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The angular distributions corresponding to the (d,a) production cross sections (Ed~9.3 MeV) for the 
ground states and some of the low-lying states of O17, Ne21, Mg25, and Si29 have been measured using silicon 
surface-barrier detectors. The discussion of the 27-f-1 rule within the context of these experimental obser
vations is based on the premise that both the direct interaction (DI) and compound nucleus (CN) mecha
nisms contribute incoherently to the angular distributions, and the approximate validity of an ad hoc method 
used for the decomposition of these differential cross sections into DI and CN components. The integrated 
experimental differential cross sections, <TT(10° —170°) and 0-5(90°—170°), and the integrated CN com
ponent, (TCN (10°—170°), are analyzed in terms of the 27-f-l rule. The <TON values are found to be more nearly 
proportional to 27+1 than either the <TT or <TB values. This result is interpreted as indicating that the 27+1 
dependence of the (d,a) cross sections is a characteristic associated with the CN mechanism rather than the 
DI mechanism. Furthermore, it is concluded that spin assignments based solely on the assumption of a 
27+1 dependence of either the or or <FB values derived from (d,a) reactions would not as a rule be very 
reliable. 

I. INTRODUCTION 

THE original assertions concerning circumstances 
under which the cross section for a specific nuclear 

reaction leading to a definite final nuclear state of spin 
/ might be expected to be proportional to 2 /+1 were 
made by Enge1 and Sheline et al? Although the im
portance and utility of such a rule is obvious, the experi
mental investigation of its existence and/or range of 
validity has been limited in scope and fragmentary in 
nature. The suggestion of Enge1 concerning the so 
called 21+1 rule was made in connection with a method 
proposed for assigning spins to the members of certain 
closely spaced (j-j) multiplets in Al28, P32, and K40. It 
was argued that under the experimental conditions 
which prevailed, both the stripping and compound-
nucleus mechanisms would yield (d,p) cross sections 
which are proportional to 27+1, and that the produc
tion cross section for each member of a multiplet should 
have approximately the same proportionality constant. 
The spin assignments made on this basis have since 
been well corroborated by other methods.3 Sheline and 
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1 H . A. Enge, Phys. Rev. 94, 730 (1954). 
2 R. K. Sheline, N. R. Johnson, P. R. Bell, R. C. Davis, and 

F. K. McGowan, Phys. Rev. 94, 1642 (1954). 
3 Unless otherwise specified, the level structure and individual 

level properties proposed in the following compilations will be 
assumed for the nuclei of interest: P. M. Endt and C. Van Der 
Leun, Nucl. Phys. 34, 1 (1962); and T. Lauritsen and F. Ajzen-
berg-Selove, Nuclear Data.Sheets—Energy Levels of Light Nuclei, 
May 1962 (National Academy of Sciences—National Research 
Council, Washington, D. C , 1962). However, in instances where 
more current information is available, or specific quantitative 
values and/or interpretations are relevant to the discussion, 
detailed bibliographical references will be given. 

co-workers2 also proposed that a 21+1 rule be used as a 
criterion in the identification of the members of (j-j) 
doublets and concluded that the ground state doublets 
of Al28, and P32 are true (j-j) doublets whereas the first 
excited state doublet of Al28 is not. 

Ericson4 and MacDonald5 have within the context of 
the compound-nucleus (CN) theory listed and/or dis
cussed certain of the conditions under which the statis
tical factor 21+1 would be expected to dominate the 
behavior of the cross section. Even if rather extensive 
experimental evidence were found for the existence of a 
21+1 rule, its origin could not in every instance be 
unambiguously ascribed to the presence of a dominating 
CN reaction mechanism, since particular descriptions 
of certain direct-interaction (DI) processes, e.g., Newns' 
description6 of two-nucleon pickup, yield expressions 
for the cross section involving a 21+1 factor. In view of 
the complexity of these latter expressions, it can be 
reasonably argued that the simple 21+1 dependence 
of the DI mechanism would in most cases be obscured 
by fluctuations in the other energy and angular-momen
tum-dependent factors. 

