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The ' C(' B,p) 'Ne reaction has been investigated at an incident energy of 20 MeV. Complete an-
gular distributions were measured in the angular range I9~,b

——7.5'—161.25 using a multiangle spec-
trograph. Angular distributions for states in 'Ne up to 6.75 MeV excitation are found to be sym-
metric around 90 . Results have been analyzed in terms of Hauser-Feshbach compound-nucleus cal-
culations. A simple analysis of the angle-integrated cross sections versus (2J+1) shows that the
(2J+ 1) rule holds for states with angular momenta up to 2 . States with higher J are significantly

enhanced due to kinematical conditions. The Hauser-Feshbach calculations account fairly well for
the high- J enhancement of o.t

I. INTRODUCTION

The low-lying level structure of 'Ne has been investi-
gated extensively in the past, ' predominantly via gam-
ma decay with the reactions ' O(a, ny) 'Ne and
' C(' C,cry) 'Ne. Gamma-decay schemes and lifetimes
have been established for most bound states (E &6.8
MeV). Most of the levels below 5 MeV excitation have
been classified into rotational bands and can easily be un-
derstood ' in terms of the Nilsson model for both nega-
tive and positive parity. However, above 5 MeV excita-
tion, many states have only tentative spin and parity as-
signments' and the correspondence between experimental
levels and Nilsson-model states is very uncertain. Shell-
model calculations ' in an (sd) basis are also able to ac-
count for much of the experimental information on the
positive-parity states.

In a previous study of the ' C(' B,d) Ne reaction at
E~,b ——20.0 and 20.5 MeV it was found" that core-excited
states were selectively excited in the reaction, though to a
lesser extent than in the ' C(' C,a) Ne reaction, '

perhaps indicating some contribution from a direct-
reaction mechanism which involves a transfer of eight nu-
cleons.

The present work reports results of a study of the reac-
tion ' C(' B,p) 'Ne. Little information is available on the
mechanism of this reaction. Our choice of target was
motivated by the large number of low-lying final states in
'Ne which have known J .

150—

ioo— 0

' C(' B, p) 'Ne

E „("BI= ZO MeV

8( b
= 18.75

50—E

I—

Oo
0
C)

~ 120—

5lt Sl

G

Grab
- $61.25

80—

thickness (0—0.63 mm) were placed in front of the focal
plane to stop all ions heavier than protons.

Figure 1 shows two typical spectra measured at 18.75'
and at 161.25' covering an excitation energy range of
about 6.8 MeV. The overall energy resolution (full width
at half maximum) was about 30 keV and arose primarily
from energy loss of the ' B ions in the target. Excitation
energies were obtained from observed peak positions and

II. EXPERIMENTAL PROCEDURE

The experiment was performed with a 20-MeV ' B
beam from the University of Pennsylvania Tandem Ac-
celerator. The target was a 10 pg/cm self-supporting foil
of enriched (99.99%%uo)

' C. The use of such a thin target
enabled good resolution, despite the large stopping power
of ' B ions. Outgoing protons were momentum analyzed
with a multiangle spectrograph and recorded on Ilford
K5 nuclear emulsion plates in the angular range of
3.75'—78.75' and 86.25 —161.25 in 15' steps. The total
exposure was 15000 pC. Mylar foil absorbers of variable
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FIG. 1. Proton spectra from the ' C(' B,p) 'Ne reaction
measured at 20 MeV incident energy and at laboratory angles of
18.75' (top) and 161.25' (bottom). Some of the levels in 'Ne are
indicated by their excitation energies. Index marks are 13.32 cm
apart.
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TABLE I. Results from the ' C(' B,p) 'Ne reaction at 20 MeV.

