PHYSICAL REVIEW

VOLUME 176,

NUMBER 4 20 DECEMBER 1968

3P(d,«)*Si Reaction from 7.3 to 12.0 MeV*

G. A. Lock, J. R. Curry, P. J. RiLEY, AND C. G. SHUGART
The University of Texas at Austin, Austin, Texas 78712
(Received 1 April 1968)

Cross sections for the reaction 3P (d,a)®Si have been measured for laboratory deuteron energies from 7.300
to 12.020 MeV. The data have been analyzed in terms of Ericson fluctuation theory, from which the co-
herence width in S has been obtained for the whole range of data and for the data divided into halves. The
fraction of the reaction proceeding via a direct mechanism has also been determined by Ericson-type analysis.
To obtain this fraction, it was necessary to take into account the particle decay of the compound nucleus
through 3040 channels in order to calculate realistically the fluctuation damping coefficient.

I. INTRODUCTION

HEN nuclei are sufficiently excited that levels of
the compound nucleus are widely overlapping,
interference effects among the overlapping levels will
cause fluctuations in the cross sections as a function of
incident energy. Ericson' and Brink and Stephen? have
shown that a description of these fluctuations can be
formulated in terms of three parameters. The first is the
average width (coherence width) I' of the compound-
nucleus states while the second is the direct-reaction
fraction y of the observed cross section. The third is the
effective number N of M sets of angular momentum
projections that damp the fluctuations as a result of the

multiplicity of incoherent emission channels.
The coherence width can be determined by means of

a generalized correlation function defined by

R
od(£)

+0.5( = 1)(”(5;;6) 1)> )

where ¢, and o} are the differential cross sections for a
groups a and b at a given angle and where ¢=b for auto-
correlation and a>£b for cross correlation. The brackets
indicate energy averaging. By specifying the statistical
nature of the reaction amplitude one can directly
determine I' from

Ra=b(5)=Razb(o)/[1+(e)2/(r)2]' (2)

The fraction of the cross section resulting from a direct
mechanism defined by

y=op1/(op1t{ocN)) (3)
is determined from
Rues(0)=(1—252)/Nes. (4)

Here opy is the direct-reaction cross section and {oox) is
the average compound nucleus contribution to the cross
section. The calculation of y is dependent upon an in-
dependent determination of Nes; which will be discussed
in detail below.

*Work supported in part by the U. S. Atomic Energy
Commission.

1T, Ericson, Ann. Phys. (N. Y.) 23, 390 (1963).

2D. M. Brink and R."O. Stephen, Phys. Letters 5, 77 (1963).
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A number of investigators®=® have determined the
average level width or coherence width for an assort-
ment of medium weight nuclei. In addition, in most
cases an attempt has been made to determine y. In all
cases, the values of y obtained have been less than 0.50.
Hence the associated errors make their measurements
nearly indeterminate. It was the intention of the
present work to make a reasonably accurate determina-
tion of both the coherence width and the fraction of
direct reaction for the 3'P(d,a)?Si reaction covering a
region of bombarding energy from 7.300 to 12.020 MeV
in the laboratory. This corresponds to an excitation
energy in %S from approximately 22.1 to 26.5 MeV,
which suggests that for the (d,a) reaction the direct
component might dominate and hence make the
measurement of its fractional contribution meaningful.

II. EXPERIMENTAL

The deuteron beam for this experiment was provided
by The University of Texas EN tandem accelerator.
The range of deuteron energy covered was from 7.300
through 12.020 MeV in the laboratory in steps of
approximately 12 keV. The beam was focused onto a
target located at the center of a 20-in.-diam scattering
chamber by a quadrupole lens system. Self-supporting
phosphorus targets were prepared by the evaporation of
natural red phosphorus, following the technique de-
scribed by Hooten.” The target used in the present work
had a thickness of 147 ug/cm? as determined from low-
energy elastic-scattering measurements. Six surface
barrier solid-state detectors were used at laboratory
angles of 170°, 150°, 130°, 110°, 90°, and 40°. The selec-
tion of the first five angles allowed a reasonable angular
distribution over at least one quadrant. The detector
at 40° provided an indication of any forward peaking in
the reaction cross section, which might be expected if a
significant portion of the reaction mechanism were
direct. All six of the detectors had a depletion depth of

3B. W. Allardyce, P. J. Dallimore, I. Hall, N. W, Tanner,
A. Richter, P. von Brentano, and T. Mayer-Kuckuk, Nucl. Phys.
85, 193 (1965).

