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The data on the excitation functions of 2°Ne(*€0, 2C)%*Mg, *°Ne (10, 12C) 2*Mg*(1.37,
2%), 2°Ne(*®0, '2C) 2*Mg*(4.12, 47 +4.24, 2%)4+2°Ne('°0, 12C*(4.44, 2M))
24Mg, 2°Ne(*0, 12C) 2*Mg*(6.01, 4™ +6.43, 0%), 2°Ne(1°0, 2°Ne) °0, 2°Ne(*°0,
20Ne*(1.63, 27)) 1°0, and ?°Ne(*°0, 2°Ne*(4.25, 4™)) 1°0O reactions at 0,,,=13° from
E. .. =228 to 38.6 MeV have been subjected to a statistical analysis comprising of the
calculations of the distribution of cross sections, deviation functions, cross-correlation
functions, summed excitation functions, cross-channel correlation coefficients and coher-
ence widths. The analysis confirms the existence of nonstatistical structures at E_ ,, = 24.6,
27.8, 31.7 and 35.5 MeV, and identifies a new structure of the same nature at E_,,

=25.6 MeV.

PACS: 24.60. Dr; 25.70. Ef; 25,70 - Z

1. Introduction

Intermediate structure [1] as well as statistical fluctu-
ations [2, 3] have been reported in the excitation
functions of elastic and inelastic scattering of *C
+24Mg. Intermediate structure has also been ob-
served in strongly damped '2C+2*Mg reactions of
orbiting type. In fact, the observation of large (~250
to 460 keV) coherence widths provides evidence for
a long lived intermediate dinuclear type of configura-
tion [4]. In 4=36 system resonances have been ob-
served through the studies of 2*Mg(*2C, “He)32S re-
action [5], and of Mg+ *?C and '°0 + ?°Ne elastic
and inelastic scattering [6, 7]. A recent experimental
investigation [8] of 2°Ne(!°0, !'2C)**Mg and
20Ne(1%0, 2%°Ne)'%0 reactions between E. , =22.8
and 38.6 MeV showed that there were resonant struc-

tures at E_,, =24.5, 27.8, 31.7 and 35.5 MeV with .

their J-values ranging from 18 to 25 #. These spins
were, of course, determined by comparing the experi-
mental angular distributions of the ground-state tran-
sition of *°Ne(*¢0, '*C)**Mg reaction, measured at
the bombarding energies corresponding to the corre-
lated maxima in the excitation functions, with
P?(cos 6) shapes. The reported resonant structures
seem to be characterised by grazing angular momenta

values of the 12C 4 2*Mg channel. The same inference
was drawn through a study of 2*Mg(}2C, “He)3?S
reaction {5]. However, the grazing angular momenta
in the '*0+2°Ne channel were found to be two or
more units larger than the J-values deduced from the
angular distributions (mentioned above).

The resonant structures in 2°Ne(*°0, 2C)**Mg
and 2°Ne(1°0, 2°Ne)'°0 excitation functions were lo-
cated by calculating the corresponding deviation
functions [8]. From the analysis of the data the au-
thors obtained a value of =0.95 for the fraction of
cross section contributed by direct reaction (non-com-
pound) by assuming the number of effective channels
to be one [8]. This assumption need not necessarily
be good [9], specially noting the fact that the angle
of observation is much different from zero degree.
The cross-correlation coefficients were found to be
positive. Thus essentially the analysis of these data
was limited to the calculations of cross correlation
coefficients (which were not given in the paper), the
deviation functions, and the probability limits for
finding deviations larger than 0.2. In order to ascer-
tain the origin of the observed structures in the excita-
tion functions of 2°Ne(1°0, 12C)?*Mg and 2°Ne(*°O,
20Ne)'®0 reactions we have carried out a much more
detailed statistical analysis of these data following the
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approach of Ericson [10], and Brink and Stephen
[117]. The present analysis consists of the calculations
of the Hauser-Feshbach cross sections, number of ef-
fective channels, the distribution of cross sections, en-
ergy dependent cross-correlation functions, deviation
functions, cross-channel correlation coefficients, and
coherence widths. Such an analysis is expected to pro-
vide a quantitative estimate of the likelihood that the
observed structures are of statistical origin or they
arise from some nonstatistical mechanism.

