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Angular distributions for a number of a-particle groups from 12C (1¢0,x)*Mg were measured with 45-keV
resolution at closely spaced energies centered on bombarding energies of 19, 31, 42, and 49 MeV. Fluctuations
of the type described by Ericson were observed. The data near 31 MeV were extensive enough to permit
a statistical analysis. Compound levels with spins of about 10 are predominant at this energy. The average
coherence width is about 125 keV and is independent of angle. No finer structure was found when the
energy resolution was reduced to 15 keV. The strength of the fluctuations is generally in agreement with
the expectation for a pure compound-nucleus process, though some anomalies were discovered. The co-
herence angle is about 6°, in agreement with expectation based on the size of the nucleus and the wave
number. The angle-integrated average cross sections near 31 MeV are proportional to the statistical weights

of the final levels.

I. INTRODUCTION

E have made extensive studies of the reaction
2C(10,a)*Mg with particular emphasis on the

rapid fluctuations of the cross sections as a function of
energy.!? As pointed out by Ericson? Brink and
Stephen,* and others, a statistical analysis of the
fluctuations can yield important average properties of
the participating compound states. Since the angular
distributions are also expected to show fluctuation
effects,®® detailed measurements of do/dQ were made,
and they are reported in this paper. Other experi-
menters have made measurements on this reaction.57:8
Angular distributions were measured in four regions
of bombarding energy near 19, 31, 42, and 49 MeV.
These energies correspond approximately to 25-, 30-,
35-, and 38-MeV excitation energy in the 8Si compound
nucleus. Table I summarizes the experimental measure-
ments. The most extensive data consist of 29 sets of
angular distributions spaced, for the most part, at

100-keV intervals from 29.55 to 32.65 MeV (lab). Each
set consists of data for the five groups a, a1, as+as, as,
and a;+as, corresponding to the ground state and first
six excited levels of 2#Mg. The 100-keV spacing corre-
sponds to 43 keV in the center-of-mass (c.m.) system;
this is about one-third of the typical coherence width of
the structure in the excitation functions. The energy
resolution in the entrance channel was about 45 keV
(c.m.). The data near 19 and 42 MeV comprise, re-
spectively, six and three sets of angular distributions,
also at 100-keV intervals. Near 49 MeV, data were ob-
tained at only one energy.

The angular distributions are symmetric about 90°
and exhibit rapid fluctuations with energy, as pre-
dicted by Ericson.® Statistical analyses of the 31-MeV
data, which cover an energy span of about ~11T', were
carried out to extract the coherence angle, coherence
energy, and nonfluctuating (direct-interaction) fraction
of the cross section. Data at the other energies do not

TasLE I. Summary of angular-distribution measurements. Excitation energies in MeV and the spins and parities of
the Mg levels are listed below the symbol for each group.

C.M. Groups studied
Laboratory Center-of-mass 8] excitation energy ag a1 a2 + a3 o4 as + as
energies energies energies resolution 0 137 412 423 522 6.00 6.44
(MeV) MeV) (MeV) (keV) 04 24+ 4+ 24+ 3+ 4+ 04
18.95-19.55 8.12-8.38 24.88-25.14 50 X X
29.55-32.65 12.66-13.99 29.42-30.75 45 X X X X X
41.55-41.95 17.81-17.98 34.56-34.74 40 X X X
48.95 20.98 37.74 35 X X X
18.40-19.00 7.89-8.14 24.64-24.90 15 b3 X b X
19.07-19.80 8.17-8.49 24.93-25.24 15 X b x X
29.85-30.30 12.80-12.99 29.55-29.74 15 X b3 x

1 Research sponsored by the U. S. Atomic Energy Commission under contract with the Union Carbide Corporation.
* Temporary employee from Tulane University; partial support received from Oak Ridge Associated Universities.
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cover a sufficient range of energies for-meaningful sta-
tistical analysis, but certain interesting features will
be discussed.

Portions of the measurements were repeated with a
much thinner target to check for narrower structure.

II. EXPERIMENTAL DETAILS

The measurements were made with basically the
same equipment used for the excitation functions,!?
but there were many differences in detail. The following
description emphasizes the significant differences.

Nine silicon surface-barrier detectors were used simul-
taneously, as shown in Fig. 1. One of these was fixed at
about 14° to serve as a monitor. The other eight were
mounted on a base plate which could be rotated about
the target, located at the center of the reaction cham-
ber. Four detectors were spaced at 20.0° intervals in the
forward direction, while the others were placed at
20.0° intervals directly opposite the first four. Normal
operating procedure consisted of making eight succes-
sive runs at a given energy, with the base plate moved
2.5° after each run. The runs were made with counter
1 at angles of 12.5° 15.0° ---,30.0° to the beam
direction. In this way 64 angles were measured from
12.5° t0 167.5°, at 2.5° intervals. The c.m. acceptance of
all counters was a cone of half angle approximately 2°.

Particles emitted at 90° were detected by both
counter 4 and counter 5 when counter 1 was at 30°.
Since the « yields vary rapidly with angle, this duplica-
tion enabled us to determine the beam direction to 0.1°
by matching the relative counting rates in detectors 4
and S for different « groups.

