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The efFects of angular momentum conservation on the properties of Ericson fluctuations in cross
sections for the C( C, Beo) O(g.s.) reaction and C( C,o.) Ne' reactions leading to the 12
lowest excitations in Ne are studied. Comparison of Hauser-Feshbach predictions to experimental
measurements of the Beo total cross section in the range 9 & Ec & 20 MeV indicates that this
reaction channel is populated primarily by a compound-nucleus mechanism. Similar results are
obtained for the majority of the o.-particle channels in the energy region from E, = 6.5 to 12.6
MeV. The compound-nucleus cross sections for these reactions are dominated by a narrow range of
angular momenta. A statistical model that includes predicted unequal contributions from compound-
nucleus levels with different spins is used to synthesize angular distributions and excitation functions
for comparison to data. The results of these simulations give overall quantitatively correct estimates
of the size and frequency of the fluctuations observed in the measured total cross sections and of
the spins that dominate the fluctuations. Consequences for the identification of "resonances" are
discussed.
PACS number(s): 24.60.Dr, 24.60.Ky, 25.70.Ef

I. INTRODUCTION

The nature of the energy-dependent fluctuations in
~ C+~2C reaction cross sections is one of the long out-
standing problems in heavy-ion physics. Continued in-
terest in C+ C induced reactions has been motivated
largely by the discovery [1] at energies near and below the
Coulomb barrier of several "resonance" structures char-
acterized by widths & 200 keV. These structures have
the unique feature of appearing in all of the examined
exit channels at the same energies and are generally con-
sidered to originate from a nonstatistical reaction mech-
anism. Structures observed at energies above the barrier
region do not exhibit the same degree of cross-channel
correlation and are characterized by widths ranging from
& 100 to = 500 keV, which are similar to the widths pre-
dicted by statistical models for Ericson Huctuations [2].
Various researchers have used a variety of methods to dis-
tinguish nonstatistical structures from Huctuations. Cri-
teria used to locate "resonances" in data typically include
requirements similar to the following: (1) The structure
should appear in angle-integrated, or total, cross sections
[3—7]. (2) For spin-zero exit channels, angular distribu-
tions measured near maxima should exhibit shapes char-
acteristic of a single dominant angular momentum value
[3—8]. (3) The structure should persist when excitation
functions measured for many different exit channels are
summed [5, 6, 9]. (4) Structure should appear correlated
in several exit channels [3,8, 9]. The energies and J val-
ues of reported C+ C "resonances" are summarized
elsewhere [7, 10]. Curiously, some of the "resonances"
have been reported in reaction channels and within en-

ergy regions where fluctuation analyses have been per-
formed [ll, 12] with results that support a statistical ori-
gin for the same structures. The present work begins the
process of resolving these contradictory results by using
computer-generated excitation functions and angular dis-
tributions to examine the properties of Ericson fluctua-
tions in several ~2C+~2C reaction channels in order to de-
termine whether the fluctuations exhibit characteristics
that the criteria listed above attribute to "resonances. "

Statistical fluctuations originate in the random inter-
ference of the overlapping compound-nucleus levels ex-
cited by the reaction [2, 13]. The degree to which the lev-
els overlap is expressed quantitatively by the ratio I'/D,
where I' is the average coherence width and D is the av-
erage spacing of the excited levels. Other authors [14—16]
have discussed the effect of varying the degree of overlap
on the average properties of Huctuations. In Ref. [14] a
study of computer-synthesized excitation functions shows
that statistical approximations are valid for conditions
where I'/D & 2. The strong dependence of the nuclear
level density on spin ensures that the degree of overlap
achieved by a reaction changes rapidly with angular mo-
mentum. Sufficient overlap must be obtained for each
spin, i.e. , I'J/D~ & 2 for each J value, for Huctuations
to be considered statistical.

A computer model for calculating synthetic excitation
functions and angular distributions which includes con-
servation of angular momentum has been presented in a
prior publication [17]. This model simulates the detailed
behavior of the cross sections by summing over a large
number of Breit-Wigner resonances for which the ener-
gies and amplitudes are selected randomly. Other studies
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of statistical fluctuations have been carried out using such
synthetic "data" [12, 14, 15). The key difference here is
that this computer model accounts for the unequal distri-
bution of the entrance channel Hux to compound-nucleus
states with different spins and the variation in the num-
ber of decay channels open to each angular momentum.
These features are incorporated into the model by re-
quiring that the energy-averaged value of an individual
Huctuating partial cross section approximately equal the
Hauser-Feshbach cross section [18] for that spin. The av-
erage spin and energy dependences of all the resonance
parameters, e.g. , the coherence widths, level spacings,
numbers of open decay channels, etc. , used in the simu-
lations are determined from existing experimental data.
In another publication [19],synthetic excitation functions
and angular distributions generated by this model are
compared to experimental cross sections for the reaction
~sO(~sO, uo)~sSi. The synthetic fluctuations reproduce
the size and frequency of the structures in the data as
well as the spins that dominate the measured angular
distributions.

This paper extends the study of the characteristics
of Ericson fluctuations in reaction cross sections to the

C+ C system and, in the process, shows explicitly for
the first time how the simulation of angular distributions
and excitation functions provides information on the na-
ture of compound-nucleus reactions that complements
the information obtained from Hauser-Feshbach calcula-
tions. The quantitative simulation of fluctuations is de-
scribed for C+~ C reactions leading to the sBeo(g.s.)
exit channel and the o,-particle exit channels leading to
the 12 lowest excitations in Ne. These exit channels
were chosen for study because published cross sections
for the sBeo channel [4, 7] and the a-particle channels
[6] have been measured at sufficiently small energy in-
tervals and over energy and angular ranges suKciently
broad to permit a more meaningful comparison between

I

the data and the simulations. Several of these reactions
have an exit channel spin of zero, which facilitates the
study of the angular momenta that dominate the experi-
mental and synthetic cross sections. Finally, the authors
who published these two sets of data have employed dif-
ferent combinations of the criteria listed above to isolate
"resonances" in their data. The goal of this study is to
gain further insight into the influence of conservation of
angular momentum on the properties of Ericson Huctu-
ations in C+ C reaction channels and the extent to
which it limits the techniques available for distinguishing
nonstatistical structure from Huctuations.