¢ M. L. Halbert, F. E. Durham, and A. Van Der Woude, Phys.
Rev. 162, 899 (1967).

8 G. G. Seaman, R. B. Leachman, and G. Dearnaley, Phys. Rev.
153, 1194 (1967).

6 G. Dearnaley, W. R. Gibbs, R. B. Leachman, and P. C.
Rogers, Phys. Rev. 139, B1170 (1965).

7B. W. Hooten, Nucl. Instr. Methods 27, 338 (1964).
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Fic. 1. A typical 31P(d,«)?Si pulse-height spectrum
showing the seven a groups resolved.

300 p at maximum bias voltage. The detectors used at
the four most backward angles had active areas of 50
mm? whereas the two used at 90° and 40° had active
areas of 25 mm2 The detector holders were constructed
in such a way that only particles incident from the
direction of the target were detected. The solid angles
for the 40° and 90° detectors were approximately
7X 10~* sr while the solid angles for the four most back-
ward angle detectors were about 1310~ sr. The scat-
tering chamber and its accessories are identical to those
described by Foster.?

The detectors were biased at less than maximum bias
voltages so that only the a groups of interest and very-
low-energy protons, of the order of 3 MeV, were stopped.
The « groups leading to the ground and first six excited
states in #Si were resolved and are shown in the typical
spectrum in Fig. 1. The experimental resolution was
about 50 keV. The detector pulses were analyzed by
two 400-channel pulse-height analyzers, both of which
were controlled by a current integrator which monitored
the charge collected in a Faraday cup located behind
the scattering chamber. The spectra were transferred
from the 400-channel analyzers to an on-line PDP-7
computer and printed out on a line printer as well as
punched out on paper tape. A peak summing program
APHRODITE? was used to sum about 509, of the peaks of
interest. The excitation functions measured at 170°
and 40° are shown in Fig. 2.

III. ANALYSIS

The bombardment of P by deuterons having labora-
tory energies ranging from 7.300 to 12.020 MeV can
lead to excitation of S in the energy region from
22.078 to 26.459 MeV. In this region of excitation for a

8]. L. Foster, Ph.D. thesis, The University of Texas, 1967
(unpublished).
9 C. F. Moore and B. M. Foreman (private communication).
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medium weight nucleus such as sulfur, the levels overlap
so that the condition I™>D is satisfied as required for
application of the Ericson theory. The various decay
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Fic. 2. (a) 170° excitation functions for the seven « groups ob-
served. (b) 40° excitation functions for all seven & groups.
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Fic. 3. Level scheme showing the open decay modes
for the excited sulfur nucleus.

channels available to the highly excited sulfur, of which
the a channel was the only one observed experimentally,
are shown in Fig. 3.

Before applying Ericson fluctuation analysis, its
applicability must be tested. Qualitatively, this can be
done by comparing the excitation functions leading to
the various final states in #Si, such as those shown in
Fig. 2, and noting no apparent correlation between the
various dips and rises. A more quantitative method
involves the calculation of the cross correlation function
defined by Eq. (1). The particular form of the correla-
tion function employed permits an equal weighting of
correlations between a given point and points measured
at lower excitation energies as well as greater. One
hundred twenty-six cross correlations between the
different a groups at the six angles were carried out
showing very little correlation. The correlations at each
of the six angles should be relatively independent since
the angular separation of the detectors is at least 20°,
which is larger than a crude approximation of the
coherence angle, given by §=1/kR=16°10

A. Coherence Width Determination

Initially a straightforward correlation analysis was
applied using for {¢) in the calculations a simple arith-
metic mean. The resulting autocorrelation functions
were not Lorentzian in shape but instead resembled the
unmodulated correlation functions of Allardyce ef al.?
The values of T' extracted from such functions were
erratic, and varied between 70 keV for a3 at 170° and
880 keV for a; at 150°. The average value of T' was
278 keV.

The main reason for this behavior is the decrease in
the average cross section as a function of energy. This
decreasing cross section is an example of nonstationary
or modulation effects as discussed by Hall'* and by
Allardyce et al.? Their method for accounting for the
modulations was approximated. Although the modu-

10 D, M. Brink, R. O. Stephen, and N. W. Tanner, Nucl. Phys.

54, 577 (1964).
111, Hall, Phys. Letters 10, 199 (1964).
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lated widths were more consistent than the unmodulated
ones they still lacked over-all consistency and varied
between 55 keV for ap at 170° and 150 keV {for a3 at 150°.
The average value of T' was 89 keV.