2. Analysis
2.1. Data Reduction

The data on the excitation functions of 2°Ne(1°0,
12C)24*Mg and *°Ne(1%0, 2°Ne)!®O reactions were
taken from [8]. Since we want to compare the behav-
iour of the experimental cross sections with the pre-
dictions of the statistical model, the energy dependent
gross structure should be removed from the excitation
functions. This was done by following the approach
of Pappalardo [12] according to which the experi-
mental cross sections, do(E), are divided by the run-
ning average, {do(E)> taken over a suitable energy
interval, AE_ . . The criterion that is usually followed
for choosing AE, ,, is Itj,e K AE; 1 <Igpos, Where Iy,
and I, indicate the respective fine and gross struc-
ture widths observed in the excitation function [13].
However, if the value of C(0), the normalised variance
of the reduced excitation function, (C(0)={x>>/{x)>>
—1; x=do(E)/{do(E))) is plotted as a function of
averaging interval, AE_  , a plateau is expected to
be obtained when AE_ ,, very well exceeds the coher-
ence width [14]. The appropriate value of AE_ ,, can
therefore, be taken from such plots. The variation
of C(0) with AE_ ,, for all the seven excitation func-
tions is shown in Fig. 1. Noting the behaviour of
C(0) with A4E,,, and the widths, If;,. and I} ., W
chose AE,,, =2.0 MeV for data reduction. It mlght
be mentioned that Schimizu et al. [8] took an averag-
ing interval of 2.2 MeV for this purpose. It was this
trend reduced data that was subjected to the analysis.

2.2. Hauser-Feshbach Cross Sections
and Number of Effective Channels

The theoretical cross sections for 2°Ne(!%0,
12C)*4Mg, 2°Ne('0, !'2C)**Mg*(1.37, 2%), and
20Ne(1°0, 12C)2*Mg*(4.12, 47 +4.24, 2%) reactions
were calculated by the statistical model code STATIS
[15] which employs the Hauser-Feshbach expression
[16] for evaluating energy averaged differential cross
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Fig. 1. Variation of the variance C(0), with the variation of averaging
interval AE,  , (in MeV) for the indicated excitation functions of
20Ne (160, 12C)?*Mg and 2°Ne(1°0, 2°Ne)*60 reactions

sections for populating the specific final states. The
n+3%Ar, p+3°Cl, *He+32%S, ®Be+28Si and '2C
+2#Mg exit channels were included in the calcula-
tion. The required transmission coefficients for these
calculations were obtained by using the optical model
code HOP2 [17]. The optical model and level density
parameters for these calculations were taken from the
literature [9, 18]. The theoretical and experimental
cross sections are shown in Fig. 2. Here it should
be noted that the experimental cross sections for
20Ne(*°0, 12C)**Mg*(4.12, 47 +4.24, 27) have con-
tributions from 2°Ne(*°0, 12C*(4.44, 27))**Mg pro-
cess also, whereas the theoretical cross sections do
not. From this figure it can be noted that the theoreti-
cal cross sections are upto much more than an order
of magnitude smaller than the experimental ones. This
already shows that major part of the cross section
results from contribution of non-compound processes
prevailing in the reaction. A similar behaviour is ex-
pected for the other excitation functions. We shall
come back to this point later.

