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Angular distributions have been measured for angles g„b & 4' for (' 0, "N) transitions on 2s-1d and 1f-2p shell
targets at bombarding energies 36 & E„„&S3 MeV. More than one transition has been studied for each t value
from 1 through 4 and the transition Q values vary from nearly optimum to severely unfavored. A full-finite-

range distorted-wave Born approximation analysis is successful in reproducing angular distribution shapes for
transitions with bombarding energies well above the entrance channel Coulomb barrier, but such an analysis
fails badly to fit angular distributions for lower bombarding energies, especially for unfavored Q value
transitions. There is some variation of the extracted absolute spectroscopic factors with bombarding energy,
but in general the spectroscopic factors are in good agreement with ('He, d) results if the distorted-wave Born
approximation predictions are normalized to the experimental cross sections at the grazing angle. The relative
cross section contributions to the full distorted-wave Born approximation calculation from difkrent m

substates are strongly dependent on Q value and on small changes in optical potential parameters; the failures
in the distorted-wave Born approximation analysis may arise from a miscalculation of the nuclear alignment.

NUcl EAR REACTIONS ~6Mg, 'VAl, 48'5oTi, 56Fe, 82Ni('60, '5N); measured o(E, 0);
DKBA analysis. enriched targets; 36 MeV —E ~ 53 MeV.

I. INTRODUCTION

Since the original report of large cross sec-
tions at small angles in angular distributions for
heavy-ion-induced transfex x eactions, ' many in-
vestigators have addressed themselves to explor-
ing the extent of the phenomenon and studying the
xllechRnisIQ which px'oduces sucI1 cl oss sections.
This, along with the general availability of full-
finite-range distor ted-wave Born approximation
(DWBA) codes,"has also led to reinvestigation of
other previously noted'9 features of heavy-ion-in-
duced transfer cross sections. A recent report on
the "Mg("0, "C}and 28si("0, "C) reactions has in-
dicated a sensitivity to choice of optical potential
of the shape of the DWBA-predicted angulax dis-
tributions which becomes px ogressively mox e
severe as bombarding energy is reduced toward
the Coulomb barrier. ' The same study reports a
factor of -5 change in absolute speetroseopic fac-
tor as beam energy is varied by -20 MeV, while
relative spectroscopic factors are enexgy indepen-
dent and agree well with ('Li, d} results. A simi-
lar discrepancy in absolute spectroscopic factor
has also been reported for the "Mg("0, "C) reac-
tion. "

While multinucleon transfer reactions with heavy
ions are spectroscopically more interesting, sin-
gle-nucleon transfer reactions like ("0,"N) should
provide a better test of r eaetion mechanism ef-
fects since well understood analogous reactions
exist [e.g. , ('He, d)] a,nd dynamical and structure
features of the DWBA calculations are more readi-
ly sepax'ated. Single-nucleon transfer data have

provided a vel y 1 lch vRl le'ty of angular dlstx'lbu-
tion shapes, but unfortunately for attempts to com-
pare different tx'ansitions, calculations of such
cross sections appear to be quite sensitive to sev-
eral quantities, the most important of which are
(1) the strength of absorption in the optical poten-
tials, where less absorption genex'ally increases
the small angle cross sections a.nd (2) the q val-
ues of the reaction, where a poor match in mo-
mentum and/or angular momentum can result in
small, roughly equal reaction contributions from
many entrRnce chRnnel pRx'tlRl wRves which ln
turn tends to wash out any structure in the DWBA
angular distribution other than the broad grazing
angle maximum ( bel"l shape"). Further, there is
evidence that DWBA predictions of the relative
population of various m (projection of orbital an-
gular momentum transfer / on the beam axis)
substates may under some conditions be unphys-
ical; such an effect has been argued to produce
angle shifted oscillations for "Ca.("C, "N) angular
dls tx'lbut lons.

ln the present work, angular distributions (lab-
oratory angle, H„b ~ 4') have been measured for
("0,"N) transitions on a variety of 2s-ld and 1f
2P shell targets at a variety of bombarding ener-
gies. The Q values of the transitions range from
nearly optimum to -5 MeV more negative than
optimum, and mox"e than one transit. ion is ob-
served for each I value from 1 to 4. An extensive
series of full-finite-range DWBA calculations has
been performed to investigate the ability of such
ealeulations to reproduce the measured cross sec-
tions, their sensitivity to parameter variations,



REACTION DYNAMIC DEPENDENCES OF (' 0 ' N) SMALL. .

and the contributions of different m substates to
the predicted cross sections.