There is another method for circumventing the effects
of this modulation. Rather than use the simple arith-
metic mean for the average cross section in the correla-
tion function, one can use a moving average. Program
DOORWAY!? is written to allow for such a choice for 4.
When this option in the program is exercised, the & be-
comes §(E), which represents a smooth variation of &
around which the cross section may be fluctuating. The
quantities (E) may be calculated in two ways, as
follows:

(a) The cross section ¢(£) may be smeared with a
rectangular resolution function of a prescribed width,
preferably many times larger than the coherence width.

(b) #(E) may be calculated by fitting the cross sec-
tion over a prescribed region with a quadratic in the
energy E. The second method was chosen for compu-
tational simplicity.

The extraction of widths from correlation functions
using moving energy averages has been discussed by
Gadioli ef al.1® Their method assumed that it is possible
to write the cross section as the sum of a smoothly
varying average and a fluctuating component about
this average. If one lets o4 be the cross section averaged
over a small interval A, the problem is to discover an
interval & for which o5 reproduces the smoothly varying
energy average. The method for determining § is out-
lined in Ref. 14. The widths were extracted from the
correlation functions using the moving energy average
and a value of 6= 1049 keV.

There are three specific corrections which can and
should be made to these widths. These are corrections
due to the interval between data points, finite sample
size, and counting statistics, respectively.

The effect of the first correction, finite energy resolu-
tion AE, on T' and R(0) has been studied by Gibbs* and
by Van Der Woude.!® The latter shows that

R(0)=R(0)[1—(4/3)(AE/2T)*+O((AE/2T)H) ]

and
I./T'=4(AE/2T)*+0((AE/2T)*), ©)

where the quantities subscripted by e have been ob-
tained with finite energy resolution and the unsub-
scripted quantities are the desired values. The energy
interval between data points in the present experiment
was about 11 keV and the average coherence width is
subsequently shown to be 69 keV for the entire energy

12 P, P, Singh (private communication).

13 E. Gadioli, I. Tori, and A. Marini, Nuovo Cimento 39, 996
(1965).

14 W, R. Gibbs, Los Alamos Scientific Laboratory Report No.
LA 3266, 1965 (unpublished).

18 A, Van Der Woude, Nucl. Phys. 80, 14 (1966).
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TaBLE I. Coherence widths in keV obtained from the whole
range of data from autocorrelation analysis using a moving energy
average.

T for E4=7.300 — 12.020 MeV

170° 150° 130° 110° 90° 40°
ay  66£6.5 80+5.9 63+3.6 5240.5 72422 67+1.8
a; 82455 82428 77431 ce- 67+1.1 47+1.9
az e 60410 61412 72423 70+0.6 75%1.2
az  58+2.2 84434 79425 60412 84+14 62412
as  66+3.9 57+1.8 66415 68+1.4 65+1.3 66+0.9
a;  69+2.4 70x1.5 80+2.1 65414 72409 77+1.2
as e 64+1.3 66+1.5 86429 85+1.0 64+0.9

range. Therefore,
(AE/2T)2=63.5X 1074, (6)

and hence the corrections to I' and R(0) are less than
19, and have been taken to be negligible.

Finite sample size and counting statistics corrections
have been explicitly worked out by Gibbs.!* The
method employed followed the outline of Ref. 14 with
only slight variations. The corrected widths for the en-
tire range of data measured for the seven a groups at the
six angles are shown in Table I. The uncertainties shown
have been calculated as in Ref. 14. The data were
halved and a similar extraction of the coherence widths
carried out. The average widths for the entire range of
data and for the first and second halves are 69411,
61412, and 774-13 keV, respectively, indicating that
the average widths increase with excitation energy. The
corresponding sample sizes are 25, 14, and 13.

Recently the method of counting maxima in the
excitation functions in order to evaluate the coherence
width has been used extensively. The method was
originally proposed by Brink and Stephen? and further
theoretical work regarding its application was carried
out by Van Der Woude!® and by Bizzeti and
Maurenzig.'¢ The number of maxima per unit energy
interval is related to T' by the relation

n=0.5by5/T. (7

The factor by depends on the number of independent
M sets and on the ratio AE/T. In the present study,
the points are sufficiently close together so that the
effect of AE/T is negligible. Bizzeti and Maurenzig!®
have concluded that for

AE/T=0, by=1.10, (8)

independent of V. In addition, they have explored in
some detail the effects of “doubtful maxima.” Essen-
tially they have devised a method of guaranteeing
uniformity in the selection of the maxima. Uniformity
was achieved in the present study by estimating
Ericson’s variance of the difference o(E)—o(£+¢) given
by
2R(0){e)*/[1+(T/AE)?]