Even though insufficient relevant experimental infor
mation is presently available for the empirical establish
ment of a useful 21+1 rule, the data do suggest the 
possible existence of such a rule under somewhat less 
restrictive circumstances than were originally assumed 
necessary. All but one of the reported experimental 
investigations which are specifically concerned with the 
21+1 rule have used the (d,a) reaction. The Al27(d,a) 
Mg25 reaction has been by far the most thoroughly 
studied in this connection. Measurements have been 
made at a large number of incident deuteron energies 

4 T . Ericson, Advan. Phys. 9, 425 (1960), and Nucl. Phys. 17, 
250 (1960). 

5 N . MacDonald, Nucl. Phys. 33, 110 (1962). 
6 H . C. Newns, Proc. Phys. Soc. (London) 76, 489 (1960). 
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in the range 1.5 to 10.5 MeV.7-"11 The strongest sum
marizing conclusion which characterizes the results of 
these studies over the entire range of incident energies 
is that some evidence for a 21+1 rule exists among the 
production cross sections associated with those states 
of Mg25 below 4.5 MeV which have a spin less than f. 
The studies of Abuzeid et al11 (1.5<Ed<2.6 MeV) and 
Hinds et al.1 (Ed= 10.10 MeV), aside from being among 
the most current and complete, have yielded results 
which are more or less representative composites of 
those reported by others for the higher and lower 
portion of the deuteron-energy interval. Abuzeid et al.11 

measured <r(E,6) for ten of the lower energy states of 
Mg25(Ea;<4.5 MeV) at a number of deuteron energies 
in the interval 1.5 to 2.6 MeV, and the results may be 
summarized as follows: 

(1) The differential cross sections vary slowly and 
smoothly with angle, and the magnitude in the most 
extreme case changes by less than a factor of 3 over the 
angular range covered. 

(2) The angular distributions as a rule are approxi
mately symmetric about 90°. 

(3) The energy dependence of the cross sections at a 
constant angle is irregular. 

(4) The energy-averaged, integrated (90° to 150°) 
cross sections follow the 27+1 rule when a correction 
for the barrier penetrability of the outgoing alpha 
particle is made. 

Hinds et al.7 measured c(0) for 48 states of Mg25 

(EX<7A MeV) at a deuteron energy of 10.10 MeV, and 
their results as summarized by MacDonald5 are as 
follows: 

(1) The angular distributions do not have the struc
ture characteristic of a simple direct interaction. 

(2) The angular distributions are not symmetric 
about 90°, so that the reaction cannot be completely 
described by statistical compound-nucleus theory. 

(3) The cross sections integrated over all angles, for 
final states of spin 7= \ to §, are roughly proportional 
to 27+1. 

(4) The same cross sections if integrated over angles 
greater than 90° are more nearly proportional to 27+1. 

In addition, MacDonald5 has discussed these results 
within the context of the statistical compound-nucleus 
theory with particular reference to the 27+1 propor
tionality of the cross sections and its dependence on 
the value of the level density spin cut-off parameter. 
The Mg25(J,o:)Na23 reaction has been studied by 

7 S. Hinds, R. Middleton, and A. E. Litherland, Proceedings 
of the Rutherford Jubilee International Conference, Manchester, 1961 
(Heywood and Company, Ltd., London, 1961), p. 305. 

8 R. K. Sheline, H. L. Nielson, and A. Sperduto, Nucl. Phys. 
14, 140 (1959). 

9 R. K. Sheline and R. A. Harlan, Nucl. Phys. 29, 177 (1962). 
10 O. Hansen, E. Koltay, N. Lund, and B. S. Madsen, Nucl. 

Phys. 51, 307 (1964). 
11M. A. Abuzeid, Y. P. Antoufiev, A. T. Baranik, M. I. El-Zaiki, 

