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exchange resin which was placed on top of a 50-cm
column. The column was eluted with 3.5 pH ammonium

lactate solution. "
n W. E. Nervik, J. Phys. Chem. 59, 690 (1955).

(9) After the samarium activities were eluted from
the column, they were re-adsorbed on the top and
again run through the column to insure radiochemical
purity from the other rare earths and, in particular,
from the yttrium activities.
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Deuteron-stripping angular distributions have been calculated for 14 light-target reactions (A (48) over

a range of bombarding energies, using the distorted-wave Born approximation with diGuse-well optical-

model nuclear potentials. A fair degree of agreement with experiment has been obtained, though in many

cases the results, which depend strongly on the particular reaction considered, are inferior. In some of the
latter instances the data are not well Gtted; in others the agreement between elastic-scattering and stripping

parameters, or between parameters for stripping leading to diferent residual levels of the same 6nal nucleus,

is poor. For reactions with I.~——0 it appears that the angular distributions can be reasonably fitted in the
neighborhood of the Coulomb barrier as the bombarding energy is raised only if the deuteron real potential

depth is appreciably increased.

INTRODUCTION

'N a previous paper' results of calculations for
~ & deuteron stripping differential cross sections based
on the distorted-wave Born approximation with diAuse-

well optical model nuclear potentials were presented for
14 reactions for nuclei with A&59. The present study
extends this work to 14 reactions for light nuclei with
A &48. The main purpose of the investigation, as previ-

ously, was to ascertain the degree of applicability of the
distorted-wave Born approximation with optical poten-
tials in. the determination of stripping diRerential cross
sections. In particular, it was hoped that a set of optical-
model parameters having only limited and systematic
variations could be found which would yield agreement,
over a wide range, with experimental data for light
nuclei. This search has only been partially successful.
Appreciable and nonsystematic variations in the optical
parameters are obtained in many cases, in contrast to
the results found for most of the heavier nuclei previ-
ously studied, ' and the consistency in the results for
diferent reactions is generally poor. In some instances,
more than one acceptable set of parameters is deter-
mined, even under conditions in which the usual VE'
ambiguity can be excluded.

Thus, the results presented here for light nuclei are
to be accepted only with a considerable degree of cau-

*This work was supported in part by the U. S. Atomic Energy
Commission.

f Based on a dissertation (W. R. Smith) submitted in partial
ful6llment of the requirements for the Ph.D. degree at the
University of Texas.

~ &, R. Smith and E. V. Ivash, Phys. Rev. 128, 1175 (1962).

tion. Not only does the distorted-wave Born approxima-
tion with optical potentials seem poorer than for the
heavier nuclei, but the complexity of the calculations
makes it entirely possible that in many cases more
extensive work will disclose the existence of parameter
regions yielding appreciably better results than obtained
here '

CALCULATIONAL PROCEDURE

It has been shown previously' for heavier targets
(A&59) that (1) optical-model parameters yielding
agreement with the stripping data exist which do not
vary appreciably from one reaction to the next, and (2)
these parameters are in close accord with those obtained
from elastic-scattering data. Such consistency between
various reactions, unfortunately, has not been found for
light targets (A&32). Hence, it was considered advis-
able to adopt an approach in the stripping calculations
for light nuclei somewhat different from that used in
reference 1.

Because of the lack of over-all consistency, and the
VE' ambiguity, the potential radii have been kept
fixed at certain values for all of the light nuclei reactions.
The following somewhat arbitrary values based on
preliminary calculations have been adopted':

Ep„= 1.25 F, Rpg= 1.4 F,

~ Approximately 3000 angular distributions for light nuclei have
been obtained; however, 14 parameters are involved in the calcu-
lation, not including at least two necessary to take into account
spin-orbit eGects.' The notation used in this article agrees with that of reference 1.
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which, unless otherwise stated, have been used in the
present investigation. The diffuseness parameters have
also been fixed at the values

a„=0.5 F, a~=0.7 F.

However, in many cases a„and a~ were varied after
determining the potential depths in order to see if
improved agreement could be obtained. Finally, Woods-
Saxon real and imaginary potentials have been
employed. 4

The bound-state neutron radial wave function in
each case has the number of nodes predicted by the shell
model. It is obtained by numerical solution of the radial
Schrodinger equation using a Woods-Saxon potential
form factor. For simplicity, the neutron and real
deuteron form factors are the same in all cases presented
here.

Even though a set of parameters approximately con-
stant could not be found for all of the light nuclei reac-
tions considered, it was discovered that the reactions
could be separated into groups so that the results within
a group were similar. In an effort to secure more uni-
formity many cross checks were made to see whether
parameters found for one reaction could be used in
other cases.

In the following sections the reactions studied are
grouped according to L~ value, since, as will be seen,
there are certain similarities in the results for a given
L~. The order within an L~ group corresponds approxi-
mately to the sequence in which the reactions were
considered. The pertinent properties of the reactions
studied are listed in Table I in the order of increasing
atomic weight of the target nucleus. All of the stripping
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FIG. 1. Comparison of experimental and theoretical angular
distributions for the 0"(d,p)O"~, L~=O reaction for Es=1.05,
1.6, 2.01, and 2.51 MeV. The parameters are listed in Table II.
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Fio. 2. Comparison of experimental and theoretical angular
distributions for the 0"(d,p)0' ", Lrr=O reaction for Es=3.01,
3.43, and 4.11 MeV. The parameters are listed in Table II.

angular distributions are plotted with arbitrary
normalization.

RESULTS FOR LN=O REACTIONS

0"(d P)0"* (0.875 MeV)

We begin the discussion of the results obtained by
considering the 0"(d,p)O"* 0.875-MeV level, l.~——0
reaction, the most extensively studied of the reactions
treated in the present investigation. ' 0" is expected to
be a favorable theoretical case since its doubly closed
shell structure should allow the interaction between the
captured neutron and the nucleus to be well approxi-
mated by a simple central potential.

The relative differential cross sections obtained are
presented in Figs. 1, 2, and 3 for a range of bombarding
energies Ed, from 1.05 to 15 MeV. Table II lists the best-
fit optical-model parameters determined for the various
Eq. Perhaps the most striking feature of the results is
the considerable increase required in Vd as Eq is raised
from 2 to 15 MeV, the rate of increase being maximum
in the region of the Coulomb barrier (Es=3 MeV).
If V~ is kept constant at its Ed,= 2-MeV value, then the
calculated positions of the second peak for energies
between 2.51 and 4.11 MeV are found to be displaced
in the backward direction with respect to the experi-
mental results. Figure 4 shows the angular distributions
obtained when values of Vg smaller than the optimum
are used for the Eq=7.73-MeV reaction. A similar
variation in Vq is observed for other choices of the radii—in particular, for E0„=1.31 F, 80~=1.51 F, and

5 Also studied by J.L. Richter and E, V. Ivash, Phys. Rev. 111,
4Thus, the form factors used here differ somewhat from those 245 (1958), although the curves based on the optical model are

of reference 1. in error.
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TABLE I. List of reactions.