II. CALCULATION
OF SYNTHETIC REACTION CROSS SECTIONS

The synthesis of cross sections which result from the
statistical decay of overlapping levels of the compound
nucleus formed in a reaction necessarily includes many
assumptions and simplifications. The method used here
to compute fluctuating cross sections for comparison to
measured angular distributions and excitation functions
is described in this section.

The fluctuation calculations are performed within the
framework of the formalism of Blatt and Biedenharn [20],
where the differential cross section for a reaction proceed-
ing from an initial state o, to a different final state o, ' is
expressed as

dA ks (2I + 1)(2i + 1)

x ) ) BL,(ns) n's') Pg (cosg) )

s8' L=O

with Legendre coeKcients given by

/

] S—S

Br, (os; o.'s') = ) ) Z(Ej JqE2 J2, sL)Z(E'j JqEz J2,, s'L)Re S„', ' 8„', '
J& J& g, g, g&, g&,

(1b)

In the above equations, as in all following expressions,
unprimed quantities refer to the entrance channel and
primed quantities refer to the exit channel. The index o.
specifies the projectile and target nuclei and their exci-
tations. The channel spin s is formed by vector addition
of the respective intrinsic spins I and i of the projectile
and target; the channel spin is coupled to the orbital an-
gular momentum 8 to form the total angular momentum
J. Total angular momentum and parity are preserved in
compound-nucleus reactions so that J and vr are equal
to the spin and parity of the compound nucleus. Since
different angular momenta can interfere, subscripts are
used on the orbital angular momenta in the entrance and
exit channels, E and E', respectively, as well as on the to-
tal angular momentum. The wave number for the rela-
tive motion of the pair of interacting nuclei is k . The
Z coefEcients are standard combinations of Racah and
Clebsch-Gordan coefficients [21]. The PL, (cos8) are Leg-

endre polynomials, where 0 is the center-of-mass scatter-
ing angle and Re[] stands for the real part of the quantity
within the brackets.

Information on the nature of the reaction mechanism
is incorporated into Eq. (1b) via the probability ampli-
tude, or collision matrix element, S~, (E), for a collision
with total angular momentum J and parity m from an
entrance channel state indicated by c = asE to an exit
channel state c' = o s'8'. For convenience of notation,
the parity inde~ x is dropped in succeeding expressions
since, for the reactions studied in the present work, all
compound-nucleus states formed in single-step processes
are of natural parity and vr is defined by E and J. Inter-
ference arising from the population and decay of overlap-
ping compound-nucleus levels is included explicitly in the
differential cross section by assuming that the collision
matrix element can be written as a sum of Breit-signer
terms:
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S„(E)=exp i(A, +A, ) )
p, P

where p is the compound-nucleus level index, E~ and r~
are, respectively, the energy and total decay width of the
level p, , E is the compound-nucleus excitation energy of

I

the reaction, and A~ is the Coulomb-plus-nuclear phase
shift. The level amplitude g~ denotes either the posi-
tive or negative square root of the partial width I'J„ for
decay of the level p, into channel c. Inserting the above
expression for the collision matrix element into Eq. (1b),
the Legendre coe%cients can be written in the following
form [22]:

( 1)s—s

Bg(AS; ct's') = ) ) Z(Ei JiE2 J2, sl )Z(Ii Ji82 J2, s I )

Jgg g

E„' —E + -'I'„'
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+ 2 sin(A, ,' + A~' —0,,'—

&cv~c v

E' —E + -I''

) (EJy E) (EJ~ E) + ir&irA

n ') (E~' —E) I ' —(E ' —E) r" ).

The total cross section for a reaction from an initial state n to a final state o, ' can be calculated by integrating over
all angles the differential cross section as given by Eq. (Ia) [2O):

2J+ 1
k' ) - (2I + 1)(2i + 1.)

)- (4)

Substitution of the the form of the collision matrix element expressed in Eq. (2) into Eq. (4) leads to the desired
result for the total fluctuating cross section,

J J2J+1 g g
ks (2I+ 1)(2i+ 1),-, -

(Eg E)2 (i g)2

J J
~cv~c v

(E. —E)'+ (-,'r. )'

x (E„' —E) (E.' E) + —,'r,'r-.' . (5)

Equation (5) shows that angular integration removes
the interference between amplitudes for compound states
with di6'erent spins so that the individual partial cross
sections o.J fluctuate independently.

The process of simulating the detailed behavior of a
cross section for a particular reaction involves the eval-
uation of Eqs. (3) and (5) at a number of excitation
energies spanning a range broad enough to encompass
many fluctuations and at intervals smaller than the aver-
age width of the fluctuations. The computer model used
in the present work incorporates assumptions and sim-
plifications similar to those initially proposed by Ericson
[2, 13] to obtain values for the gJ„, E&, and r~ used to
calculate a cross section at each energy. In this model,
the overlap of the populated levels in the compound nu-
cleus is assumed to be sufBcient for statistical approxi-
mations to be applied. Accordingly, the level amplitudes
are real random numbers which have a Gaussian distri-
bution with a mean value of zero; level amplitudes in the
entrance channel are uncorrelated with those in the exit
channel; the dispersion of the level decay widths is ne-
glected, and the widths are assumed to be spin indepen-
dent, that is, I"J = I'. Compound-nucleus levels within

I

an energy range E+4.5r are included in the sums in Eqs.
(3) and (5). The energies of the contributing levels are
found by using a Fermi-gas-model level-density formula
[23] to obtain the average spacing D~ for states of spin
J. Each level is then randomly placed within kD~/2 of
the energy predicted by the Fermi-gas model.