T. M. Mower, and P. V. Sorokin, Nucl. Phys. 54, 315 (1964). 

Hansen et al.10 at a large number of incident deuteron 
energies in the ranges 3.35 to 3.70 MeV and 7.1 to 7.7 
MeV. The energy-averaged (7.1 to 7.7 MeV), integrated 
(25° to 160°) cross sections for the low-lying states 
(Ex<5 MeV) of Na23 that have well established spins 
were found to satisfy the 21+1 rule. The general 
validity of the rule was then assumed and spin assign
ments for the remaining states were made. These 
investigators assert that these latter assignments did 
not disagree with implications of other existing data. It 
was also found that the energy-averaged (3.35 to 3.70 
MeV), integrated (20° to 160°) cross sections for the 
same low-lying states of Na23 did not show the 27+1 
proportionality nearly as well as the higher energy 
cross sections. The cross sections of the Si28(n,a)Mg25 

reaction for transitions to the ground and first nine 
excited states have been measured by Colli et al.12 

using neutron energies in the range 12.15 to 18.5 MeV. 
The corresponding energy-averaged cross sections are 
reported to show a linear 21+1 dependence which is 
interpreted by these investigators as arising from the 
CN reaction mechanism. 

It is clear from the review and discussion presented 
above that the experimental clarification of the 21+1 
rule will require much more empirical information than 
is presently available. The present paper reports the 
results and conclusions of an experimental study of the 
21+1 rule as related to the (d,a) production cross 
sections for low-spin ( /<f) , low-lying (Ex< 4.551 MeV) 
states in a series of light nuclei. 

II. EXPERIMENTAL 

A detailed description of the Purdue University 
cyclotron facility has been presented elsewhere.13 The 
charged particle spectra were measured using silicon 
surface-barrier detectors and a conventional electronic 
spectrometer configuration incorporating a 256-channel 
pulse-height analyzer. 

The incident deuteron energy was 9.200±0.030 MeV 
for the F19, Na23, and Al27 measurements; and 9.510 
±0.030 MeV for the P31 measurements. The normal 
beam cross section at the target position was circular 
with a 0.078-in. diameter. The azimuthal acceptance 
angle of the detector with respect to the center of the 
target was 2.3°, and the nominal solid angle subtended 
by the detector was 0.001 sr. 

A summary of experimental information concerning 
the targets and measurements is presented in Table I. 
The general experimental procedures and the measures 
used in data validation for these investigations were 
similar to those previously described.14 The assignment 
of a 15% probable systematic error in absolute cross 

12 L. Colli, I. Iori, M. G. Marcazzan, and M. Milazzo, Nucl. 
Phys. 43, 529 (1963). 

13 B. T. Lucas, S. W. Cosper, and O. E. Johnson, Phys. Rev. 
133, B963 (1964). 

14 S. W. Cosper, B. T. Lucas, and O. E. Johnson, Phys. Rev. 
136, B78 (1964). 
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TABLE I. Summary of some experimental information concerning the targets and measurements. 

Target 
nucleus Target material 

Number and thickness 
of targets 

Angular range 
(deg) 

Number of 
angles 

F 1 9 Stretched i-mil Teflon film 

Na2 3 Thermal vacuum evaporated metallic sodium on thin 
( < 2 0 (jLg/cm2) Formvar-film backings 

Al27 Thermal vacuum evaporated metallic aluminum on 
thin ( < 2 0 Mg/cm2) Formvar-film backings 

P3 1 Thermal vacuum evaporated red phosphorous powder 
on thin ( < 1 0 /xg/cm2) Zaponite-lacquer backings 

32 ta rge ts ; 370-720 10-172.5 46 
Mg/cm2 

2 ta rge t s ; 70 and 10-172.5 45 
130 jug/cm2 

2 targets; 90 and 10-170 40 
120 Mg/cm2 

3 targets; 362, 566, 10-172.5 35 
and 642 Mg/cm2 

sections is based on an appraisal of uncertainties in 
target thickness, beam integration, and experimental 
geometry. The nominal probable errors in the relative 
cross sections are estimated to be 5%. 