18 P, G. Bizzeti and P. R. Maurenzig, Nuovo Cimento 47, 29
(1967).

LOCK, CURRY, RILEY, AND SHUGART

176

TasrE II. Coherence widths in keV for the first 2 MeV of the data
from correlation analysis and from peak counting.

Correlation width (keV)

170° 150° 130°
a Auto- Peak Auto- Peak Auto- Peak
group correlation counting correlation counting correlation counting
ao 59454 58+7.0 83-£7.7 50£6.0 64:+4.2 65+7.8
a1 66-+3.5 73+8.8 594+3.1 61473 59+4.1 61473
@z cee 73-+8.8 62415 48458 59+1.6 5546.6
as 56+3.2 69483 82+2.8 5046.0 67424 61473
as 524+4.6 5847.0 48+2.2 6173 58+1.5 50+6.0
s 514+1.2 65478 484+0.5 58+7.0 58+1.0 4845.8
as 53+1.9 69483 54411 61473 584-0.9 50+6.0

and then by defining a maximum to be a point larger
than the points on either side of it by an amount larger
than this variance. Unfortunately, the experimental
variance was often of the same magnitude as the
Ericson variance, and the situation was made difficult
by the small value of AE/T. These two difficulties
coupled to lessen the effectiveness of the technique
which otherwise is simple, speedy, and encompasses no
bias due to the finite energy range of data. In addition,
for a continuous curve of cross section versus energy,
Van Der Woude has shown that the statistical signifi-
cance of the estimate of I'is better for the peak counting
method than for others.

In the present study the relatively small value of
AE/T=0.16 prompted the choice of dy=1.10 for all
values of V. Experimental cross-section uncertainty
and the damping of the fluctuations because of N made
it feasible to apply the peak counting technique only at
angles of 170° 150°, and 130°. Since the fluctuations
damp out strongly in the last 2.7 MeV of the data, peaks
were counted only in the first 2 MeV. The results for
both peak counting and correlation analysis for the
first 2 MeV of the data are shown in Table II. The
standard deviations for the peak counting method
shown were calculated using the results of Ref. 15. Even
though the standard deviations associated with the peak
counting results are less than those associated with the
correlation analysis, less confidence is placed in the
former than in the latter because of the problems already
enumerated. In general there is fair agreement between
the results for the two methods. The average value of T’
obtained at the three angles by both methods is 604-8
keV from correlation analysis and 596 keV from the
method of peak counting.

B. Determination of y

In order to demonstrate that the fraction of direct
reaction is sufficiently large to be measurable one can
assume that it is not and seek a contradiction in the
subsequent analysis. If y=0, the probability distribu-
tion of cross sections should be given by a vy distribu-
tion'” with both parameters equal to Ny The proba-
bility distribution computed by DoORwWAY using the

1" E. Parzen, Modern Probability and Its Applications (John
Wiley & Sons, Inc., New York, 1960).
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moving energy averages for (¢) was fitted to this form

and a best value for NV was deduced by a x? test. The

probability fits obtained at 170°, the most backward

angle for which data were taken, are shown in Fig. 4.

Values for V were also deduced by using Gibb’s biased

value for R(0),

R(0)=(n—1)/(1+nN), ©)

and were shown to be in excellent agreement with the
values obtained from the probability fits. The symbol
n above denotes the sample size.

For a given set of spins, it is a simple matter to
calculate the number of independent M sets at 0° and
180° under the assumption that the z axis is along the
beam direction. It is reasonable to assume that the
value of N would not vary greatly between 170° and
180°. A comparison of the values of N deduced from the
probability fits at 170° and those calculated from
angular-momentum considerations at 180° is shown
in Fig. 4. Clearly, y cannot be ignored even at 170°.

It is clear from Eq. (4) that an accurate assessment
of y is dependent on the knowledge of NVe¢r. The limiting
number of M sets is given by

N=3[2S+ 1@+ 1)2r'+1)(25'+1)+1]

for all spins integer,
N=3[(2S4+1)(2I+1)(2I'+1)(25'+1)] otherwise,

where S and I are the spins of the projectile and target,
respectively, and the primed quantities refer to observed
particle and residual nucleus spins. The value of IV
varies from 6 to 24 for the seven a groups resolved. As
pointed out by Seaman ef al.,’ since the contribution to
the cross section from each M set is usually different,
the effective number of M sets Neg is generally non-
integral and less than the limiting value of V.

