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Dependence of the Angular Distribution of the (d,p) Reaction on the
Total Angular-Momentum Transfer. IP
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(Received 25 January 1966)

The (d,P) reaction has been studied with targets of C1I, 0",F", Si", Ss'", and Zr~ ~".New evidence

on the J dependence of the {d,p) angular distribution has been obtained in 1p and M transitions. Additional

evidence for 1d transitions has also been obtained.

I. INTRODUCTION

A N earlier publication' (hereafter referred to as I),
presented evidence that the proton angular dis-

tribution from the (d,p) reaction exhibits a marked
dependence on the total angular-momentum transfer.
The evidence was particularly strong for I= 1 transitions
in the 2p shell, and somewhat less strong but still quite
unambiguous in the 1d and 1f shells. We have now
studied a number of additional reactions, mainly 1=1
transitions in the 1p shell and l= 2 transitions in both
the 1d and 2d shells. The results indicate that J-
dependent eBects seem to be present, although these
effects may mell be obscured for weak transitions or at
energies at which compound. -nucleus processes are
strong. Some of the results reported in this paper have
been reported elsewhere. '

In addition to the measurements reported here we
have surveyed the literature for any data relevant to
the J-dependent eEects we have studied. These are also
reported. All the transitions we report are between
states of known spin; in a few cases where spin assign-
ments may be doubtful we have indicated this explicitly
in the text or by parentheses. In the course of the meas-
urements we also obtained angular distributions which
are not relevant to the J-dependent eGects. These are
included in the present paper in case they may be of
interest in future experimental or theoretical studies.
Since the main emphasis of the paper is on J-dependent
eBects, we have not included a distorted-wave Born
approximation (DWBA) analysis or extracted spectro-
scopic factors. Ke also have not obtained absolute cross
sections except for the Si"(d,p)Si~ data

II. EXPERIMENTAL RESULTS

The measurements reported in this paper were made
in an 18-in.-diam scattering chamber' using Si surface-
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FIG. 1. Angular
distributions for l = 1
transitions in the
C~(d, p)C'3 reaction.
The relative errors
are less than the
size of the points.
(g.s.—=ground state. )
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barrier detectors and deuteron beams from the Argonne

tandem accelerator. Pulse-height spectra were recorded

in multichannel analyzers and punched on IBM cards
for further data processing. 4 A monitor counter was used

to correct for possible nonuniformities in the target.
C"(d,p)C" Self-supporting C foils ( 3Q pg/cm')

were used as targets. Angular distributions were ob-

tained at 11 and 13 MeV for the reactions leading to
the ground state and the 6rst three excited states. The
results for the l=1, J=-,' ground state and the l=1,
I= ~3- 3.68-MeV state are shown in Fig. 1; the l=2,
3.85-MeV state is shown in Fig. 2. Relative cross sec-

tions at the peak angles in the distributions are given

in Table I.
0"(d,p)0". Angular distributions for the ground-

state proton group were measured at 11- and 13-MeV
incident energy. The results, obtained with SiO foil

targets with a thickness of 2QQ pg/cm' are shown in

Fig. 3.
F"(d,p)F'0. Evaporated targets of PbF~ were used.

Data were obtained only for the 0.65-MeV state because
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FIG. 2. Angular
distributions for the
l = 2 transition in the
C"(d,p) C"reactions.
The relative errors
are less than the size
of the points. The
straight lines are
drawn in to point
out the difference
between the 11- and
13-MeV data in de-
veloping a minimum
at ~60'.
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FIG. 4. Angular
distributions for the
F"(d p) F reaction
The relative errors
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of the points. The
transition is proba-
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angular distribution
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and 3 at the corre-
sponding energies.
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of difhculties with groups from Pb. The results are
shown in Fig. 4. The value of lU in this transition is
not uniquely known, but since this is the lowest energy
state with an /=2 angular distribution, it is likely to
be predominantly M= —,'.