III. RESULTS AND DISCUSSION 

In Table II are given the energies, spins, and parities 
of the final nuclear states whose {d,a) production cross 
sections were measured along with the corresponding 
integrated cross sections: or, 10° to 170°; and <rB, 90° 
to 170°. The values of *T/(2I+1) and crB/(2I+l) 
which are associated with the various final states in 
Table II are plotted in Fig. 1. The values for states 
with nonunique spin assignments are indicated by con
nected solid circles plotted at the appropriate spin 
values. The dashed lines are required to be horizontal 
and are least-squares fitted to all the solid circles. (For 
this purpose, a spin of J was assumed for the states of Si29 

with nonunique assignments.)15'16 The rms percentage 
deviation from the fitted line is indicated in each section 
of Fig. 1. Except for the Al27(d»Mg25 case, the over-all 
linearity of the aB/(2I+l) plots is improved over that 
of the (ITI (21+1) plots. The crosses in the Al27(d,a:)Mg25 

portion of Fig. 1 represent the results of Hinds et al.7 

These data were normalized at the point corresponding 
to the first excited state of Mg25. Although different 
deuteron energies were used in the two investigations, 
the apparent spin dependence of the crB cross sections 
is about the same. On the basis of the five Al27(J,a)Mg25 

cross sections measured in the present study, there 
appears to be little difference between <TT and <JB in so 
far as the 21+1 proportionality is concerned, contrary 
to the conclusion of Hinds et al.7 

Our discussion of the 21+1 rule and the interpreta
tion of the experimental observations outlined above 
will be based on the premise that the DI and CN 
mechanisms contribute incoherently to the (d,a) angular 
distributions, and the approximate validity of an ad hoc 
method used for the decomposition of the angular dis
tributions into their DI and CN components. Even 
though irrefutable experimental and/or theoretical sup-

15 A theoretical argument has been given for a f~ spin assign
ment for the fifth excited state of Si29. See V. A. Chepurnov and 
P. E. Nemiroysky, Nucl. Phys. 49, 90 (1963). 

16 A theoretical energy-level analysis has predicted a | + level in 
the energy region of the sixth excited state of Si29. See B. E. Chi 
and J. P. Davidson, Phys. Rev. 131, 366 (1963). 

port for the above premise and decomposition procedure 
cannot be given, some indirect evidence for their 
plausibility and approximate validity will be cited. 

The angular distributions observed in the present 
investigation all display the following general character
istics: (1) an over-all oscillatory structure with pro
nounced forward and backward peaking, and asym
metry with respect to 90°; and (2) minima whose 
magnitudes in all cases differ significantly from zero. 
The first characteristic is usually taken as an indication 
that a DI mechanism is operative; however, the pres
ence of the second is not so easily interpretable. In 
fact, it is not at all clear that this separation of charac
teristics should be taken to imply that they arise from 
separate and distinct physical mechanisms. There are 
no a priori reasons to believe that for the nuclei, reac
tion, and experimental circumstances of the present 
investigation that both the CN and DI mechanisms 
will not make contributions to the reaction cross 
sections. Furthermore, even if both processes are 
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FIG. 1. A graphic representation of the O - T / ( 2 / + 1 ) , < T B / ( 2 / + 1 ) , 
and O"CN/(27+1) ratios derived from the data presented in 
Table II. The values for final states with nonunique spin assign
ments are indicated by the connected solid circles which are plotted 
at the appropriate spin values. The dashed lines are required to be 
horizontal and are least-squares fitted to all the solid circles. (For 
this purpose, a spin of } was assumed for the states oiSi29 with non-
unique assignments.) The percentage rms deviation from the 
fitted line is indicated in each section of the figure. The crosses in 
the Al27 —» Mg25 section of the figure represent the results of Hinds 
et al.1 These data were normalized at the point corresponding to 
the first excited state of Mg25. 
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TABLE II. Spins, parities, and energies of some states in 017, Ne21, Mg25, and Si29; and information related to the decomposition 
and interpretation of their production cross sections in the (d9a) reaction on F19, Na2S, Al27, and P31. 