The signals from the eight movable detectors were
amplified by eight high-gain low-noise preamplifiers
connected to the eight inputs of an 800-channel pulse-
height analyzer operated in 100-channel subgroups.
The monitor signals were amplified and sent to a single-
channel discriminator with its window centered on the
peak due to elastic scattering of %0 by 2C. The length
of-each run was governed by the number of counts from
this discriminator. The integral of the beam current

MONITOR FARADAY CUP
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F16. 1. Experimental arrangement. The base plate is shown with
counter 1 at 30°. The angle accepted by the detectors is not shown
in correct scale.
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passing through the target to the Faraday cup was also
recorded for each run.

Buildup of carbon on the targets was noted during
these runs despite the use of a liquid-nitrogen-cooled
shield around the target. Earlier indications' that this
shield eliminated the buildup were not borne out in the
present work, although some reduction in the rate of
buildup was noticed. The buildup had no effect on the

~accuracy of the cross sections because the monitor

counter was used to determine the length of each run.
To maintain a sharp entrance-channel energy resolu-
tion, however, it was necessary to watch the increase
in target thickness carefully. When the integrated beam
current for a fixed monitor count showed that an in-
crease of about 209, in the target thickness had oc-
curred, the target was moved to expose a fresh spot
to the beam.

To prevent the side of the target holder from inter-
cepting the emitted o« particles, the targets were tilted
so that the normal to the target made an angle of ~35°
with the beam direction, as shown in Fig. 1. The effec-
tive target thicknesses were combined with the energy
loss in carbon given by Northcliffe? to obtain the effec-
tive c.m. energy resolutions indicated in Table I.

For the special thin-target measurements, carbon
films of 3.3 pg/cm? (as estimated from their optical
density) were placed perpendicular to the beam di-
rection. The over-all energy resolution for these runs is
estimated at ~15 keV (c.m.).

The absolute cross sections for the 19- and 31-MeV
data were calculated from the elastic scattering count-
ing rate in the monitor at 14° lab (~33° c.m.) since the
scattering at 19 MeV is known to follow the Rutherford
law for angles as large as 42° c.m." As a check, some of
the 19-MeV cross sections for the 2C(1%0,a) reaction
were calculated directly from the integrated beam
current, solid angle, and estimated target thickness; the
agreement was satisfactory. The absolute cross sections
near 19 MeV are believed to be reliable to about £=159,.
Where a cross section is unusually small, the statistical
uncertainty in the number of counts becomes signifi-
cant. For most of the data, 1 mb/sr corresponds to
roughly 2000 counts. Thus, cross sections below 0.01
mb/sr are uncertain by more than 209, because of
counting statistics. An uncertainty this large occurs
only rarely.

For the 31-MeV data, the elastic counting rate rela-
tive to that at 19 MeV was determined for the monitor
counter for fixed integrated beam current in the Fara-
day cup. A correction was necessary because the aver-
age charge of the 160 ions due to stripping of electrons
as they passed -through the target is different for the

“two beam energies. At 29.6 MeV the change in average

charge was measured by alternately inserting and with-

¢ L. C. Northcliffe, Ann. Rev. Nucl. Sci. 13, 69 (1963).

10D, A. Bromley, J. A. Kuehner, and E. Almqvist, Reactions
between Complex Nuclei, edited by A. Zucker, F. T. Howard, and
E. C. Halbert (John Wiley & Sons, Inc., New York, 1960), p. 151.
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drawing the target carrier while the accelerator was
operating steadily. The average charge with the target
in was 7.1620.14. The 19.0-MeV average charge was
taken as 6.47, interpolated from similar measurements
at 17.6 MeV (6.404-0.11) and at 20.7 MeV (6.564=0.07).
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F16. 2. Angular distributions for 2C (%0, ag)2* Mg at bombarding
energies from 31.25 to 31.75 MeV. The points are experimental
measurements, while the curves are least-square fits with sums of
Legendre polynomials to order 24. Dashed portions 1nd1(‘ate re-
gions where no-data were obtained.
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FiG. 3. Positions of minima in the least-square fits to the ground-
state angular distributions near 31-MeV bombarding energy.
Open circles indicate points of inflection.

These values are within a few percent of the average
charge calculated from the equilibrium charge distribu-
tions of heavy ions in low-Z materials.? The reliability
of the absolute cross sections near 31 MeV is also esti-
mated to be about =159, except that the as and as+as
results are subject to additional uncertainties because of
background and resolution problems, particularly where
the cross sections for these two groups are small.

The 42- and 49-MeV data had to be treated differ-
ently because no measurement was made of the elastic
counting rate relative to the 19-MeV rate. The abso-
lute cross sections were calculated from the estimated
target thickness, integrated beam current, solid angle,
and average charge, the latter being calculated from the
equilibrium charge distributions® Largely because of
the uncertainty in target thickness, the cross-section
scale for the 42- and 49-MeV is estimated to be un-
certain by about £25%,.

At three energies (29.55, 30.55, and 31.55 MeV),
additional data were obtained at angles from 0° to
10.0° in 2.5° steps. The method of stopping and
monitoring the beam is described in Ref. 2.

Although the 100-keV spacing of the 31-MeV mea-
surements was known quite accurately, the entire
bombarding energy scale is uncertain? by about 100
keV. The energies quoted take into account the energy
loss of the beam in the target, and correspond always
to mean bombarding energies.

III. RESULTS

All differential cross sections are given in the
c.m. system.