The code STATIS [15] was also used to calculate
the number of effective channels N, the quantity that
determines the statistically independent cross sections
which contribute to the measured cross sections. This
number is of crucial importance for the calculation
of the theoretical distributions of cross sections (sce
next section). The details of evaluation of N are given
in [15] and [19]. The variation of N with angle for
ZONC(IGO, 12C)24Mg, 20N6(16O, 12C)24Mg*(1.37, 2+)
and 2°Ne(1°0, *2C)**Mg* (4.12, 4" 4+ 4.24, 2™) excita-
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Fig. 2. Comparison of experimental and theoretical (Hauser-Fesh-
bach) cross sections for the indicated excitation functions of
20Ne (160, 12C)?*Mg reaction (see text)

tion functions is shown in Fig. 3. The values of N
at 6_, ~21° (corresponding to f;,, = 13° at which the
measurements were made) at E,,, =23 and 38 MeV
for the above mentioned exit channels are given in
Table 1. Thus, as expected, except for the ground state
transition, the values of N exceed unity, obviously
contrary to the assumption made by Schimizu et al.
[8] for obtaining the probability distributions.

2.3. Distributions of Cross Sections

In presence of direct reactions, the distribution of fluc-
tuating cross sections is given by [11, 19]

N Y,
P(x)=<1_Y> xN~1 exp(~NTi£)
d

Ay RN xY/(1-Y)]
INYxY/(1-Y)1" !

ey
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Fig. 3. Variation of the number of effective channels,

N, with angle,

Ocm., at E, =36 MeV for the indicated excitation functions of

20Ne(150, 12C)**Mg reaction

Table 1. The calculated values of N at 8, ,, =21° for the three excita-

tion functions at E, , =23 and 38 MeV

E, o =23.00 MeV

Exit-channel (excitation function) Value of N
1.12C 3+ Mg 1.00

2. 12C+24Mg*(1.37,27) 1.52

3.12C 4 24Mg*(4.12, 47 +4.24,27%) 2.50

E, ».=38.00 MeV

Exit-Channel (excitation function) Value of N
1. 12C+2*Mg 1.00
2.*2C+2%Mg* (1.37,2%) 1.34
3.12C+2%Mg* (412,41 +4.24,27) 2.80

where, as mentioned earlier, x=do(E)/{do(E)>, N
the number of effective channels, Y; the ratio of the
average direct (non-compound) to total cross section,
and Iy_, is the modified Bessel function of order N
—1. The quantities N and Y, are related to each other
via the relation [14]

1-Y7
CO)=——— 2
0= @
where C(0) is the variance of the data, as mentioned
earlier. Thus knowing C(0) and N, Y, can be obtained
from (2). The value of Y, can also be estimated from
the relation

v _[<do(B)y~do HF>
d_< {do(E))

where do H.F. is the calculated Hauser-Feshbach
cross section and {do(E)), the average experimental
cross section. The symbol < ) denotes the average

€)
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Fig. 4. Experimental (histograms) and theoretical (continuous
curves) distributions of cross sections for the indicated excitation
functions of 2°Ne(*°0Q, *C)**Mg reaction. The appropriate values
of Y, and N have been indicated

Dne (%0 120 Y Mg 12,44 4.24,2)
Y,-093
20 —
280, %c Pmgieo14:6430)
L N-3 Y,-094
4
15 b— —N=2
> AN
£10 [~
>
o
® .
w
5 —-
o L 1 l o
0 10 20 0 10 20

X X

Fig. 5. Same as in Fig. 4 but for the indicated excitation functions
of 2°Ne(1°0, 12C)**Mg reaction. Theoretical distributions for N =1
are shown for comparison

taken over the entire energy range. We estimated the
values of Y; by using both (2), and (3) (for the excita-
tion functions corresponding to which the Hauser-
Feshbach cross sections were calculated). The values
of Y, thus obtained agreed very well with each other,
and turned out to be somewhat lower than the ones
(Y;=0.95) mentioned by Schimizu et al. [8]. These
authors obtained larger values of Y; simply because
they took N =1 for all the excitation functions.