Present
E„(keV)

0
353+6

1752+6
350.72

1745.6

2788.5

3 +
2
5+
2
7+
2
1

2

Literature'
E„(kev) J

34.5

60.0
114.9

90.7
156.9

228. 1

otot (pb)
0'—90' 0'—180'

o(0'—90 )
o.(90 —180 )

0.61

0.62

1.02

o (0'—180')
2J+1

(~b)

22.7

26.2
28.5

R+AR~

1.35+0.49

2.71+0.85

4.16+1.24

J limit

0.86—1.84

1.86—3.56

2.92—S.40

2806+5

2875+5
3670+5
3742+4
3886+5
4438+6
4533+5
4709+7
4757+6
5347+4
5442+4
5552+5
5637+6
5707+ 10

2796.1

2865.6
3662. 1

3733.7
3882.9
4432.2

4524.2

4683.6
4725.7

5334

5430.0
5550"

5629.4

5690

+
2
9 +
2
3
2
5 +
2

g( —)

2
11 +
2

5 +b
23+b
2
3
2

( — )
5+ b

2 2

( — )'
3 +
2

(
3+ 9+)
2 2

( — )b
2 2

35.4

152.2

61.7
57.4

106.6

260.5

56.8

45.9
30.4
87.7

74.3
13.7

104.5

9.7

71.8

341.5
134.1

120.5

202.4

510.8
109.0
105.1

49.2
195.8
142.8

44.8
182.7

37.3

0.97

0.80

0.85

0.91

1.04

1.09

0.78

1.63

0.81

1.08

0.44

1.34

0.35

18.0d

34.2
33.5
20. 1

33.7
42.6
18.2
26.3
12.3

24.5'

17.9
11.2
18.3—45.7
18.65'

0.47+0.26

4.45+0.21

2.24+0.73

1.96+0.65

3.64+1.10

5.51+0,25

1.73+0.59

1.65+0.57

0.51+0.27

3.50+1.06
2.42+0.78

0.42+0.24

3.24+0.99

0.26+0.20

0.21—0.73

4.24—4.66

1.S1—2.97

1.31—2.61

2.54—4.74

5.26—5.76

1.14—2.32

1.08—2.22

0.24—0.78

2.44—4.56

1.64—3.20

0.18—0.66

2.25—4.23

0.06—0.46

r

the known magnet calibration. Some of the levels in 'Ne
are indicated in the figure by their excitation energies. In
Table I all states are listed by their-excitation energies
along with the values from the literature. Absolute cross
sections were obtained from the measured target thickness
and integrated beam current. The uncertainty in the
overall cross-section scale is estimated at 20%.

20 MeV proceeds predominantly via pure compound-
nucleus formation. The angular distributions shown in
Figs. 2—4 are symmetric around 90 for most of the tran-
sitions. Similarly the ratio o„,(0'—90')/cr„, (90'—180') is
near to or slightly smaller than unity for most states—
indicating that the CS's at backward angles are equal or
somewhat larger than those at the forward angles. The

III. RESULTS

Angular distributions were extracted for all observed
states in 'Ne up to an excitation energy of 6.75 MeV.
They are displayed in Figs. 2—4 and compared with re-
sults of Hauser-Feshbach (HF) statistical compound-
nucleus calculations using the code STATIS. ' Details of
these calculations are given in Sec. IV B. Figure 2
displays the data for the ground state (g.s.) and the excited
states up to 4.53 MeV in the order of excitation energy.
Transitions to states between 4.68 and 6.55 MeV excita-
tion are shown in Fig. 3. Figure 4 contains the data for
five additional levels, doublet or triplet levels between 5.6
and 6.7 MeV excitation with previously undetermined
spins.

Values of o„, obtained by integrating all points in the
angular distributions in the ranges (0'—90') and
(90'—180) are listed in Table I. The table also gives the
ratios cr«, (0'—90')/cr, „(90'—180') and cr«, (0' 180')/—
(2J+1). The integrated cross sections (CS's)
o„,(0'—180 ) are plotted versus 2J+ 1 (where J is the spin
of the final state) in Fig. 5.