Reaction

ge9(d p)11e"
B10(d p)Bll

C12(d p)C13
C (d,~)N"
C12(d p)C13+

Q16(d p)Q17

Q16 (d p) Q17+

Mg'4(d p)Mg"

Mg'4(d, p) Mg" 6

S)26 (d p) Sj29

Si»(d, p) Si29*

S»(d,p)S»
Ca"(d,p) Ca"
Ca"(d p) Ca"*

Residual
energy
(MeV)

0
0
3.09

0.875

0.58

1.28
0
0
2.026

Neutron
orbital

1PI/2
1Ps/2

1Pl/2
1pl/2
2$l/2

id5/2

2~l/2

1A/2

2Sl/2

2~l/2

id3/2
1d3/2
2ps/2
2pl/2

Ea
(MeV)

3.6
8.2

15.5
21.5
28
9
2.75
2.889
9

13.3
0.58
1.05
2.01
2.65
3.01
3.49
4.11
7.73

15
1.05
1.6
2.01
2.51
3.01
3.43
4.11
7.73

15
10
14.8
3.9

10

6.2
8

10
15
8
4
7
7

0
(Mev)

4.585
9.24

2.719—0.286—0.371

1.919

1.049

5.107

4.519

6.249

4.969
6.421
2.921
0.895

Figure

19
20
20
20
20
19, 24
19
12
12

13
13
13
17
13, 16

14
14, 15, 16, 22, 23
14

1

1
1, 5, 6
2
2, 5
2
3, 4, 22, 23
3', 5'

18
18
11
11
7, 9
7, 9
7, 10
8
8

18
21
21

Reference

a
b
c
c
d
e
f
g
e
h
1

3

3
k
k
l
l
m
n
3

3

3

3

k
k
l
m
n
0
P
q
0
r
s
s
t
u
S
r
V
V

4 H. W. Fulbright, J. A. Bruner, D. A. 'Bromley, and L. M. Goldman, Phys. Rev. 88, 700 (1952).
b B. Zeidman and J. M. Fowler, Phys. Rev. 112, 2020 (1958).' See reference 15.
4 R. J. Slobodrian, Phys. Rev. 126, 1059 (1962).
e J. A. Kuehner, E. Almqvist, and J. E. Evans (private communication).
& A. Elwyn, J. V. Kane, S. Ofer, and D. H. Wilkinson, Phys. Rev. 116, 1490 (1959).

See reference 13.
b N. I. Zaika, O. F. Nemets, and M. A. Tserineo, Zh, Eksperim. i Teor. Fiz. 39, 3 (1960) C translation: Soviet Phys. —JETP 12, 1 (1961)j.
' Mira K. Juric, Phys. Rev. 98, 85 (1955).
~ See reference 9.
& T. F. Stratton, J. M. Blair, K. F. Famularo, and R. V. Stuart, Phys. Rev, 98, 629 (1955).
& See reference 10.I E.J. Burge, H. B. Burrows, W. M. Gibson, and J. Rotblat, Proc. Roy. Soc. (London) A210, 534 (1952).
& E. L. Keller, Phys. Rev. 121, 820 (1961).
o S. Hinds and R. Middleton, in Proceedings of the Rutherford Jubilee International Conference, Manchester, 1961, edited by J. B. Birks (Heywood and

Company Ltd„London, 1961), p, 446.
& E, W. Hamburger and A. G. Blair, Phys. Rev. 119, 777 (1960).
4 S. A. Cox and R. M. Williamson, Phys. Rev. 105, 1799 (1957).
& I. B.Teplov and B. A. Iur'ev, Zh. Eksperim. i Teor. Fiz. 34, 334 (1958) Ltranslation: Soviet Phys. —JETP 7', 233 (1958)j.
I J. A. Kuehner, E. Almqvist, and D. A. Bromley, Nucl. Phys. 21, SSS (1960).
t R. Bercaw (private communication).
& A. G. Blair (private communication).
& E. Kashy, A. Sperduto, H. A. Enge, and W. W. Buechner, Bull. Am. Phys. Soc. 7, 315 (1962).

Rp&= 1.3 F, Epd= 1.3 F—as well as for the I~=0 reac-
tions C"(d,p)C"*, Mg" (d p)Mg"*, and Si"(d p) Si"

A second set of values for Vd, higher than the first,
is found which yields results nearly as satisfactory, the
other parameters remaining unchanged except for the
imaginary potentials which are somewhat reduced.
Typical examples are shown in Fig. 5. A similar higher
set for Ud is obtained for other stripping reactions, as

well as for elastic scattering. ' Presumably a correspond-
ing ambiguity with respect to V~ also exists. These
higher values appear to be nonphysical, but complicate
the decision as to whether a given set of "best-6t"
parameters is, indeed, the correct choice. It is interesting
to note that for the higher set, as for the lower one, Vd

6E. C. Halbert, R. H. Bassel, and G. R. Satchler, Bull. Am.
Phys. Soc. 7, 357 (1962).
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TmLz II. Best-6t parameters.

Reaction

Be~(d,p)Be1o
10(d p) B11 a

C"(d,n)N"
Cls(d p)C13s
C12(d p)C13e

Ols(d p)Q17

Q16(g p)O17+

Mgs4(d, p)Mgs'

Mg'4 (d,p) Mg"~

Sg28(d p) S)29

S32 (d p) S38

Ca4'(d p) Ca4'
Ca4'(d, p) Ca4'~

jv~
(MeV)

3.6
8.1

15.5
21.5
28
2.75
9
2.889
9
0.58
1.05
2.01
2.01
3.01
4.11
7.73

15
3.01
7.73
1.05
1.6
2.01
2.51
3.01
3.43
4.11
7.73

15
15
2.51
3.43

15
10
10
14.8
3.9

10

6.2
8

10
15
15

7
7

U~ Ug
(MeV) (MeV)

60 80
53 74
50 73
48 78
45 80
Si 80
46 87
75 75
75 107
66 73 5
66 /2. 5
66 73
66 73
66 72.5
66 73
64 76
65 80
66 115
64 122
64 76
64 76
64 75.5
64 78.5
64 85
64 88
64 92
63 100
56 107
Si 75
66 122
66 136
56 170
55 80
35 100
47 60
50 76
50 96
53 68
51 98
50 95
46 96
47 101
40.5 6/
58 60
55 63
55 63

W„
(MeV)

3
5

12
14
20

2
2
4
9
0.5
1.5
0.6
3
2
6
8
6
1.5
3
5
3
5

4
3
5
7
4

2.05
2.2
3
5
1
2
2
4
6
3
2
2
2

10
2
8
8

le
(MeV)

6
10
24
24
20

4
8

18
1
3
1.2
6
6.7

10
13
12
3
6

10
5.2
9
6.3
4
3
5

16
8
8
4.1
2.2
6

10
7
7

12.3
8
8
8
6
7

13
2

15
15

Calc.
0 abs

(mb/sr)

0.86
2.14
1.25
1.03
0.92

17.45
12.78

114.6
107.8

3.57
8.88

51.41
18.21
29.44
21.65
21.98
28.45
23.0
16.42
6.71

24.72
/1.61

101.0
171.8
142.0
153.9
152.4
46.3
58.5
71.26

164.5
37.89
15.9
10.19
33.2
49.56
80.15
32.0
57.72
66.9
54.94
44.08
53.08
18.86
40.33
23.0

0'calc

0'exp

0.276

0.269

0.835
0.686
0.352

3.7
7.34
2.6
0.892
0.618
0.733
0.913
0.697
0.547
0.745
1.03
0.682
0.842
0.859
0.596
0.515
0.328
0.396
0.5
0.594
0.503
0.324

10.06

1.454

1.633
1.944

0.577
0.432

Fig.