Although the assumptions included in this model re-
Hect a lack of knowledge about the details of the indi-
vidual overlapping compound-nucleus levels, many are
based on physical considerations. The assumption that
the dispersion of decay widths is small is appropriate
where many decay channels are open [13, 24]. The an-
gular momentum dependence of the decay widths has
been found to be weak in many cases [25]. In particu-
lar, statistical-model calculations have been used to es-
timate the dependence on J of average decay widths in
24Mg and have found it to be unpronounced [12]. Av-
erage decay widths can be deduced from measured exci-
tation functions by applying the autocorrelation method
of Ericson[13] or the peak counting method of Brink and
Stephen [26]. A semiempirical evaluation of experimen-
tally deduced average decay widths for various nuclei in-
dicates that the width increases with excitation energy
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[12, 27]:

P(MeV) —14 exP (
—4.661/A/Z),

where A is the atomic mass number of the compound nu-
cleus and the excitation energy E is expressed in MeV.
Values of I' used in the present calculations are deter-
mined from this relation.

The average size of the fluctuation is fixed by requiring
that the energy average of the fluctuating cross section
approximate the Hauser-Feshbach cross section. This re-
quirement is expressed in the relation

The Hauser-Feshbaeh expression for the energy-
averaged total cross section is [18, 29—31]

2J+1yJy&T&i
k2 ~ (2I+1)(2i+1) ~- ' ~- G~ (9)

The total width G~, for the decay of the compound nu-
cleus into all energetically open channels is given by

E~

G = ) ) T~slpl (E )
p

@max
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&c
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X T~»//el (E")dE" (10)
in which TJ(E) and T,, (E) are optical-model transmis-
sion coefEcients, G~ is the Hauser-Feshbach denominator
which is discussed in Sec. III, and the angular brackets
denote averaging over compound-nucleus levels. At each
energy, transmission coefBcients are determined from the
relation

T~(E) = 1 —exp(2i6~) (8)

III. HAUSER-FESHBACH CALCULATIONS

The computer model described above synthesizes fluc-
tuating cross sections resulting from compound-nucleus
reactions. It is reasonable to expect the frequency and
size of the fluctuations generated by this model to be
comparable to those observed in experimental cross sec-
tions only in those channels where the reactions pro-
ceed primarily via a compound-nucleus mechanism. The
compound-nucleus contribution to a reaction can be esti-
mated by comparing Hauser-Feshbach (HF) predictions
to energy-averaged data.

The complex phase b~ is calculated externally, using an
optical-model potential appropriate to the channel, and
supplied as input to the computer code. The real part of
b~ is substituted for A~ during the evaluation of Eq. (3).

Equation (7) is used to deduce the variances, ((g,&) )

and ((gJ„) ) of the respective Gaussian distributions
from which amplitudes in the entrance and exit channels
are picked randomly and assigned to each of the levels in-
cluded in the sums in Eqs. (3) and (5). Values of the g,„
are derived from a sequence of numbers produced by a
random-number-generating algorithm [28]. Values of the
g~ are similarly determined from an independently gen-
erated sequence of numbers, so that correlations between
fluctuations in different exit channels can be studied for
a particular interaction. For this purpose, a separate
simulation is performed for each decay channel, wherein
the g J,„for the contributing compound-nucleus levels are
selected from a distribution with a variance appropriate
to the particular exit channel. The population of the
compound-nucleus levels from the entrance channel is
modeled by generating a single set of entrance channel
amplitudes g,„which are utilized in all of the separate
simulations.

F(EII Il/) —(I ) /26/ (I +i) /2a' (12)

For low residual excitations, the constant temperature
approximation is applied to obtain the first factor in Eq.
(11):

W(E") = —expT
E1/ E" & E . (13a)

At higher excitations, the Fermi-gas expression is ap-
plied:

exp(2+aU)
12v2a / U / IT

E" &E., (13b)

in which U denotes the residual excitation energy E"
minus the pairing energy A. The values of the level-
density parameters Eo and T have been determined by
fitting the known levels for each residual with Eq. (13a).
Values of the level-density parameters a and E are then
extracted by matching the level densities obtained with
Eqs. (13a) and (13b) in slope and magnitude at E = E~
as described in Refs. [23, 32]. The spin cutoff parameter
is deduced from the formula given in Ref. [23] with the
corrected numerical factor of Ref. [33]:

~' = O. 1459v'aUA'/' (14)

where A denotes the atomic mass number of the residual,
U is in MeV, and A is in MeV

Energy-averaged total cross sections for the
i~C(i~C sBe) sO(g. s.) and i~C( C ~) Ne~ reactions

where the double primes refer to all open channels which
couple to angular momentum J. Transmission coefIi-
cients for each residual pair are summed over known dis-
crete levels with excitation energies in the range E" = 0
to E,. Contributions from continuum states at higher
energies from E, to E „, the highest kinematically al-
lowed excitation, are included in the integral over E".
For each parity, the level density for states with spin I"
is calculated from the formula [23]

(EII Ill /I
)

i ~(El/) ~(EII Il/)

where the spin dependence is contained in the second
factor,
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have been calculated using the computer code HELGA

[34). Since the interacting i C nuclei are spin-zero parti-
cles, E and J are equal in Eq. (9). In addition, because
of the identity of the C nuclei in the entrance channel,
the sums in Eq. (9) are restricted to even values of an-
gular momentum and positive parity, and the resulting
cross section is multiplied by a factor of 2. Particle decay
channels leading to a total of eight different residual pairs
are included in the calculations. Table I shows the pa-
rameters used to determine level densities. Parameters
for residuals with A ( 23 have been determined from
known energy levels as described above. The parameters
used for proton and neutron channels are derived from
a fit, performed by Beckerman [35], of an unusual for-
mulation of the Fermi-gas model to level densities from
bound levels and proton resonances in Na. Values of a
and 6 for 2sMg and zsNa have been extracted by fitting
the more conventional form of Eq. (13b) to Beckerman's
curve [36].