Si2S(d, p)Si" The SiO .foil targets had thicknesses of
200 pg/cm'. Angular distributions were obtained for

the ground state and a number of excited states.
Angular distributions are shown in Figs. 5, 6, and 7.
Absolute cross sections were determined from com-
parison with n-particle scattering at 3 MeV; they are
given in Table II. The angular distribution of the weak
l= 2 state at 3.07-MeV excitation indicates a probable
spin of —,+ from the break in the angular distribution at
55' and the relatively sharp decrease from the forward
maximum. This, however, is a relatively weak state
with a peak cross section only about 20% of that for
the 1.28-MeV state. Compound-nucleus efI'ects seem

to be important at backward angles; the spin assign-
ment should therefore be regarded as tentative. One
should also note that the l=2, M=-,' distribution of
the 2.03-MeV state resembles the t=3 distribution of
the 3.62-MeV state more than the 1=2, M=~3 dis-
tribution of the 1.28-MeV state. Only measurements at
angles greater than 50' can resolve this diGerence

unambiguously. The l=0 ground-state transition and
the 2.42-MeV and 4.09-MeV excited-state transitions,
which show no clear direct amplitudes, are also included.
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FIG. 3. Angular
distributions for the0"(d,p)0" ground-
state reaction. The
relative errors are
less than the size of
the points. The 8-
MeV data are those
of Ref. b in Table
IV. The straight
lines are drawn in to
emphasize the break
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FIG. 5. Angular distributions for the Si"(d,p)Si" reaction. The
relative errors are less than twice the size of the points. The lines
are drawn in to smoothly connect the experimental points.
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Fro. 6. Angular distributions for
the Si3 (d,p) Si~ reaction. The rela-
tive errors are less than twice the
size of the points, except where
indicated by error bars.
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TABLE I. Relative cross sections.

Excitation
energy
(MeV)

g.s.
3.09
3.68
3.85

Relative cross section (8, )
c"(z,p) c»

At Eq=11 MeV At E~ =13 MeV
1.0b 1.0b
0.55 0.65
0.72 0.60
4.3 4.3

~,34(g p)~r35
At Ed =9 MeV At Eq ——12 MeV

emax

20"
40'd
20"
25"

$32

g.s.
0.84
1.97
2.31
2.92
3.22
$34

g.s.
1.99

10b
0.21

0.03—0.06e
0.19
1./
7.2

Ob

2.4

1 0b
0.45
0 16o
0.27'
1.8
5.4

1 0b
2.1

30'
30 d

20'
30'
35'
20'

30'
30'

a Angle at which the angular distributions showed maximum yield.
b The cross sections are normalized to the ground-state (g.s.) yield at

each energy,
e This is the approximate angle for maximum yield; no clear decrease was

observed in the yield for smaller angles.
d The position of the secondary maximum in the l =0 angular distribution.
& The angular distribution does not show stripping behavior. The range

of cross sections is given.

S"'4(d, p)$" ".Targets of PbS were bombarded with
9- and 12-MeV deuterons and angular distributions for
the reactions to states of S"were measured. The results
for the ground state and the 1.97- and 2.31-MeV excited
states are shown in Fig. 8. The angular distribution of
the weakly populated 1.97-MeV state shows forward
peaking only at 12 MeV. %'e cannot assign an / value
on this basis. The 2.31-MeV state appears to be spin -,'+

Pro. 7. Angular
distributions for the
1=0 Si"(d,p)Si 9 re-
action to the ground
state of Si 9. The
relative experimental
errors are less than
twice the size of the
points. The lines are
drawn in to smoothly
connect the experi-
mental points.
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' Jean M. O'Dell, Atomic Energy Commission Report No.
COO-1120-39 (unpublished}.

although it is too weak to make this a definite assign-
ment. This result is consistent with tentative assign-
ments from gamma-ray angular correlations. ' Angular
distributions at 12 MeV to states which are not 1=2
are shown in Fig. 9. The angular distributions for the
S"(d,p)S" reaction to the ground state and 1.99-MeV
excited state were obtained with an isotopically en-
riched target. They are sho~n in Fig. 10. Relative cross
sections are given in Table I.

Zr~9' ~ (d,p)Zr~'9' . Angular distributions were ob-
tained for 12-MeV deuterons bombarding self-sup-
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ALE II. Cross sections for the Si"(d,p)Si" reaction.
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& The errors in the cross section are about 10%.
b The angle at which the angular distribution showed the maximum yield.
e At the secondary maximum of the l =0 angular distribution.
d The angular distribution does not show a stripping behavior. The range

of cross sections is given.
e Slight forward peaking. The yield at the most forward angle is given.