II. EXPERIMENTAL ARRANGEMENT AND

DATA PRESENTATION

The University of Pittsburgh three stage Van de
Graaff accelerator was used to provide 6' and 7'
beams of '60 at laboratory energies from 36 to 53
MeV to induce ("0,"N) transitions on -85 pg/cm'
targets of "Mg (Mg metal enriched to &99/o in
"Mg), "Al, "'"Ti (Ti 0, enriched to & 99 and 75%
in "Ti and "Ti, respectively), "Fe (natural abun-
dance Fe,O, ) and "Ni (NiO enriched to &98%). All
but the Al targets had 20 pg/cm' C backings.
Emerging "N ions were detected with an array of
up to four, 5 cm long Au-Si txiode position sensi-
tive detectors (PSD's) placed in the focal plane of
a split-pole spectrograph. The spectrograph en-
trance aperture subtended a solid angle of 1.7 msr.
Initially both 6' and '7' "N groups were detected,
but the yield ratios of these charge states proved
quite reproducible at vacuums typical for the spec-
trograph s,nd scattering chamber (-2 x 10 ' Torr)
so only the dominant 7' ion groups were measured
during the later phases of this experiment. The
PSD's were positioned in the focal plane to detect
particle groups corresponding to transitions known
from previous ('He, d) and/or ("0,"N) studies
to have large proton transfer spectroscopic fac-
tors. Normally all interesting particle groups
could be measured at once, but for a few combina-
tions of angle, beam energy, and target, it was
necessary to use two different magnetic field set-
tings. E (energy) and Ex (position times energy)
signals from the PSD's were digitized in a PACE
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FIG. l. Angular distributions for 27Al ~ ~8Si transitions.
Errors from counting statistics are indicated. The
curves result from the DWBA calculations discussed in
the text.

IV analog-to-digital system and stored in four
two-dimensional (128 && 82) arrays in the on-line
processor of the laboratory's dual PDP 15 com-
puter system. A monitor detector (Au-Si diode)
mas placed at a laboratory angle of 34'. For all
tax"gets the elastic scattering cross section at this
angle was a large fraction of the Rutherford cross
section and optical model predictions of this frac-
tion were rather insensitive to changes in optical
model parameters. The absolute cross sections
for ("0,"N) transitions were established from
target thicknesses determined by the elastic yield
in the monitor detector. The exror in absolute
cross sections should be considerably less than
20%.

Figures 1-4 show the ("0, '"N) angular distribu-
tions measured in this investigation. In several
cases [all "Al-"Si transitions'; both "Mg-"Al
transitions at 42 MeV (Ref. 12) and the 4'Ti-"V
and 'OTi-"V transitions at 48 MeV (Refs. 8 and 9)]
angular distributions had already been measured
with Si detector telescopes at, large angles (Hi~b
2 22'). These previously published data are in-
cluded in Figs. 1-4. Figure 2 also includes angu-
lar distributions for "Mg("0, "N)"Al transitions
measured at a bombarding energy of 45 MeV and
reported in Ref. 2. (These and the large angle
data of the angular distribution fox' the transition
to the 2.41 MeV state of "V axe indicated with
crosses in Figs. 2 and 4 to indicate that they were
not measured in the Pittsburgh laboratory. } The
absolute cross sections of the previously published
data always agreed within -10% with those estab-
lished in this experiment.