Bondorf and Leachman'® have shown that a value for
the effective number of M sets NesF can be calculated
from Hauser-Feshbach cross sections according to

- [.26.(0) ]
20T

where u refers to a given member of the set of spin
projections {S.,/.,S.,I.'} and it is assumed that each
of the basic cross sections ¢,(f) is independent. These
cross sections can be calculated if the transmission
coefficients in all open exit channels are known.

The general expression for the transmission coefficient
T; as given by Feshbach?® is

(10)

eff

Ty=1—¢" (11)
where 7 is the imaginary part of the potential scatter-
ing phase shift. As illustrated in Fig. 3, there are a

18 T, Bondorf and R. B. Leachman, Kgl. Danske Videnskab.
Selskab, Mat.-Fys. Medd. 34, No. 10 (1965).

19 H. Feshbach, in Nuclear Spectroscopy, edited by F. Ajzenberg-
Selove (Academic Press Inc., New York, 1960), Part B, p. 1041.
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F16. 4. Probability distribution fits for determining Nets at 170°
assuming no direct interaction. The value of Neis obtained from
the fits for each @ group are indicated. The bracketed numbers
are Neis calculated from angular-momentum conservation at 180°.

number of open decay channels available to the excited
385 nucleus. Thus it is necessary to calculate the trans-
mission coefficients for all these channels which contri-
bute significantly. The imaginary phase shifts 5;; were
calculated using the optical model. Two different com-
puter codes were used in order to account for all the
decay channels and to check one code against the other.
Code opTix? was used for the deuterons, alphas, and
protons, code PEREY?' was used for neutrons, protons,
and deuterons. Because of the comparatively small
number of open decay channels to the *He-3Si system
from the region of excitation covered in 33§, the *He
contribution was ignored. In addition, although the
1+30P system is shown in Fig. 3, its contribution is
completely negligible. The optical-model parameters
were taken from Huizenga and Igo?? for a particles, from
Perey and Perey? for deuterons, and from Rosen? for
neutrons and protons. The transmission coefficients ob-

20 W, J. Thompson and F. Gille, Florida State University
Technical Report No. 9, 1965 (unpublished).

21 F. G. Perey, Phys. Rev. 131, 745 (1963).

22 J, R. Huizenga and G. Igo, Nucl. Phys. 29, 462 (1962).

2 C. M. Perey and F. G. Perey, Phys. Rev. 152, 923 (1966).

2 L. Rosen, Ann. Phys. (N. Y.) 34,96 (1965).
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tained are shown in Fig. 5. Since the deuteron trans-
mission coefficients so obtained were only slightly
dependent on the spin-orbit interaction, a single set
of Ty; was used for all three 7 values.

For the purpose of calculating Nei"F, an incident
laboratory energy of 9.5 MeV was chosen, this being
approximately the midpoint of the energy range
covered. This corresponds to an excitation energy of
24.195 MeV in 3S. A decay channel was considered to
be open so long as its associated transmission coefficient
had a value of at least 0.03 for some choice of /. For the
neutron, proton, and a-particle decay channels, levels
were considered in the residual nuclei beyond the point
where their individual energies, spin, and parities were
known. The level-density formulas of Gilbert, Chen,
and Cameron? were used to approximate the level den-
sities in this region. No approximations were necessary
for the deuteron channel. Eighteen deuteron channels,
420 « channels, 793 neutron channels, and 1809 proton
channels were accounted for, giving a total of 3040 in all.

% A. Gilbert, F. S. Chen, and A. G. W. Cameron, Can. J. Phys.
43, 1248 (1965).

For those cases where the target and projectile are
not both spin-0 particles, the number N ¥ is usually
an overestimate. Gibbs has shown that a more realistic
value for Nt defined as Neg/™ may be obtained.26 The
computer code SNUF? calculates both Net:HF and Neg/™.
The latter is obtained from N HF as described in detail
in Ref. 26. Nege/™ can, however, be approximated in terms
of NetHF as shown by Gibbs,

Netr"™= Negs"FA/(A+ NegtHF— 1), (12)

where A represents the number of independent reaction
amplitudes which are approximately equal to the num-
ber of contributing J, = values. The values of Neg/™,
found from the approximation method and from the
more realistic calculation in sNUF, were found to be
almost identical. The resulting values for Neg/™ and
NotsBF for ao, a1, and oy as a function of angle are shown
in Fig. 6.