Simple features of the results (both the integrated and
the differential CS's) indicate that the (' B,p) reaction at

C( B, p) Ne, 20 MeV
I I

C3
'O 400

I

D

200

0
0 6 8 io 12 14

(2J+~)
180'

FIG. 5. Plot of ~„,=2m. o(0)sint9dO vs (2J+1) for all
0

levels in 'Ne below 6.7 MeV which have a known spin.
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TABLE I. (Continued).

Present
E„(keV)

Literature'
E„(keV) J

o„, (pb)
0'—90 0'—180'

o.(0'—90')
~(90 —180')

o (0'—180')
2J+1

(pb) R+hR g J limit

5822+5

6026+ 12

6180+6
6273+6
6463+8
6562+6

6648+7

6756+8

5775

5821

5823

5992.9

6030.7
6169
6265 ~ 1

6446.6

6553

6605

6642

6747.4

( —— )
3 5+

3
2

( — ——)
5+ 9
2 2

( ——— )
1 5+
2 2

9 —b
27+b
2
9 +c
2
13 +c
2
9 +b
2

9 +b
2

(
3+ 5+)c
2 2

107.0

235.4

97.6
205.6
329.6
142.4

214.2

72.4

238.2

438.8

189.3
439.2
669.6
269.4

396.2

151.3

0.82

1.16

1.06

0.97

1.12

1.18

0.92

11.9—17.0

27.4—36.6

23.7
43.9
47.8
26.9

24.9—28.3

25.2—37.8

3.37+ 1.03

7.97+2.25

3.37+ 1.03

5.06+0.23

6.50+0.29

4.0 +0.19

7.10+2.02

2.59+0.82

2.34—4.40

5.72—10.22

2.34—4.40

4.83—5.29

6.21—6.79
3.81—4. 19

5.08—9.12

1.77—3.41

'Reference 1.
Reference 2.

'Reference 3.
o tot(0 180 )/X(2J + 1

'Assuming the 5.334 MeV state has J= 2.
For states with unknown spins upper and lower limits of o.„,(0'—180')/(2J + 1) are calculated based on the reported tentative spins.

~R =[o„,(0'—180')/48. 9—z] for states with integrated CS's less than 250 pb. For states with cr„,&250 pb, R has been calculated

using the relation R = [cr(0'—180')+451.3]/160. 18—2 .
"In Ref. 1 an additional close state has been reported at 5525.0 with ( 2

—
2 ). According to Ref. 3 this level does not exist; we

find no evidence for it.
'Assuming J"=

2 for this state. According to Ref. 1 there is an additional state at 5682.8 with ( 2,—', ). There is no evidence for
its existence either in the present work or in Ref. 3 ~

L-

~ 10~--—
i0~=

b

12C(10' ~) &1Ne

FNERGY BIN (MeV)—

~O
~O-O—-~

3-5

6 —end

ratio a „,(0'—180')/(2J + 1) presented in the seventh
column of Table I is nearly constant for states with in-
tegrated CS's less than 250 mb. The scatter in
crto, (0'—180')/(2J'+1) is indicated in Fig. 5. The solid
and dashed lines shown with the data for states with low
J are the least squares linear fit plus and minus the stan-
dard deviation.

Figure 6 shows the summed experimental angular dis-
tributions in the energy ranges: 0—3, 3—5, 5—6, and
6—6.75 MeV. The solid and dashed curves are 1/sine
and o(0) =const fits to the data, respectively, normalized
to give the exact summed experimental integrated CS's for
the states in the given energy bin. Both curves fit the data
very well at the intermediate angular range, and at the ex-
treme forward and backward angles the data fa11 in be-
tween the two curves, with some preference for the isotro-
pic assumption.

]02
j I i I

0 50 60 90 120 i 50 ]80
8, (deg)

FICx. 6. Summed experimental angular distributions in the
energy ranges: 0—3, 3—5, 5—6, and 6—end MeV. Solid and
dashed curves are 1/sinO and o.(O) =const fits to the data nor-
malized to give the experimental integrated cross sections.