The angular distributions shown in Figs. 1-4 ex-
hibit a wide range of shapes, varying from osciQa-
tory (e.g. , the "Al- "Si ground state transition at
48 MeV) to bell shaped at angles characteristic of
a grazing collision with or without pronounced
small angle structure (e.g. , the "Ti-"V ground
state transitions and the transitions to excited
states of "'"V)

III. DWBA ANALYSIS AND DISCUSSION

A. Parameters of the calculations

All D%'BA calculations presented herein are ex-
act finite-range calculations performed mith the
code LOLA. " Form factors representing the wave
function of the transferred proton bound to an "N
core (to form the "0 projectile) and bound to the
target (to form the residual nuclide) were calcula-
ted by varying the well depth of a %oods-Saxon po-
tential to produce the correct binding energy for
the relevant nuclear state; the nuclear and Cou-
lomb radius parameters of this binding well were
set at 1.20 fm and its diffuseness was 0.65 fm.
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FIG. 2. Angular distributions for 2 Mg —~7A1 transitions. Errors from counting statistics are indicated. The curves
result from the DWBA calculations discussed in the text. The data points shown as &'s have been taken from ref. 2.

Changing the radius of the binding well to 1.25 fm
typically increased the absolute cross section of
the DWBA prediction by -40%, however, such a
change did not affect the shape of the predicted
angular distribution. nor did it affect the beam en-
ergy dependence of the absolute DWBA cross sec-
tion. Calculations were performed which included
Coulomb terms in the DWBA interaction potential;
inclusion of these terms also affected the pre-
dicted absolute cross sections (decreasing them by

-20%) but changed neither the shapes of the angu-
lar distributions nor the beam energy dependence
of the absolute cross sections. The results pre-
sented below were extracted with calculations
which did not include the Goulomb terms in the in-
teraction potential. All calculations presented be-
low were performed with the post representation
of the DWBA amplitude. ~A more extensive dis-
cussion of the above considerations is contained
in Ref. 3.)
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FIG. 3. Angular distributions for transitions populating
the ground states of 1f-2p shell nuclides. Errors from
counting statistics are indicated. The curves result
from the DWBA calculations discussed in the text.

B. Choice of optical potentials

Extensive data exist for "0 and "N scattering on

Mg and Si isotopes and analysis of these data has
yielded shallow depths for both the real and imag-
inary parts of the best fit optical potentials. '4

DWBA calculations which employ these tra. nsparent
potentia. ls show unphysical reaction contributions
from the deep nuclear interior (e.g. , introduction
of a radial cutoff of 3 fm or more to the DWBA in-
tegral for an "Al-"Si ground state ca.lculation
changed both the shape and the absolute cross sec-
tion of the predicted angular distribution while the
center to center separation at which the undis-
turbed "0+'7Al system reaches normal nuclear
density is -6 fm). For this reason these poten-
tials were not used in earlier analyses of {"0,"N)
reaction data" although it was noted' tha, t oscilla-
tions in "Al("0, "N)"Si angular distributions were
not reproduced by DWBA calculations which em-
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from optical model calculations with potential A of Table
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ployed strongly absorbing potentials.
Elastic scattering data for "0 on 1f 2P shell-

targets are scarce, and for "N scattering, data
are not available. Such data as exist exhibit gross
strong absorption features that are rather easily
predicted with any of a wide range of optical po-
tential parameter sets. Some of the ambiguities
can be lifted by requiring the optical potential pre-
diction to fit the fine details of the elastic scatter-
ing angular distributions. " However, it is still
possible to construct phase equivalent potentials
which predict virtually identical elastic scattering
cross sections while retaining significant differ-
ences in S matrix elements that strongly effect the
DWBA predictions for transfer reaction channels.
To generate optical potentials for the present anal-
ysis the elastic scattering angular distributions'"
shown in Fig. 5 were fitted" with several qualita-
tively different Woods-Saxon optical potentials.
Three of these potential sets are listed in Table I.

FIG. 4. Angular distributions for transitions populating
excited states of V and 'V. Errors from counting
statistics are indicated. The data points shown as &&'s

have been taken from Ref. 8. The curves result from the
DWBA calculations discussed in the text.