Transmission coeKcients are calculated using poten-
tials, shown in Table II, which have been derived from
optical-model evaluations of elastic scattering data for
each of the residual pairs except i2C+ 2C. Since sBe is
unbound to a-particle decay, Be+ 0 elastic scatter-
ing data from which optical-model parameters can be
extracted do not exist. For the present work, an optical-
model parameter set derived from 7Li+ sO elastic scat-
tering data [37] has been adopted to calculate sBe+isO
transmission coefBcients. The relation of the entrance
channel transmission coefficients to the calculated fusion
cross section has been employed to choose optical-model
parameters for ~ C+ C. The fusion cross section is ob-
tained by summing Eq. (9) over all exit channels:

21+ 1)r,~.
k' (2I+ 1)(2i + 1)

For those interactions where optical-model potentials de-
rived from elastic scattering data are used, the fusion
cross section can be calculated by multiplying each of the
T,J by a spin- and energy-dependent cutoff factor, which
ranges in value from 1 to 0, in order to limit the sum over
J. This critical angular momentum cutoff influences the
ratio of the HF cross sections for different final states

as well as the absolute magnitude of the cross sections
[30, 31]. Calculated cross sections are not significantly
affected by the form of the critical angular momentum
cutoff, whether sharp or smooth, provided that the cal-
culated fusion cross section is equal to the experimentally
measured fusion cross section [32]. This condition can be
realized without incorporating an explicit critical angular
momentum cutoff by using optical-model potentials de-
rived by fitting fusion data to calculate the T~. Hatogai,
Ohta, and Okai [38] have used optical-model potentials,
which have a short-range imaginary part, to fit measured
fusion excitation functions for several light heavy-ion sys-
terns. Their parameter set for ' C+ C reproduces the

C+i2C fusion cross sections measured by Kovar et al.
[39] to within -20% at energies from E, ~ —7.4 to 20.0
MeV and has been selected for the present calculations.

Hauser-Feshbach predictions are subject to errors due
to uncertainties in the parameters used in the calcula-
tions. Two sources of uncertainties are considered: level-
density parameters and optical-model potentials. Un-
certainties in the level-density parameters are primarily
statistical errors introduced by the fitting procedures [32]
and are approximately 10% for the residuals included in
the present calculations. The sensitivity of the calcula-
tions to uncertainties in the level-density parameters in-
creases with bombarding energy as more decay channels
open to residual levels in the continuum. Reducing the
level-density parameters by 10% for all of the residuals
produces an increase of less than 10% in the HF cross sec-
tions calculated for reactions at center-of-mass energies
less than 10 MeV, but generates a 30% increase in the
cross sections at E,,

= 20 MeV. The error associated
with the optical-model potential used for the entrance
channel can be estimated by comparing the fusion cross
section calculated with this potential to measured fusion
cross sections. As stated above, this error is less than
20%%up. This straightforward comparison is not available
for the residual pairs in the exit channels. The efFects
of uncertainties in the optical-model potentials for these
channels have been estimated by observing the changes
in HF cross sections introduced by substituting other ap-
propriate parameter sets for those used in the present
work. For example, Frickey, Eberhard, and Davis [40]
used several sets of optical-model parameters to fit an-

TABLE I. Level-density parameters used to determine G for the Hauser-Feshbach calculations
and the fluctuation simulations.

Channel

12C+12C
n+ Ne

p+23 Nab

n+ Mg
SB +16~

'He+" Ne
5L;+&F

a (MeV )

1.05
2.98
2.95
2.95

3.21
3.80
3.20

4 (MeV)

5.00
5.13
1.15
1.15

0.00
2.50
2.50

Ep (MeV)

0.51
1.71

—2.64
—0.58
—2.31

T (MeV)

6.30
2.62

2.39
2.14
2.69

E (MeV)

22.73
16.38

9.89
12.49
16.42

Parameters are for the heavy residual only.
Parameters from Ref. [36).

'Discrete levels only.
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TABLE II. Optical-model parameters used to calculate transmission coefBcients.

Channel

12C+12Ca
+20Ne'

p+"Na
n+ Mg
SBe+16O
d+22 Nah

Ll+ F'

V (MeV)

22.70
56.90

53.67—0.527E,
47.40—0.310E,

33.10
88.85—0.20E,

139.00—0.149E,
35.40

5.45
4.70
3.56
3.72
4.39
3.22
3.31
4.64

0.50
0.58
0.65
0.66
0.85
0.81
0.72
1.05

RR (fm) aR (fm) W (MeV)

40.00b

5.18b

8.53'
9.52—0.051E,

1p 3pb

14.40+0.22E,
44.30—0.289E,.m.

11.00

4.67
4.70
3.56
3.58
4.71
3.75
3.86
5.68

0.10
0.46
0.47
0.48
0.72
0.68
0.86
0.62

Rr (fm) ar (fm)

'Parameters from Ref. [38].
Imaginary well is of the volume type.

'Parameters from Ref. [40].
F. G. Percy, Phys. Rev. 131, 745 (1963).