Having made a realistic estimate of N, one can
deduce y from Eq. (4). One must take care, however,

26 W. R. Gibbs, Phys. Rev. 153, 1206 (1967).
% W. R. Gibbs (private communication).
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TaBLE III. y and its variance for the entire range of data.
170° 150° 130° 110° 90° 40°
or? Y og? v og? v or? v ogr? Y oRr?
ao 0.59  0.050 0.69 0.030 0.76  0.021 093  0.001 0.87 0.008 0.88  0.005
a; 0.73  0.023 0.86  0.008 084 0.010 0.52  0.065 0.92  0.003 0.83 0.010
ag e cee 092  0.002 093  0.003 0.88  0.006 0.96 0.001 094 0.002
a3 0.86  0.008 0.84 0.010 0.88  0.007 090 0.003 092 0.003 091  0.003
N 0.78  0.018 0.87  0.007 091  0.003 090 0.004 090 0.004 093  0.002
as 0.88 0.007 090 0.003 0.88  0.004 0.90  0.003 0.95  0.002 0.93 0.002
ag oee e 092  0.003 093  0.003 0.88  0.007 094 0.002 0.95 0.002

that the correct value for R(0) is used in obtaining y.
R(0) must be corrected for the effect of counting
statistics, and for finite sample size effects, both of which
have been discussed by Gibbs.!* A good approximation
to y is given to be

)112

(1
where Ry(0) is the value of the correlation function cor-
rected for the effects of counting statistics. Values of y
were deduced from the above relationship.

The values of y calculated from the entire range of
data and their respective variances are given in
Table ITI. The value of y for all groups at all six angles
is about 0.87 with an rms error of approximately 109
or less. Over all there seems to be very little variation
in y as a function of angle or a group. Values of y were
also obtained for the data split into halves, and they
are shown in Table IV. These results seem to indicate

4n2NRy(0)

- (13)
(n—1)(4n— 4+ 1)

an increase in y of the order of 59, for the upper half
of the energy range.

C. Test of the 2141 Rule

The spin of the sixth excited state in Si has been
given a tentative assignment?® of 2 and definite
assignments of § and £ have only recently been made
for the fourth and fifth excited states, respectively.?
One possible method for determining the spins of the
states in the residual nucleus is by the application of
the 27+1 rule which has been previously explored by a
number of investigators.®—3%* According to the 2741
rule, the integrated cross section in a specific nuclear
reaction for the excitation of a final state of spin 7 is
proportional to 274-1. MacDonald?®? has outlined the
most favorable conditions for applications of the rule,
all of which are reasonably well satisfied in the present
case except that the direct-reaction component is very
large. It has been shown by Hinds ef al.%° that the
effects of the direct reactions can be minimized by using
data from only the back quadrant. It is therefore

TABLE IV. y obtained from the data in halves. (A) y for Eq="7.300 — 9.660 MeV. (B) y for E;=9.660 — 12.020 MeV.

&)
170° 150° 130° 110° 90° 40°
or? Y oR? Y or? Y or? Y or? Y or?
a 0.61 0.051 0.63  0.050 0.73  0.030 093  0.002 083 0.012 085 0.010
a 0.79 0.018 0.87 0.018 0.72  0.029 e e 092  0.003 0.77  0.021
as e .- 091  0.004 0.80  0.005 0.88  0.007 091  0.003 0.94 0.002
as 0.78  0.020 0.87 0.008 0.87  0.009 090 0.005 091  0.003 083 0.012
a 0.66 0.046 0.82 0.014 0.890  0.005 090  0.004 0.88  0.006 093  0.003
as 091  0.004 095 0.001 093  0.002 095 0.001 092  0.003 094  0.002
ag e e 0.92 0.003 0.93  0.002 0.89  0.003 091  0.004 093  0.003
(B)
ap 0.66  0.052 0.82 0.018 0.68 0.048 098 0.049 0.92  0.004 0.96  0.002
ay 0.76  0.031 0.80 0.022 0.86 0.013 0.68  0.037 0.93  0.003 098  0.001
s 0.82 0.019 0.96 0.002 0.97 0.001 0.90  0.007 0.98  0.001 0.95  0.002
ag 0.93  0.003 0.93  0.010 094 0.002 0.94 0.002 0.94  0.002 0.92 0.004
ay 086 0.012 0.83 0.017 092  0.003 0.90 0.007 0.93  0.003 092  0.005
as 085 0.014 0.85 0.014 0.84 0.015 093  0.003 096 0.002 0.96 0.002
ag 0.89  0.007 0.88  0.008 0.96  0.002 0.93  0.003 0.97 0.001 094  0.002
28 A. J. Ferguson, T. K. Alexander, C. Broude, J. A. Kuehner, A. E. Litherland, R. W. Ollerhead, and P. Smulders, Chalk River