FIG. 8. Angular distributions for the S~(d,p)S~ reaction. The
relative errors are less than 5 j& for the ground state, 10/(I for the
2.31-MeV state and 20% for 1.97-MeV state. The lines are dra~vn
in to smoothly connect the points.

porting isotopically enriched Zr metal foils. Angular
distributions were extracted for only the two strongest
1=2 transitions which are believed to have spins of 2+

and ~3+, on the basis of reasonable arguments regarding
their spectroscopic factors. ' The results are shown in

Fig. 11.
The l=0 angular distributions for C~, Si", and S"

are compared in Fig. 12.

QL EVIDENCE FOR J-DEPENDENT EFFECTS

A. J Dependence for l= 1 Transitions in the 1P She11

There is only a limited number of possible (d,p)
reactions in the 1p shell in which transitions with known
total angular-momentum transfer proceed between
bound states. These are listed in Table III together
with (p,d) reactions which should show the same

effects. Some transitions for which M is inferred are
also included as are some which proceed to narrow
unbound states. References to experiments are in-
cluded, ; many more experiments exist but most of them
are over a very limited angular range or were performed
at bombarding energies below 8 MeV where compound-
nucleus effects may be important. The experimental
evidence is summarized in Fig. 13.

The LU=-,' transitions all seem to show at least two
minima, one at 40' and another at 75'—95'. The
yield at the second minimum is not more than half of
the yield. below or above the angle of the minimum.
The dJ =

~ transitions exhibit a less pronounced mini-
mum at 40'—60' and virtually no second minimum
in the vicinity of 80'. It should be noted that these
data include results over a very wide region of Q values.
Some results on the (p,d) reaction at E„= 18 MeV
are shown in Fig. 14. These do not extend to large
enough angles to cover the second minimum but the
behavior of the first minimum is consistent with the
(d,p) results.

I
'

I

Ss2( )
ss

Edx12.0 MeV

I
I

I

C x Ex x 0.84 MeY

Pxo
Ex*5.22 MeV o o 'Ex= 2 94 MeV

0
~ 0 jl o

0

I
CP
ILI
CO

Ch
CA
O
O

~ ~

0
000

0
0 FxG. 9. Angular chstribut1ons for

the S's(d, p)S~ reaction. The rela-
tive errors are less than 10%.

o'
I s I s

50' I 00' 04
I s I c

50' IOO'

C. M. ANGLE

OO
s I I I

50' IOO' I 50

'3. L. Cohen and O. V. Chubinsky, Phys. Rev. 131, 2184 (1963).



ANGULAR DISTRIBUTION OF (d, p) REACTION 833

I
/

I
I

TmLE III. List of l = 1 transitions of known bJ in the 1p shell.

Pro. 10. Angular
distributions for the
S~(d,p)S" reaction.
The relative errors
are less than 10/q.
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7

e
(Mev)
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9.24
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2.72—0.96
5.95
8.62

(p,d) reactions
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Ref.

b
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f
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Pro. 11. Angular
distributions for the
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errors are less than
the size of the
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4 U. Schmidt-Rohr, R. Stock, and P. Turek. Nucl. Phys. 53, 77 (1964).
b R. H. Siemssen and L. L. Lee, Jr. (to be published). The transition to

the 6.76-Mev state proceeds with a large yield and should be predominantly
d J=$. LD. Kurath (private communication). j

e Present work.
S. Morita, T. Ishimatsu, T. Cho, Y. Nakajima, N. Kawai, T. Murata,

and Y. Hachiya, J. Phys. Soc. Japan 16, 1849 (1961)..B. Reynolds and K. G. Standing, Phys. Rev. 101, 158 (1956).. G. Standing, Phys. Rev. 101, 152 (1956).