31-MeV data. A sample of the angular distributions
for the ay group is shown in Fig. 2. The points at 1.5°
are from the ‘“zero-degree” data of Ref. 2. Rapid
fluctuations are evident. For example, between 31.45
and 31.55 MeV (a change of. only 43 keV cm.), the
maximum at 35° changes to a minimum. The positions
of the other maxima and minima also change rapidly
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Fic. 4. Least-square fits with Legendre polynomials to order 24 for the ao angular distributions near 31-MeV bombarding energy. Dashed
portions of the curves represent regions where no experimental data were obtained.

and in irregular fashion. These shifts in angle are far
too rapid to be the variation with energy of a diffrac-
tion pattern. Moreover, the shifts are not monotonic,
as shown in Fig. 3, which is a plot of the positions of
the minima in the ao angular distributions as a func-
tion of energy.

The smooth curves in Fig. 2 are least-square fits to
sums of Legendre polynomials. That is, the cross sec-
tion is expressed as

do K
—=3" BiPi(cosh).
k=0

= M

The fits were made with K =24. Figures 4 to 8 show the
fits for the 29 angular distributions obtained for each
a-particle group from 29.55 to 32.65 MeV.

A check of the aqg, a1, ap+as, and a4 cross sections at
two energies showed that these results agree within
10-209%, with our 30° and 148° (lab) excitation func-
tions reported earlier.! In making this comparison, it
was necessary to shift the earlier data downward by
150 keV (lab). One-third of this energy shift is re-
quired to allow for energy loss of the beam in the
target, which was not included in the previously pub-
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F16. 5. Least-square fits with Legendre polynomials to order 24 for the a1 angular distributions near 31-MeV bombarding energy. Dashed
portions of the curves represent regions where no experimental data were obtained.

lished results.! The other 100-keV shift is within the
estimated uncertainty of the beam energy.

Another comparison is possible. A portion of the
differential cross section for ap at about 31.9 MeV was
measured by Quinton and Lawrence.® Again, allowing
for energy loss in their target and a 100-keV uncertainty
in our bombarding energy, the corresponding data from
Fig. 4 are in substantial agreement.

The orbital angular momentum involved in the re-
action cannot be much higher than kR in the entrance
channel. With an interaction radius of R=1.2[ (12)!?
+ (16)13] F, the value of kR is 12.08 for 31.15 MeV, the
bombarding energy at the midpoint of the 29.55-32.65-
MeV interval. Thus, partial waves with />12 are not

expected to play any important role. A check can be
obtained from the least-square fits to (1) since the
order of the highest Legendre polynomial required for
an adequate fit to the data is twice the highest / value
involved. For these data, the highest & values for which
By, was significantly different from zero were 20 to 24,
indicating that partial waves above /=10 to 12 are not
important. Tests were made with K=26 in (1); the
fits did not improve and the B, were practically un-
changed. On the other hand, the pronounced structure
showing 7 to 9 minima suggests that the low-I partial
waves are also small.

Partial-wave analyses were attempted by an iterative
least-squares procedure with the hope of verifying these
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the as+as angular distributions near 31-MeV bombarding energy.

Dashed portions of the curves represent regions where no experimental data were obtained.

inferences and of tracing the energy dependence of the
partial-wave amplitudes. A large number of solutions
exist which give identical fits to the data. It was
hoped at first that only one, or at most a few, would be
physically reasonable, but every one of the dozen or so
solutions found in preliminary tests by random choice
of the initial amplitudes was physically acceptable.
Moreover, the iteration process proved to be unstable
when applied to this problem. Extremely wild excur-
sions were usual during the early iterations and the
converged solutions bore no resemblance to the starting
parameters, so that the energy variation of a particular
partial-wave amplitude could not be studied. For these
reasons the partial-wave analysis was abandoned.

11 ¥ A. Kuehner, J. D. Prentice, and E. Almgqvist, Phys. Letters
4, 332_(1963).

Calculations of cross sections for 31.3-MeV bombard-
ing energy were done at Chalk River using the sta-
tistical compound-nucleus theory.”? Figure 9 shows the
calculated contributions to the angle-integrated ao cross
section from compound states of various spin values.
The J=8 to J=12 region is dominant, and contributes
almost 809, of the cross section. Since the final particles
have zero spin, we expect that the partial waves near
1=10 should likewise dominate the angular distribu-
tion, in agreement with the experimental results

The angle-integrated cross section o7 can be obtained
easily from the fit to Eq. (1); it is simply 4w B,. Figure
10 shows this quantity as a function of energy for all the
data. A problem was encountered for as-+as. The ex-
perimental data extended only to about 155° because

12 Vogt and D. McPherson (private communication).
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F16. 7. Least-square fits with Legendre polynomials to order 24 for the a4 angular distributions near 31-MeV bombarding energy.

