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A comprehensive investigation of the Li®+C!2 reaction has been carried out for particle
groups corresponding to the following states of the residual nuclei involved: 0.0, 0.871,
3.058, 3.846, and 4.551 MeV for 0''; 0.0, 6.05+6.13 (unresolved), 6.92+7,12, and 8.88 MeV
for 0'%; 0.0 MeV for 0!% and 0.0, 3.945, and 4,91+5.10 MeV for N'4, Yield curves were mea~-
sured for protons, deuterons, and o particles at laboratory angles of 0° and 40°, at Li® bom-
barding energies from 5.6 to 14,0 MeV, Angular distributions were measured at 9.0, 10.0,
11.2, 12.0, 13.0, and 14,0 MeV for all of the above groups and from 5,6 to 6.6 MeV at 0.200-

MeV intervals for most of the groups.

A comparison has been made of the accumulated « -particle data and two-mode plane-wave
and single-mode distorted-wave direct-reaction models. The proton, deuteron, and a-par-
ticle data were also compared with the statistical compound-nucleus model,

I. INTRODUCTION

In the present experiment all resolvable reac-
tion products from the C*?(Li®, p)O'", C*?(Li®, d)O*¢,
C'2(Li®, £)0'", and C*?(Li%, d)N** reactions were
studied at Li® bombarding energies of 5.6 to 6.6
and 9.0 to 14.0 MeV, The @ values of the various
reactions! are given in Fig. 1. Spins and parities
of the levels are taken from Ref. 1, except for the
spin of the 3.846-MeV level® of O, The experi-
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FIG. 1. @-value and energy-level diagram.
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mental data obtained and presented for these reac-
tions consist of angular distributions at bombard-
ing energies from 5.6 to 6.6 MeV at 200-keV inter-
vals and at 9.0, 10.0, 11.2, 12,0, 13.0, and 14.0
MeV, and of yield curves at 6,,,=0° and 40°. In
addition, an angular distribution of Li® elastically
scattered from C'? was obtained at a bombarding
energy of 13.0 MeV for use in determining optical-
model parameters for the Li®+C*? entrance chan-
nel. '

A comparison has been made of the results of
the experiment and predictions of direct-reaction
and statistical compound-nucleus models.

II. EXPERIMENTAL

This experiment was performed with a Li® beam
from the University of Iowa HVEC Model CN Van
de Graaff accelerator. Lithium beam energies in
excess of 6.6 MeV were obtained using carbon
stripping foils in the accelerator tube. The beam
energy has been shown to be stable and accurate
to £0.3% over long periods of operation.

The target chamber used for this experiment
was a 17-in,-diam ORTEC Model 600 scattering
chamber., A detector-foil-changer assembly which
contained a AE, E detector system was mounted
on the top plate 14 cm from the target located at
the center of the chamber. A monitor detector
was mounted in the reaction plane on the chamber
wall at 20° with respect to the beam. The beam
was collimated to a spot 2 mm in diam with two
collimator pairs located in the beam tube near the
entrance to the chamber.

The AE and E detectors were solid-state detec-
tors, the former 40 p thick and the latter 2000 or
3000 p thick, depending upon the energy range be-
ing studied. The aperature for this detector as-
sembly subtended a solid angle of 1.49X 1073 sr
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with respect to the center of the chamber,

The monitor detector was a solid-state detector
with an aperture of 2,03X1072 sr with respect to
the target center, and was just thick enough to
stop all incident a particles. Some segments of the
5.6- to 6.6-MeV data were taken at an early stage®
of this experiment on apparatus described by Heik-
kinen,*

Pulses were amplified and routed via Canberra
solid-state electronics to Nuclear Data analog-to-
digital converters. The ADC’s were coupled
through an interface to an on-line Control Data
160A computer. Data corresponding to the detec-
tion of protons, deuterons, and tritons were stored
in a 60- by 256-channel £, AE matrix. Since a
particles produce a higher AE pulse than charge-
one particles, they could be readily separated
from charge-one events, and were stored in a sin-
gle-parameter energy distribution. A single-pa-
rameter pulse-height distribution of the monitor
events was stored in the computer simultaneously
with the aquisition of the E, AF data. All of the
data were transfered at the completion of each run
onto magnetic tape.

Targets consisted of self-supporting foils ob-
tained by evaporating carbon from an arc onto
Teepol-coated slides. The targets, which were
oriented at 45° during angular-distribution mea-
surements and at 0° during yield-curve measure-
ments, were selected to give an energy spread of
the Li® beam in the target of no greater than 90
keV. Target thickness was measured to +8% by de-
termining the energy loss of o particles from a
thorium C’ source in the target, and using stop-
ping-power data of Williamson, Boujot, and Pic-
ard.® The targets ranged from 10 to 52 ug/cm?
in thickness.

III. SOURCE OF ERROR

The yield curves measured at 6., = 40° were used
to normalize the angular distributions taken at dif-
ferent bombarding energies to absolute values.
For the measurement of the 0° and 40° yield curves,
the problem of carbon buildup was eliminated by
surrounding the target with a capped aluminum cy-
linder, which served both as a hydrocarbon pump
and a Faraday cup during yield-curve measure-
ments. The relative error of the yield-curve
points, excluding the statistical counting error is
considered to be less than 7%.