Report, 1966 (unpublished).

29 J. A. Becker, L. F. Chase, Jr., and R. E. McDonald, Phys. Rev. 157, 967 (1967).

30 S, W. Cosper and O. E. Johnson, Phys. Rev. 138, B610 (1965).

31 M. F. Jahns, J. B. Nelson, and E. M. Bernstein, Nucl. Phys. 59, 314 (1964).

32 N. MacDonald, Nucl. Phys. 33, 110 (1962).
33 J. H. Williamson, Nucl. Phys. 69, 481 (1965).

# R. K. Sheline, H. L. Nielsen, and A. Sperduto, Nucl. Phys. 14, 140 (1959).
% S. Hinds, R. Middleton, and A. E. Litherland, in Proceedings of the Rutherford Jubilee International Conference, Manchester, 1961

(Academic Press Inc., New York, 1961).
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Fic. 6. Typical NesHF and Ness/™ curves as a function of angle.
The lower of the two values in each case is Nes/™.

possible that, with a large amount of data, the cross
sections integrated over angles > 90° might still approxi-
mate a 2741 proportionality.

In the present analysis the data were integrated from
90° to 180° at every twelfth energy giving a total of 33
cases. The choice of every twelfth energy insured com-
parison between points separated in energy by an
amount greater than the coherence width of the fluctua-
tions. The integrated results for each a group were then
averaged to minimize the effect of local fluctuation and
the relative intensities versus 2741 are displayed in
Fig. 7. The results are clearly in agreement with ac-
cepted spin values of 3, £, $, and § for the ground and
first three excited states, respectively, of 2*Si but would
indicate spin values of £, 5, and § instead of §, %, and §
for the spins of the fourth, fifth, and sixth excited states,
respectively. In view of the large direct interaction
cross section, however, it is surprising that the 2741
rule fits so well even for the lowest four states of #Si.

IV. DISCUSSION AND SUMMARY

The use of a moving energy average in the auto-
correlation analysis has been found satisfactory for
determining coherence widths in the region of over-
lapping levels. The consistency of the measured coher-
ence widths obtained from correlation analysis and from
the peak counting technique lends additional credence
to the results. A trend of increasing width as a function
of excitation energy was indicated by the values of
61 and 77 keV for the first and second halves of the
data, respectively.

The failure of the probability fits at 170° to predict
values of V in agreement with those obtained from
angular-momentum considerations at 180° showed
clearly that y could not be ignored even at 170°, and
hence that theoretical values for N were necessary.
Gibb’s code provides two choices for N, namely,
Nett®F and Nei?™. In a recent paper, Seaman et al.’
comment that the number of (S;,7.,S.,I.) sets will be
small compared to the number of (7,},7,5',/’) sets when
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Fic. 7. Relative intensity of the various #P(d,e)%Si & groups as
a function of 271, when [ is the spin of the residual state in 29Si,
with cross-section averages performed over 33 energies.

orbital angular momenta are large compared to nuclear
and projectile spins. In the above, /is the orbital angular
momentum, 7 is the channel spin defined by 14-S, and J
is the spin of the compound nucleus. It is further con-
cluded that for such conditions NesHF<KA, where A is
the number of independent reactions amplitudes, and
hence the reaction amplitude for each M set is inde-
pendent. In the present study, values of ! through /=9
and values of J through J=7 were taken to be im-
portant and since these numbers are large compared
to nuclear and projectile spins, then one would conclude
that NHF<<CA. However, Table V, which shows the
calculated values of N¢t2F and A as a function of angle,
clearly demonstrates that Neg 7T is not KA. It was
consequently necessary to use for N the values of
Nett/™ given by Gibb’s more realistic calculation. There
are still certain inherent inaccuracies in the values for
Nes/™. The Gilbert and Cameron level densities were
used to calculate the number of exit channels in the
highly excited regions of the residual nuclei. There may
easily be significant errors in these predicted values.
This possibility was checked by removing from the
code 1000 decay channels which had associated with
them the smallest transmission coefficients. Values of
Net:/™ were found to vary only of the order of 29, which
demonstrated that serious error is not being encountered
from this source. In addition, there is some error intro-
duced by ignoring the *He+*P contribution to the
open decay channels. Nevertheless, in the determination
of y, no estimate of the error associated with Neg/™ is
included since the magnitude of this error is unknown.