Potential sets A and B are four parameter sets
which use a Woods-Saxon geometry introduced by
Voos et al. to analyze heavy-ion-induced transfer
reactions on 1P shell targets" and used until re-
cently for most of the analyses of ("0,"N) reac-
tions. Set A represents the best fit with this ge-
ometry —a strongly absorbing potential which
yields the cross sections shown as solid curves
in Fig. 5. Cross sections predicted by potential
set A were found to be very insensitive to changes
in W, the imaginary well depth; e.g. , for the 1f
2p shell targets, W could be reduced from 31 to
-7 MeV before X', the sum of squares of devia-
tions, became double the best fit value. The
dashed curves in Fig. 5 result from calculations
with the value of W which yields a X' double the
best fit value. Thus potential set B of Table I ac-
counts for the elastic scattering data almost as
well as does potential A even though potential B is
considerably less absorptive. Potential set C of
Table I is a six parameter potential which sets the
imaginary radius and diffuseness smaller than
those of the real well to combine transparency
near the nuclear surface with strong absorption
in the nuclear interior. " (Potential set C fits the
data of Fig. 5 as well as does either of Sets A and

B, but its cross section predictions are not shown
in Fig. 5.) Set C is closely related to the set which
gave the best fit to the beam energy dependence of
' Mg("0 "C) and "Si("0,"C) reaction data. '

In the reaction calculations discussed below, the
"N optical potential parameters were, except
where otherwise specified, set equal to those of
the "0 potential. It is unfortunate that more is
not known about "N scattering, particularly be-
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'TABLE I. Optical potential parameters used in the DKBA analysis discussed in the text. All
potential sets use Woods-Saxon shape. Except as indicated in the text, N potential parameters
were assumed to be identical to corresponding ~~O potentials.

Potential set (fm) (Me V)

A

C

79
80
30.8

1.22
1.22
1.307

1.22
1.22
1.307

0.5
0.5
0.493

1.22
1.22
1.242

0.5
0.5
0.204

cause of the evidence discussed below that the
DWBA angular distribution shapes are very sensi-
tive to changes in exit channel optical parameters.

C. Angular distribution shapes

The curves shown with the data in Figs. 1-4 re-
sult from DWBA calculations which use optical
potential sets A (dashed curves), B (dotted curves
in Figs. 3 and 4), and C (solid curves). None of
these sets of calculations gives a generally good
account of the data 2nd the most striking failures
occur at small angles where the calculations gen-
erally underestimate the cross sections. Table II
lists Q values and orbital angular momentum
transfers (I) for all transitions studied in this in-
vestigation. As is discussed below, DWBA cal-
culations appear to succeed more easily in fitting
small angle reaction cross sections if the Q value
is near the optimum value for momentum and an-
gular momentum matching. To facilitate the Q
value discussion, Table II also lists several ap-
proximate optimum Q values calculated with the
r elation

where Z, ,(Z») are the atomic numbers of the
exit (entrance) channel nuclides and E, is the
center of mass energy in the entrance channel. "
(While there are more sophisticated formulations, "
this simple formula seems adequate to the present
discussion. )

Both ("0,"C) angular distributions a.nd those
presented here for the ("0,"N) reaction appear to
become more difficult to fit with DWBA calcula-
tions if the bombarding energy is reduced toward
the Coulomb barrier. In the ("0,"C) case this
trend is clearer because most reasonable optical
potentials can be used successfully in. D%'BA cal-
culations for beam energies -15 MeV above the
Coulomb barrier, but only a surface transparent
potential like potential C can be used near the

barrier 'Th. e situation with the ("0,"N) results
presented here is less clear because no DWBA
calculation has fitted the bulk of the data and cal-
culations for even the very well matched "Al-"Si
ground state transition at the highest bombarding
energy are quite sensitive to choice of optical po-
tential. Table II also includes a rough estimate of
the laboratory kinetic energy needed to surpass the
Coulomb barrier fox several entrance channels.
The barrier has been calculated to be Es =If'Z, Z, /
1.25 (A, 'i'+22'i') where Z, , A,. are the charge and
mass number of the ith particle and K has been
adjusted to place the "Al+ "0 Coulomb barrier at
a laboratory energy of 35 MeV. [The
"Al("0, "N)"Si cross sections are known to de-
crease sharply below 35 MeV. "]