these particles have very low energy at extreme back
angles. At some energies the least-square fits behaved
unreasonably (e.g., negative cross sections beyond 155°)
and the uncertainty in B, was comparable with its
magnitude. Both of these problems could be eliminated
by supplying an estimate of the 180° (and/or 170°)
cross section. The magnitude of B, was insensitive to
these estimates. For example, when the 180° cross sec-
tion was increased from 0.001 to 10.0 mb/sr, B, in-
creased by only 159, at-30.15 MeV and 109, at 32.45.
MeV. The vilues of o7 for as+ag that are shown in
Fig. 10 were obtained with intermediate estimates, and
are therefore uncertain on this account by 10 or 20%,.
Although the a4 angular distributions also do not in-
clude data at extreme back angles, the problems. just
discussed do not arise. The 0° and 180° cross sections

are known to be zero since the fourth excited state of
#Mg(3*) has unnatural parity.’® When these zero cross
sections were included in the data to be fitted, the least-
square fits for a4 were found to be well behaved.
19-MeV Data. Differential cross sections were ob-
tained for the ap and a; groups at six energies, 18.95,
19.05, - - -, and 19.45 MeV. The experimental results for
18.95 MeV are shown as points in Fig. 11. For sim-
plicity, the data points at the other energies are not
shown since the least-square fits give an adequate
representation. More than 64 points are shown for
18.95 MeV; the extra data were taken for determina-
tion of relative solid angles. The smooth curves are
least-square fits to expression (1) with K=12. It was

13 A, E. Litherland, Can. J. Phys. 39, 1245 (1961).
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F16. 8. Least-square fits with Legendre polynomials to order 24 for the as-+as angular distributions near 31-MeV bombarding energy.
Dashed portions of the curves represent regions where no experimental data were obtained.

found that usually Bjo is the highest coefficient making
a significant contribution, so that the highest partial
waves involved are those with /=>35. Figure 10 contains
the values of 47 B, from these fits.

As before, these results agree well with our previ-
ously published! excitation functions at 30° and 149°
(lab) provided that an appropriate small adjustment
of the energy scale is made. However, a problem ap-
pears when these results are compared with those of
Ref. 7 in the 500-keV region common to both measure-
ments. The ratio of the ap and @; angle-integrated cross
sections reported in Ref. 7 is in good agreement with
our results, again provided that we allow for a shift in
the energy scale due in part to the absence of a target-

thickness correction in Ref. 7. But our absolute cross
sections are nine times smaller, and a similar dis-
crepancy is evident in the differential cross sections.
The sum of the angle-integrated cross sections of Ref. 7
for ap through a4 is about 250 mb at 9.5 MeV (c.m.).
Since this energy is very close to the entrance-channel
Coulomb barrier, the total reaction cross section should
be on the order of half of the geometric cross section;
the latter is about 1.6 b. It seems unlikely that the cross
section for only seven a groups could amount to 309, of
the total cross section. Thus, we believe that the results
of Ref. 7 are too large by an order of magnitude.
42-MeV data. The ao, a1, and as+a; cross sections
are presented in the lower part of Fig. 12 for three
energies near 42 MeV. Experimental points are given
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only for 41.75-MeV mean bombarding energy. The in-
crease in the number of minima shows that higher
partial waves are now important. The least-square fits
were made with K=28. A test was made with K =32
for the oo data. The coefficients Byg through Bss were
found to be much smaller than B,y through Bs;, and
were not statistically different from zero. This indi-
cates that partial waves above /=13 or 14 are probably
not contributing significantly, in agreement with pre-
dictions of the statistical model.”* The angle-integrated
cross sections are shown in Fig. 10.

49-MeV data. The cross sections for ag, a;, and
astaz at 48.95-MeV mean energy in the target are
several times smaller than at 42 MeV, particularly
for ap (about five times weaker). The angular distribu-
tions are shown in the upper part of Fig. 12 together
with least-square fits for K=32. The mediocre fit with
the ao data is probably due to poor counting statistics.
The integrated cross sections are given in Fig. 10.

Thin-target data. Excitation functions for ay, oy, and
asta; near 19 and 30 MeV were remeasured with a
resolution estimated at 15 keV (c.m.). Data were ob-
tained simultaneously at angles of 30°, 50°, 70°, 110°,
130°, and 150° (lab). In no case could structure finer
than 100 keV be discerned. Figure 13 shows comparisons
between two samples of these data and excitation func-
tions constructed from the data of Figs. 4 and 6.

100
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1073

104
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105

10-¢
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F1c. 9. Contributions to the angle-integrated ao cross section as
a function of compound-state spin for an average bombarding
eznergy o)f 31.1 MeV, according to a statistical-model calculation
Ref. 12).
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F16. 10. Angle-integrated cross sections obtained from the least-
square fits of the differential cross sections as a function of the
mean %0 bombarding energy in the target.

IV. ANALYSIS OF FLUCTUATIONS

The data covering the widest span of energies
(1.33-MeV c.m.) were those near 31 MeV. Statistical
analysis of the fluctuations was carried out to obtain
the coherence angle, the autocorrelation R(0), and the
average compound-nucleus width I'. Because of the
relatively small sample size, ~11T, biases and sta-
tistical uncertainties due to finite-sample effects are
appreciable. A full account of the theoretical considera-
tions for R(0) and I' and the relevant sample-size cor-
rections, according to the Ericson and Brink-Stephen
simplified model of the compound nucleus, is given in
Sec. IV and Appendix B of the preceding paper.? The
formulas from Ref. 2 used in the present calculations
will be identified in the appropriate places.

A. Coherence Angle

Fluctuations at neighboring angles are correlated,
but cross sections at widely separated angles are sta-
tistically independent. The coherence angle over which
correlations exist is obtained from the characteristic
width of the angular cross-correlation function as a
function of B, the difference between any pair of angles.
This function is defined by

(o(E0)o(E,6-+8))
Re(B)= 1,
O et -9

where the brackets denote averages over E, the energy.