19
20
20
20
20
19
19
12
12
13
13
13
13
13
14
14
14
16
16

1
1
1
1
2
2
2
3
3
3
5
5
5

18
18
18
11
11
7
7
7
8
8
8

18
21
21

a F01 BIO(d,p)B&I and CI&(d,p)CI&, a& =0.4 F and ad =0.6 F.

increases as the bombarding energy is raised, the ratio
Vq(Eq)/Vq(Eq= 15 MeV) being approximately the same
for the two sets of Ud's.

To further complicate matters, a third fit to the
Eq 15 MeV data (Fig. 3) i——s obtained using a value for
Ud in agreement with the results found for bombarding
energies below 2.5 MeV. However, the angular distribu-
tion for this case divers considerably from the previous
distributions at back angles, so that measurements of
the cross section beyond 90' should determine which
choice of parameters is best.

Because the fits become rapidly worse at angles be-
yond the second peak as the bombarding energy is raised
from 3 to about 4 MeV, effects ignored in the usual
distorted-wave Born approximation treatment pre-
sumably become important in this region, and the results

obtained for the optical-model parameters must be
viewed with some reservation. It is possible that this
poor agreement is connected with the variation in Vd
also observed in this region.

It is interesting to speculate as to the origin of this
variation. One possible mechanism is related to the
Oppenheimer-Phillips process. ~ As the energy of the
incoming deuteron is progressively lowered below the
Coulomb barrier, it becomes more and more dificult
for the proton to reach the surface of the nucleus, the
e6ective interaction of the proton with the nucleus is
diminished, and the effective interaction of the deuteron
with the nucleus, described by Uz, is decreased. Such
an e6ect should be largest for L~——0 reactions, for which

7 J.R. Oppenheimer and M. Phillips, Phys. Rev. 48, 500 (1935).
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Fn. 3. Comparison of experimental and theoretical angular
distributions for the 0'6(d p)O' ~ 1.~=0 reaction for Eq=7.73
and 15 MeV. The parameters are listed in Table II.

the average deuteron impact parameter has its minimum
value. However, this explanation does not seem to ac-
count for the apparent absence of a similar variation in
Vd for the heavier nuclei. '

An attempt was also made to determine Vq from
deuteron elastic-scattering data for oxygen (Table III).

As for stripping, two sets of parameters, differing pri-
marily in Vd, were found to give acceptable results for
the angular distribution (since Rsq is kept constant,
this of course, is trot the usual VR' ambiguity). However,
the values obtained cannot be considered too reliable
since the agreement with the experimental data at
large angles is poor, and because the high imaginary
deuteron potentials found necessary result in an in-
sensitivity of the calculated angular distribution to
variations in V&. It is to be noted that for oxygen, as
well as for other reactions, the values of 8"q obtained
from elastic-scattering data are generally much larger
than those derived from stripping measurements. How-
ever, calculations made by Robson' for the deuteron
elastic-scattering differential cross section for carbon
indicate that inclusion of the spin-orbit interaction has
the effect of raising the cross-section minima relative to
the maxima, thus making high values of Wd (which pro-
duce the same general effect) unnecessary. In addition,
inclusion of the spin-orbit interaction increases the cross
section at large angles, thereby overcoming another
difhculty encountered in non-spin-orbit deuteron elastic-
scattering calculations. Hence, detailed comparisons
between deuteron elastic scattering and stripping
parameters —at least, for light nuclei —do not seem
worthwhile unless a spin-orbit interaction is included
in the elastic scattering calculations.

A somewhat large value for the proton real potential,
V„=63 MeV, appears necessary to obtain a good 6t
to the Ed= 7.73-MeV data. This is higher than is found

E Ep g
Reaction (MeV) (F) (F)

V O' V" Refer-
(MeV) (MeV) (MeV) ence

C(p,p) C

x(p,p)N
Al(p, p)A1

A(p, p)A
o(d,d)o

14.0
19.4
10
9.8

17.6
9.72

11.2

Mg(d, d)Mg 4.07

10.1
11.8

Al(d, d)A1 10.1

15
Ti(d,d)Ti 15

1.24 0.51
1.24 0.54
1.2 0.6
1.45 0.19
1.29 0.48
1.2 0.41
1.4 0.661
1.4 0.607
1.4 0.625
1.4 0.604
1.5 0.55
1.4 0.667
1.4 0.684
1.4 0.668
1.4 0.636
1.5 0.6
1.5 0.6

49.2
48.9
49
40.4
51.8
62
58.5

113.4
56.7
95.0
83
53.6

10'/. 2
72 7.
98.6
55
59

8.5
8.0
3.0
9.2
8.6
9.5

18.7
20
15.4
17.3
27.8
22.5
25.2
47.0
43.4
25
21

48.5
48.1
45.1
54.4
55.4
5/. 1
58.5

113.4
56.7
95.0
95.3
53.6

107.2
72.7
98.6
63.1
67.7

b
b
c
d
b
d
e, f

e, g

eI I

e, j
k
k

TABLE III. Elastic-scattering parameters.
IO

.Ol

I I I I

)OI7%

049M.V
7.73 MeY

ss The value of V corresponding to R0v =1.25 F or Rcg =1.4 F is calculated
using the approximate relation VR2 =const.

b A. E. Glassgold and P. J. Kellogg, Phys. Rev. 10'F, 1372 (1957).
L. Rosen and J. E. Brolley, in Proceedings of the Second United Nations

International Conference on the Peaceful Uses of Atomic Energy, Geneva,
1958'. (United Nations, Geneva, 1958), Vol. 14, p. 116.

& A. E. Glassgold, W. B. Cheston, M. L. Stein, S. B.Schuldt, and G. W.
Erickson, Phys. Rev. 106, 1207 (1958).

e Analysis was carried out by the authors.
f M. Takeda, J, Phys. Soc, Japan 15, 557 (1960).

I. Slaus and W. P. Alford, Phys. Rev. 114, 1054 (1959).
h See reference 12.
& G. Igo, W. Lorenz, and U. Schmidt-Rohr, Phys. Rev. 121, 1423 (1961).
1 R. Wilson and J. Wesolowski (private communication by R. Bercaw).
& M. A. Melkano8, Proceedings of the International Conference on the

Nuclear Optical Model, Florida State University Studies, No. 32 (Rose
Printing Company, Tallahassee, Florida, 1959), p. 207.
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Fro. 4. Angular distributions for the 0"(d,p)O'r*, Ix=0 reac-
tion showing the inferior agreement obtained using values of V„
and V~ diferent from those listed in Table II. The upper curves
were calculated for Vq's near those found for low energy data. The
values of the other parameters are V&=58 MeV, S"~=8 MeV,
S'd =16 MeV. The values of Vq, 8'2„and 8'g for the lower curves
are the same as in Table II.

