’ corresponding to higher configurations. An
example of this type of calculation is shown for the
N=35 case in C as the dashed curve in Fig. 7(b). The
corresponding (standard) N =3 calculation is shown by
the solid curve for comparison. It is seen that the N =35
calculation does predict a strong forward peaking in C*?
not predicted in the N=3 case. Forward peaking and
shifting of the diffraction pattern to higher angles for
higher N are also observed in calculations for other
targets, and often the agreement becomes superior to
the lower NV calculations. Such improvements, however,
do not necessarily mean that higher configurations are
very important. It is known that zero-range, local po-
tential DWBA calculations overestimate the contribu-
tion from the nuclear interior, and as the form factors
for higher V have more nodes in the nuclear interior,
contributions to the scattering amplitude from this
region are more likely to average to zero than for the
form factors with smaller N.

DWBA reactions calculated by simply replacing the
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transferred angular momentum / by /42 usually predict
angular distributions which are about 180° out of phase
with the predictions for the value /. Since the experi-
mental (d,Li%) angular distributions in most cases are
correctly given by the simplest / transfer, the /42 cal-
culations give poor agreement. This is true for all
(d,Li5) reactions, except for F'® where our standard pre-
dictions are out of phase with the data. In this case one
can fit phase and periodicity of o(@)exps With an /=3
transition, but the general slope of these predictions
remains in disagreement unless simultaneous changes in
the geometrical parameters 7o and a of the form-factor
potential are made. Hence, the calculations shown in
Fig. 7(c) are merely fits and not in the spirit of our other
DWBA calculations.

F. SUMMARY AND CONCLUSIONS

The experimental (d,Li%) cross sections for all targets
investigated have the diffractive nature and absolute
magnitudes suggestive of single-step surface reactions.
The minor sensitivity of the differential cross sections
to changes in the incident deuteron energy indicates
that energy-dependent effects in these reactions may
no longer be important at 15 MeV. (d,Li®) reactions
investigated at other energies (E4<13.5 MeV,!6
E;=12-13 MeV 2! E4=21 MeV," and Eq=34.2 MeV2)
on corresponding targets show similar characteristics in
their angular distributions, in support of a direct
transfer interpretation. This must be contrasted with
the O'%(a,Be®)C™? reaction which even at energies of
35.5 to 41.9 MeV shows very strong fluctuations in the
differential cross sections.?*

For (d,Li°) reactions near 15 MeV the current DWBA
predictions for four-nucleon cluster transfers (Fig. 5)
seem to be in acceptable agreement with the experi-
mental angular distributions. The gross structure and
the magnitude of the cross sections are correctly pre-
dicted for all cases with the exception of the
F19(d,Li%)Ns reaction. This is remarkable in view of all
the simplifying approximations imposed on this transfer
model.

There are some obvious deficiencies in the present
calculations that may be removable in the near future.
Firstly, a better form factor may be obtainable from
microscopic independent-particle model calculations.
Such calculations have been started. Secondly, Li¢
elastic-scattering data from the residual targets at ap-
propriate energies should become available for optical-
model analysis and make possible the use of more
realistic distorted Li® waves. Thirdly, a better repre-
sentation of the wave functions in the nuclear interior
should be possible.?® The optical potentials used in gen-
erating the distorted waves are local potentials, and the
effects of nonlocality are usually treated by introducing
energy-dependent parameters. However, nonlocality

3 G. R. Satchler (private communication).
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reduces the projectile wave functions in the nuclear
interior compared to those for ‘“equivalent” local po-
tentials. A simple nonlocality correction factor may be
applied to the wave function generated by the local
potentials.?® In the cluster transfer calculations a similar
radial correction factor may routinely be used in zero-
range calculations to compensate for finite range
effects,?®% instead of the more time-consuming exact
finite range calculation® that we made for a few cases.
If the inclusion of these improvements and refinements
in (d,Li®) calculations should lead to even better agree-
ment with experiment one ought to feel quite confident
that the single-step cluster transfer model is sufficiently
realistic to be used in the analysis of (d,Li%) data. We
realize that our present calculations do not even exhaust

# J. K. Dickens and F. G. Perey, Oak Ridge National Labora-
tory Report No. ORNL-3858, 1965 (unpublished).

4 J. K. Dickens, R. M. Drisko, F. G. Perey, and G. R. Satchler,
Phys. Letters 15, 337 (1965).
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all effects that direct interaction theory in general
recognizes as important. In particular, recoil and
exchange terms may be quite important for our light
targets. Nevertheless, it is felt that the present simple
reaction model has been surprisingly successful, and
may be even more useful for higher energies and heavier
targets.

