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Fluctuations in *C(*0,a)*Mg and 2C(*O,’Be,, )**Ne reactions
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A statistical model analysis has been performed on the excitation functions for >)C(**0,a)*Mg (0*,g.s.; 2+,1.37;
4%,4.12+;2%,4.24; 3*,5.24 MeV) from E ., =13.17 to E,,, =23.09 MeV at 6, =35° and for '?C(**0,*Be,,)*Ne
(0*,gs; 2+,1.63; 4*,4.25 MeV) from E,, =14.07 to E,,, =23.09 MeV (for 0*,g:.), E., =14.46 to
E.,=23.09 MeV (for 2+,1.63 MeV), E,, =16.65 to E,,, =23.09 MeV (for 4*,4.25 MeV) at 8, =32.5°. The
number of effective channels was calculated exactly. The theoretical and experimental distributions of the cross
sections agree reasonably well and indicate that the fluctuating component of the experimental cross sections is
consistent with statistical model predictions for these quantities.

NUCLEAR REACTIONS ’C(*%0, a)*Mg, '*C (10, %Be, ,)*Ne, statistical model
analysis of the excitation functions at 6 ;=35° and 6 ;=32,5°.

I. INTRODUCTION

The %0+ '2C system has been studied extensively
in both elastic and reaction channels in recent
years and several resonances have been report-
ed.»? The '2C(*°0, @) **Mg and 2C(*¢Q, ®Be, ,.)*°Ne
reactions exhibit rapid fluctuations in their ex-
citation functions for various states in the resi-
dual nuclei. Analyses of these fluctuations show
that—on the average—the experimental data for
the *C(*®0, @) *Mg reaction are compatible with
a statistical compound nucleus process.>** QOn
the other hand, some intermediate structures
have also been reported.>® Direct processes®
and intermediate structure effects’ have been
observed in the *C(°0, °Be, , )*°Ne reaction. We
have performed a statistical analysis following
Ericson,® and Brink and Stephen® on excitation
functions for five states in **Mg and three states
in 2°Ne populated at laboratory angles of 35° and
32.5° in the '*C(*°0, @)**Mg and '*C(*°O, ®Be,,, )*°Ne
reactions, respectively. This type of analysis
can provide a quantitative estimate of the likeli~
hood that the structures observed in the experi-
mental data arise from the interference of strongly
overlapping resonances in the compound nucleus
or whether they require a nonstatistical explana-
tion such as molecular resonances or intermed-
iate structure resonances.

II. ANALYSIS
A. Data reduction
The data analyzed here are from Ref., 10; they
were taken with a target 47.2 pg/cm? thick [which
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corresponds to an energy loss of about 120 keV
(c.m.)]. Excitation functions in steps of 130 keV
(c.m.) were taken for the reactions 2C(*°0, a)**Mg
(0%, g.s.; 2%, 1.37; (4%, 4.12+; 2*, 4.24); 3%, 5.24
MeV) from E_ . =13.17to E_, =23.09 MeV at
6, =35° and for **C(*°0, °Be, , )*’Ne (0%, g.s.; 2%,
1.63; 4*, 4.25 MeV) from E__ =14.07to E_
=23.09 MeV (for the 0* state), from E_  =14.46
to E_ .. =23.09 MeV (for the 2* state), and from
E, . =16.65to E , =23.09 MeV (for the 4* state)
at 6,=32.5°

Since we wish to compare the behavior of the
experimental cross sections with the predictions
of the statistical model, we have removed the
energy dependent gross structure from the exci-
tation functions. This was done by dividing the
individual data points by the running average of
the cross sections (do(E)) taken over an energy
interval of AE=2,45 MeV (c.m.). The percentage
deviations of the reduced data, do(E)/{(do(E)),
from unity are shown in Figs. 1 and 2 for the
a@-channels, and in Fig. 3 for the ®Be channels.
It may be seen that no gross structure remains
in the data.

B. Hauser-Feshbach cross sections and the number
of effective channels

The cross sections were calculated by the statis-
tical model code STATIS' which used the Hauser-
Feshbach experession’? for evaluating energy
averaged differential cross sections for the popu-
lation of specific final states. The exit channels
n+27Si, p+27Al, d+2%Al, a+2*Mg, and ®Be+2°Ne
were included in the calculations. The optical
model parameters for ®0+ 2C and ®Be+ ?°Ne were
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FIG. 1. The percentage deviations from unity of the
quantity do (E)/ (do (E)) for 1%C (%0, )¥Mg (0*, g.s.)
and ¢ (10, 0)?Mg (2*, 1.37 MeV) at 6 ;=35°. The
curves designated as 1% and 10% denote deviations from
the average for which the probability of finding a larger
deviation is 1% and 10%, respectively (see Sec. IIC).