For 2°Ne(!°0, 12C)**Mg reaction the experimen-
tal (histogram) and theoretical distributions have
been compared in Figs. 4 and 5. For '?C+2*Mg

exit channel, N=1 but for 2C+2*Mg*(1.37, 27)
channel it is about 1.4. Therefore, for the latter the
theoretical distributions have been calculated for
N=1 and 2 both (see Fig. 4). Good agreement be-
tween experimental and theoretical distributions (Fig.
4) indicates a large non-statistical component [21]
in the cross sections. For 12C +2*Mg*(4.12, 4+ +4.24,
2%} channel the calculated value of N lies between
2 and 3, and therefore, we calculated the theoretical
distributions for both these values of N. Here again,
there is quite a good agreement between experimental
and theoretical distributions, as can be noted from
Fig. 5. This also points to a large non-statistical com-
ponent in the cross section. It might, however, be
kept in mind that in the experimental distribution
there are contributions from 2C*(4.44, 27)+2*Mg
channel also.

The values of N were not theoretically calculated
for 12C+2*Mg*(6.01, 4% +6.43, 0*) channel. How-
ever, noting the value of N for '2C+2?*Mg*(4.12,
4* 4424, 2*) channel we calculated the theoretical
distribution of cross section for 12C+24Mg*(6.01,
4% +6.43, 0%) channel for N=2 as well as for N
= Npax(=5) given by [10]

No.x=g/2 (foreveng)
=(g+1)/2 (foroddg) 4)

with g=Qi+1)QRI+1)2i{+1)(2I'+1)

where i and I are the the spins of the projectile and
target and 7 and I’ are the spins of the final fragments
respectively. The value of ¥, was obtained by using
N =2 and the appropriate value of C(0). The experi-
mental and theoretical distributions are shown in Fig.
5 from where good agreement between the two can
be noted. This comparison also indicates large non-
statistical component in the cross sections. This fact
(the dominance of non-statistical process) was already
indicated by the comparison of experimental and the-
oretical (Hauser-Feshbach) cross sections for first
three 2C+ 2*Mg exit channels (see Sect. 2.2).

For 2°Ne(1°0, 2°Ne)'°0 excitation function the
value of N is unity. The experimental and theoretical
distributions for the same are given in Fig. 6a. Here
also a large non-statistical component in the cross
sections is clearly reflected. Since we did not do the
theoretical calculations for N for 2°Ne*(1.63, 2%)
+1%0, and 29Ne*(4.25, 47)+°0 exit channels, we
used ¥;=0.92 and 0.94 respectively, same as for 1>C
+24Mg*(1.37, 2%), and 12C+2*Mg*(6.01, 4* +6.43,
0%), for calculating the theoretical distributions. For
20Ne*(1.63, 27)4+ 10 channel theoretical distribu-
tions have been calculated for N=1 and 2 both (like
for *2C+2*Mg*(1.37, 24)) as well as for N,,, =3,
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Fig. 6. a Same as in Fig. 4 but for the indicated excitation function
of 2°Ne(*0, 2°Ne)'® reaction. b Same as in Fig. 4 but for the
indicated excitation functions of 2°Ne(*90, 2°Ne)!°0 reaction

whereas for ?°Ne*(4.25, 4*)+'%0, the same have
been calculated for N=2 and N=5 (here N,,,=5).
The experimental and theoretical distributions of
cross sections are compared in Fig. 6b. This compari-
son also points to large nonstatistical component in
the cross sections. In fact the comparison of the exper-
imental and theoretical distributions for the
20Ne*(1.63, 2%)+ %0 channel indicates even larger
value of Y, (see Fig. 6b).