Including possible error in the determination of
target thickness and detector solid angle as well
as that in absolute-current integration, the total
absolute error of the 40° yield-curve data is con-
sidered to range from 10 to 15% (depending on the
size of the statistical counting error of each yield-
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curve point). The absolute error of the 0° yield-
curve points is judged to be about 20%, somewhat
greater because the absolute values of these points
were obtained by adjusting these data, via the an-
gular-distribution data, to have the correct value
relative to the 40° differential-cross-section val-
ues at energies for which angular distributions
were measured.

The ground-state a-particle group was free of
contaminants at 6,,,=20°, and was used as a mon-
itor group for normalization of the angular-dis-
tribution data at a given bombarding energy. The
statistical counting error of this monitor group,
combined with possible errors due to uncertain-
ties in effective beam energy and detection angle,
produce a random error of about 5% which must be
combined with the statistical counting error of
each angular-distribution point to give the relative
errors for points on an angular distribution. The
data taken earlier at 5.6 to 6.6 MeV with the older
apparatus have been assigned a random error of
7.2% instead of the 5% of the later data. The error
bars terminating in straight lines on the plots of
the angular distributions are representative of sta-
tistical counting error only. Where statistical
counting errors are smaller than the size of the
points, the error bars are omitted. In cases
where there were unusual problems due to back-
ground events, the error bars shown on the plots
include possible error due to these events as well
as statistical counting error, and are terminated
by an arrow.

When the possible errors involved with the nor-
malization of the angular distributions to the yield
curves are accounted for, the absolute error of
the angular-distribution data points ranges from
10 to 15% (depending upon the magnitude of the
statistical counting error of the points), or up to
about 20%-in cases where background events were
a problem.

IV. RESULTS

Experimental results for the particle groups
which could be studied are presented in Figs. 2-19:
typical energy spectra showing states excited by
the reactions, in Figs. 2-4; the yield curves at
laboratory angles of 0° and 40°, in Figs. 5 and 6;
and the angular distributions, in Figs. 7-19. The
different symbols used to plot the angular-distri-
bution points represent data obtained from repeat-
ed runs during this experiment. Of the 5.6- to
6.6-MeV angular-distribution data, the dots rep-
resent data obtained with the older apparatus. The
total cross sections are€ given in Table I, and com-
pared to the (2J +1) rule in Fig. 20.

A proton energy spec¢trum at a Li® bombarding
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energy of 12,0 MeV is shown in Fig., 2. The ener-
gy levels in the residual nucleus associated with
the observed peaks have been identified from kine-
matics, as were those in the other particle spec-
tra. In particular, the diagonal line in this spec-
trum is the energy calibration curve used to de-
termine the energy of the groups observed and
identify the levels in O'7 with which each is asso-
ciated. The energy levels are those of Lauritsen
" and Ajzenberg-Selove.®

A proton continuum begins at a-laboratory ener-
gy which corresponds to protons associated with
the formation of O at an excitation of 4.15 MeV.
This continuum is due to the three-body O +p
+n(+3.45 MeV) final state. This continuum and the

| 1 | L
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CHANNEL NUMBER
additional continuum from the C'®+p +d(+1.25 MeV)
reaction limit the present investigation to the pro-
ton groups corresponding to the formation of the
ground and first four excited states of O,

A typical deuteron spectrum is shown in Fig. 3.
The continuum extending to an energy of 6.5 MeV
in Fig. 3 is considered due to Coulomb breakup of
Li® into a deuteron and « particle. This continuum
limited the studies in this experiment to those deu-
teron groups associated with the formation of the
8.88-MeV or lower states in O, At angles great-
er than about 40°, the group corresponding to the
10.36-MeV state in O did not have sufficient en-
ergy to penetrate the AE detector and was there-
fore below the limit for particle identification by

TABLE 1. Total cross sections (mb). The absolute error associated with all total cross sections is estimated to be
+15% unless otherwise noted.

Ey8
(MeV) Po P1 PZ P3 P4 do

dy+dy dg+dy dsa toa ay [« )

agt+a,?

14.0 1.76 0.44 0.55 1.77 1.31 2.50
13.0 1.57 0.57 0.58 2.13 1.46 2.20
12.0 2.67 0.68 0.69 2.48 1.58 3.43
11.2 2.93 0.66 0.93 2.61 1.95 4.09
10.0 2.98 0.98 0.93 2.41 2.30 4.86
9.0 3.88 1.26 1.11 3.69 2.68 4.85
6.6 3.41 0.89 1.69 3.18 cee 4.24
6.4 3.10 1.12 1.80 3.38 ce 3.45
6.2 3.00 1.54 2.07 3.80 cee 3.27
6.0 2.30 1.51 1.65 3.38 see 2.74
5.8 1.88 1.45 155  2.87 oo 2.40
5.6 1.74 1.36 1.52 2.29 ce 2.24

15.60
13.80 30.70 see vee 3.80 7.06 17.20

12.08 17.53 3.32 0.82 8.34 8.46 18.07
15.17 21.92 5.16 1.07 10.71 7.09 21.31
17.33 24.87 4.67 1.18 9.59 7.77 23.52
17.35 28.35 5.17 see 10.80 8.54 20.01

15.41 27.54 3.34 e 8.18 7.84 22.43
17.18 32.00 4.79 oo 10.48 9.31 32.80
17.00 37.10 se oo 8.62 10.50 19.70
16.50 37.90 e oo 7.44 10.90 19.50
18.90 41.80 oo e 7.52 10.98 21.90
16.50 38.90 see se 6.06 10.10 19.50

32.20 cee oo 4.57 7.78 19.40

2The absolute error of the total cross sections associated with these groups is +25%.
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FIG. 3. Deuteron energy spectrum.

means of the E’, AE system. No analysis was
made on this group as a result. Similarly, the en-
ergy loss in the AE detector limited studies on the
8.88-MeV state to angles forward of 125° in the
laboratory.