'Imaginary well is of the surface type.
D. Wilmore and P. E. Hodgson, Nucl. Phys. 55, 673 (1964).

sPotential for Li+ 0 from Ref. [37].
"C. M. Percy and F. G. Percy, Phys. Rev. 132, 755 (1963).
'F. D. Bechetti and G. W. Greenlees, as discussed in P. E. Hodgson, Nuclear Reactions and Nuclear
Structure (Oxford University Press, London, 1971), p. 261.
'Potential for Li+' F from Ref. [37].

gular distributions measured for o.-particle scattering by
Ne. Calculations with these alternate parameter sets

generate cross sections for the n+ oNe channels that dif-
fer by as much as 70%, while producing changes of less
than 10% in the HF denominator and in the cross sec-
tions for channels involving other residual pairs. Overall,
the calculated cross sections are estimated to be accurate
within a factor of 1.5—2.0.

The comparison for the Be0 exit channel, shown in
Fig. 1, of the HF calculation to the data of James and
Fletcher [7] indicates that this channel is populated pre-
dominantly by compound-nucleus reactions over the en-
tire energy range. The ratio of the data, energy aver-
aged over a running interval of 3 MeV, to the HF cross
section ranges from 0.87 to 1.6 and is within the limits
of accuracy of the calculations. Comparisons with the
cross sections extracted from the publication of Voit et
al. [6] and shown in Fig. 2 lead to the same conclusion
for the majority of the studied n-particle channels. Clear
evidence for noncompound processes is found only for
the reaction leading to the 7.84-MeV, 2+ (nqq) state in
soNe, where the HF calculations underpredict the energy-
averaged cross section by a factor of at least 2.8 over the
range of the data. Earlier studies at higher incident ener-
gies have presented evidence that a direct eight-nucleon
transfer mechanism is the dominant process in the re-
actions leading to this state and to other members of a
proposed eight-particle —four-hole rotational band based
on the 7.20-MeV, 0+ state [41, 42]. The present com-
parison indicates that the fraction of the cross section
for the 7.84-MeV state that can be attributed to a di-
rect mechanism is not as large as that found at higher
energies, but it is at least as significant as that for the
compound-nucleus mechanism. The relative importance
of direct and compound processes in the cross sections
measured by Voit et a/. for the 7.20-MeV state is not

3.0

2.5—

2.0—

1.5—

I I
I

I

James and Fletcher———HF Calculatiorl

8+
16

C( C, Be) O(g.s.)
&T (mb) = 4&B0

Bp
0.5—

0.0

1.5—

(8+) 10

10

10

12
I I I

13 14 15

0.5—

15 16 17
E, „(Mev)

18
I

20

FIG. 1. Comparison of Hauser-Feshbach calculations
(dashed line) to the excitation function taken from Ref. [7]
for the ' C( C, Beo)' 0 reaction. The authors of Ref. [7]
extracted total cross sections by fitting measured angular dis-
tributions with a linear expansion of Legendre polynomials.
The total cross section is expressed by the zero-order Legen-
dre coefBcient Bo. The J values and energies of "resonances"
reported in Ref. [7] are indicated in the figure. An asterisk
indicates a "resonance" observed in other reaction channels.

discussed here since their paper does not display a sep-
arate excitation function for this channel. Evidence for
a direct contribution to the cross section for the first ex-
cited 0+ state at 6.72 MeV (ns) is not conclusive since
the energy-averaged data exceeds the HF cross section
by more than the estimated error in the calculation only
over the lower two-thirds of the energy range.

A salient characteristic of the compound-nucleus mech-
anism populating these C+ C reaction channels is
illustrated in Fig. 3, where the histograms of Hauser-
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Feshbach partial cross sections, calculated for E, = 11
MeV, show considerable variation with angular momen-
tum. The general shape of these distributions can be
explained by taking into account the amount of entrance
channel fiux available to populate compound states with
a particular spin along with the number of open resid-
ual channels to which these states can decay. For low

spins, many decay channels are open, making small the
branching ratio to any one residual state. Larger par-
tial cross sections for higher spins result from the dis-
tribution of more entrance channel fiux, which varies as
2J + 1, over fewer open decay channels. The sharp de-
cline near the upper limit of contributing spins starts at
a value, slightly less than the grazing angular momen-
tum, where the transmission coefficients decrease rapidly
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FIG. 2. Comparison of Hauser-Feshbach total cross sec-
tions to excitation functions of total cross sections taken from
Ref. [6] for C( C,n) Ne' reactions leading to the seven
lowest excitations in Ne and to the 7.84-MeV, 2+ state in

Ne. The two uppermost panels show the comparisons for
cross sections summed over the lowest 6 and lowest 12 exci-
tations in Ne.

with increasing orbital angular momentum. The graz-
ing angular momentum in either the entrance channel
or the exit channel can fix the upper limit, depending
largely on the final state spin and q value. A sufficiently
large negative final state Q value produces an exit chan-
nel grazing angular momentum smaller than the entrance
channel grazing angular momentum. This results in a
corresponding reduction of the partial cross sections for
higher spins if the exit channel spin is small. The eKect
of poorly matched entrance and exit channels is evident
in the distributions for the first (o.s) and second (ns) ex-
cited 0+ states in 2oNe where the J = 8 partial cross
sections are suppressed in comparison to the other well-
matched exit channels. Figure 4 shows that the general
characteristics of the partial cross sections calculated at
E, = ll MeV extend to other energies. At each energy,
a narrow range of spins dominate the cross section with
higher spins gaining significance as the reaction energy
increases.