‘Brink, Stephen, and Tanner have shown that Ry(3)

should resemble a diffraction pattern as a function of 8
with a width of the order of (kR)™. The detailed de-

14 D. M. Brink, R. O. Stephen, and N.W. Tanner, Nucl. Phys.
54, 575 (1964). . 1 ’ :
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pendence on 8 depends on the particular nuclear model
chosen. For a surface-emitting sphere of radius R,
the theoretical prediction is*

Ro(8)=[(sinkRB)/kRBT . ©)

The half-width at half-maximum of this function is
given by 1.39/(kR), which is 6.6° for the present case.

We did not make a detailed examination of R,(B)
for all 64 values of 6. Instead, we averaged over § in
order to show the over-all trends clearly. We will
designate the average of Rg(8) over all angles 6 by
R,,(B8). The cross sections were measured at angles
spaced equally in the laboratory system, but these
correspond to grossly unequal 8 in the c.m. system, so
that it is impossible to calculate R, () directly from
the experimental cross sections. Therefore, R,v(8) was
calculated by using the Legendre-polynomial least-
square fits. The results are shown in Fig. 14 for all five
a-particle groups.

We define the coherence angle as the half-width 8y2
of these curves by the expression

Rav(ﬁl/Z) = %[Rav (ﬁrn)_Rav (0)] 3 (4)

CENTER-OF-MASS ANGLE (deg)

where S, is the location of the first minimum (or, for
those curves without a clearcut minimum, the smallest
3>0 for which the slope is zero). We obtain the values
61/2=4.7°, 6.20, 6.60, 6.50, and 7.0° fOI’ o, O, a2+a3,
ay, and as+ag, respectively; the average of these num-
bers is 6.2°, which corresponds to £ZR=12.86. These
results are in satisfactory agreement with the value
expected for the model mentioned above.

Many of the curves, particularly the one for ag, show
a diffraction-like structure with a spacing of 18° to 19°.
According to the model, minima should occur at inter-
vals of w/kR, or 14.9° for kR=12.08. Although this
discrepancy is not serious, it indicates that the model is
probably oversimplified.

B. R(0) for Differential Cross Sections

The autocorrelation function for e=0 is of great
interest because its expectation value £2(0), depends on
the number N of independently fluctuating channels,
and on ¥, the ratio of the nonfluctuating (direct-inter-
action) cross section to the average cross section. The
estimated N values? for all five groups are listed
in Table II.
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Fic. 12. Angular distributions near 42- and 49-MeV bombarding energy. Experimental points are shown for 41.75 and 48.95 MeV

only.
the 49-MeV data.

For finite samples con51stmg of » statistically inde-
pendent observations, £(0) is smaller than for infinite
samples. In this work we use Eq. (B7) of Ref. 2 to ob-
tain B(0). The 31-MeV data cover an interval of about
11T (if we assume I'~115 keV), so that the sample
size # is about 4.7, according to Eq. (1) of Ref. 2.
Thus finite-sample effects will be considerable. For ex-
ample, for N=1 and no direct interaction (y=0),

The smooth curves are fits with sums of Legendre polynomials to order 28 for the 42-MeV data and order 32 for

R(0)=0.65. This may be compared with 1.00, the value
expected in the absence of finite-sample effects.

In examining experimental results, it is necessary to
know not only the expectation value but also the antici-
pated spread about the expectation value. For the ag
data, the standard deviation of R(0) about the ex-
pectation value of 0.65 is expected to be 0.42 for y=0,
according to Eq. (B10) of Ref. 2. Figure 15 shows R(0)

TaBLE II. Angle-averaged values of R(0) for the differential cross sections, in comparison with y=0 predictions. The estimate of N
the effective number of independently fluctuating channels, is for angles far from 0° or 180°. The quantity Q is the deviation of the
experimental value from the expectation value, in units of the standard deviation, as defined in Eq. (5).

Estimated R(0)
Group Region of averaging Experiment Expectation Q
ay 1 17°-172° 0.508 0.6484-0.169 —0.82
o 3 30°-150° 0.210 0.2454-0.059 —0.59
astas 8 30°-150° 0.177 0.096-£0.021 +3.81
ay 3 30°-150° 0.174 0.2454-0.059 —1.19
as+as 6 30°-150° 0.084 0.127+0.029 —1.48
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Fic. 13. Effect of improved energy resolution on excitation func-
tions near 30 MeV. The solid points were obtained with a target
thickness equivalent to 15 keV (c.m.), while the open circles are
from data taken with 40-50-keV resolution. Typical counting
statistics for the thin-target data are indicated by the
error flags.

for ap as a function of angle; most of the values of R(0)
lie within the expected range. Incidentally, note that
the characteristic widths of the structure in Fig. 15 are
consistent with the coherence angles obtained in Sec. 1.