IV. ANALYSIS AND DISCUSSION

A. Analysis
of the integrated cross sections

If the (2J+ 1) rule were to hold for the compound nu-
cleus' (CN), then we can express the angle-integrated
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CS's as follows:
180'

o«,(0'—180')=f (doldQ)d0

=ocN(2J+1) .

A least squares linear fit to the data (Fig. 5) yields

ocN ——(24.5+6.5) pb for states with integrated CS's less
than 250 pb. States with J= —,, —, , and —, have a larger
ratio of a«, /(2J+1). A fit of their integrated CS's vs

(2J+1) yields:

rr«, (0'—180')= —451.3+80.09(2J + 1) &b,

i.e., the slope is about three times that for low J. Only
well-resolved single states with previously known spins
have been included in the above fits. There is some evi-
dence that the ratio cr«, /(2J+1) may be different for
positive- and negative-parity states. ' ' However, in the
present study we observe no systematic difference between
results for positive and negative parities and therefore the
same analysis is carried out for both throughout the pa-
per.

%'e can now use the approximate relationship between

o«, and (2J+1) to make inferences concerning spins of
other states or to set upper and lower limits on their
values. We define a quantity R:

R = —,(0„,/24. 45 —1)

for states with cr«, (250 pb and,

R =
~ [(cr,o, +451.3)/80. 09—1]

for states with cr«, &250 pb. The calculated values of R
are listed in Table I together with the corresponding J
limits. For most single states the previously known spins
fall within our J limits, indicating the validity of the
method. Some deviations arise for unresolved doublets.
This, for example, seems to be the case for the state at
5.822 MeV for which the predicted J limit is too high.
For states with previously undetermined spins, our results

can set a higher and lower limit on their possible spins.
The state at 5.334 MeV [—', ( —, )] apparently has
J = —, , The state at 5.629 MeV has a reported tentative
spin of ( —, ——, ). Our results favor J= —, or —, for its

~ 3+ 9+ 5 7

spin. The 5.690-MeV state with J = —, ( —,
'

) has a J
limit of 0.06—0.46, thus we support the —,

' assignment.
The 6.747-MeV state, with tentative spin of ( —', +——, ),
has J limits of 1.77—3.41—thus favoring the J= —, possi-
bility.

Figure 7 shows a graph of Xo«,(0'—180')/X(2J+1)
versus excitation energy plotted in 1 MeV energy bins.
Only states with well-known spins have been included in
the figure. The data show an almost constant ratio of
Xo«,/X(2J+1) over the range 0—5 MeV excitation as
would be expected for a statistical compound mechanism.
However, the higher two bins deviate from the constant
ratio by about 30%. This deviation may arise either from
the fact that many states with unknown spins, doublet or
triplet of states, have been omitted from the sum, or due
to the enhanced CS's observed for high-spin states due to
kinematical conditions which will be discussed in subsec-
tion B. The numbers shown in parentheses in the figure
denote the number of states included in the sum for each
of the energy bins. The solid and dashed lines in the 5—6
MeV bin correspond to the two spin possibilities for the
5.334-MeV state as indicated in Table I.

Figure 8 shows a graph of (o «,(J) ) vs ( J+ —,
'

) and
(J+ —,

'
) for all states with known J under 6.75 MeV exci-

tation in 'Ne, where (cr«, (J)) is the averaged integrated
CS for states with the same J. The data imply that
log ( porto, (J) ) is essentially linear when plotted versus
(J+—,) but not when plotted against ( J+ —, ) . This result
indicates that the averaged angle-integrated CS's are
roughly proportional to exp[(J + —, )/2o. ].