3I( 0, N) Sl tI'QllSEfloflS

For the "Al("0, "N)"Si transitions, the calcula-
tions with potential set C are clearly the most
successful. These calculations reproduce the
periodicity of the ground state angular distribu-
tions at all beam energies and fail to reproduce the
small angle maximum cross sections only at the
lowest bombarding energy. This $ = 3 ground state
transition has a very favorable Q value of —0.543
MeV. (I =2 is also allowed since a Ip, &, proton is
transferred to a 1d,&, orbital, but l =2 contribu-
tions to the DWBA predictions are negligible. ) The
failure to fit the envelope of the data only at the
lowest beam energy is reminiscent of the Mg, Si-
("0,"C) reaction cross sections where fitting
with DWBA angular distributions became qualita-
tively more difficult as beam energy was reduced
toward the Coulomb barrier. The E = 1 transition
(IP,~, -2s, ~,) to the 2' state at 1.78 MeV in "Si
also has a nearly optimum Q value but is less well
fitted than is the ground state transition. How-
ever, the calculation with potential set C is quite
consistent with the highest energy (48 MeV) data.
The transition to the 4.61 MeV 4' state of "Si is
reasonably well fitted at 48 MeV but at 42 MeV its
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TABLE II. Spectroscopic and reaction dynamic information for transitions investigated in this work.

2g&+ 1

2J;+ 1

Q
(Mev) (Mev)

Assumed Eb,~&~ (' 0, ' N) (' 0, ' N) (' O, ' N)
configuration {MeV) Potential A Potential B Potential C ( He, d)

Mg Al

{E~ = 32 MeV

Qoyt = -1.3 MeV)

Al —Si
{E~=35 MeV;

Q~t = —1.5 MeV)

0.00 —3.9 3

0.84 —4.7 1

0.00 —0.5 3

1 ~ 78 -23 1

4.62 -5.t 1(+2)

2Si/2

28)/2

36
42
45
36
42
45

36
42
48
36
42
48
42
48

1.9
1.9
2. 1

4.5
0.82
0.98

0.85
1.0
0.75
0.60
0.50
0.60
1.2
1.i.

1.2
1.5
t.5
2.8
0.85
0.85

0,75
1.0
0.48
0.48
0.53
0.60
t. i
1.0

1.5

1.0

0.38

0.32

000 -54 4

-7.0 2
—7.6 2

50Ti 51V e O. QO -4.1 4

2.41 —6.5 2

48T 48V d

(E~ —53 MeV

Qo t —3.2 MeV) 1.66
2.19

2P3/2
1f5/2

if7/2

7.9
9.0
0.8
2. 1

9.2
8.5
2.1

7.0
8.0
0.6
1.8

6.7
6.2
1.8

5.4
5.5
0.6
1.8

5.5
4.4
1.5

2.5, 4.3

0.38, Q. 50
0.53, 0.8

5 ~ 6, 6.0
6.0, 7.2
1.7, 2.3, 1.8, 2.6

56F 57( f

63C
Q. QQ 6.1 4
000 -60 2

ifv/2
2P3/2

53
53

2.6
2.1

1.9
1.6

t.9
1.7

1.8
2.6, 3.1

{He, d) information and configurations from H. F. Lutz, D. W. Heikkinen, W. Bertolini, and T. H. Curtis, Phys. Rev.
C 2, 981 (1970).

bApproximate Coulomb barrier in entrance channel in laboratory frame.
{ He, d} information and configuration assumptions from reference 22.
( He, d) information and configuration assumptions from D. J. Pullen, B. Rosner, and O. Hansen, Phys. Rev. 166,

1142 (1968); D. Bachner, R. Santo, H. H. Duhm, R. Bock and S. Hinds, Nucl. Phys. A106, 577 (1968).
( He, d) information and configuration assumptions from D. J. Pullen, B. Rosner, and O. Hansen, Phys. Rev. 177,

1568 (1969); B. Cujec and I. M. Szogky, ibid. 179, 1060 {1969);B. J. O' Brien, W. E. Dorenbusch, T. A. Belote, and
J. Rapaport, Nucl. Phys. A104, 609 {1967};C. St. Pierre, P. N. Maheshwari, D. Doutriaux, and L. Lamarche, ibid.
A102, 433 (1967).

f{3He, d) information from B. Rosner and C. H. Holbrow, Phys. Rev. 154, 1080 (1967).
I( He, d) information from D. L. Smith, H. Y. Chen, and H. A. Enge, Nucl. Phys. A107, 639 (t968); A. G. Blair, Phys.