A better test of whether these results are consistent
with the y=0 expectation value can be made by com-
bining the data at different angles to obtain a result
with less uncertainty. Suppose we combine 7 indepen-
dent pieces of data to obtain the angle-average auto-
correlation. According to the central-limit theorem, the
expectation value of the angle average remains equal
to R(0). Its distribution about E(0) tends to become
Gaussian as 7 increases, with a variance 1/ times the
variance of an individual measurement. We estimate ¢
by expressing the angular span in terms of the co-
herence angle 81, We assume that cross sections are
substantially uncorrelated if they are separated by more
than twice the full width of the angular cross-correla-
tion function, that is, by more than 48y:. The o data
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covering angles from 17° to 172° is thus equivalent to
1=~ 6.25 independent pieces of data, so that the expected
standard deviation is 0.42/4/6.25=0.17. The experi-
mental angle-averaged value of R(0) is 0.51; this
is 0.8 standard deviation below the y=0 expectation,
R(0)=0.65. Although the existence of a small non-
fluctuating component cannot be ruled out, we may
conclude that the data do not demand the presence of
any direct interaction.

In applying this type of analysis to the other «
groups, the regions near 0° and 180° must be kept
separate from the intermediate angles because of the
variation of N with angle.? In the oy data shown in
Fig. 15, the values of R(0) near 0° and 180° are con-
sistent with R(0)=0.654-0.42, the expectation for
N=1. At intermediate angles, we have N=3 and
R(0)=0.24. We exclude the transition region from
N=1to N=3 by averaging R(0) only from 30° to 150°;
the experimental angle-averaged value of R(0) is 0.21.
The standard deviation expected for the angle average
of R(0) over this range is 0.06; the experimental value
of 0.21 is in agreement with the y=0 expectation of
0.24. Thus, the a; cross sections also do not demand
any nonfluctuating component.

Table IT lists the results for all five groups. The
quantity Q is the deviation of the experimental angle
average from R(0) in units of the expected stand-

ard deviation: _
_ [R (O) ]angl e-average k (O)

© {[varR(0))/4}2

It is tempting to average Q over all five groups to
characterize the over-all behavior. One finds that
Qav=—0.05, suggesting that on the average the fluctu-
ations are well within expectation for y=0. However,
the value of Q=23.81 for as+-as is highly improbable for
a Gaussian distribution, which suggests that the as+4-a3
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0,28 046 I
0,24 042 V?.o’
0,20 _k\ 0,08 A
(oX[} T 6,2°. 0,04 \
oz o~ o ag+ag
0,08 \ 0.36 :
0,04 \ AN N 0,32 \
0 a.28
-004 0.24 —\«5,5
& —008 [—1 0.20 ‘4/ Fic. 14. Angle aver-
~ o8 046 \ ages of the angular
L \ cross-correlation  func-
o7 042 \/-\ tions for the 31-MeV
o6 0.08 data.
05 004 \/ N\ /]
’ N\
04 B o N\
| 4 0.20 P6.6° Y
Q3 X °
0,2 4/ 0.6 I
ot A/ o |
JRVAAVAW. W N —r
—ou4 VN L\ //\\/ 004 >~
- . [
0'20 20 40 60 80 100 4200 440 0 20 40 60 80 400 420 . 440
B(deg) Bldeq)



162

data are not consistent with the statistical model
adopted here.

C. R(0) for Integrated Cross Sections

Ericson has pointed out!® that for angle-integrated
cross sections the different partial waves add inco-
herently and the fluctuations are damped. The effective
number Nj,; of independently fluctuating channels
may be estimated by multiplying the number N of inde-
pendent magnetic substates by the effective number of
partial waves contributing. In this work we reverse
this procedure and determine Ny, by inversion of Eq.
(B7) of Ref. 2, using the experimental values of R(0)
calculated from the integrated cross sections. The re-
sults are listed in Table ITI. In the last column they are
divided by the estimated IV values for the differential
cross sections in order to obtain the damping factor
(effective number of partial waves).

The angular-distribution analyses given earlier and
the statistical-model calculations (Fig. 9) show that
most of the cross section is provided by a few partial
waves, perhaps four. The damping factors for oy, as,
and as+og are in agreement with this. The large damp-
ing for ap is not understood. The ay+a3 group shows a
much smaller effective number of partial waves.

It is possible to construct a class of statistical models
more accurate than the one adopted here.’® Under some
conditions these “R-matrix models” give rise to un-
usually strong, broad peaks dominated by one I-value.!
The as+a; behavior seems to agree with qualitative
predictions for these models,2 but at present it is not
possible to determine whether this behavior is quanti-
tatively within normal limits for any model of
this class.

D. Determination of I

The coherence width I' of the participating com-
pound states was obtained as a function of angle by
two methods, from the width at half-maximum of the
autocorrelation function® and from the number of max-
ima per unit energy.! The estimator R(e) of the auto-
correlation function given by Eq. (4) of Ref. 2 was used
for this work. This function was calculated at each of
the 64 different angles for ay, a1, and az+a3. Because of
the small sample size, the result was frequently far
from the expected Lorentzian. For example, the second

TasLe III. R(0) for angle-integrated cross sections and Ning
from inversion of Eq. (B7) of Ref. 2. The damping factor by which
Nne is larger than the estimated N values of Table II is also shown.