' D. Robson, Nucl. Phys. 22, 34 (1961).
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for the Siss(d, p)Si's reaction, for example, and is also
greater than the values determined in a number of cases
for elastic scattering of protons from light nuclei (Table
III). The angular distributions for oxygen for V„=55
and 70 MeV are shown in I'ig. 4.

At lower energies for oxygen V„ is less critical.
Figure 6 shows that for Eg=2.51 MeV any potential
between 55 and 70 MeV yields the correct height and
position of the second peak at 8=85, provided the
imaginary potentials are suitably adjusted. Table IV

TmLE IV. Parameters for Figs. 6, 9, 10, and 17.

Figure Reaction
Pd Vp Vd Wp Wd

Lx (MeV) (MeV) (Mev) (MeV) (MeV)

&calo

tTexp

.OOI I t I I ! I I I ( I

20 40 60 80 IOO I20 I40 I 60 I80
ec.m.

Fzo. 5. Comparison of experimental and theoretical angular
distributions for the 016(d p)017* L~=O reaction for Ed ——2.51,
3.43, and 15 MeV. Large values for Vd have been used. The param-
eters are listed in Table II.

Eq 3——MeV the choice of W„becomes more restricted,
as does that of V„.

An extensive investigation was made for Eq=7.73
MeV to determine to what extent the results obtained
for the angular distribution depend on R„and Rg. It is
found that the best value for V„ for a given R„ is very
nearly independent of Rg, and that the best value of Vg
for a given R& is very nearly independent of R~. The
following relations are obtained:

VyRoyo =31.1+52Roy,

VgR pg' 56.5+——97Rpg,

where the potentials are in MeV and the radii are in F.
It is also found that for best results the diGuseness
parameters a„and as should be increased by approxi-
mately 0.03 and 0.05 F whenever Ro„and Roy, respec-
tively, are decreased by 0.1 F.

Since it is relatively dificult to excite 0" (an excita-
tion energy of at least 6.05 MeV is necessary), the strong
low-lying levels of 0'7 should be particularly pure single-
particle states. The ratio o;,t,/o, o of the distorted-wave
Born approximation for the absolute differential cross
section to the experimental absolute differential cross
section calculated at the principal peak should then be
expected to have a value equal to one or, at most, slightly
greater than one. The actual ratios obtained for the
various energies (Table II) are (with a single exception)
less than one. Futhermore, the values vary considerably
from one energy to the next.

One way to increase this ratio is to increase R& or
a~, thereby decreasing the magnitude of the interior
oscillations of the neutron wave function. As a result,
the neutron wave function normalization factor, oc-
curring in the denominator of the expression for the
absolute differential cross section, becomes smaller and,
hence, the cross section larger. Thus, a neutron potential
of greater range than used here, or more tapered, may
be indicated.

Q16(~T p)Q178

9 Si26 (d,p) Si»

SP6(d,p) SVQ
Q16(d p)Q17

0 251 50
55
60
65
70
/5

0 4 53
6.2 51

50
0 8 51
2 2.65 66

100
70
88
75

117.5

0.6
2.2
2.8
3.25
4.05
6.5
5
3
3
2
0.25
0.5
1
2

1.2
44
5.6
6.5
8.1

13
8
8
9
6
0.5-
1
2
4
8

0.465
0.755
0.827
0.87
0.849
0.685

5.1
3.02
1.55
0.914
0.664

lo
I I I I I I I I I I

ION(d )0I7%

Q = I.049 MeV

lists the parameters used. An excellent over-all 6t can
be obtained for V~= 66.5 MeV, in good agreement with
V~=63 MeV found for Eg=7.73 MeV, and also with
the value of 66 MeV determined from a study of the
stripping reaction leading to the ground state of 0".
Since in the present case the results were relatively
insensitive to variations in 8'„, its value, somewhat
arbitrarily, was kept at half the value of 8'q. Above

65 o ~ ~ ~

70--—

\
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OI
I I I I I I I I I I I I I I I . r
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75

Fror. 6. Angular distributions for the 0"(d,p)O"~, Ipr=0
reaction for a wide range of values of V„at Ed =2.51 MeV. The
values of Wp and Wd have been oPtimized for each curve. The
parameters are listed in Table IV.



310

lO

SM I TH AN D .E. V. I VAS H

t is reaction is evident from the f
M V h ss section at the se ond maximum

e rst maximum
re a-

b l t f bl fi

f h I d' 'b

of t
ar istributions. The

h~ "-g hh 'g "o

h i b d l'e up icated- b ro
7

is

ypop

occ „h ts(d Ot7
ias. swillbeseen a

' ' '
ion

' ground-state reaction

.Ql

.OOI
I I I I

20 40 60 80
I I I I I I

Bc.m.
IOO l20 l40 160 I 80

1G. . Comparison of ex
t ib tio foor the Si"(d p)Si" L~=O

~ Th --t-'. - l'td
'""'"'""'"

is e in Table II.

Si28 (d,P)Si" (ground)

Results for the Si"(d, Si"p)" go
Fig . 7 d8f E—or d

——4, 6.2, 8, 10)

I

A considerable amount of res
h excitation function

ure is
ion of the 0"(d,p)0"*

ss section a
f .6 MeV

eV, althou
nce

e precise ener
me un-

gy values. ' Tha
e experimental an ul d' ' '

s ore
'

angu ar distributions for

.OI

.01

I

001 I I I I I t t II I I I 'Il, 'I I I I I I

80 100 12

FIG. 9.

800 120 140 160 180

. Angular distribution ', j29 L~-"(,P)
'"

e zn erior agreement obtained for E

rior agreement for Ed, =6.2 M V

e parameters are listed in

.OOI

SI (d,P)$129

Q = 6.249 MeV

C. C. Grosskreutz, Ph s.ys. Rev. 101, 706 (1961).

I
I
I
I
I

I I I I I I

I
I

0 20 40 60 80
I I I I I I I I I I I

Bc.m.
80 100 120 0 160 180

Fxo. 8. Top: Comparison of eF
r e astic scattering of deuter

T bl
III'("g'""g'""' ' "'P

et). Middle and bottom
theoretical angular d'

n for Eq=10 and 15 M28 =0 t'o — H

in a le II.
eV. The param- V for all the

gartner and H. O'. Fulbri ht"E.Baum ar u right, Phys. Rev. 107, 219

and 15 MMeV. In general, the aM . a, t e agreement with ex

in Vd with E
ecessary, a rise of

d

M E —62M e bein obt
'

d=
' g, d. t oudbe

a ngu a distribut

T o using a low value ofThe results o a ue of

Fl
e a eV, are shown in

'
ga ig valuefor4M

s tisf tor
ts are quite

It will be noted tha „' ee that V„ is about 50 Me



LIGHT NUCLEI (d, p) ANGULAR DISTRIBUTIONS 3ii

bombarding energies, appreciably less than V„=64
MeV obtained for the 0"(d,p) 0'"*reaction for Eq i.0——5
to 7.73 MeV. The higher value for V„was tried for sili-
con, but was found to give inferior results.