24. Deviation and Energy Dependent
Cross-correlation Functions

For locating the resonant/nonstatistical structures in
the excitation functions it is very useful (the correlated
structures can be clearly seen) to calculate deviation
and energy dependent cross-correlation functions
which are respectively defined as [20]
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Here do;(E) is the differential cross section for the

B excitation function at bombarding energy E, and
{ > denotes the corresponding running average taken
over the energy interval mentioned earlier. The C;(0)
and C;(0) are the variances of the i and j® excitation
functions and M is total number of excitation func-
tions. We calculated both these functions for both
the reactions. These functions are shown in Fig. 7
for 12C+2*Mg exit channels. In the same figure we

4 da,{E))_

show the summed excitation function (Z 10
i=1
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Fig. 8. The same as in Fig. 7 but for the 2°Ne(*¢0, 2°Ne)*°0 reaction

The correlated structures at E_, =24.6, 25.6, 27.8,
31.7 and 35.5 MeV stand out clearly in all the three
functions and qualify to be of nonstatistical origin,
specially because the values of C(E) (at corresponding
energies) are much larger than 3¢, (4.7 to 15.8 times)

2 172 )
(a“=[m] =0.158, n is the number of

data points in the averaging interval, see [22]). They

are much beyond the statistical limit. For 2°Ne(*¢0,
20Ne)*®0O reaction the cross-correlation function, de-
viation function and summed excitation function are
shown in Fig. 8. It can be seen that there are correlat-
ed structures at E_,, =24.7, 254, 28.1, 32.1 and
35.6 MeV. Except for the one at E, , =35.6 MeV the
values of C(E) are much larger (154 to 26.5 times)
than 30,.(6,=0.223), the statistical limit. These struc-
tures are, therefore, of nonstatistical origin. The indi-
cations of the structure at 35.6 MeV are weak (C(E)
=1.12 ¢,); this structure is corroborated by its promi-
nent appearance in the 2°Ne(*°0, 12C)?**Mg reaction
(see Fig. 7). The structure at 25.6 MeV is being re-
ported for the first time. The difference in locations
of the correlated structures in the two reactions (see
Figs. 7 and 8) might be resulting due to interference
effects between background and resonance ampli-
tudes [23]. However, the positions of these resonant/
nonstatistical structures are consistent within the

quoted energy resolutions (~0.5MeV for
12C-channel and ~ 1.0 MeV for 2°Ne-channel) for the
measurement of excitation functions.

2.5. Cross-channel Correlation Coefficients

According to the standard statistical model [10, 24]
there should be no cross correlations between differ-
ent reaction channels and, therefore, large values of
the cross-channel correlation coefficients should be
taken as an evidence for the nonstatistical origin of
the observed structures in the excitation functions.
We calculated the cross-correlation coefficients be-
tween different reaction channels by employing the
expression [20]

c={(camims ) oo )

[Ci(0) C;(0)] ™. @]

Here subscripts i &j denote the two particular chan-
nels in question (and other symbols have been already
explained earlier). The cross-channel correlation coef-
ficients thus obtained are given in Table 2. The indi-
cated errors are due to the finite range of data [24].
From this table it can be noted that there are rather
large positive correlations between different channels
for both the reactions. The large values may specially
be noted for gs.—('2C+2*Mg*(1.37, 2%)), (**C+
24Mg*(1.37, 21) — (**C +2*Mg*(6.01,4* +6.43,0™)),
(12C+**Mg*(4.12, 47 +4.24, 21)+12C*(4.44, 27)

Table 2. Cross-channel correlation coefficients for 12C +24Mg and
20Ne + 10 exit channels

Pairs of channels Correlation
coefficient

(a): 2°Ne(*°0, 2C)**Mg excitation functions

(gs)—(*2C+2*Mg*(1.37,2%) 0.48+0.15

(gs)—[1?C+2*Mg*(4.12, 4% +4.24,2%) 0.32+0.15

+(12C*(4.44, 21+ 2*Mg)]

(g.s)—(12C+**Mg*(6.01,47 +6.43,0")) 0.35+0.15

(12C+2*Mg*(1.37,2%)) 0.35+0.11

—[(*2C+2*Mg*(4.12, 47 +4.24,2%))

+(12C*(4.44, 2%)+ 2*Mg)]

(12C + *4Mg*(1.37, 2*)) 045+0.11

—(12C+**Mg*(6.01, 4% +6.43,0"))

[(12C+2*Mg*(4.12, 4+ +4.24,2%) 0.61+0.12

+12C*(4.44, 27) + **Mg)]