Nuclear state 

. _— 
017-1 
017-2 
0"-3 
O17.4 
Ne2M) 
Ne21-1 
Ne2l-2 
Ne21-3 

-4 
Mg25-0 
Mg25-1 
Mg25-2 
Mg25-3 
Mg25-4 
Si29-0 
Si29-1 
Si29-2 
Si29-3 
Si29-4 
Si29-5 
Si29-6 
Si2 9-l l 

-12 

energy (MeV) 

0 ~~~ 
0.871 
3.058 
3.846 
4.551 
0 
0.350 
1.75 
2.79 
2.87 
0 
0.584 
0.976 
1.611 
1.962 
0 
1.277 
2.027 
2.425 
3.067 
3.621 
4.078 
5.249 
5.279 

I* 

5/2+^ 
1/2+ 
1/2" 
5/2~d 
3 /2-
3/2+ 
5/2+* 
7/2+e r) 
5/2+ 
1/2+ 
3/2+ 
7/2+ 
5/2+ 
1/2+ 
3/2+ 
5/2+ 
3/2+ 
5/2+ 

(5/2,7/2)-
(7/2+9/2+)f 

i) 

<rj*fh (mb) 

2.93±0.03 
1.00±0.02 
0.77±0.02 
1.87±0.03 
1.99±0.03 
1.59±0.02 
1.90±0.03 
2.40±0.03 

4.58±0.04 

1.87d=0.02 
0.68±0.01 
1.10±0.02 
2.75±0.03 
1.98±0.03 
0.92±0.02 
0.83±0.02 
2.27±0.03 
0.95±0.03 
1.14±0,03 
1.17±0.03 
1.49±0.03 

2.96±0.03 

CBa'b (mb) 

1.28=fc0.02 
0.57±0.01 
0.36=fc0.01 
0.90±0.02 
0.96db0.02 
0.69±0,01 
0.89±0.02 
1.04±0.02 

1.97±0.03 

0.73=fc0.01 
0.40±0.01 
0.58±0.01 
1.56±0.02 
1.14=1=0.02 
0.38±0.01 
0.36±0.01 
0.90±0.02 
0.49d=0.02 
0.59±0.02 
0.57±0.02 
0.60±0.02 

1.40=fc0.02 

d<rcNe (ph/sr) 

130 
30 
25 

115 
90 
71 

105 
137 

94 
23 
61 

132 
97 
26 
33 

106 
36 
55 
69 
75 

<rc®/o"T 

0.55 
0.37 
0.42 
0.76 
0.55 
0.55 
0.68 
0.71 
. . . 

0.62 
0.43 
0.69 
0.59 
0.61 
0.34 
0.49 
0.58 
0.46 
0.60 
0.73 
0.62 

&GT$/2&B 

~ 063 
0.32 
0.44 
0.79 
0.57 
0.64 
0.73 
0.82 

0.79 
0.36 
0.66 
0.52 
0.53 
0,41 
0.57 
0.73 
0.45 
0.58 
0.75 
0.77 
. . . 

a The experimental differential cross sections are integrated over the angular range from 10° to 170° cm. to yield <TT and from 90° to 170° cm. to yield <ru. 
b The probable errors for <rr and <TB are derived from the errors associated with the individual data points of the experimental angular distributions 

which are in turn based on counting statistics and spectral-decomposition uncertainties. 
°The determination of the magnitude of d<rc®, the compound-nucleus differential cross section, is described in detail in the text. Its integral from 10° 

to 170° cm. is designated <TCN. 
<* See: C. Broude, T. K. Alexander, and A. E. Litherland, Bull. Am. Phys. Soc 8, 26 (1963); R. E. Segel, P. P. Singh, R. G. Alias, and S. S. Hanna, 

Phys. Rev. Letters 10,345 (1963); E. A. Silverstein, L. D. Opplinger, and R. A. Blue, Bull. Am. Phys. Soc 9, 68 (1964); and T. K. Alexander, C. Broude, 
and A. E. Litherland, Nucl. Phys. 53, 593 (1964). 

« See: P. Kienle and K. Wien, Nucl. Phys. 41, 608 (1963); and D. Pelte, B. Povh, and W. Schok, Nucl. Phys. 55, 322 (1964). 
1R. E. White, Direct Interactions and Nuclear Reaction Mechanisms, edited by E. Clementel and C. Villi (Gordon and Breach, Science Publishers, Inc., 

New York, 1963), p. 549. 

operative, there are no a priori bases for reliably 
estimating the extent to which one might dominate the 
other. 