The average of o.,~,/o, „,for the silicon ground-state
reaction is roughly twice that for the 6rst excited state
oxygen reaction. Such a result is not unexpected, since
Si" is more readily excited than 0", and, hence, the
effect of admixtures of states is more important.

IO-

Mg" (d,p)Mg"~ (O.SS MeV)

Results for the Mg" (d p)Mg"*0 58-MeV level, X~=0
reaction for E~——3.9 and 10 MeV are presented in Fig.
11.The values of V~ and V„obtained are seen to be in
rough agreement with those for the Si"(d,p)Si" reac-
tion at comparable energies.

C"(d)p)C"* (3.09 MeV)

Calculated angular distributions for the C"(d,p) C"*
3.09-MeV level, I.~=O reaction are shown in Fig. 12

.Ol

00 I
f I 1 f I I I I I I I I I I I I I

20 40 60 80 100 120 140 160 I80
ec.m.

Fxo. 11. Comparison of experimental and theoretical angular
distributions for the Mg" (d,p)Mg"*, L~=O reaction for Ed=3.9
and 10 MeV. The parameters are listed in Table II.
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be adjusted by varying 5'„and 8 z, the ratio becoming
maximum for W„=O, 8'~=0. It is found that even under
the m,ost favorable parametric conditions the calculated
cross section at large angles is unacceptably small unless
V„ is chosen to be at least 60 MeV (the actual best-fit
value obtained is V„=75 MeV). Thus, as for oxygen,
the optimum value for V„ is larger than for elastic
scattering. A large V„also appears to be indicated in a
few studies (the results of which are not shown here)
of higher energy data (8.2 to i3.3 MeV).

The ratio of the calculated to experimental absolute
cross sections is roughly the same as that for the0"(d,p)0"* reaction, indicating a single-particle char-
acter for the 3.09-MeV state of C"

Fro. 10. Angular distributions for the Si"(d,p)Si", 1~=0 reac-
tion showing the inferior agreement obtained for Ed=8 MeV
when a value of Uq is used which is 20 MeV smaller than the value
yielding the 6t shown in Fig. 7. The parameters are listed in Table
IV.

for Eq=2.889 and 9 MeV. The its obtained are fair,
though the minima tend to be low, and the calculated
principal maximum for E~= 9 MeV is somewhat broad.

An appreciable increase in V~, similar to that ob-
served for the 0"(d p)0"~ Mg"(d p)Mg"~ and the
.Si"(d,p) Si"reactions, is noted as the bombarding energy
is raised from Ed = 2.889 to 9 MeV. The value obtained
for Vz for E&=2.889 MeV agrees with the low-energy
results found for the other l.~=0 reactions investigated.
In the present instance, however, Vq is determined
rather more sensitively since the extended horizontal
portion of the back-angle distribution can only be ob-
tained for values of V~ which are nearly the same for a
wide variation of V„. The height of the back-angle
cross section relative to that for the forward peak can

lo
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FIG. 12. Comparison of experimental and theoretical angular
distributions for the C'2(d, p)C"*, Lg=o reaction for Ed=2.889
and 9 MeV. The parameters are listed in Table II.
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Kg ~ 0.58 MeV

0 (d,p)0
Q = l.9I9

Eg = I.05 MeV
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Fro. 13. Comparison of experimental and theoretical angular
distributions for the 016(d,p)017, 1.~=2 reaction for Ed, ——0.58,
1.05, 2.01, and 3.01 MeV. The parameters are given in Table II,
the dashed curve corresponding to the first set listed for Eq= 2.01
MeV. lo

I I I I I

tion, but do not exhibit the large variation with E~
observed for the I.~=O reactions. The results for V~
for the ground and for the first excited-state reactions
are seen to be also in good accord over a wide range of
bombarding energies. The value Vd =80 MeV for E~= 15
MeV is 7 MeV higher than for Ed=4. 11 MeV. Using a
more shallow potential results in a peak at 0', in dis-
agreement with the data. The effect of using V~=100
MeV, obtained for the 6rst excited-state reaction at
Ed = 7.73 MeV, for the ground-state reaction at the same
bombarding energy is exhibited in Fig. 15. It is seen
that the fit is rather poor. As in previous cases, however,
a still higher set of values for V~ is found to give results
(Fig. 16) similar to those obtained using the best-fit
set.

Two curves are shown in Fig. 13 for E~= 2.01 MeV.
One, calculated using very small values for 5'„and 5'~,
has the large backward cross section required by the
data, though the absolute cross section is anomalously

l0

Mev

.OI

I I I I I I

0 20 40 60 80 IOO 120 140 l60 l80
ec.m.

RESULTS FOR X~=2 REACTIONS

0"(d P)0" (ground)

Angular distributions for the 0"(d,p)0"ground state,
I~= 2 reaction for Eq ——0.58, 1.05, 2.01, 3.01, 4.11, 7.73,
and 15 MeV are presented in Figs. 13 and 14. It is seen
that there is a persistent disagreement between the
calculated results and the experimental data at larger
angles, though for small angles the its generally are
good. The secondary peak at 60' for Ed=15 MeV is
not well reproduced. The curve shown in Fig. 14 is the
best obtained.

The values of Vq (Table II) are approximately 73
MeV for E~=0.58 to 7.73 MeV, in agreement with the
Eq ——1.05 to 2.01 MeV results for the excited-state reac-

~ 0
~ ~ ~

~ ~
0

Q = l.9l9 Mev
Ed= 7.73 MeV

1 I I I 1 I I I I 1 1 I 1 1 I I I

0 20 40 60 80 100 I20 I40 160 ISO
Bc.m.

FIG. 15. Angular distributions for the 0' (d,p)0', Lz= 2
reaction for Ed, =7.73 MeV showing the inferior agreement ob-
tained using a value of Vz which yields good results for the
0'6(d P)0'r*, L+=0 reaction at the same energy.

large. The other is obtained using more usual values for
the imaginary potentials, but disagrees with the angular
distribution at large angles, though the absolute cross
section is more reasonable.

The same eGects are present for E~=2.65 MeV. In
Fig. 17 calculated angular distributions are presented
for a wide range of imaginary potentials with 5 d =25'„.
The corresponding absolute cross sections are given in
Table IV, and are seen to be very sensitive to the values
of the imaginary potentials. At higher bombarding
energies this sensitivity diminishes.

It is possible that the anomalously high backward
cross sections observed for this reaction near Ed=2.5
MeV, as well as similar eGects for other reactions, may
be due to Quctuations in the level density of the com-
pound nucleus. Alternatively, the large backward yields
may be the result of exchange stripping. Nagarajan
and Banerjee, "using plane waves, obtained good agree-

"M. A. Nagarajan and M. K. Banerjee, 5ucl. Phys. 17, 34i
(1960).