Rev. t40, B648 (1965).

shape is quite poorly reproduced over the entire
angular ra.nge. This transition (presumed2' to be

1P, &,
—1d», and thus f = 1 with an -15% f = 2 ad-

mixture) has an unfavorable q value of —5.15 MeV.
Despite the difficulty discussed above of spurious

contributions from the deep nuclear interior,
DWBA calculations were performed using the very
transparent optical potentials of Siemssen et al.
(The "0+"Mg potential parameters were used in
the entrance channel and the "N+ "Si potential was
used for the exit channel. ") The resulting cross
sections are shown as dotted curves in Fig. 1.
Whereas all the other DWBA curves shown in Figs.
1-4 were individually normalized to fit the data,
these have been adjusted to fit the 48 MeV data and

r equired to yield the same spectroscopic factors
(discussed below) at the lower beam energies.
While the interference patterns are more strongly
fluctuating for these calculations and the overall
fit is somewhat poorer, they are qualitatively quite
similar to those performed with the surface trans-
parent potential C. For a discussion of the dis-
tribution in exit channel partial waves of contribu-
tions (P, ~) to DWBA ca.lculations using these poten-
tials, see Ref. 3.

2. 6'(' 0,"N)2731 transitions

As can be seen in Fig. 2, the "Mg -"Al angular
distributions bear considerably less resemblance



MAHER, PENG, SINK, CHENG, SONG, AND I ERIS

to the DWBA predictions than do the ~A1 Sj an-
gular distributions discussed above. The l =3
(1P,&,

—1d, &,) ground state transition has a rather
unfavorable Q value (- 3.9 MeV) and the / = 1 (1p»,
-2s «,) transition to the J ' = ~' state at 0.84 MeV
is more severely mismatched. Calculations with
potential set A badly underestimate the small angle
cross sections at the higher beam energies. Cal-
culations using potentia, l C oscillate more than the
data warrant and fail miserably to x eproduce the
shapes of. the l = 1 angular distributions. At 60
MeV both "Al-"Si and "Mg —"Al transitions have
been seen' to be rather easily fitted with DWBA
calculations. This suggests that the ("0,"N)
transitions, like ("0,"C), do become more sensi-
tive to choice of parameters —or to reaction me-
chanism assumptions —near the Coulomb barrier
and that this sensitivity is heightened for transi-
tions with unfavorable Q values.

48' (lsO Isl4 )49y
———Q+ 4—0+2

o 2

5oTI t "o is„)5ly
g. S.

~ I

55Fe("o "6I)5'Co
g. S.

I—
oo

0 20 +0 60
OI I I f l l I I

0 20 40 60

le~(' O "SI) Cu

l nil I l I

0 20 +0 60

FIG. 6. The Q dependence of DRBA calculations:
The data of Fig. 3 are shown with DWBA calculations
which differ from the dotted curves of Fig. 3 in the Q
value assumed for the transition.

3. Transitions invohing lf-2p shell nuclides

The angula, r distributions shown in Fig. 3 all
correspond to transitions which populate the
ground states of residual nuclides. The "'Ti
-"'"V and "Fe-"Co transitions are somewhat
mismatched with /=4 (1P,&,

- lf, &,) and Q values
from —4 to —PMeV. The "Ni —"Cu transition is
l = 2 (1Pi) 2 2P3g 2) with Q = —6 MeV and so ls more
severely mismatched. As mas the case for the 2@-
Id shell transitions discussed above, calculations
which use the strongly absorbing potentia, l set A
severely underestimate the small angle cross sec-
tions for a11 transitions. Calculations using the
more transparent potentials B and C show small
angle cross sections in better, but generally not
good, agreement with the data.

In an effort to isolate and understand the effects
of Q value and absorption on the reaction calcula-
tions a sex ies of calculations was x'un in which Q
or the imaginax y well depths were arbitrarily dis-
placed from their correct values. In Fig. 6 cal-
culations with potential set B ax'e shown for Q va. l-
ues displaced by + 2 and +4 MeV from the correct
value for each of the 1f-2p ground state transi-
tions. It is clear that the DWBA can produce a
small angle peak {of the sort exhibited by all the l
=4 data) for Q values near the optimum value of

—3 MeV. This was also seen for the very well
matched "Ca("'0, "N)"Sc ground state transition
at bombarding energies of 56 MeV (Ref. 2) and
53 MeV (Ref. 16) where DWBA calculations pro-
vided excellent fits even though the angular dis-
tributions were quite similar to that of the 48 MeV
"Ti("0,"N)"V ground state angular distribution
reported herein. On the other hand, arbitrary Q
value displacements do not bring the DWBA cal-
culations into any detailed agreement with the data.