The doublet composed of the groups associated
with the formation of the 6.05- and 6.13-MeV
states in O'® was not resolved in this experiment.
The second doublet group consisting of deuterons
associated with the formation of the 6.92- and 7.12-
MeV state in O'® is partially resolved at forward
angles, but is almost completely unresolved at 90°
because of dE /df across the detector. The dou-
blet was analyzed as one group. In the region
where it is resolved, the 6.92-MeV state has a
yield about three times that of the 7.12-MeV state.
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An a-particle spectrum is shown in Fig. 4. The

a-particle groups associated with several states
in the vicinity of the 9.0-MeV state in N** were
resolved, but the continuum from the C* +a
+p(+1.246 MeV) three-body final state lies under
these groups. This continuum and contaminant
groups from the Li® +p—~He®+a(+4.02 MeV) reac
tion, combined with the fact that at backward an-
gles most of the groups associated with states

above 5.10 MeV in N* were too low in energy to be

separated from charge-one particles, limited the
a-particle groups for which useful angular-distri-

bution measurements could be made to those as-
sociated with the ground, second, and third plus
fourth excited states of N*4,

The predicted locations of a-particle groups
from several low-lying states of N'* and F*® re-

sulting from C'® and O'® contaminants are plotted
in Fig. 4. The O and C'® contaminants produced
a-particle groups which overshadowed the a-par-

ticle group corresponding to the 2.331-MeV iso-
topically forbidden first excited state of N*, and
allowed only an upper limit, 1% of the ground-
state group, to be placed on its cross section.
The 5.6- to 6.6-MeV angular-distribution data

are useful for comparison with the data at higher

energies, and for noting the variation of the angu-
lar distributions with energy at these lower bom-
barding energies, but were not included in the sam-

ple used for comparison with theory.

At the higher energies, 9.0 to 14.0 MeV, angu-

lar distributions were taken at 1-MeV intervals ex-

cept for the case of the distribution at 11.2 MeV.
(The coherence width T, is of the order of 0.5
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FIG, 5. Proton, deuteron, and a-particle yield curves measured at 6,,, =0°. The closed circles represent data accu-
mulated during this experiment, and the crosses represent data taken from the angular-distribution measurements, The
data plotted as squares have been reported by Dzubay?® (all of Dzubay’s data have been multiplied by 0.70). The data of
Dzubay presented at 0° were taken at an effective angle of 6°.

MeV.) The planned 11.0-MeV distribution was tak-
en at 11.2 MeV instead, because of the peak ob-
served at this energy in both the 0° and 40° yield
curves for several groups. No significant differ-
ences were observed in the angular distributions
at this energy compared to these at adjacent ener-

gies, however.

The experimental values of the total cross sec-
tions are given in Table I. The total cross section
for each group is seen to increase initially as a
function of energy. Then, though the cross section
for the a groups remains roughly constant with in-
creasing energy, the cross section for other
groups decreases quite rapidly with increasing en-

ergy.

V. COMPARISON OF RESULTS WITH VARIOUS
MODELS

A. Direct-Reaction Model

An attempt was made to determine the impor-
tance of the direct-reaction mechanism for Li re-
actions studies here by fitting the a-particle angu-
lar distributions to a plane-wave two-mode model.
For completeness, distorted-wave stripping calcu-
lations were also compared to the measured a-par-
ticle data.
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1. Plane-Wave Born Approximation

The basic form of the expression for the differ-
ential cross section used in the plane-wave two-
mode case is that of Fulton and Owen® and Ed-
wards.” The calculations were carried out for the
pickup mode and exchange mode (heavy-particle
stripping) for the inverse reaction N**(a,Li%)C*2,
Search programs used in two-mode calculations by
one of the authors® were modified for use in this
reaction. The differential cross section for the
two-mode process can be expressed in terms of
five parameters, four cutoff radii and the ratio of

reduced widths for the two modes. The cutoff radii,

corresponding to the lower limits of the Butler in-
tegrals for the pickup process and the corre-
sponding radii for the exchange process, are as-
sociated with the following interacting systems:

pickup: #, for the d, @ system,
a, for the C*?, d system;
exchange: 7, for the o, Li® system,

a, for the Be?, Li® system.

Calculations were initially made for the ¢, angu-
lar distributions assuming the N** ground state to
be a D state. This can be justified on the basis of
the intermediate-coupling model® and from the 8-
decay probability’® of C**, It was possible to ob-
tain reasonable fits considering only the D-state
configuration, but the ratio of reduced widths (ex-
change/stripping) was found to be approximately
80. Since this ratio was many times too large, a
4% component of S state was included with the D
component of the N ground state. When the search
for a new set of parameters was made, only those
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quantities related to N'* (namely a, and a,) were
allowed to be different for the S- and D-state
configurations.

With the following radii, which were used at 14.0
MeV, the ratio of reduced widths for the two
modes was determined to be 4.8 (assuming square
wells for the interaction between the @, d and the
Li%, Be® systems):

S state: 7,=2.70 F, a,=2.15 F,
v,=2.5 F, a,=5.5 F;
D state: 7»,=2.7T0 F, a,=5.40 F,
v,=2.5 F, a,=6.5 F.