FIG. 14. Comparison of experimental and theoretical angular
distributions for the 0"(d,p)0", L~=2 reaction for Ed=4 11, .
7.73, and 1S MeV. The parameters are listed in Table II.
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ment with the Ez 3.4——9 Mev 0"(d,p)0'"data by includ-

ing an exchange-stripping amplitude in the calculation.
l0

Mg'4 (d,p) Mg" (ground)

In Fig. 18 are presented angular distributions for the
Mg'4(d, p)Mg" ground state, l.rr 2rea——ction for Ee 10——
and 14.8 MeV. It is seen that for E~——10 MeV there is
an almost perfect mismatch between calculational and
experimental structure at larger angles, a result also
obtained by Buck and Hodgson. "

In the calculations, V„and V~ were varied in 10-MeV
intervals with V~ ranging from 35 to 65 MeV and t/'~

from 50 to 120 MeV. All possible combinations of t/'„

and V~ were considered. Possible fits for E~——10 MeV
could be found only for the rather extreme values
t/'„=35 MeV and t/'~=105 MeV. The best-fit curve
shown in Fig. 18 was obtained by further varying W„
and W~. The Eg= 14.8 MeV experimental distribution
is an example of an LN=2 reaction which has an
anomalous peak at 0' which, nevertheless, can be well

reproduced by distorted wave calculations.

IO

20 40 60 80 100 120 140 160 I80
8c.m.

FxG. 16. Comparison of experimental and theoretical angular
distributions for the 0"(d,p)O", Lu= 2 reaction for Ee =3.01 and
7.73 MeV. Large values for Vq have been used, The parameters
are listed in Table II.
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FIG. 17. Angular distributions for the 0"(d,p) O', I&=2
reaction at Eg=2.65 MeV, demonstrating that the use of anoma-
lously small values for 8'„and TVp yields a high backward angular
distribution in agreement with experiment. The parameters are
listed in Table IV.

IO

RESULTS FOR LN=1 REACTIONS

C"(d,P) C" and C"(d,ri)N" (ground)

Relative differential cross sections for the C"(d,p)C"
ground state, L~= 1 reaction at E~= 9 MeV and for the
C"(d,l)N" ground state, le=1 reaction at Ee=2.75
MeV are presented in Fig. 19. The 6t is good in the
former case but only fair in the latter. For the 9 MeV
(d,p) reaction it is found that smaller than usual values
for the diffuseness parameters, namely, a„=0.4 F and
@~=0.6 F, improve the results considerably. Since it
is apparent from the excitation curves and angular dis-
tributions at low energies for these reactions"'4 that
compound nucleus effects play a dominant role, the
application of the distorted-wave Born approximation
here must again be viewed with caution.

Calculations for the (d,p) reaction for several bom-

The unacceptable distributions determined for Eq= 10
MeV serve as a warning that caution must be exercised
in applying the distorted-wave Born approximation with
optical-model potentials to stripping reactions with
light nuclei, even at fairly high bombarding energies.
Trial calculations for a comparable case, the Si"(d,p)-
Si"*1.28-MeV level, LN = 2 reaction at Eg= 8 MeV, also
gave poor results (not shown) for angles larger than 70'.

S"(d,p) S" (ground)

Considerable effort to 6t the available E~=4 MeV
data for the S"(d,p)S" ground state, I.tr 2reaction- —
failed. The best over-'all result obtained is shown in
Fig. 18.

n B. Buck and P. E. Hodgson, in Proceedings of the Rutherford
Jgbilee International Conference, Manchester, 1961,edited by J.S.
Birks (Heywood and Company Ltd. , London, 1961), p. 443.

s~gd, p)s~~
Q-"6.421 MeV

.01 20 40 60 80 100 l20 140 160 180
Gc.m.

FIG. 18. Comparison of experimental and theoretical angular
distributions for (top and middle) the Mgu(d, P)Mg", En=2
reaction for Eq = 10 and 14.8 MeV; and (bottom) the S~(d,p) S~,
I~=2 reaction at Eg=4 MeV. The parameters are listed in
Table II.

"M.T. McKllistrem, K. W. Jones, Ren Chiba, R. A. Douglas,
D. F. Herring, and E. A. Silverstein, Phys. Rev. 104, 1008 (1956).

' A. Elwyn, J. V. Kane, S. Ofer, and D. H. Wilkinson, Phys.
Rev. 116, 1490 (1959).
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barding energies below 4.5 MeV yield poor results (not
shown). From the imperfect evidence obtained, Vq

seems to increase with Ed.

10

Be'(d,P)Be" (ground)

In calculating the angular distributions for the
Be'(d,p)Be" ground state, Lrr ——1 reaction at Eq=3.6
MeV, V„and V~ were varied in 10-MeV steps for V„
between 50 and 70 MeV, and Vq between 50 and 110
MeV. All combinations of U„and Ud were considered.
In all cases results similar to those shown in Fig. 19
were obtained. It is clear that the calculated and experi-
mental positions of the backward peak disagree
markedly.

.01

IO,

0 20 40 60 80 100 I20 140 I 60 180
Bc.m.

FxG. 20. Comparison of experimental and theoretical angular
distributions for the B'0(d,p)B", L~=T reaction for Eq=8.2,
15.5, 21.5, and 28 MeV. The parameters are listed in Table II.

F01 I I I I I l I I I I I I I I I I I
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FrG. 19. Comparison of experimental and theoretical angular
distributions for (top) the C"(d,n) N", L„=1 reaction at Eq =2.75
MeV, (middle) the Ca(d, p)C", 1~=1reaction at Eq= 9 MeV, and
(bottom) the Be'(d,p)Be", 1~=1 reaction at Ed =3.6 MeV. The
parameters are listed in Table II.

B"(d,P)B" (ground)

Calculations of the angular distribution for the
B"(d,p)B" ground state, L~ 1reaction for Eq ————15.5
and 21.5 MeV have been performed by Zeidman et al."
with good results. It was thought of interest to confirm
and extend this work, using present procedures.

For the high-bombarding energies involved here it is
found that the calculated positions of the peaks agree
with the experimental data for a wide range of optical-
model parameters. However, since only the relative
heights of the various peaks change appreciably in
varying U„, U&, 8"„,8'd, a„, and ad, it is diKcult to
determine a best-6t set of values. It also appears that
the effect of varying a particular parameter depends
appreciably on the values of the other parameters.

The calculated angular distributions for E~ ranging
from 8.2 to 28 MeV are presented in Fig. 20, and the cor-
responding values for U„and U~ are listed in Table II.

'5 B.Zeidman, J. L. Yntema, and G. R. Satchler, in Proceedings
of the Rutherford Jubilee IrIternational Conference, Manchester,
D'6l (Heywood and Company Ltd. , London, 1961),p. 515.

An attempt has been made to maintain a systematic
variation with energy of these parameters. The increase
in V& from E&=15.5 to 21.5 MeV proves necessary in
order to lower the second peak to the correct height.
Varying the other parameters does not give a suf-
ficiently large effect. As for the C"(d,p)C" reaction,
smaller than usual values for the diffuseness, a„=0.4 F
and ad=0. 6 F, are found to yield slightly better results
for the angular position of the main peak for Ed= 15.5
MeV.