Keeping in mind our qualified acceptance of the pro-
posed (d,Li%) reaction mechanism we again refer to the
spectroscopic information contained in Table II. There
is no doubt that a drastic difference exists for o pickup
from p shell and the light s,d shell nuclei. The deducible
« parentages for the target ground states agree, at least
qualitatively, with simple shell-model expectations,®¢:1!
The dominance of simple shell-model configurations is
also indicated by the quite comparable probability for
S5-nucleon transfer reactions observed in the s,d shell
nuclei.234

4 L. J. Denes and W. W. Daehnick (to be published).
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Elastic and Inelastic Electron Scattering from C? and O}

HarL CRANNELL
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(Received 3 March 1966)

Elastic and inelastic electron scattering from C!2 and O'¢ has been studied for various scattered electron
angles, using primary beam energies from 600 to 800 MeV. These studies cover a range of the square of the
momentum transferred to the nucleus of 2.79 to 11.45 F~2 for C'2, and 2.79 to 8.52 F~2 for 0. A procedure
for subtracting the effects of energy loss due to radiation of the electrons is developed. With the resolution
obtained in this experiment it is possible to resolve elastically scattered electrons from inelastically scattered
electrons. In many instances it is also possible to resolve electrons which have excited discrete nuclear levels
in C2and 06, Inelastic electron scattering due to excitation of nuclear levels is observed for the 4.43-MeV 2+
and 9.6-MeV 3~ levels in C2, and for the 6.1-MeV levels in O'8. Differential cross sections for excitation of
these levels as well as for elastic scattering are determined. Absolute values of the cross sections are obtained
by comparison with known absolute proton cross sections. Analysis of the data using the first Born approxi-
mation shows that the root-mean-square radii of C'? and O'¢ are 2.402-0.02 F and 2.65-£0.04 F, respectively.

I. INTRODUCTION

HE advent of high-energy electron accelerators has
facilitated experimentation aimed at gaining more
detailed knowledge about the electromagnetic charge
distributions of nuclei. These experiments have con-
sisted of scattering high-energy electrons from target
nuclei and studying the energy and angular distribution
of the scattered electrons.! This investigation? involved
a study of elastic and inelastic electron scattering from
two nuclei, C2 and O%. Both of these nuclei have

+ Work supported in part by the U. S. Office of Naval Research,
Contract [Nonr 225(67)].

1 A general review has been given by R. Hofstadter, Ann. Rev.
Nucl. Sci. 7, 231 (1957).

2 A more detailed description of this experiment is given in the
author’s Ph.D. thesis, Stanford University, 1964 (unpublished).

already been the subject of investigation by several
experimenters.3—¢ Because these nuclei have been
studied so extensively in the past, it is interesting to
consider the factors that motivated additional experi-
mental work at this time.

The most sensitive region of electron-scattering
measurements of nuclear characteristics is near a
diffraction minimum in the cross section. The most
successful model to date for P-shell nuclei, the harmonic-
well shell model, predicts only one diffraction minimum

3J. H. Fregeau, Ph.D. thesis, Stanford University, 1956
(unpublished).

4 J. H. Fregeau and R. Hofstadter, Phys. Rev. 99, 1503 (1955).

5 H. F. Ehrenberg, R. Hofstadter, U. Meyer-Berkhout, D. G.
Ravenhall, and S. E. Sobottka, Phys. Rev. 113, 666 (1959).

6 U. Meyer-Berkhout, K. W. Ford, and A. E. S. Green, Ann.
Phys. 8 (N. Y.), 119 (1959).