'
C( B,pI Ne, 20 MeV

~ 50

+ 40—
CU

30—
D
P 20—

I

D
10—

b

0

C( Ee, p) Ne, 20 MeV
I I

(I) (3) (g) (4)

I

E„(MeV)

(4)
b
V

10 I

0

10

101

I I I I I I I

10 20 30 40 50 60 70
(J+ Ir2)'

I I I I I I

I

(J+ 1/2j

FKx. 7. Xo.„,(0'—180'}/X(2J+1}vs E„(MeV} plotted in 1

MeV excitation energy bins.

FICx. 8. Cj'rraph of (o, ,(J)) vs (J+ 2 ) (top) and (J+ 2)
{bottom} for states in 'Ne.
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B. Hauser-Feshbach calculations

Calculations of the compound-nuclear cross sections
were performed using the computer code STATIS. ' The
details of such calculations are outlined in Refs. 17 and 18
and the formalism was taken from Refs. 19 and 20. The
nuclear level density was taken to be of the form '

( U,J)= (2J+1)
12a' '(U+t)' '(2o')' '

(J+—,)'
X exp[2(a U)'~2]exp

2 2

where the nuclear temperature t is obtained from
U=at t an—d cr =Mt/h . The rigid-body moment of
inertia is

W=( —', )mAR (1+0.31I3+0.44/3 )

for 8 =roA'~, where m is the mass of a nucleon and A
is the nuclear mass number. The excitation energy is de-
fined as U=E b6 whe—re b is two for even-even, one for
odd-even, and zero for odd-odd nuclei, and 5 is the pair-
ing energy taken to be 4.0 MeV.

The above equation has two unspecified parameters:
level-density parameter and moment of inertia Jr. We
used the standard level-density parameter of 0.20 MeV
for the sd shell and r11

——1.25 fm, p=0 in the calculations
of Jr.

The transmission coefficients have been calculated us-
ing the ' B optical-model parameters used recently for the
system ' C+ "B at 14(E1,b (54 MeV (Ref. 22) and are
listed in Table II. The fusion CS's have been measured
for the systems "8+' C and ' 8+ ' C at many energies
in the energy range 14&E&,b&54 MeV. From these
measurements it is estimated that the fusion CS of
' B+' C at E1,b ——20.0 MeV (E, = 10.91 MeV) is about
800 mb. Therefore our method was to fix the calculated
o.f„, at 800 mb by varying the critical angular momentum
cutoff value. With l„=9 the calculations yield or» ——812
mb in close agreement with the above estimated value.
This value of l„ is also in agreement with the semiclassi-
cal estimate for ' C+' 8 at E~,b ——20 MeV. The calculat-
ed transmission coefficients from an optical model drop
drastically for l & l„, as do a.t» and the total (' B,p) reac-
tion CS. Thus we used 1„=9in all our HF calculations
in the present work.

The results of the HF calculations are shown in Figs.
2—4 without any additional normalization factors. The
calculations show that the proton channel exhausts about
56% of the total fusion CS and is the strongest decay
channel of the compound nucleus. Except for the
enhanced neutron decay predicted by the theory, the cal-

culated total reaction CS for the various decay channels
(e.g., p, a, d, He, and t) show the expected Qgg depen-
dence, namely the total CS's plotted against the Q value
(Qgg) fall on a straight line on a logarithmic scale.

In general, the calculated angular distributions account
fairly well for the magnitude of the data. However, for
most states the measured angular distributions are more
oscillatory than the calculated ones. The reason for this
failure is not known, but may be connected with our use
of a strongly absorptive potential in the entrance channel.

The unresolved doublet at 2.78/2. 79 with J = —, / —,

is compared with the summed theoretical curves for the
7 — 5+two individual states. The states at 5.33 MeV, —, ( —, ),

and 5.69 MeV, —, ( —, ), have been compared with calcu-
lations for both possible spins (Fig. 3). Our results favor
the previous tentative —', assignment for the first and a

assignment for the second level (solid lines). Both as-
signments are also supported by the (2J+1) analysis of
the angle-integrated CS's discussed earlier (see Table I).