It was also possible to obtain reasonable fits with
those radii at Li® bombarding energies of 13.0,
12.0, and 11.2 MeV by setting 7, equal to 3.1, 3.3
and 3.3 F, at the respective energies. The fits are
shown in Fig. 21. For bombarding energies below

STUDY OF Li® +C'? REACTIONS

C'?(Li%d.)0'®

0’ 70,00
.,.Y,.:;..]..,,,T
so0l- & E 8 =14,0 MeV(iob) B
. 3
' ‘...l 6" " s
. . . 8, ]
o J L Ly
500 E,,6%13,0 B
o4
1500 L o o
L Rt ] L L]
 Seesage’  feaee .'e
£ 6% 12,
1000 usr 2.0 .
1250 e, o
. . :..0
o
2000 ...‘.......
+ t t
. pog . °
1500 Eeeine T e
. L]
[3 .
o . ]
. . L)
. 1
1000 WA
£,,6:100 1
— L
= . o,
o 500} LA
B 1] .o .50. . .. ]
X ool '. .’ (e
~— .... »
z .\ e A
] LN oot E 6790 o
- 500 - . 8 . $% 0% -~
O L N [ 1
W . o i
(%] b LT ]
wn oLl 1 | | 1 |
m v T T T T T T T =
o
T 600} o E 6= 6.6MeV (lab) i
(&} ¢
¢ )
| °o
I 400 | . * o o
= o
> .
] 200 |
x
LJ
. N
& P
o 400 , | E 664
| e o & o
200 |- °
0 +
. E 6%6.2
. 4 a e o
200 - *
[ +
| £, ,626.0
8
200 * s ¢t
o8 g )
o
200} o .
- . . -
o ® E 6758
[ +
> L]
200t , . .
o g s SELST3SE
o U S U SR ST BT
(o] 30 60 90 120 150 180°

FIG. 12. Angular distributions for the d, group.

CENTER-OF-MASS ANGLE

49



D. J. JOHNSON AND

12, .6 16
C*(Li°,d42) Ogos+613

T T T T

L e e e e e

- "‘ E, ;67140 MeV(iab) b
isood * T A, 4
i '..'Ol“l°"l“h.'lo§
[ L]
° N " + + +
“h.. E16:130
1500 Y
"--;u“,.c"' "Soggee,
° } } } 4 b
it |‘ E 6:120 ...."~~..
1500 8, vee .0 4
..o' '-0|. 4
so00 Ay t t t o
4 .
) Eu6= 12 o
L . .
1500 | ...'.....' .......O... -
B
4 y . ; ,
o —+++ t } + B
.
. [: E;6:100 o “
> 1500 f- * B
Q LQ“... $ e e00° “"..0"
o
4
X A\
3000 -‘ t + —+ =
% My E;6=90
[ 0
— .
= isoof- Yt ecetesteds gt
8 L vee L
%) L
wn ot~ ) U S G S T [ R S G S W B S
nh — T T T
o 6000 g
(vl E;6:66MeV(iab)
S J
| 4000 4
g
b—
=z . 4
w 6000 « * e ..
E:J . . e,
w ~+
4000 |- 3
La‘- E;6:64
i .
6000 o o o T
¢ et e, 1
. + +
4000 |- -
L E16:6.2 1
2000+ * .
* S e s, . ®
. + —+ $
4000 |- 4
E ;660
2000 S . i
\ 8% 8.,
L e
N . — " .

2000 - .
o °
—\4_1. E6=58 ¢ ¢ o0,

. Eu6:=56
2000
. ° . °
P St e, .
) Pl BT U SR S S
[¢] 30 60 90 120 150 180°

CENTER-OF-MASS ANGLE

FIG. 13. Angular distributions for the d, +d, groups.

N

M. A. WAGGONER

c'? (Lis,d3+4) Oéfszﬂ.lz

T T T T T T T T T T T
E 6 =14,0 MeV (lab) .
:'._‘.-:.u‘-"-’-sa
T% zE l?:O M V7 ‘! 1
i6 19, e .
B t Li .".' ,
S * [TOET P 7
g - .
= 12,0 MeV &
Q . ="
L b ] _-=-' .
o) SPRLL
wn
g T
¢ 3000 1,2 MeV R
(&) . 1
é i
g 4500
ul 6000 : +
a e
LLtI T e e, L
W 4500 g
(=) 10.0 MeV j
3000 + + —+
t ¢ : . 0‘ 4
1500} ot .
EL[6=9.0M6V 4
o — 1 " " 1 L n | - n 1 . I .
6] 30 60 90 120 150 180°

CENTER-OF-MASS ANGLE

FIG. 14. Angular distributions for the d3+d, groups.

11.2 MeV the fits become unreasonable with the
above values of @,, 7,, and a,, but letting 7, range
from 2.7 to 3.3 F. The peaks in the backward-an-
gle data were exactly out of phase with those in the
theoretical calculations.

Some effort was spent attempting to find param-
eters which could reproduce the 9.0- and 10.0-
MeV backward-angle data, but changes of the or-
der of 10% for 7, and 20% for a,(L =0) and a,(L =2)
were not adequate.

The two-mode plane-wave calculations were not
made for the second excited-state angular distri-
bution for several reasons. Experience gained fit-
ting the ground-state data indicates that it probab-
ly would not be possible to fit the 12.0-MeV data
with the same parameters used at 13.0 and 14.0
MeV because of the shift in backward peaks at 12.0
MeV. The strong energy dependence of the 0° and
180° peaks is not consistent with the two-mode
plane-wave model, since they can probably not be
fit without varying parameters up and down to



|

12 :6 16

800 L I L A B L
ELi6 =14.0 MeV (lab)

400} : i

E 6 :13.0 MeV

} I I B ..
200_ :'I"I l..,.,"ll... ]

Eu6:12.0 MeV T

0 t + + - ;
aco| . ELi610.0 MeV i

200} I .