IV. SYNTHETIC EXCITATION FUNCTIONS
AND ANGULAR DISTRIBUTIONS

The HF predictions indicate that the size of the fluctu-
ations in these C+~~C reaction channels is strongly de-
pendent on the spin of the underlying compound states.
The average size of the Huctuations for each spin value is
determined by the variances of the level amplitude dis-
tributions as given by Eq. (7) in Sec. II. Significant con-
tributions to the fluctuating cross section are restricted
to two or three successive even spins near the grazing
angular momentum. For the lower spins, the Quctua-
tions about the average cross section are limited in size
by the large number of open decay channels. The strong
localization of the partial cross sections for these reac-
tion channels provides a physical basis for simplifying
the synthesis of excitation functions and angular distri-
butions. Level amplitudes are summed coherently for
the three most significant J values at each reaction en-

ergy, while the small contributions from compound states
with lower spins are approximated by the correspond-
ing Hauser-Feshbach partial cross sections. For the sim-
ulations discussed below, the three J values for which
compound-nucleus levels have been included explicitly in
the evaluation of Eqs. (3) and (5) are J = 2, 4, and 6 at
center-of-mass energies less than 9.5 MeV; J = 4, 6, and
8 from 9.5 to 12.5 MeV; J = 6, 8, and 10 from 12.6 to
16.1 MeV; and 8, 10, and 12 at energies above 16.1 MeV.
This approximation reduces the computation times and
computer memory requirements by as much as two orders
of magnitude and makes it feasible to synthesize angular
distributions and excitation functions.

The variation of the ffuctuating cross section with en-
ergy and angle is inQuenced by the average decay width
and density of the compound-nucleus levels insofar as the
value of I' determines the coherence width for the inter-
ference of a number of levels which is fixed for each spin
by the value of p~. The density of states in 4Mg has been
calculated from the Fermi-gas level-density formula given
by Eqs. (11), (12), and (13b) using values obtained from
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Ref. [43] for the level-density parameter, a = 2.92, and
the pairing energy, 4 = 2.2. The average decay width at
each reaction energy has been determined by evaluating
Eq. (6). The synthesized fluctuations incorporate val-
ues for I' that range from a minimum of 87 keV at E,
= 6.5 MeV to 271 keV at 20.0 MeV. Values derived in
the Hauser-Feshbach calculations for T~, T~, and |~ are
used to compute the variances of the distributions from
which compound-nucleus level amplitudes are picked as
described in Sec. II.

Several of the excitation functions that have been syn-
thesized for the C( C, Beo) sO reaction are shown
in Figs. 5(b)—(e). Cross sections have been calculated
at energy intervals of 100 keV in order to approximate
the spacing of the data points in the excitation func-
tion of James and Fletcher [7], which is shown in Fig.
5(a). Each of the synthetic excitation functions in Fig. 5
has been generated with randomly chosen values for the
compound-nucleus level energies and amplitudes in both
the entrance and exit channels that are unique. The re-

suiting cross sections in the various excitation functions
are uncorrelated, though all of the excitation functions
have been calculated with the same average level den-
sity, decay width, etc. Several excitation functions are
presented for the same reaction in order to emphasize
that the cross section at a particular energy cannot be
predicted by the statistical model, yet the properties of
the Huctuations within a limited energy range can be ex-
amined. The structure in the synthetic excitation func-
tions is remarkably similar to that in the data. The cal-
culations generally reproduce the magnitude of the cross
sections and, approximately, the density of peaks, which
decreases with increasing energy. Peak-to-valley ratios
for the structure in the synthetic excitation functions
are slightly larger on the average than -2:1 ratio found
in the data. This difference is probably inconsequential
since the simulations do not account for the smoothing
effects of the energy and angle averaging that are in-
cluded necessarily in the measured differential cross sec-
tions from which the data in Fig. 5(a) are derived. The
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synthetic cross sections are characterized by the occa-
sional structure with a width several times the coherence
width of the underlying compound-nucleus states. James
and Fletcher have observed similarly broad structures in
their data about which they have noted that there is
"some evidence for overlapping structures" [7].

Figure 6 shows the rapid changes in the shapes of the
synthetic angular distributions that accompany the fluc-
tuations in the total Beo cross-section excitation func-
tion of Fig. 5(b). The fluctuations in the difFerential cross
sections are correlated over a large angular range. For

,
I

l0.001

0.1

0.01

0.001

b) Cx 0
I

~
~

h
~

~ 1 ~ I
~

g ~ ~
~

~
~ g~ ~ ) I ~

&
~ ~

I
~ l

I ~ I 1
~

'a, i ~ I
1 ~

~ ~ I
~ I

~ 1~ I a,
~ ~ ~ ~I

~ ~ ~ ~~ ~
I ~ g

12
10~ ~ ~

~
~ ~ ~

~
~

I
EI

~ \ ~

l

i

I-
I

l I I
I

I
~

~
~ ~ i

~
I

~ ~
~

~, I
1~

'1
I

~ ( '
~ a

~ ~ I
\ ~ ~II ~ ~ ~ ~ I

~ ~

I ~ I
I I ~ ~ ~

~ s

I
I

4
2
0

LI l l I

6 8 10 12 14 16 18 20

Ec ~(Mev)

FIG. 4. Hauser-Feshbach partial cross sections
versus energy for the reactions C( C, Bee) ' 0 and

C( Cn) Ne

6

4~E
Q

2
0

ecm
90'

0

2.0 ')
1.0

0.0
2.0- b)

1.0-

0.0
Bp 2 0- c)

1.0

0.0
2.0- d)

1.0-

0.0
2.0- e)

1.0-

12C(12C SBe)16O (g s )

Synthetic—

Synthetic

6

4E
Cl"a
0

0~
0 ~ 2Q

60 g0

BG) 0

0.0
8 10 12 14 16

Ec m (Mev)

18 20

FIG. 5. Several excitation functions synthesized for the
C( C, Beo) 0 reaction are shown in panels (b)-(e) for

comparison to the data from Ref. [7j shown in panel (a).