S. J Dependence for l=2 Transitions in the ld Shell

The results illustrating this effect are summarized in
Fig. 15 from the experiments listed in Table IV. It is
clear that the J dependence as formulated in I is very
well con6rmed by the additional data. The eGect,
however, seems to be most consistent at Eg=8—10
MeV. At higher energies the ~+ angular distributions
in some cases develop a break which may be confused
with the minimum for the —,+ transitions. This is illus-
trated by the C (d,p) C and 0 (d p)0 reaptipns
shown in Figs. 2 and 3, where the ~5+ angular distri-
butions were plotted at various energies. It is also
evident in Fig. 4 where the P'(d, p)F'0 angular distri-
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Fr o. 12. Angular
distributions for
various l =0 tran-
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MeV for S'2 (0.84-
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MeV state) and Si
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lines are drawn to
connect the points.
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Pro. 13. Angular distributions for /=1 transitions in the 1p
shell with known bJ. The data for A and E are from Ref. b of
Table III, B and F are from the present work, C is from Ref. d
of Table III, and D is from Ref. a of Table III. The lines are
drawn to smoothly connect ~he points.
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I 0.0 I

R EACT IONS

I8 MeV

Designation
in Fig. 15 Target (MeV)

Q
(MeV} gJ Ref.

TABLE IV. List of /=2 transitions of known AJ in the id shell.

lO

C

I.O—
h
cs
he

l4
N - 8.3

Be 0.56

'x

B
{hJ~~)

O.I,
0 30 60 90 I 20

IIc.m.

FzG. 14. Angular
distributions for
some /=1 (p,d) re-
actions in 1p-shell
nuclei with known
or probable d J. The
data are those of
Refs. e and f of
Table III.

A

C
D

I
J

H
L
M
N
0
P

C~
016
018
Mg24
Mg'4
Mg24
Mg24
M g26

Mg26
Mg26
$i28
Si28
$32
$34

Ca4'
Ca (

11.0
8.0
7.0

10.1
10.1
10.1
10.1
9.0
9.0
9.0
9.0
9.0
9.0
9.0
7.0
8.1

—1.14
1.919
1.731
5.097
3.14
4.12
2.30
8.87
3.22
0.45
4.97
4.22
6.63
4.76
4.71—9.92

b
c
d
d
d
d
e
e
e

a
f
g

C. J Dependence for l=2 Transitions in the 2d Shell

The evidence for such an /=2 effect in the 2d shell

is rather meager and is restricted to the Zr isotopes.
There seems to be a difference in the sharpness of
maxima and minima, which is summarized in Table V.
The effect appears to persist for the various isotopes,
but it remains to be seen whether it is present for other
2d-shell nuclei. In other experiments on Zr and Cd, '
these effects are not evident. However, the statistical

IOO. O —
A

I I I I

)II~2 (d, P ) REACTIONS

bution for Eg= 13 MeV develops a sharp break at 50',
where none was present at 9 MeV. The Si"(d,p) Si"data,
on the other hand, do not show such changes up to 13
MeV although, as discussed in I, similar difhculties

develop at 15 MeV. It would seem, therefore, that this
e6ect becomes unreliable at the higher bombarding
energies.

a Present work.
b E.J. Burge, H. B. Burrows, W. M. Gibson, and J. Rotblat, Proc. Roy.

Soc, (London) A210, 534 (1952).
e G. Wickenberg, S. Hjorth, N. G. E. Johannson, and B. Sjorgen, Arkiv

Fysik 25, 191 (1963).
d J. R. Holt and T. N. Marsham, Proc. Phys. Soc, (London) A66, 467

(1953).
e D. Dehnhard and J. L. Yntema, Bull. Am. Phys. Soc. 9, 666 (1964)

and private communication.
& T. A. Belote (private communication).
& E. Kashy (private communication).

accuracy in these data was not sufFiciently good to
observe such small eR'ects. In the work of Ref. 6, the
curves given for the reaction Zr~(d, p)Zr" at 15 MeV
seem to show a qualitatively similar eAect. As no cross-
section scale is given in the relevant figure (Fig. 3), we
cannot be certain whether these effects are statistically
significant.