The other problem in the determination of y is to
obtain meaningful and reasonably consistent values
for R(0). Values of both R(0) and T obtained from auto-
correlation employing an arithmetic mean for the
average cross section were extremely erratic. Values of y
deduced from these R(0) would have ranged from 0.0
to 0.75 in a random fashion. Values of R(0) obtained
after modulation had been added were still erratic and
somewhat sensitive to the functional form of the modu-
lation. The values of R(0) obtained using the moving
energy average were relatively constant over a wide
range of the averaging interval chosen and gave con-
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Tasre V. Calculated value for NegsHF and A, the number of independent reaction amplitudes, as a function of angle.
Lab 7 oy 2 o3 (221 as g
angle  NeuBF A NegsHF A NegtHF A NetBF A Nogt™F A NegIF A NegIF A
170° 423 5.21 6.18 4.96 7.28 5.82 6.06 4.88 7.04 591 696 5.94 6.41 647
150° 580 6.54 11.70  5.75 16.82 5.62 11.68 5.66 16.67 5.64 16.61 5.64 19.39 5.85
130° 595 6.96 11.86 6.71 17.77  6.57 11.86 6.61 17.76  6.57 17.75  6.57 23.61 6.11
110° 5.75 7.4 11.79  6.81 17.73  7.04 11.80 6.71 17.76  7.06 17.76  7.07 23.58 6.88
90° 432 715 8.54 6.85 12.13 7.13 849 6.75 1201 7.14 1198 7.15 15.13  7.09
40° 591 7.03 11.82  6.59 17.73  6.32 11.80 6.49 17.72  6.32 17.70  6.32 2332 591

sistent results for y. The rigorous justification of the
use of the moving average in determining R(0) is
difficult although some work has been done previously
in this regard. Gadioli et al.?® have investigated the
errors involved when a nonstatistical effect, such as a
large direct-reaction component, is present and when
the average cross section is a constant with energy.
They then attempted to extrapolate these results to
encompass a varying average cross section. Unfor-
tunately, their results do not include any predictions
for the relative antocorrelation function of the type
used in the present analysis. In addition, they stress
that their results are only a first approximation.

Therefore, to approximate the error in y, one can use
the tables in Ref. 14 from which an error estimate of
+109%, is obtained for a mean value of y of 0.87. The
calculated y values show rather good consistency as a
function of angle and of a group, as is indicated in
Table ITI.

It has been suggested by Gibbs? that perhaps the
effect of the use of the moving average is to reduce the
effective sample size by a factor of approximately .
The effect of the smaller size, as can be seen from Eq.
(13), would be to make the predicted value for y too
large. Calculation of a few sample cases indicates that
the error introduced in this way is still no greater than
about 20%,. Thus it is believed that the average value
for y is 0.87_209,71°%, There was about a 39, variation
above and below this value on the average for the data

% E. Gadioli, I. Tori, and M. Sansoni, Report of the Milano
session of the Italian National Institute of Nuclear Physics, 1966
(unpublished).

divided into halves, with the larger result being associ-
ated with the higher-energy data. The small variation
in y is somewhat surprising in that the fluctuations
appear to be strongly damped in the upper-half energy
region as compared with the lower half.

In summary, as high excitation energies in the com-
pound nucleus are reached, so many competing exit
channels become available that account must be taken
of the nonstationary effects, that is, a decreasing cross
section. This problem cannot be overcome by taking
data over only a small energy region since in general
the coherence width increases as a function of excitation
energy and the resulting sample size would be too small
to allow a realistic evaluation of y. Therefore, further
theoretical work similar to that carried out by Gadioli®
would be useful to clearly define the bias associated with
the moving average and to facilitate the accurate
measurement of y. In addition, at these higher excita-
tion energies, the accurate determination of Neg/™ be-
comes increasingly difficult because of the errors
associated with the usual level-density formulas and the
extremely large number of open particle-decay channels.
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