DIFFERENTIAL CROSS SECTION (ub/sr)
8

Okt t + +— + + =
ELiG=9.O MeV
400+ : .

[ .

120 150 180°
CENTER-OF-MASS ANGLE

Angular distributions for the dj group.

al Il 1
0 30 60 90
FIG. 15.

move peaks in and out of the nonphysical region to
the left of 0° or to the right of 180°. And the antic-
ipated computer costs and the time required to ad-
equately determine the parameters was considered

excessive for the information that might be obtained.

2. Distorted-Wave Born Approximation

Distorted-Wave Born-Approximation (DWBA)
model calculations were made using computer
code DRC.! This program assumes the interac-
tion potential of the (@, d) system to be zero range
and ignores target-recoil effects. The optical-
model potential used has the form

Ur)=Velr)-V(+eT - RV3)-1 _iwf(y),

where V¢ is the Coulomb potential due to a uniform-
ly charged sphere of radius R,, and f (») is one of
the following:
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fo=(teetr = Rab)1

fsq=—4bdf,/dr ,
fomelm (r=RNBIZ

The entrance-channel optical-model parameters
were obtained from a parameter search of Li®+C!2
elastic scattering data (13.0 MeV) using an elastic
scattering search routine written by Smith.'? The
fits for C*?(Li®, Li®)C'? are shown in Fig, 22, and
the parameters obtained are given in Table II. All
DWBA calculations were made using parameter
Set A for the entrance channel unless otherwise
noted. The exit-channel parameters were obtained
by a similar search on N*(a, )N angular-distri-
bution data (19.2 MeV) reported by Ploughe.!?

Calculations for the a-particle angular distribu-
tion corresponding to the residual nucleus N** in
its ground state were made for 0 and 2 units of an-
gular momentum transfer L and for cutoff radii R
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ranging from O to 5.4 F. At 14.0 MeV, for L=2

and R =0.0, the calculated distributions had a min-

imum at 0° and a broad peak at approximately 45°.
This peak moved in to 20° for R=5.4 F, and in all
cases the differential cross section continued to

decrease with increasing 6 beyond this peak. The

calculations with L =0 and R=0.0 had only one peak,
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all groups.

at 0°, whereas when R =2.75 F the calculated dis-
tributions had, in addition to a peak at 0°, a sec-
ond peak at approximately 50° of about one fourth
the height of the 0° peak. These angular distribu-
tions varied little in the energy interval from 9.0
to 14.0 MeV, and displayed a shape which in no

TABLE II. Optical-model parameters.

v w R, R, a b
Reaction (MeV) (MeV) (F) (F) (F) (F) X2 )
Li6 + Ctz
Set A 171.0 7.24 3.04 3.33 0.67 0.72 6.27 sd
Set B 136.8 7.75 3.48 3.27 0.64 0.77 6.68 sd
Set C 173.7 6.55 2.85 3.89 0.64 0.80 9.61 sd
a +Ni 154.1 4.74 3.45 4.37 0.56 0.65 14.47 sd
d +ot® 50.0 16.00 3.80 3.80 0.70 0.70 e 1%
Dosp1+0OV 49.2 2.9 3.21 3.21 0.62 1.6 . G
Dospapa+ O 49.2 8.6 3.21 3.21 0.54 0.4 G
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FIG, 22. Optical-model fits to Li®+C? elastic scatter-
ing data at a Li® bombarding energy of 13.0 MeV. See
Table II for the expression for the optical-model poten-
tial used and for the values of the optical-model parame-
ters obtained from the fits.
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FIG. 23. A comparison of angular distributions calcu-
lated according to the DWBA model and experimental da-
ta obtained for the a4y group.

way corresponded to the experimental angular dis-
tributions.

The second-excited-state experimental angular
distributions have a peak in the region of 40° to
45°, which remains nearly fixed in the energy in-
terval from 12.0 to 14.0 MeV. A similar peak ap-
pears in the same reaction at 20.0 MeV according
to the data of Meier-Ewert, Bethge, and Pfeiffer!*
- and in the C**(He®, p,)N3*%,,, reaction according to
the data of Mangelson, Harvey, and Glendenning'®
at a He® bombarding energy of 20.0 MeV.

DWBA (L =0) stripping calculations were made
for the C#(Li®, a,)N3*,,5 reaction at Li® bombarding
energies of 12.0 and 14.0 MeV. 'The results of
these calculations for optical-model-parameter
Sets A and C (Table II) are shown in Fig. 23. The
general character of the forward portions of the
experimental angular distributions is well repre-
sented at both energies, although the calculated
peaks occur at 5° larger angles in both cases.
Since slight shifts in the optical-model parameters
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did not help the forward-angle fits and also did
not cause the backward-angle results to rise ap-
preciably, it appears doubtful whether it will be
possible to improve the fits with other optical-
model parameters considering only stripping to be
present.