IV. CONCLUSIONS

Further evidence has been accumulated to show that
the angular distribution of the (d,p) reaction depends
systematically on the total angular-momentum transfer.
It would almost appear that some measurable J de-
pendence is present in every case in which sufFiciently
precise information has been obtained. Distorted-wave

I 0.0—

0—

Fzo. 15. Summary
of )=2 (d,p) angular
distributions for
nuclei in the id shell
with b,J known. The
sources of the data
are given in Table
IV. The lines are
smoothed curves
drawn through the
data.

O. I .0 30 60 0 30 60
ec.m.

7 R. J. Silva and G. E. Gordon, Phys. Rev. 136, B618 (1964);
F. G. Percy (private communication).

e
Target (MeV)

Zr~ 4.98
2.92

Zrl 4.46
3.01

Zr~ 4.19
2.55

Maximum or
minimum No.

gamins

~msxs

Spin

1
400
500

0.35
0.15
0.43
0.05
0.49
0.14

R2

0.36
0.27
0.23—0.08
0.14—0.18

2
75'
90

R3

0.29
0.13
0.17—0.06
0.13—0.14

3
120'
135

TABLE V. List of /=2 transitions observed in reactions on Zr
isotopes at Ez ——12 MeV, The ratios R; are de6ned by

R'=2I (0-.;)- (~--;)j/t: (6 ..;)+ (~;.,)j,
where e, ; and 8;;are the 3th observed maximum and minimum
in the measured angular distributions.
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F co. 16. Angular
distributions for the
Zr (d,p) reaction.
The curves labeled
"Experiment" repre-
sent a smoothed
average of the data
in Fig. 11; the calcu-
lations are those of
Ref. 18.
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Born approximation calculations with spin-orbit param-
eters derived from elastic scattering and polarization
data have not, so far been successful in reproducing the
observed J dependences. ' The one apparent exception
to this is for Zr, for which the calculations are shown
in Fig. j.6.' This then raises the question of the useful-
ness of an empirical rule which is not yet understood
theoretically. Is it justified to make spin assignments
by use of these empirical rules or should one wait for a
better understandings It is our feeling that, at least in
the well-documented cases for the 1d and 2p shell, one
can assign spins in a favorable case with a probability
of 95% or better that they are correct. In either case,
such assignments should be made with care until such
time as more supporting evidence has been accumu-
lated. All the J-dependent e6ects observed in (d,p)
reactions are schematically summarized in Fig. 17.

In recent experimental work on the (p,d) reaction,
J-dependent effects similar to the ones reported in I
have been observed for nuclei around 3=60,' with
deuteron energies in excess of 20 MeV.

J-dependent effects have also been found in other
direct reactions such as (d t)" (He', d)" (He'a)"
(o.,p)," and (d,n) "It wo.uld again seem that only a

G. R. Satchler and R. H. Bassel (private communication).
%e are indebted to R. H. Bassel for these DKBA calculations."C. M. Glashausser, thesis, Princeton University, 1965

(unpublished)."R.H. Fulmer and 9l'. %'. Daehnick, Phys. Rev. Letters 12,
455 (1964).

'~ A. G. Blair, Phys. Rev. 140, 648 (1965).
'3 C. Mayer-Boricke, R. H. Siemssen, and L. L. Lee, Jr., Bull.

Am. Phys. Soc. 10, 26 (1956); and M. K. Brussel, D. E. Rund-
quist, and A. I. Yavin, Phys. Rev. 140, 838 (1965)."L.I-. Lee, Jr., A. Marinov, C. Mayer-Boricke, J. P. Schiffer,
R. H. Bassel, R. M. Drisko, and G. R. Satchler, Phys. Rev. Letters
14, 261 (1965)."S.G. Buccino, D. S. Gemmell, L. L. Lee, Jr., J. P. Schiffer,
and A. B. Smith, Bull. Am. Phys. Soc. 10, 511 (1965).
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Fro. 17. Summary of J-dependent effects for deuterons with
E~ ——10-12 Me&. The cases shown are typical of the observed
effects and are taken from either I or the present paper.

lack of sufIiciently accurate or extensive experimental
data prevents one from finding these effects in other
cases. Because of the obvious usefulness of such effects
in nuclear spectroscopy, it is to be hoped that more
extensive systematic work will be done in the future in
an effort to establish the general validity of J de-
pendence in direct reactions.
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