taken from Ref, 13, and for a+2Mg, p+27Al, and
d+2°Al from Refs. 14-16. The level density para-
meters were taken from Ref. 17. Table I sum-
marizes the parameters used in the calculations.
It is necessary to introduce a maximum value,
1o, for the angular momentum in the entrance
channel. This limitation arises because, in a
sharp cutoff approximation, angular momenta
larger than !, do not lead to fusion, i.e., to

the formation of a compound nucleus. The values
of 1, were taken from the fusion cross sections
for *C+1°0 as obtained in Ref. 10, and aré listed
in Table II. " (If the grazing angular momentum is
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FIG. 2. Same as in Fig. 1, but for 2C (%0, o)24Mg

@+, 4.12+; 2*, 4.24 MeV) and 2Cc %0, a)?tMg (3¢,
5.24 MeV) at 6 ;=35°,

L

used for the maximum value of I leading to fusion,
the calculated values of the cross section are of
course much larger than the measured values.)
Hauser-Feshbach cross sections are compared to
experimental angle-integrated cross sections
(from 6, =5°to 35° for the @ channel and from
6,="7.5°to 32.5° for the ®Be channel) in Figs. 4,
5, and 6, respectively. From these calculations
it appears that the @ channel contains little direct
contributions. This is in contrast to the ®Be
channel where a significant direct reaction con-
tribution is indicated. The structures in the
Hauser-Feshbach cross sections result from in-
tegral steps in the values of ., (see Table II).
The code STATIS was also used to calculate the
number of effective channels N. This quantity
determines the number of statistically indepen-
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FIG. 3. Same as in Fig. 1, but for the reactions
12c (60, %Be, , ) 2'Ne (0*,g.s.), 2C(%0,%Be, ) *'Ne (2*,
1.63 MeV), and *C(€0,%Be, ,.) ?'Ne (4*,4.25 MeV) at
6;,=32.5°. The 1% curves corresponding to positive
deviations for *C €0, %Be, , ) ¥'Ne (2*,1.63 MeV) and for
120160, %Be, , ) 2'Ne (4*,4.25 MeV) are not shown here
but they lie at 1509 (for N=2), 124% (for N=3), and at
146.5% (for N=3), 127.6% (N=4), respectively.

dent cross sections which contribute to the mea-
sured cross section. The details of the evaluation
of N are given in Ref. 18, The variation of N
with angle for the states under investigation in
both the @ and ®Be channels for E__ =20 MeV

. is shown in Fig. 7.
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If the fraction Y, of the observed cross sec-
tion that proceeds via a direct process is zero,
then the number of effective channels is related
to the variance of the experimental cross sections
through the equation®

(0D - (o)
(o)

which is equivalent to

[[]

1
N v, (1)

16—y .
N, «x))z ’ :

where x=do(E)/{do(E)). The uncertainty in the
variance which results from the finite range of
data implies an uncertainty in N, that is given
bY19

v} [ (52) )

where (E, - E,) is the energy range of the data.
The values of N, for the 2% 1.37 MeV, (4*,
4.12+2*, 4.24 MeV), and 3* 5.24 MeV states in
2*Mg as obtained from Eq. (3) are 2.68+0.75,
4.74+1.32, and 3.17+0.89, respectively (assuming
Y,=0). The corresponding predicted values are
2.54-2.8, 6.1-7.0, and 2.3-2.7, respectively, at
the higher and lower ends of the energy range.
Thus the values of N, and N as predicted by
the code are in good agreement with each other.

C. Distribution of cross sections

The distributions of the fluctuating cross sec-
tions are given by®?2°

P(x)=NWNx)¥-teN* /(N - 1)1 , 4)
NxW-1/2 x+ Y
POy y,uers o4
2NVxY
I D
x’“(l—YD ) | ®)

for Y,=0 and Y, #0, respectively, where x=do

x (E)/{do(E)), N=the number of effective channels,
Y, is the ratio of direct to total cross section,
and Iy, is the modified Bessel function of order

N —~1. The values of Y, were obtained from the
formula ‘

Yp=(1 -an)uz ’ (6)
where
= NR(0)
P™1-a-aRr(0) ’

2 -1 1 2
- - +
a tan™(m) ~— In(1 +m*) ",
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TABLE I. Optical model parameters for calculating the transmission coefficients and the level density parameters

used for the Hauser-Feshbach calculations.

Optical model parameters

Channel Vge (MeV) Vimvoy (MeV) Vimesurry MeV) Ry, (fm) agp, (fm) R, (fm) ap, (fm)
2c4+180 7.5+ 04E 0.4+ 0.125E . 6.49 0.45 6.49 0.45
ONe+3Be 7.5+0.4E,, 0.4+ 0.125E 6.36 0.45 6.36 0.45
Mg+ 125.3 30.7 4.47 0.54 4.6 0.39