—(*2C+2*Mg*(6.01, 4% +6.43,07))

(b): 2°Ne(1°0, 2°Ne)'®0 excitation functions

gs.—(2°Ne*(1.63, 2*) + 1°0) 0.5940.19

g.5.—(*°Ne*(4.25, 4%)+1°0) 0.584+0.15

(?°Ne*(1.63, 27)+1°0) — (*°Ne*(4.25, 47)+ 1°0) 0.74+0.11
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+24Mg) —(12C +2*Mg*(6.01, 4* +6.43, 0")), and for
all the three pairs of 2°Ne+'°0 exit channels. Such
large values of cross-correlation coefficients clearly
point to the non-statistical nature of the observed
structures.

2.6. Coherence Widths

The coherence widths (I') in 3Ar were obtained by

autocorrelation analysis and empirical estimates. The

autocorrelation function is given by [25]
E)-x(E

e B ED

CX(E)) - x(E+e)y
. C(0)
C(14Yr?)

@

Where ¢ is a variable energy interval and the symbol
{ >, as usual, denotes the energy average. The au-
tocorrelation functions for all the excitation functions
for both 12C +24Mg and 2°Ne + 10 channels are giv-
en in Figs. 9 and 10 respectively. The extracted values
of coherence widths were corrected for finite range
of data effects [26] and are listed in Table 3.

The coherence widths were also estimated by us-
ing the empirical relation [27]

I'=14exp(—4.69 |/ A/Ex) MeV. 9

Where A4 is the mass and Ex the excitation energy
of the compound nucleus in MeV. According to these
estimates the ['-values ranged between 175 and
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Fig. 9. Autocorrelation functions for 2°Ne(*¢0, *2C)**Mg excitation
functions
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Fig. 10. Same as in Fig. 9, but for 2°Ne(!°0, 2°Ne)*°0 excitation
functions
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Table 3. Coherence widths obtained from the autocorrelation analy-
sis of all available excitation functions of both the reactions

Excitation Functions (exit-channel) I'keV)
12C 4+ 24Mg 290+£102
120 4 24Mg*(1.37, 27) 181451
1204 24)\[g*(4.12, 47 +4.24, 27)+ 12C*(4.44, 21) 133432
4 24Mg)

12C £ 24Me*(6.01, 47 +6.43,2") 128 +31
20Ne+ 10 262+ 88
20Ne*(1.63, 2*)+ %0 3174115
20Ne*(4.25, 47)+1°0 195457

337 keV in the energy range of excitation functions.
These values essentially lie in the same range as ob-
tained by autocorrelation analysis (see Table 3). It
may be remarked that noting the relatively poor ener-
gy resolution and large energy step size involved in
the measurement of the excitation functions it is not
justified (because many maxima might be missed) to
use the method of counting the maximima to deter-
mine the coherence widths from the present data.
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3. Conclusion

The deviation functions, energy dependent correla-
tion functions, and the summed excitation functions
very clearly exhibit well correlated structures at 24.6,
25.6, 27.8, 31.7 and 35.5 MeV in 2°Ne(1¢0, 12C)>*Mg
and *°Ne(%0, 2°Ne)'°0 reactions. High magnitudes
(much larger than the statistical limits) of the energy
dependent correlation functions at these energies as
well as rather large values of cross-channel correlation
coefficients very well support the nonstatistical origin
of these structures. Hauser-Feshbach cross sections
as well as the comparison of experimental and theo-
retical distributions of cross sections clearly indicate
very large nonstatistical component in the cross sec-
tions. The I'-values obtained from autocorrelation
analysis lie in the same range as the empirical esti-
mates. The structure at 25.6 MeV is being reported
for the first time.

The authors are thankful to the Council of Scientific and Industrial
Research, New Delhi for the financial assistance in the form of
a Research Scheme. They are grateful to Dr. J. Schimizu for making
available the data for this analysis.
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