B. Statistical Compound-Nucleus Model

A criterion established by Ericson'® as neces-
sary for the application of the statistical compound-
nucleus (SCN) model to be valid is that the aver-
age width of an individual state should be greater
than the average spacing of states in the compound
system, i.e., T;/D>1. Using Lang’s'? level-den-
sity formula to estimate D; and assuming I', =500
keV (determined from an autocorrelation analysis
of the experimental data discussed below and the
dependence of I'; upon excitation energy given by
Ericson and Mayer-Kuckuk'®), we obtain the fol-
lowing values of I',/D; for F'® at 21.0-MeV excita-
tion for successively increasing values of J from
0 through 6: 34.4, 84.5, 92.0, 77.5, 37.0, 15.5,
and 5.0. This indicates that the criterion of Eric-
son is satisfied for compound-nucleus levels with
spins up to J =6,

1. Hauser-Feshbach Avevaged Angulay
Distribution

The Hauser-Feshbach (HF) expression'® was
used to calculate the averaged differential cross
sections.

<-dg§zc' ®)y=B 2, (-I)S-S'Z(ZJZJ; SL)Z (I'JU'J;s' L)
sis'y!

LJ

XPL(COSG) Tc(l)Tcl(l ) (1)

(2J + 1)e-J(J+ 1)/2 02
where

2

57 ; (2)

= ’
T, [+1)(2i+1)

I and 7 are the spins of the target and incoming par-
ticle, s and s’ are the entrance- and exit-channel
spins, I and I’ are the relative angular momenta
of the two particles in the entrance and exit chan-
nels, respectively, the Z coefficients are defined
by Feshbach,? the P,(cosf) are Legendre polyno-
minals, 7,(I) and T,.(!’) are transmission coeffi-
cients for the entrance and exit channels, o is the
spin cutoff parameter, and 1/A is the magnitude of
the wave vector of the incident particle.

The entrance- and exit-channel transmission co-
efficients were calculated using the ABACUS-2
code?! with the following optical-model parameters
For the Li®+C!? entrance channel the parameters

were the same (parameter Set A of Table II) as
those determined for the DWBA analysis of the
C'%(Li% a) N™ reaction. Data were not available
for the p + O'" channels, and optical parameters ob-
tained for p + O'® elastic scattering at 15.6 and at
11.9 MeV (lab) by Duke® were used for the p, and
P, groups and for the p,, pg, and p, groups, re-
spectively. The spin-orbit potentials given by
Duke were set equal to zero in these calculations.
For the d + 0'® channel, parameters obtained by
Nguyen® at 14.0 MeV (lab) were used. The optical
parameters used for the various channels are giv-
en in Table II. The matching radius was set equal
to R, +10a in these calculations.
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FIG. 24. Angular distributions for protons averaged
over the energy interval from 9,0 to 14,0 MeV. The er-
ror bars represent FRD errors, The continuous curves
represent HF averaged angular distributions calculated
with a spin cutoff parameter of 6=2,16. The broken lines
represent HF averaged angular distributions obtained us-
ing 0=2.50.
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The results of these HF calculations are shown
in Figs. 24 and 25. The error bars shown are the
finite-range-of-data (FRD) errors due to the finite
energy interval over which the differential cross
sections are averaged, and are given by**

Aldo/af) ~ 'nCeXp (e =O)] 12
(do/dsy “["—n_— '

Here I'yn is the energy interval over which the an-
gular distributions are averaged and C.,(€ =0) is
taken from the autocorrelation function Cexp(e)
discussed below.

The HF averaged angular distributions plotted as
continuous lines in Figs. 24 and 25 were calculated
using a spin cutoff parameter o of 2.16, whereas
those plotted with broken lines were calculated
with 0=2.5. The value 0=2.16 was calculated for
the compound nucleus F!® at 21.0-MeV excitation
energy using'” ¢%=cT, where c%? is the rigid-
body moment of inertia for the Fermi-Thomas
model of the compound nucleus, and T is the ther-
modynamic temperature at an energy of excitation
at the midpoint of the interval spanned. Calcula-

4500

3000

1500

3000

1500

900

600

300

AVERAGED DIFFERENTIAL CROSS SECTION (ub/sr)

450

300

150 - .

o) | I RN SRR SR R
0 30 60 90 120 150 180
CENTER-OF-MASS ANGLE

FIG. 25. Averaged angular distributions for o parti-
cles and deuterons, See caption of Fig, 24,

Do

tions using 0=2.5 are also presented here, be-
cause they gave reasonable fits for most particle
groups, and the normalization constants B ob-
tained for the various groups were more nearly
the same. The values of B obtained for 0=2.16
and 2.5 are shown in Table IIIL

The variation of the relative sizes of the normal-
ization constants as a function of particle type is
similar to that of the ratios of averaged experi-
mental to HF averaged differential cross sections
obtained at 0° by Dzubay?®® for p,, P, Ps, Psr 4o,
and o, groups, namely, 0.43, 0.33, 1.01, 0.88,
0.46, and 0.60, respectively. Though the shapes
of the predicted HF averaged angular distributions
are quite insensitive to the optical-model parame-
ters used, the values of the normalization con-
stant B are very sensitive to the optical parame-
ters used. This sensitivity is illustrated by the
fact that the values of B for the p,, p;, and p,
groups become 3.02, 2.43, and 3.38x107% cm?,
respectively, when the optical-model parameter
set for the p, and p, groups is used with 0=2.50.

If a representative normalization constant B =2.0
x107%° ¢cm? is substituted into Eq. (2), one obtains
T,/D,=28.3, which is certainly within the order-
of-magnitude agreement one might expect with the
value of 34.5 one obtains from Lang’s'” level-den-
sity formula assuming I’y =500 keV.