FIG. 6. Synthetic angular distributions calculated for the
C( C, Bee) 0 reaction. These angular distributions were

synthesized by the same calculation that generated the exci-
tation function of total cross sections shown in Fig. 5(b). The
cross sections saturate at 6 mb/sr.
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a spin-zero exit channel such as Beo, angular distribu-
tions that are dominated by a particular J value exhibit
a characteristic P12(cos8) shape with I, = J. The shapes
of the angular distributions near fluctuation maxima in
the total cross section indicate that the majority of the
peaks within a range of energies spanning several MeV
are dominated by a single spin value. A given spin usually
dominates peaks in the energy region where its HF par-
tial cross exceeds all other partial cross sections [see Fig.
4(a)], i.e. , J = 6 at energies & ll MeV, J = 8 for E,
ll —14 MeV, J = 10 for E, = 14—18 MeV, and J = 12
at higher energies. Within each of the gross structure re-
gions, individual fluctuations can exhibit peak-to-valley
ratios for the resonating partial cross section exceeding
10:1, a value much larger than maximum ratio in the
total cross section. A good example of the abrupt varia-
tions of the individual partial cross sections is seen in Fig.
6(a) where J = 8 dominates the angular distributions at
12.6 and at 12.8 MeV, but the angular distribution in
between exhibits a shape characteristic of a larger J =
6 contribution. The number of overlapping compound-
nucleus levels that contribute to the resonating partial
wave varies considerably over its region of dominance.
Values of F~jD = 4 and FJ/D~ = 20, respectively,
constitute the rough lower and upper bounds for the de-
gree of overlap where a fluctuation dominated by spin J
is likely to occur in this reaction channel.

The gross structure regions of J = 8, 10, and 12 dom-
inance in the synthetic cross sections approximate the
energy ranges where Fletcher et al. [4] have observed
similar enhancements in angular distributions measured
at angles from Hc = 12' to 66'. The J = 6 strength
at the lowest energies is more easily identified in Fig.
6(a) than in the angular distributions shown in Ref. [4],
although later measurements, which extend the covered
angular range, reveal several predominantly J = 6 peaks
in this region [7].

A set of excitation functions of total cross sections syn-
thesized at 50-keV intervals from E, = 6.5 to 12,6
MeV for the i C(i2C,a) oNe' reactions leading to the
first six residual states is shown in Fig. 7. Since the
cpmppund states pppulated by the C+ C interactions
are the same for each of these reactions, the same set
of compound-nucleus level energies and entrance channel
amplitudes is used for all of the reactions. A different set
of exit channel amplitudes is employed for each of the
reaction channels as described in Sec. II. The agreement
between the data, shown in Fig. 2, and the simulations
as to the magnitude of the cross sections and density
of maxima for these o.-particle channels approaches that
obtained at mostly higher energies for the SBeo channel.
The comparisons of principal interest are those involv-
ing the excitation functions for cross sections summed
over several exit channels. Fluctuations appear in the
summed excitation functions for both the data and the
synthesized cross sections. Structure survives whether
the cross sections are summed over the 6, or 12, low-
est excitations of ~oNe. The uppermost synthetic exci-
tation function in Fig. 7 shows the effect of increasing
the number of channels in the sum to 21. Little eÃect
is seen at the lowest reaction energies where the cross
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FIG. 7. Synthetic excitation functions of total cross sec-
tions calculated for the ' C(' C,o.) Ne' reactions leading to
the first six states in Ne. The excitation functions shown
in the three uppermost panels include tota1 cross sections
summed over the first 6, 12, and 21 states in Ne.

sections for the higher excitations are small. Because of
the increased contributions from the additional channels,
dampening of the structure from the final states with the
lowest excitations is apparent at higher reaction energies,
but fluctuations persist.

Some differences in detail are found between the data
and the simulations. The average magnitude of the syn-
thetic cross sections summed over the states no tp o.ii
is smaller than their counterparts in the data. This dif-
ference reflects the contributions of direct reactions to
the experimental cross sections as discussed in Sec. III.
The structure in the summed excitation functions for the
data is slightly narrower than in that in the simulations,
and more small peaks survive in the data. This result
suggest that the average coherence width of the under-
lying compound states in this energy region is somewhat
smaller than that obtained from the parametrization ex-
pressed by Eq. (6). While considering the importance of
the differences in the number of surviving small peaks,
it is appropriate to point out that some of the peaks in
the published data of Voit et aL [6] are defined by a



RESONANT CHARACTERISTICS OF STATISTICAL. . . 339

single data point in the summed cross section and might
be a consequence of the relative statistical errors in the
cross sections. The authors in Ref. [6] report dominant
J values for maxima which appear in either of the two
lowest 0+ a.-particle channels and which persist in the
summed cross sections. They report "resonances" that
are grouped according to spin with J = 4, 6, and 8 domi-
nating in succession as the reaction energy increases. The
simulations also show peaks that result from a single res-
onating partial cross section, but maxima dominated by
J = 2, 4, or 6 are interspersed throughout the energy
region below -9.5 MeV, and the region between 9.5
and -12.6 MeV includes both J = 6 and 8 dominated
peaks. Simulations which extend the o.o cross sections up
to 20 MeV show gross structure regions similar to those
discussed above for the Beo channel.