The states at 5.63 and 6.75 MeV have only tentative J
limits in previous works. We compare the data for these
states with calculations for two of the possible spin values.7+The solid lines which are the calculations assuming —,

for the first and —,
' for the second state represent the best

fit to the data. These tentative spin values are in good
agreement with the J limits listed in Table I from the
2J+1 analysis.

The cross section for the triplet of levels
5.775/5. 821/5. 823 with ( —,', —, )/ —', /( —,

' ——', ) is
compared with an HF curve for J = —,

+ only. The ex™
perimental CS's for the triplet are everywhere above the
theoretical curve due to the omission of the contributions
of the other two members.

The unresolved doublet at 5.99/6.03 MeV
( —,——', )/ —', is compared (Fig. 4) with HF curves calcu-
lated assuming —', + —, (solid) and —', alone (dashed).
The solid line yields a better fit and supports the highest
tentative ( —, ) assignment for the 5.99 MeV state.

The doublet at 6.61/6.64 MeV ( —,, —,)+/ —, is com-
pared with the summed —, + —,

+ curve (solid) and5+ 9++ —, curve (dashed), according to the two possible
spin combinations. Both curves give equally good fits to
the data, and thus we can make no choice between the
two.

Figure 9 shows a graph of Xo„,(0'—90')/X(2J + 1) and
Xo.„,(90'—180')/X(2J+1) vs J for states of known J in
'Ne. The open circles represent the results of HF calcu-

lations. The solid line connects the theoretical points and
just serves to guide the eyes. Two different features of the
data should be emphasized. Firstly, we note the symme-
try of Xo„, around 90, as the data points are roughly the

TABLE II. Entrance-channel optical-model parameters used in the Hauser-Feshbach statistical-
model calculations in the present study.

System

'Reference 22.

~o
(MeV)

60.50

ro
(fm)

1.094

ao
(fm)

0.609

'o

(MeV)

36.04

(fm)

1.182

(fm)

0.487

(fm)

1.300
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C( Bp j Ne 20 MeV

50— 0 QCTtot(o. -eo )/ Z {2J.1 )

o-tot 90 180 /Z(2" +1)

~~ 20

b~ ~0

same in the forward and backward hemispheres. Second-
ly, the ratio Xo«, /X(2J+1) increases significantly with J
(from a value about 9 pb for J= —,

' to a value of about 25

pb for J=—", ) indicating an enhanced population of final
states in 'Ne with high spins. This enhancement is due
to kinematical rather than spectroscopic conditions and
arises from the large mass difference between the incom-

I I I I I I I

1 /2 5/2 5/2 7/2 9/2 1)/2 13/2
J

FIG. 9. Graph of Xo.«,(0'—90 ) /X(2J + 1) and
Xo.„,(90'—180 )/X(2J+1) vs J for states in 'Ne. The solid
curve connects the Hauser-Feshbach statistical model predic-
tions and serves to guide the eyes.

ing and outgoing particles. The incoming grazing angular
momentum is about 9 whereas the outgoing is only about
3. Thus the I. mismatch enhances the CS amplitude for
high-spin states in the final nucleus. The integrated HF
CS's reproduce the above enhancement quite well and ac-
count for the J dependence of the experimental angle-
integrated CS's.

V. SUMMARY

In conclusion, the study of the reaction ' C(' B,p) has
revealed that the reaction at 20 MeV is dominated by a
compound-nucleus mechanism. A simple comparison of
the angle-integrated cross sections with (2J+ 1) shows
that the (2J+ 1) rule holds for states with spins up to —', .
States with higher J are significantly enhanced in the re-
action due to the large L, mismatch. We used the propor-
tionality between o„,and (2J+ 1) to make inferences con-
cerning spins -of states with previously undetermined J .
The Hauser-Feshbach statistical compound calculations
fail to reproduce the degree of oscillation in the differen-
tial cross sections for most states. However, they do ac-
count fairly well for the magnitude of the integrated CS's
and reproduce the enhancement of the CS's at high J.
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