For certain isotopic-spin forbidden (d,a) transitions 
in light nuclei the differential cross sections have been 
found to be measurable, but small, and approximately 
isotropic.17"19 The accepted interpretation of these 
isotopic-spin violations is that the reaction proceeds 
through intermediate compound-nucleus states whose 
isotopic-spin impurity arises from the Coulomb inter
action.20 Since the physical and experimental circum
stances in those investigations are similar to the ones 
prevailing in the present studies, it seems reasonable to 
assume that the CN mechanism, though not necessarily 
dominant, is generally operative in the reactions of 
interest. 

Within the framework of compound-nucleus theory 
the total differential cross section for a given transition 
may be written, 

d(rfd&= (d(rR/dQ)+ (d<rP/dQ)+ (dtn/dQ) , 

where the constituent terms are associated with the 
17 C. P. Browne, Phys. Rev. 104, 1598 (1956); 114, 807 (1959). 
18 T. Yanabu, S. Yamasbita, T. Nakamura, K. Takamatsu, A. 

Masaike, S. Kakigi, Dai Ca Nguyen, and K. Takimoto, J. Phys. 
Soc. Japan 16, 2594 (1961). 

19 J. Janecke, Nucl. Phys. 48, 129 (1963). 
20 W. M. MacDonald, Nuclear Spectroscopy, edited by F. 

Ajzenberg-Selove (Academic Press Inc., New York, 1960), Part 
B, p. 956. 

resonant interaction (CN mechanism), the nonresonant 
interaction (DI mechanism), and the interference be
tween these two interactions.21 I t is reasonable to expect 
that the theoretical predictions based on the assumption 
of a statistical continuum of compound-nuclear levels 
should be physically approximated for situations in 
which many levels of the compound nucleus overlap. 
In particular, there should be no interference between the 
CN and DI processes.21 In the present investigation, the 
nominal CN excitation energy is 25 MeV, and the corre
sponding level densities calculated from the expressions 
of Cameron22 are [(2J+l)/0.2] and [(2J+l)/0.08] 
levels/keV for Ne21 and S83, respectively. The rms 
spread in the incident beam energy (30 keV) and the 
energy spread due to finite target thickness (20-50 keV) 
would further ensure the excitation of a large number 
of these compound states. 

It follows immediately from the incoherence of the 
DI and CN processes that the decomposition of an 
experimental angular distribution requires a detailed 
knowledge of only one of the components. Unfortu
nately, neither CN nor DI theory is completely free of 
ambiguities in so far as predicting angular distributions 
for specific reactions is concerned. For the purpose of 
decomposing these experimental angular distributions 

21H. Feshbach, Nuclear Spectroscopy, edited by F. Ajzenberg-
Selove (Academic Press Inc., New York, 1960), Part B, p. 625, 

22 A. G. W. Cameron, Can, J. Phys. 36, 1040 (1958), 
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two assumptions about the CN differential cross sections 
will be made: (1) They are isotropic; and (2) the mag
nitude for a given transition will be well approximated 
by the value of the corresponding experimental angular 
distribution at its lowest observed minimum. The 
approximate isotropy observed in connection with the 
previously mentioned isotopic-spin forbidden (d,a) 
reactions,17"-19 because of the similarity in experimental 
and physical circumstances, suggests that the CN 
component of the present angular distributions may 
be of the same character. Furthermore, the complete 
statistical model which assumes a continuum of both 
the compound and final nucleus states predicts isotropic 
angular distributions if the level densities both have a 
27+1 spin dependence.21'23 Ericson4 has investigated, 
in the classical limit, the decay from a continuum of 
compound-nuclear states to discrete final states and 
found that a level density with a 27+1 spin dependence 
vields isotropic angular distributions. Although the 
spin dependence of the level densities appears crucial 
in *piaranteeing isotropy, present purposes do not 
warrant a fuller discussion of this complicated subject 
here.24 Better over-all agreement between theoretical 
plane-wave DI predictions and some experimental 
(i,a),14'25'26 (drf),27'29 and (p,d)m angular distributions 
results if an isotropic component with a magnitude 
approximately equal to that of the lowest minimum in 
the experimental distribution is subtracted from the 
experimental data before fitting is attempted. Further
more, a general survey of the open literature has led 
to the conclusion that there are numerous instances for 
certain classes of reactions in which improved plane-
wave DI fits could have been achieved if the decom
position indicated above had been performed. The 
following studies may be cited as examples; (d,p) by 
Rietjens et al.,n (p,d) by Kavaloski et a/.,32 (t,p) by 
Middleton and Pullen,33 and (He3,^) by Holmgren 