V. SY'STEMATICS
OF RESONANT FLUCTUATIONS

Figure 8 summarizes the results of this study of the
resonant characteristics of fluctuations. At this juncture,
it is convenient to let the phrase "resonant fluctuation"
designate a fluctuation that is dominated by a single,
resonating partial cross section. In Fig. 8, a rectangle
encloses a range of energies for each of the even spin val-
ues from J = 2 to 12. The minimum energy enclosed for
each spin coincides with the lower limit of the statisti-
cal region, that is, where I'~/D~ = 2. The top of each
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FIG. 8. Reaction energy versus angular momentum for
resonant fluctuations and "resonances" in C+ C reactions.
The rectangular box for each J value indicates the energy re-
gion where fluctuations in total cross sections for Beo and
n-particle exit channels are likely to be dominated by a single
resonant partial cross section with spin J. The solid circles
indicate the energies and spins of "resonances" taken from
summaries in Refs. [7] and [10] and include structures seen in
other exit channels in addition to those observed in Beo and
o;-particle exit channels. The solid line indicates the grazing
energy for each spin at which the transmission coe%cient cal-
culated for the C+ C entrance channel has a value T,
0.5.

rectangle is at the energy where I' /D = 20, which is
roughly the maximum degree of overlap for which a res-
onant fluctuation dominated by spin J is likely to be ob-
served. It is possible that a resonant fluctuation of spin
J that appears near the lower boundary of its statisti-
cal region is dominated by the character of an individual
compound-nucleus level. At the other extreme, the num-
ber of interfering levels is an order of magnitude larger
near the upper limit and the probability that a resonant
fluctuation is dominated by an individual level is reduced
accordingly. The trajectory of the C+ C grazing an-
gular momentum intersects the rectangles for J = 2, 4,
6, and 12 at energies well above the lower limit of the
statistical region, but approaches the lower limit for J =
8 and 10. Thus compound-nucleus levels with degrees of
overlap that can lead to resonant fluctuations are popu-
lated over a broader range of energies for J = 8 and 10
than for the lower J values. The gross structure regions
in which J = 8, 10, and 12 in succession dominate the
resonant fluctuations occur at energies above the grazing
angular momentum trajectory. For each of these J val-
ues, the gross structure region appears above the upper
limit of resonant Buctuations for J —2 and below the
grazing energy for J + 2. These conditions do not occur
for the lower spins. The absence of predominantly J
0+ resonant structure above the barrier region is consid-
ered within the framework of resonant Buctuations to be
a consequence of the 2J + 1 dependence of the entrance
channel Bux. The grazing energy for J = 0 is not much
lower than those for J = 2 and 4, but the Bux populat-
ing compound states with J = 2 or 4 is overwhelmingly
larger than that for J = 0.

A summary of reported ~ C+ C "resonances" is dis-
played in Fig. 8. The displayed energies and spins
of the resonances are taken from summaries in Refs.
[7] and [10]. The summary shows "resonances" in the
near-barrier region along with those above the barrier in
the region of the simulations discussed above. The dis-
played "resonances" include structures observed in sev-
eral C+ C exit channels in addition to those seen in
the SBe and o,-particle channels. The comparison above
the barrier region shows that "resonances" and resonant
Buctuations with the same spin are likely to occur within
the same range of energies. While this result does not im-
pute a statistical origin for any particular "resonance, "
previously drawn conclusions concerning the nature of
many of these "resonances" are based on the observation
of properties in the data that have been demonstrated
here as also characterizing Buctuations. The list of exper-
imental and analytical techniques available for discerning
nonstatistical "resonances" from Ericson Buctuations in
the data for, at the very least, the reaction channels ex-
amined in the present work is restricted. Since crite-
ria that require the appearance of structure in angle-
integrated cross sections, correlation with a dominant
resonating partial wave, and/or the appearance of struc-
ture in cross sections summed over many exit channels
are not suKcient, the utility of other methods should be
examined. The principal techniques that remain viable
involve tests that search data for nonstatistical correla-
tions between structures in different exit channels, such
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as those that appear in s2C+i2C reaction channels be-
low the Coulomb barrier or where many exit channels
are open, structures with unusually large branching ra-
tios to several intrinsically related exit channels, such as
to residual states that are members of a rotational band.
The effectiveness of several types of statistical tests in
locating "resonances" were examined in an earlier publi-
cation [44].

Several future projects are suggested by this work. Per-
haps the most critical is an extensive study of the cor-
relations between resonant fluctuations in different exit
channels. Although a limited study has been carried out
and shown to predict small correlations, the results of
the study may be sensitive to the number of low spins
included explicitly in the sums over compound-nucleus
levels used to calculate the collision matrix. The study
of correlations between different exit channels needs to be
repeated using more low spin levels. Fluctuation simula-
tions should be extended to other exit channels. In par-
ticular, synthetic excitation functions and angular distri-
butions calculated for the elastic channel will provide in-
formation on the size and frequency of fluctuations in the
total C+ C reaction cross section. The accurate sim-
ulation of elastic cross sections requires an optical-model
calculation at each energy. Finally, simulations should be
carried out for other systems of interacting nuclei where
"resonances" have been reported. Simulations of inter-
actions involving nonidentical nuclei, such as C+~ 0,
can be used to examine the effects on the shapes of angu-
lar distributions of contributions from compound-nucleus
levels with odd, as well as even, spin values. Complet-
ing these projects will require extensive revision of the
current simulation code, and many hours of computer
time will be accumulated before quantitative estimates
of cross-channel correlations can be made.

VI. SUMMARY

Comparisons of Hauser-Feshbach calculations to mea-
sured total cross sections for SBe and o,-particle exit chan-
nels of the C+ C system indicate that the majority of
these reactions are compound nucleus in nature. The
Hauser-Feshbach calculations show that, on the average,
significant contributions to the cross sections are limited
to a narrow range of spin values. The statistical-model
simulations of angular distributions and excitation func-
tions performed in this work produce results that are
in overall quantitative agreement with the size and fre-

quency of fluctuations observed in measured total cross
sections. Because of the restrictions imposed by the con-
servation of angular momentum, many of the synthetic
fluctuations are dominated by a single resonating partial
cross section. The simulations systematically reproduce
the spins that dominate the structures observed in the
data. Without explicitly including isolated "resonances"
in the model, virtually all of the resonance effects found
at energies above the Coulomb barrier in these C+ 2C

reaction channels have been explained.
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