: N-Z N~-Z
28i+n 56.3=0.32Fcm —24.0—— 0.22Bcm —1.56 13.0-0.25E, —1277—  3.51 0.75 3.78 0.58
2A14p  54.0 =0.32Em + 24.01ii-§ 0.22Ecm —2.7 11.8-0.25E, +1285Z  3.51 0.75 3.96 0.53
Z
+ 0.4m
6A1+d  117.0 18.9 3.11 0.86 4.7 0.54
Level density parameters
160 24Mg Z'IAI 27Si ZONe 26A1 ZSSi

a/A 0.136 0.149 0.137 0.137 0.152 0.152 0.116

A, 5.13 5.13 1.80 2.09 5.13 0.00 3.89

E2, MeV) 12.71 9.97 5.25 3.54 13.66 3.68

2 E .y =energy up to which explicit levels were used in calculation of the denominator.

and m = AE /T is the sample size. The expres-
sion for ap was obtained from Eq. (B1) of Ref.
21. The value of R(0) was appropriately cor-
rected for the finite energy resolution of ~120
keV (c.m.) and for the effect of averaging to re-
move the gross structure from the excitation
functions. The latter correction to R(0) was made
by using Fig. 15(b) of Ref. 21 with the assump-
tions that the *C+'2C gross structure at 90°, as-
sumed in synthetic excitation functions, is similar to
o+12¢ gross structure, and that Y, is approx-
imately the same for '*C+2C and °*0+!%C systems.
The theoretical distributions have been calculated
for both the maximum and minimum values of N
predicted over the energy range of the data under
consideration. Figures 8 and 9 show the theoret-
ical and experimental distributions. The pre-
dicted distributions are in reasonable agreement
with the experimental ones.

The values of Y, and N are in principle energy

dependent. We have, however, used the average
of the Y, values obtained for N=2.78 and 2.5
for the 2* state of *®Ne at 1.63 MeV since these
values of N are so close to each other. For the
4*, 4.25 MeV state of ®Ne, the value of N varies
little in the energy range of interest and, there-
fore, the value of Y is practically constant at
0.45. The values of Y, obtained from Eq. (6)
for o and ®Be channels are in accordance with
the qualitative indications given by the Hauser-
Feshbach cross sections in Fig. 4-6.

The probability of observing a cross section
fluctuation which is larger than certain value
%’ is given by!8

)= [ Pwar. 0

The probability of observing a fluctuation which
is less than some value x’ is simply 1-@(x’).

TABLE II. Maximum values of the entrance channel angular momentum used in the Hauser-

Feshbach calculations.

E . (MeV) 13.16 13.55 15.48 16.00 20.51 22.06
-14.97 —20.00 -21.55 —-22.84
) 9 10 1 12 13 14
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FIG. 4. The angle-integrated experimental cross sec-
tions for C (%0, )*Mg (0*,g.s.; 2*, 1.37 MeV) and
corresponding Hauser- Feshbach cross sections (shown
by dashed lines). The errors on the data include a
209% error which results from the relatively large ex-
perimental angular step size of 6 ;=5°. This was added
to the statistical error.

The curves designated as 10% (1%) in Figs. 1-3
for different values of N correspond to the devia-
tions from the average value for which the pro-
bability of finding a larger deviation is 10% (1%),
respectively. It is clear that nearly all of the
deviations occur with a probability larger than

1% and over half of the deviations occur with pro-
bability larger than 10%.

D. Coherence widths

An empirical estimate of the coherence width
can be obtained from the formula?’'?

T'=14 exp(-4.69VA/E, ) MeV (8)

where A is the mass number and E is the excita-
tion energy in MeV of the compound nucleus. The

empirical widths thus obtained vary between about
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FIG. 5. Same as in Fig. 4, but for 2C (0, o)*Mg
(4%, 4.12+; 2*, 4.24; 3*, 5.24 MeV).

150 and 270 keV from E , =13 to E, , =23 MeV.
These estimates are slightly lower than the ex-
perimental values which vary between 180 and
320 keV and are obtained by counting the number
of maxima M in the energy range (E; —E,) and
employing the relation® T,,,~0.83 (E, -E,)/2M.
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The factor 0.83 includes a correction for target
thickness and the finite spacing of experimental
points 2

III. CONCLUSION

Angle-integrated cross sections predicted with
the Hauser-Feshbach theory were found to be in
good overall agreement with the experimental data
provided a maximum angular momentum in the
entrance channel is introduced. This maximum
is deduced directly from the measured cross
section for fusion. The comparison of the angle-
integrated experimental and theoretical cross
sections indicates a larger direct reaction contri-
bution for the ®Be channel than for the o channel.
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The theoretical and experimental probability dis-
tributions in Figs. 8 and 9 agree rather well with
each other. Almost all the deviations occur with
more than 1% probability and a majority of them
with more than 10% probability.

The present analysis shows only that the fluctu-
ating features of the experimental data are con-
sistent with statistical model expectations. This,
however, does not rule out the possibility that
intermediate structure may be found by other
types of statistical tests. In fact, a detailed
cross-channel and angle correlation analysis is
required on a larger body of experimental data
in order to isolate any intermediate structure
or nonstatistical effects in these reactions. Such
an analysis on states up to excitation energies -
of 6.43 MeV in Mg and 7.17 MeV in *’Ne will be
reported separately.
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