23 H. Goldstein, Fast Neutron Physics, II, edited by J. B. Marion 
and J. L. Fowler, (Interscience Publishers, Inc., New York, 
1963), p. 1525. 

24 For discussions of the spin dependence of level densities and 
considerations regarding the validity of the 22+1 spin dependence 
of the level densities see C. Bloch, Phys. Rev. 93, 1094 (1954); 
A. C. Douglas and N. MacDonald, Nucl. Phys. 13, 382 (1959); 
C. T. Hibdon, Phys. Rev. 114, 179 (1959). 

25 C. Hu, J. Phys. Soc. Japan 15, 1741 (1960). 
26 R. J. Wilson, Ph.D. thesis, Washington University, 1963 

(unpublished), (L. C : Mic. 64-2339, University Microfilms, Inc., 
Ann Arbor, Michigan). 

27 H. A. Enge, E. J. Erwin, Jr., and D. H. Weaner, Phys. Rev. 
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et ahu It is upon these considerations that the second 
assumption is based. 

The quantitative results of this decomposition are 
included in Table II. The magnitudes of the CN dif
ferential cross sections were determined solely on the 
basis of the criterion detailed above and are given in 
the column labeled d<rCN- The nominal probable errors 
in these dacN values range from 7 to 9% and are esti
mated on the basis of both subjective and statistical 
factors. The derived ratios VCN/VT and (JCN/^VB are 
also presented. Subject to the validity of this decom
position procedure, these ratios provide a measure of 
the relative contributions of the CN and DI mech
anisms to the forward and backward angle cross sec
tions. In Fig. 1, the plots of the crciV-/(27+1) values 
for each reaction are shown. The improved constancy 
of the (7(7^/(21+1) values over the <TB/(2I+1) and 
or/(27+1) values is clearly evident. Moreover, in a 
given reaction the <TCN/(2I-{-1) values for final states 
of the same spin, excluding the second and fourth excited 
states of Si29, tend to be more nearly equal than the corre
sponding as/(21+1) and <TT (27+1) values. From an 
inspection of the 0-^/(27+1) plots of Fig. 1, it appears 
that the <TCN value of the second excited state in Si29 

is anomalously large. The angular distribution corre
sponding to this level showed nothing abnormal. It 
can only be concluded that this cross section is either 
a marked exception to the 27+1 rule or is associated 
with a closely spaced doublet. The latter alternative 
appears unlikely since studies of this level by other 
means have yielded no evidence which would suggest a 
doublet structure. 

From the experimental results and the considerations 
presented above, it may be concluded that the 27+1 
rule is not generally valid for (d,a) cross sections inte
grated from 0° to 180°, but in some cases the cross sec
tions integrated from 90° to 180° may more closely 
approximate a 27+1 dependence. The constancy of the 
<TCN/ (27+1) values suggests that the 27+1 dependence 
of the (d,a) cross sections is a characteristic associated 
with the CN process. This would explain the improve
ment in linearity which occurs in the 0-5/(27+1) values 
when the percentage of the CN contribution to the cross 
section is greater in the backward than in the forward 
direction. However, the present data do not support the 
general assumption that the CN process is more domi
nant in the backward direction, e.g., the Al27(^,a)Mg26 

results of this study. Consequently, spin assignments 
made from (d,a) reaction data and based solely on the 
assumption of a 27+1 dependence for either <TT or as 
would not as a rule be very reliable. 
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