For Ed=28 MeV several significantly different sets
of parameters have been obtained which yield results
as satisfactory as those presented in Fig. 20. One such
set is the following: a~=0.5 F, u~ ——0.7 F, V„=50MeV,
Uq=95 MeV, 8'„=10MeV, 8'~=20 MeV.

.OI

0 20 40 60 80 100 120 140 I60 180
Bc.e.

FIG. 21. Comparison of experimental and theoretical angular
distributions for (top) the Ca '(d, p) Ca", L~= 1 reaction at Eq ——7
MeV, and {bottom) the Ca"(d,p)Ca"*, L~=T reaction at Eq=7
MeV. The parameters are listed in Table II.
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TABLE V. Parameters for Figs. 22 and 23.

Figure

22

23

Reaction

Q16(d p) Q17

Q16(d p)Q17+
Q16(d p)Q17+
Q16(d p) Q17
O16 (d p) O174

Rpy
(F)

1.5
1.5
1.1
1.25
1.25

Rpg
(F)

1.7
1.7
1.2
1.4
1.4

(F)

0.4
0.35
0.6
0.5
0.5

(F)

0.55
0.35
0.85
0.7
0.7

U~ Ug S"„
(MeV) (MeV) (MeV)

47 43 5.25
47 72 6
73 120 8
65 75 5
68 105 6

S'g
(MeV)

10.5
12
16
10
12

0'ctLlc

0 exp

0.705
0.421
0.286
0.693
0.382

Ca" (d,P)Ca" (ground and 2.026 MeV)

Angular distributions for the Ca"(d,p)Ca" ground
state and 2.026-MeV level, I.~=1 reactions are pre-
sented in Fig. 21 for Ed ——7 MeV. Good fits are obtained
using optical parameters in agreement with the values
found for the heavier nuclei (remembering the VR'
ambiguity). Of course, since Ca" has filled proton and
neutron shells and is a fairly heavy nucleus, it is ex-
pected to be a particularly favorable target.

FURTHER INVESTIGATIONS

The 0"(d,P)0'r ground and first excited-state reac-
tions at Ed=7.73 MeV were selected in an attempt to
determine whether improved results for angular dis-
tributions could be obtained by varying Rp& Rpd
and az (which generally were kept constant in the course
of the previously described calculations). In this manner
it was hoped to examine the degree to which "best-fit"
parameters are unique.

The procedure used was to choose relatively large
radii (Rp&= 1.5 F Rpg=1.7 F), or comparatively small
radii (Rp„——1.1 F, Rpq= 1.2 F), and observe the effect
of varying other parameters, particularly a„and ad.
Figure 22 (also Table V) shows that good results are
obtained using the larger radii for reactions leading to
the ground and first excited states of 0".A fair fit is also
found for the first excited state of oxygen using the smal-
ler radii (Fig. 22), though not for the ground state.

Varying the real and imaginary potentials while using
the standard radii (Rp&= 1.25 F, Rps= 1.4 F) and keep-
ing both of the diffuseness parameters either large
(a~= 0.7 F, aq= 0.9 F) or small (a„=0.25 F, aq= 0.4 F)
yielded results inferior to those already obtained for the
ground- and first excited-state oxygen reactions. How-
ever, it was discovered for the Eq 7.73 MeV, 0"(d,p)-——
0"* reaction —and subsequently for the Ed=8 MeV,
Si"(d,P)Si"; Eg=10 MeV, Mg'4(d, p)Mg"*; and the
Eq=9 MeV, C"(d,p)C"* reactions (all I.N ——0)—that
good agreement with experiment is obtained using
V~=85 MeV (10 to 20 MeV lower than the values listed
in Table II) provided, however, that a~ is increased from
0.5 to 0.7 F (Table VI). The latter figure is appreciably
higher than any of the elastic scattering values of Table
III.Nor do the parameters of Table VI yield satisfactory
results for the angular distribution when applied to the
Eq= 7.73 MeV, 0"(d,p)0'" ground state or the Eq 10——

MeV, Mg"(d, p)Mg" ground-state reactions. In agree-
ment with previous results (Table II) it appears that
the (d,p) stripping reactions leading to the ground and
first excited states of 0"and of Mg" yield quite different
sets of optical-model parameters.

TABLE VI. Alternate parameters.

Reaction

C12(d p)
QlB(d p)Q178
Mg24 (d,p) Mg»*
Si2B(d,P)Si29

(MeV)

0 9
0 7.73
0 10
0 8

a2 aj V2 Va W2 Wa
(F) (F) (MeV) (MeV) (MeV) (MeV)

0.7 0.7 60 85 9 18
0.7 .0.7 55 85 8 16
0.7 0.7 48 85 4 12.3
07 07 50 85 2 10

In another series of calculations surface-peaked imagi-
nary potential form factors for the proton and deuteron
were used. The real and imaginary form factors were
chosen to be of the polynomial segment form labeled
Jig and F„described in a previous article. ' Results
clearly superior to those for volume absorption for the
0"(d,P)0" ground-state reaction, and at least as good
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Fzo. 22. Angular distributions (top) for the 0"(d,p)O'", Le=2
reaction at 8&=7.73 MeV, using large values of Rp~ and Rpg,
(middle) for the 0"(d,p)O"", I~=0 reaction at Ep=7 73 MeV, .
and (bottom) for the Q"(d,p) Q"*, L~——0 reaction at Ed, =7.73
MeV, using small values of Rpp and Rp&. The parameters are listed
in Table V.
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DISCUSSION

From the results presented it is apparent that there
is a tendency for agreement between calculated and
experimental angular distributions to diminish with
increasing values of L~. The same behavior is observable
in the results of Buck and Hodgson" for the L~——0
and LN —2(d,p) reactions on—Mg'4 at Eq 10 MeV, ——

IO

.OI
20 40 60 80 IOO I20 I40 I60 I 80

ec.m.

FIG. 23. Results obtained using surface-peaked form factors
for 8'„and 5'z for (top) the 0' (d,p)O', L&=2 reaction at
Eq=7.73 MeV, and (bottom) the 0' (d,p)O' *, L~=O reaction
at Eq=7.73 MeV. The parameters are listed in Table V.

as the volume absorption ones for the 6rst excited-state
reaction, are obtained (Fig. 23 and Table V).

The e6ect on the cross section of including spin-orbit
interactions in the deuteron and proton channels for
j~——2 reactions has also been investigated, and is il-
lustrated in Fig. 24 for the LN ——0, Si"(d,p)Si' and the
L~= 1, C"(d,p) C" reactions. The calculations are based
on the formulas of Robson. ' A surface spin-orbit
potential of the derivative Woods-Saxon type is used.
It is seen that striking improvement is obtained for
silicon at the larger angles. An improved agreement is
also noted for those L~=O cases for which measure-
ments extend to large angles, namely, for the silicon
reaction at Eg= 4 and 8 MeV, the oxygen reaction at
Eq=3 and 7.73 MeV, and. the magnesium reaction at
Eg= 10 MeV. The improvement obtainable is such that
the last minimum can be raised by the proper amount
(except for oxygen at Eq ——7.73 MeV, for which the
magnitude of the effect is too small). At low energy-
at E&= 1.6 MeV for oxygen, for example —the inclusion
of spin-orbit potentials changes the angular distribution
only by a small amount. Spin-orbit effects for the first
excited-state Ca"(d,p) Ca"* reaction at Eq= 7 MeV are
also rather small, and can be reproduced by variation
of some of the other parameters. For the C"(d,p)C"
reaction at Eg=9 MeV inclusion of the spin-orbit
interactions is seen to result in a somewhat better Gt,
though, unfortunately, the most noticeable eGect is
for angles outside the range of presently available data.