It is interesting to compare the results of the
present HF calculations with the experimental to-
tal cross sections 0e,,, interpreted in terms of
the (2J+1) rule®® shown in Fig. 21. The simplest
form of the rule states that the total cross section
for a given reaction should be proportional to 2J
+1, where J is the spin of the residual nucleus,
and is often used as a test of the SCN model. How-
ever, the rule, so stated, does not allow for vari-
ation in exit-channel transmission coefficients for
different particle groups. Only if this variation is
negligible should ogcy be equal to a constant times
(27 +1).

If the SCN model described the reaction process
for all channels, the normalization constant B
should be the same for all groups. In this analysis,
for 0=2.5, the value of B was approximately 2 for
the p, and p, groups, but 4.5, 4, and 5.5 for p,, p,,
and p,, respectively. In other words, if the reac-
tions involving the p, and p, groups are described
by the HF formalism of the SCN model, the exper-

TABLE III. Values of normalization constant B
(1073 cm?.

o Po D1 P2 P3s Py dy dy  ay  ay

2.16 0.788 1.24 3.29 1.91 3.42 0.71 1.33 0.141 0.494
2.50 1.89 1.91 4.56 3.81 5.59 2.11 2.50 2.24 3.00
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imental cross sections for the p,, p;, and p, groups
are factors of 2 to 3 times as large as the predic-
tion of the SCN model. But the (2J+1) plots in Fig.
21 show 0., for all proton groups closely propor-
tional to (2J+1).

The deuteron groups in Fig. 21 have 0, which
are more consistent with what one would expect as-
suming a (2J+ 1) rule resulting from the SCN mod-
el, in that the higher-excited-state groups have
Ocxp Which fall below the (2J +1) line. It is inter-
esting that the dg group has an experimental cross
section approximately 5 times smaller than that
predicted by (2J +1) proportionality, but approxi-
mately equal to that predicted by the SCN model
on the basis of the HF formalism. In the case of
the a-particle Oexp’S compared with the (2J+1)
rule, it is not clear how the o0;,, group can gener-
ally have a 0., which lies near or above the line
through the a, and @, cross sections if the 0c;’s
are described by the SCN model.

These considerations illustrate that one must be
very careful in interpreting the results of the ap-
plication of the simple form of the (2J+1) rule,
particularily when near the Coulomb barrier where
transmission coefficients are varying rapidly as a
function of energy.

The agreement between the general shapes of
the calculated HF averaged angular distributions
and the averaged experimental angular distribu-
tions is satisfactory for some groups but unsatis-
factory for others, as can be noted from Figs. 24
and 25. The best agreement between theoretical
and experimental data occurs for the p, and p,
groups with somewhat less agreement observed
for the p,, a,, and a, groups. An unsatisfactory
agreement, characterized by a tendency for the ex-
perimental data points to lie above the HF curves
at forward angles and below the curves at back-
ward angles, is noted for the p,, p,, and d, groups.

It is possible that some of this disagreement is
due to direct-reaction contributions at forward an-
gles. Direct-reaction contributions might also ex-
plain the fact that the value of B for groups that
have this forward-peaking effect is generally larg-
er than it is for groups which do not have the peak-
ing.

2. Autocorrelation Functions

Autocorrelation functions were evaluated, as
prescribed by Ericson'®, for each of the yield
curves shown in Figs. 5 and 6, corresponding to
resolved groups. To correct for the energy depen-
dence of the cross section due to the Coulomb bar-
rier, a useful technique which has been applied by
Dallimore and Allardyce®” was used. In this meth-
od the differential cross-section values are divid-

ed by a relative cross section, which represents
the expected smooth energy dependence of the
yield-curve points, before calculating the autocor-
relation function. In the energy interval from 4.0
to 8.6 MeV, the HF averaged differential cross
sections of Dzubay?®® were used for the smoothly
varying cross section. Above 8.0 MeV, the ener-
gy dependence of the differential cross sections
were estimated from the experimental total cross
sections at 9.0, 10.0, 11.2, 12.0, 13.0, and 14.0
MeV.

The values of C.y, (€ =0) and T, obtained from the
autocorrelation-function calculations are shown in
Table III. All values were taken from autocorrela-
tion functions determined using the HF correction
method except those for ¢,(0°) and @,(40°), which
were determined from autocorrelation functions
obtained by the base-line-shift method?”?® and ob-
tained without corrections, respectively. The base
base-line-shift method®® was applied because the
o, autocorrelation function did not have the Lorent-
zian shape given by (I',)?/(T,? + €2) but appeared to
be too large at € =0 and passed far below 0 in the
region of € =6.0 MeV. Also two or three oscilla-
tions in the autocorrelation function for this group
provided a basis for selecting a base line. No cor-
rection was made in the autocorrelation function
for a, obtained from the raw data in the energy in-
terval from 5.0 to 14.0 MeV because the experi-
mental cross section for this group was observed
to fluctuate about a nearly constant value. All T,
have been corrected for FRD effects using the
method of Dallimore and Hall.**

Theoretical values of C(€ =0), for each of the re-
actions studied, were calculated at 6,,,=0° and 40°
using an expression given by Dallimore and Hall **
which includes a correction for FRD effects as
well as an expression for the FRD error:

V2
e ®
where nI is the energy interval represented and
N is the spin damping factor.

In these calculations it was assumed that N takes
on its maximum value at 6,,=40°, a reasonable as-
sumption since the coherence angle 6 for Li®+C*?
reactions over the energy interval studied is much
less than 40°, as shown below. The calculated the-
oretical values of C(€ =0) are given in Table IV.