Damping
Group R(0) Nint factor
o 0.0503 154 15.4
a 0.0647 119 40
astas 0.0965 7.9 1.0
Qs 0.0581 13.3 44
ast+as 0.0197 39.7 6.6

15 T. Ericson, Phys. Letters 4, 258 (1963).
16 P. A. Moldauer, Phys. Rev. Letters 18, 249 (1967).
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Fi1c. 15. Autocorrelation R(0) as a function of angle for ap and an
in the 31-MeV region.

point of R(e) was higher than R(0) for about one-third
of the angles. For consistency, it was decided to adhere
to one objective criterion of width, namely, the value of
e for which R(¢)/R(0)=%. The observed autocorrela-
tion widths for ap, a1, and ax+a; are indicated by the
full points connected by smooth curves in Fig. 16.
Gaps in the curves correspond to the results which were
clearly spurious, for example, those in which the second
point of R(e) is so small that it leads to widths smaller
than the experimental energy resolution. Table IV
lists the observed autocorrelation widths averaged
over angle.

For excitation functions of finite length, the observed
width is an underestimate of I'. An approximate cor-
rection for the finite-sample bias is given in Appendix B
of Ref. 2, Eq. (B13). In addition, a reduction of 3.8,
in the observed autocorrelation width is necessary to
correct for the 45-keV energy resolution [see Ref. 2,
Eq. (5)]. The full points of Fig. 16 and the corrected
autocorrelation results of Table IV incorporate these
factors. The peak-counting results are indicated in Fig.
16 by the open circles; the by factor given in Appendix
C of the previous paper? was used. The results are con-
sistent with other determinations of T' at this energy.!?

The averages over groups and corresponding standard
deviations are also given in Table IV. The two methods
of determining I' give the same result within the sta-
tistical uncertainties. The standard deviation of differ-
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F1G. 16. Coherence widths in the 31-MeV region corrected for
finite-sample effects, energy resolution, and spacing of experi-
mental points. The full points are from the autocorrelation func-
tions, while the open circles are the results from peak counting.
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TasBLE IV. Angle-averaged values and standard deviations of I in keV for the 31-MeV data. The corrected autocorrelation widths
take account of energy-resolution and finite-sample effects. The widths from peak counting incorporate the tabulated values of by, which

were taken from Appendix C of Ref. 2.

Autocorrelation width Width from peak

« group Observed Corrected counting by
@ 94432 131445 1334-65 091
a 122435 154 4-44 12056 0.90
aztas 101£26 124432 97428 0.88
Qs . 100423 0.90
a5+ae 90:& 16 087
Average 136.3+13.2 110.2+£17.9

ent results for the same compound system is usually
much smaller when T' is determined by peak counting
instead of from the autocorrelation function.2'” For the
present data, however, this does not appear to be true,
possibly because the interval is short and the number
of maxima, which of course must be an integer, is small.
The over-all weighted average value of T' is 125.2410.6
keV; the quoted uncertainty is merely the standard
deviation of the average.

We now examine Fig. 16 for the dependence of T' on
angle. The autocorrelation widths are very similar over
angle spans 5° to 10° wide. Other similarities in the
structure of autocorrelation functions for neighboring
angles also persist over angular intervals of this magni-
tude. These are in agreement with the coherence angles
obtained in Sec. I. However, the average trend of the
autocorrelation results of Fig. 16 shows little or no
variation with angle. The same result is obtained with
data over a wider range of energies.? The measured I’
is, in general, an average value over all I'; for com-
pound states with different spin J. Since the high-spin
states decay preferentially forward and backward,®!® a
strong dependence of I'; on J might be expected to
show up as a variation with angle of the measured T.
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Fic. 17. Differential cross sections averaged over bombarding
energies from 29.55 to 32.65 MeV. The uppermost curve is the sum
over the five a-particle groups.

17°A. van der Woude, Nucl. Phys. 80, 14 (1966).
18T, Ericson and V. Strutinski, Nucl. Phys. 8, 284 (1958); 9,
689 (1958/59).

In the present case, however, a simplified estimate
showed that the dominance of a few spin values near
J=10 (seen in Fig. 9 for ag) is sufficiently strong to
overwhelm thecontributions of the other compound
states at all angles, and no angular variation of the
average of I' should be expected. As a corollary, the
experimental coherence width gives I'jo directly.

Measurements by Drysdale, Policarpo, and Phillips?
at 15°, 35° and 55° covering the span of bombarding
energy from 24.2 to 26.9 MeV (roughly 13I') show a
decrease of the autocorrelation width with angle. In
view of the large fluctuations of I' with angle exempli-
fied by the data of Fig. 16, there is no conflict with the
present conclusion about the average trend of T'.

The average trend of the peak-counting results for
o and as+ag show the same insensitivity to angle as the
autocorrelation results mentioned above. For the low-
lying states, the increase with angle of the average I'
from peak counting conflicts with the autocorrelation
results just discussed. The reason is unknown. It is
worth noting, however, that the points with I'~270 keV
correspond to excitation functions with only two
maxima. Since the trend of I' ought to be symmetric
about 90° in any case, the peak-counting results for the
low-lying states should be viewed with caution.

The excitation functions for the integrated cross sec-
tions (Fig. 10) also furnish estimates of I'. The observed
autocorrelation widths for ap and «; are 95 and 112 keV.
The autocorrelation width for as+a; is 206 keV, a re-
sult which may be typical not of the statistical fluctua-
tions but rather of the broad peak which dominates the
excitation function. The as width is 64 keV, an un-
usually small value which conflicts with the angle-
averaged value in Table IV. For as+ag, the lack of cross
sections at back angles and resulting uncertainty in By
makes a reliable determination of I' impossible.