Io
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I I I I I I I I I I I I I I I I I

0 20 40 60 80 !00 I20 l40 I60 IBO
ec.m.

FIG. 24. Results illustrating the eEect of including spin-orbit
interactions in the proton and deuteron channels on the angular
distributions. Top: The C'2(d, p) C", L~=1 reaction, the non-spin-
orbit parameters agreeing with those of Fig. 19. Bottom: The
Si' (d,p)Si~, LN=O reaction with V„=50 MeV, Vq ——100 MeV,
8'„=3MeV, and 8'q=8 MeV.

and of Tobocman and Gibbs" for the L~= 1 and L~= 3
(d,p) reactions on Ca4' at Eq ——4.13 and 4.69 MeV. The
eGect also appears for heavier targets, as for the
Zn" (d,p)Zn" reactions' at Eq 11.9 MeV—,—where good
agreement is obtained for the LN = 1 distribution, but
difhculty is encountered for the L&=2 and L~——4
reactions. Since the parameters which were held con-
stant in the present investigation (Ro~, Eoq, a„, and aq)
were determined mainly from studies with L~=0
reactions, it is possible that the diminishing agreement
with increasing LN observed is due to a dependence of
these quantities on LN.

Conflicting evidence is obtained regarding the appli-
cability of the distorted-wave Born approximation with
optical-model potentials to stripping reactions for light
nuclei. In many cases it is possible to attain fair agree-
ment with the experimental data, though, as has been
seen, there are a number of reactions for which this ap-
pears impossible using physically reasonable optical-
model parameters. For the latter instances there is, of
course, always the possibility that due to the complexity
of the calculations a more extensive investigation will
yield results which are more acceptable, though it is
clear that the calculational procedures described here
and in reference 1 are successful for the heavier target
nuclei with A &48 and, presumably, should be adequate
for light nuclei as well.

As is apparent from Table III, there is considerable
variation in the deuteron and proton elastic-scattering
parameters for a number of light nuclei, though the
averages of a~ and a& are in satisfactory agreement
with the stripping values of Table II. However, 8'q

'6 W. Tobocman and W. R. Gibbs, Phys. Rev. 126, 1076 (1962).
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for elastic scattering is higher than for strippingexcept
in the case of B"(d,p)B" above E~= 15 MeV. There is
also a less marked tendency for W'„ for elastic scattering
to be greater than for stripping. The L~=O silicon and
magnesium reactions, as well as the 9 MeV, LN=1
carbon reaction, for which good results are obtained, in
particular, seem to require values of 8'„and 8'~ which
are considerably smaller than for elastic scattering.

As previously mentioned, the high values of Sd
found from elastic-scattering data result in an insensi-
tivity of the angular distributions to variations in V&,
so that V& is not accurately determined for elastic scat-
tering. Nevertheless, there appears to be a real dis-
crepancy between stripping and elastic-scattering re-
sults for Vd in many of the cases considered here. The
real proton potential V„ is roughly the same for elastic
scattering and stripping, except for the L~=O and 2

oxygen reactions and the LN=O carbon reaction, for
which the stripping values are rather high.

In general, then, the agreement of stripping optical-
model parameters with the elastic scattering values for
light nuclei is poor in comparison with that obtained
for heavy nuclei. ' Of course, even for elastic scattering
the optical-model analyses for light nuclei in many cases
give unsatisfactory results. '~ It is also by no means
certain that the two sets of parameters, particularly
for light nuclei, must necessarily be the same. Indeed,
there is a significant difference between elastic scattering
and stripping mechanisms in that stripping occurs pre-
dominantly at the nuclear surface, so that a more re-
stricted range of angular momenta for deuterons and
protons is involved than for elastic scattering. Conse-
quently, the scattering conditions are not quite the same
in the two cases, and the effective optical-model po-
tentials may well be diferent. For stripping there is an
additional complication in that the initial and final
nuclei are different. For light nuclei this difference may
be significant.

We repeat our previously made observation (refer-
ence 1) that the results obtained using the distorted-
wave Born approximation with optical potentials should
be most appropriate for the heavier nuclei. Compound
nucleus, exchange stripping, and mass-correction eGects
should be smaller, and the optical-model approximation
better.

Nevertheless, as has been seen, a considerable degree

'7 F. Bjorklund, G. Campbell, and S. Fernbach, in International
Symposium on Polarization Phenomena of Nucleons, Basel, 1960,
Helv. Phys. Acta, Suppl. 6, 432 (1961).

of success has been obtained for light nuclei in many
instances. The B"(d,p)B" angular distributions from
Eq=8.2 to 28 MeV are fairly well reproduced using
reasonable optical-model parameters. Consistent param-
eters for the Si"(d,p)Si" reaction for Eq between 6.2
and 15 MeV, and for the 0"(d,p)0'r reaction for Eq
between 1.05 and 15 MeV have been obtained, although
some of the fits for the latter reaction are inferior. The
results for the two reactions on Ca" at Eq 2MeV——are
also good. A forward peak for the L~=2, Mg'4(d, p)Mg"
reaction at E~= 14.8 MeV, not predicted by the simple
plane-wave Butler stripping theory, ' is well reproduced.
The observed high-backward cross sections for the
0"(d,p)0" reaction also have been obtained, though it
has proved necessary to use unusually small imaginary
potentials which result in anomalously large absolute
cross sections.

It is evident that V„ is not a smoothly varying func-
tion of A. For example, an appreciable decrease in this
parameter occurs in going from O" to Mg". However,
except for the two L~=O, C" reactions, nearly all the
values fall in the range from 50 to 65 MeV. The variation
in Vg is considerably greater, though it is to be noted
that for higher bombarding energies the values of Vg
are similar for the LN=O reactions ori C 0 Mg
and Si".

The poorest results obtained for the angular distribu-
tion are for the L~ 1, Be'(d,p)Be"——and the low-bom-
barding energy C"(d,p)Cta reactions, and the L+=2,
Mg" (d,p)Mg" Si"(d,p)Si"*, and S"(d,p)S" reactions
Lsome of the 0"(d,p)0" data also were not well 6tted j.
For the LN=O reactions on C" 0" Mg" and Sl2 a
disturbing feature is the large increase in Vd with bom-
barding energy found in the neighborhood of the
Coulomb barrier.

It is apparent that much additional work remains to
be done in the study of stripping reactions involving
light nuclei. Additional data, especially for targets of
0" and Si', would be most helpful. In this connection
the importance of extending measurements over as wide
an angular distribution as possible should be emphasized.
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