Even though we now have yield-curve measure-
ments for Li® bombarding energies from 4.0 to
14,0 MeV, the FRD errors are still very large and
preclude much in the way of meaningful comment
on the results. When dealing with a situation
where T, is of the order 0.500 MeV, a 10-MeV en-
ergy range does not give a large sample size. One
also has to work with the problem that I’y changes
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TABLE IV. Results of autocorrelation analysis. All results were obtained using HF-corrected autocorrelation func-
tions unless otherwise noted.

Particle B1ap=0° 01,p =40°
group Ctheory (€=0) Cexp (€=0) Ty keV) Ctheory (€=0) Cexp (€=0) Ty keV)
bo 0.36 +0.27 0.71 960 0.05+0.03 0.04 315
p1 0.36£0.27 0.58 560 0.13+0.08 0.19 396
P2 0.36 +0.27 0.28 780 0.13+0.08 0.11 200
Ps3 0.36 +0.27 0.53 780 0.05+0.03 0.11 470
dy 0.36 +0.27 0.42 470 0.16 +0.09 0.18 396
ag 0.36 £0.27 0.642 4752 0.16 +0.09 0.19 515
a, 0.25+0.35 0.15 390 0.16 +0.09 0.16° 436P

20Obtained from a base-line corrected autocorrelation function.

bObtained from an uncorrected autocorrelation function.

markedly over even a 10-MeV energy range.

3. Angular Cross-Correlation Function

To further test the validity of the SCN model as
applied to these data, angular cross-correlation
functions®® for the experimental data were deter-
mined for several of the particle groups. The co-
herance angles obtained from these angular cross-
correlation functions for the various particle
groups are as follows: p,, 20°; p,, 18°; p,, 20°%;
ps, 15% p,, 19°% d,, 16°; a,, 16°; and a,, 14°

Brink, Stephen, and Tanner (BST)? have ob-
the following expression for the coherance angle
6 on the basis of a surface-emission model of SCN
reactions:

6=~max of (1/kR, 1/k'R’, or 1/Jy). (4)

The quantities 2 and 2’ are the center-of-mass
wave numbers of the entrance- and exit-channel
particles, respectively, R and R’ are the radii of
the target and residual nuclei, and Jy, is the larg-
est spin of the compound-nuclear states having
sufficient density to give a significant contribution
to the cross section.

In this experiment, at a Li® bombarding energy
at the midpoint (11.5.MeV) of our energy interval,
if we assume the target and residual nuclei to have
radii given by 1.4X A3, then the coherence angle
5, limited by 1/kR of the exit channel for protons
and the entrance channel for o particles, has a
value of 18.5, 19.0, 20.8, 21.5, 22.1, and 13.8°
for the p,, p,, P,, Ps, D4, and d, groups, respec-
tively, and 12.8° for both a-particle groups.

The fact that the d, and a-particle coherence an-
gles as measured are somewhat larger than the
values of 13.8° and 12.8° predicted on the basis of
1/k'R’ and 1/kR may indicate that the d, and o -

particle coherence angles are limited not by 1/%R
but by 1/J),. The value of J), can be estimated
from the density of states calculated above using
Lang’s level-density formula. States with spins
smaller or equal to J), =4 include 95% of the states.
Relation (4) with J),=4 gives 6~14.4°. The agree-
ment between the measured and the predicted val-
ues of 8 is not good (the p, group in particular has
a deviation of 6.5°). However, the arguments of
BST?® are to a great extent qualitative, and for
this reason relation (4) is expected to be in only
qualitative agreement with experimental results.

VI. CONCLUSION

It had been hoped in designing this experiment,
that by obtaining yield curves and angular distri-
butions (over almost 180°) over a wide energy re-
gion above the Coulomb barrier, and by using a
fairly simple target, we could come to a better un-
derstanding of Li® reactions — perhaps by compari-
son with existing reaction models. Our conclu-
sions, however, are not particularly neat. The ev-
idence presented indicates that neither the direct-
reaction nor the statistical compound-nucleus mod-
el alone is adequate to describe the existing data.
And, in fact, it looks as if it would be difficult for
a combination of the two models to describe the
data adequately. Some more sophisticated model
appears to be required to describe the Li®+C? re-
action data obtained. The change may need to be
in the models of the nuclei involved — it is not new
for reactions involving Li or C!2 to exhibit fea-
tures which are difficult to explain.
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Phillips found a linear relation between the triton energy E; and the doublet n-d scattering
length %a for a variety of separable tensor potentials. We have treated many more separable
potentials, and also the Tabakin and Mongan rank-two separable potentials. The linear rela-
tion holds well for two-body potentials that fit the energies of the two-body triplet bound and

singlet antibound states.
I. INTRODUCTION

In this paper we present a number of calculations
of the triton energy (E,) and the doublet n-d scatter-
ing length (%a) supporting the linear relation be-
tween these two quantities found by Phillips.! Phil-
lips used Yamaguchi? singlet and triplet two-body
potentials, and obtained different linearly related
values of E, and %a when he varied either the sin-
glet effective range or the deuteron percent D

state (Pp). He kept constant both the deuteron en-
ergy and the energy of the singlet antibound state.
Karchenko, Petrov, and Storozhenko® varied the
exponent » in modified singlet and central triplet
form factors: g(p)=(p%+B%)~". The value n=1
gives the Yamaguchi shape used by Phillips; the
values n =2 and 3 give additional points on the
Phillips line, shown in Fig. 1. We also show cal-
culated values using a central spin-dependent sep-
arable potential.®