V. ENERGY-AVERAGED CROSS SECTIONS
A. Differential Cross Sections

Figure 17 shows the experimental angular distribu-
tions averaged over the range of bombarding energies
from 29.55 to 32.65 MeV. The slight variation in c.m.
angle with energy was not taken into account here—
the cross sections are actually averaged for fixed labora-
tory angle. Also shown is the sum of the average cross
sections for the five a-particle groups.

The strong forward-backward peaking is due to the
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dominance of high-spin compound states, and has
been explained semiclassically by Ericson and Strutin-
ski.>1® According to the statistical model, the expecta-
tion value of the angular distributions is symmetric
about 90°.5 The energy averaging damps the fluctua-
tions and gives a result which may be compared with
the expectation value. The general trend of the data is
for symmetry about 90°. This is particularly evident in
the sum, for which the fluctuations are the most highly
damped. The detailed structure is asymmetric, but this
is consistent with the expected residuum of fluctuations
due to the finite length of the averaging interval. If
we use (B5) of Ref. 2 to estimate the variance of the
average cross section, then for y=0 we have RSD (o)
=0.46/o/N. It can be seen that in most cases the devia-
tion from 90° symmetry falls within normal limits. For
ao, however, the cross section beyond 90° tends to be
two or three times larger than the forward cross sec-
tion. This asymmetry seems to be too large to be ac-
counted for by the expected RSD{¢). Examination of
the excitation functions from Ref. 2 may be useful here
because they cover a wider range of energies and finite-
sample effects are smaller. The 90° (c.m.) excitation-
function data are in agreement with the expectation for
y=0. Unfortunately, there is a gap in the excitation
functions for the back angles just at these energies, so
no further light can be shed on this matter.

B. Total Cross Sections

The averages of the angle-integrated cross sections
near 31 MeV are given in Table V. The uncertainties
tabulated are the expected y=0 standard deviations
obtained from Eq. (B5) of Ref. 2 with N replaced by
Niny from Table IIT; they do not include experi-
mental error.

It is frequently stated that according to the statisti-
cal model the average cross sections should be propor-
tional to the statistical weight of the level in question.
The validity of this concept has been explored theo-
retically by MacDonald® and by a group at Saclay.??
For this purpose the statistical weight is normally taken
to be (2j+1), where j is the spin of the final level, since
there are (2j+1) magnetic substates. Except for a,
the integrated cross sections are nearly proportional to
(2j+1), as shown in Table V. However, for consistency
with the fluctuation analyses adopted in this paper one
should perhaps choose a statistical weight equal to N
since it was assumed that the V channels contribute
equally. As shown in Table V, this choice gives reason-
ably good proportionality to the statistical weight for
all groups.

VI. SUMMARY AND CONCLUSIONS

Detailed angular distributions for 2C(%%0,a)*Mg
were measured at closely spaced energy intervals in four
regions of bombarding energy. The increase in angular
momentum with energy is clearly shown by the increas-

9 L. Wolfenstein, Phys. Rev. 82, 690 (1951).

20 N. MacDonald, Nucl. Phys. 33, 110 (1963).
2 L. Papineau, Saclay Report No. CEA-R2876 (unpublished).

ANGULAR DISTRIBUTIONS OF

1zc(1sola’)24Mg 933

TABLE V. Angle-integrated cross sections in mb averaged over
bombarding energies from 29.55 to 32.65 MeV. Also given are the
cross sections divided by two choices for the statistical weight.
The quoted uncertainties come from the expected standard
deviations.

Group or or/ (2§4+1) or/N

o 2.874+0.34 2.8740.34 2.87+0.34
a1 6.424-0.50 1.28+0.10 2.144+0.17
aztas 13.8540.80 0.99+0.06 1.7340.10
ay 6.214+0.46 1.044-0.08 2.0740.15
astas 9.39£0.28 0.94-+0.03 1.5740.05

ing complexity of the angular distributions. Near
31 MeV (~30-MeV excitation energy in the 28Si com-
pound nucleus) the dominant compound states are
those with J~10.

Analyses of the fluctuations in these data revealed the
following. (a) The coherence angle is about 6.2°, in
good agreement with the expected value. (b) The aver-
age coherence energy I' is about 125 keV and does not
depend on angle because of the dominance of a few
angular momenta. (c) Measurements with 15-keV reso-
lution revealed no structure finer than 100 keV. (d) The
data are generally consistent with the hypothesis that
the nonfluctuating (direct-interaction) component of
the cross section is zero. (e¢) The ayta; data are not
consistent with the predictions of the Ericson and Brink-
Stephen model. The differential cross section shows too
much fluctuation, and the fluctuations in the angle-
integrated cross section are damped much less than
expected. However, the ax4a3 behavior may be within
normal limits of a more accurate model.

Averaging the differential cross sections over energy
damps the fluctuations and tends to give 90° symmetry,
in accordance with expectation from the statistical
model. Strong forward-backward peaking occurs be-
cause of the high angular momentum involved. The
angle-integrated average cross sections are approxi-
mately proportional to the statistical weights of the
various final levels of 2Mg.

Except possibly for the unusual a;+e; behavior,
there is over-all agreement with the statistical model,
and this reaction may be characterized as a pre-
dominantly compound-nucleus process.
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