Figure 7 shows calculations with potential set 8
for the 1f-2p shell ground state transitions where
the imaginary mell depths, 8', in both entrance and
exit channels were arbitrarily reduced from 10
MeV to 7 and 5 MeV. While this reduction of W

certainly enhances the small angle cross sections,
it also washes out. the valley which normally ap-
pears between the grazing angle and small angle
maximum cross sections. While absorption clear-
ly plays a role'*24 xn allowing large cross sections
at small angles and potentials with surface trans-
parency are probably the best to use in DWBA cal-
culations, reduced absorption alone cannot ac-
count for the experimental situation. Baltz et al.
have suggested a need for an optica. l potential
which combines a, strong, short-x'ange volume
imaginary part with a relatively weak surface de-

1 I I I I I I

48T' ("o "6I)"9yI Q. S,
5OT (l6O 15'�)5 y~ g. S.

56Fe (16O Isle }5~('o
Q. S.

oo I

O. I .—
Cs

IO =

—Ve = IoleeV
———W= 7NleV—- —w = 5etev

53 MeV

%r

I

53MeV 53 MeV

0 20 40 60
I l l f l t t k I I l f I I

0 20 &0 60 0 20 +0 60

FIG. 7. Absorption ( ~ dependence of DWBA calcula-
tions: The data of Fig. 3 are shown with DWBA calcula-
tions which differ from the dotted curves of Fig. 3 in the
depth of the imaginary potential assumed for both entrance
and exit channels,
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rivative absorptive potential. '4 Such a potential
was adjusted to fit the elastic scattering data of
Fig. 5, but when this potential was used in DWBA
calculations the resulting angular distributions
were generally inferior to the calculations shown
in Figs. 1-4.

The angular distributions for transitions popu-
lating 4'"V excited states (Fig. 4) have much less
pronounced small angle structure than do the
ground state angular distributions. Even though all
three transitions are I = 2 (with all the DWBA cal-
culations predicting negligible contributions from
the other allowed I value, 1 or 3), the DWBA cal-
culations predict very small cross sections at
sma. ll angles for the IP, &, -2P, &, transitions (1.66
MeV in "V and 2.41 MeV in "V) just as they did for
the similar "Ni-"Cu ground state transition. The
DWBA calculations for all potentials predict for
larger cross sections for the 1P,(,—1f,(, transi-
tion to the 2.19 MeV state of "V. The data do not
support this strong configuration dependence.

D. Spectroscopic factors

Since the DWBA calculations discussed above
have not produced generally good fits to the mea-

suredd

angular distributions, it is not at all clear how

to extract spectroscopic factors or how to assess
the implications of such factors once extracted.
For the data which show a grazing angle maximum
an appeal can be made to the well established re-
sult that fitting DWBA calculations to this maxi-
mum generally yields spectroscopic factors in good
agreement with those derived from ('He, d} reac-
tion data. ' ' Table II lists spectroscopic factors
for all the transitions of this study. These have
been extracted from the normalizations shown in
Figs. 1-4 of the DWBA curves to the grazing an-
gle regions of the measured angular distributions
by using the relation"

(C'S)

x g (2I + I)W'(I ~ Iz j&, 2 I)—
l /, LOLA

where l&, j& are the assumed orbital and total an-
gular momentum of the transferred proton in the
final nucleus and the spectroscopic factor of the

1p, &, proton bound in the projectile has been set
equal to 2. These spectroscopic factors are clear-
ly in rather good agreement with those reported
from ('He, d) investigations (also listed in Table
II). The main exceptions to this statement arise
from transitions to the j =l —2 states at 4.61 MeV
in "Si and 2.19 MeV in "V. The full-finite-range
calculation has been reported to eliminate such
difficulties, ' but it appears to reduce but not com-

pletely solve the j =l —
& discrepancy in these

cases.
Although the ("0,"N) absolute spectroscopic

factors depend significantly on the choice of op-
tical potential for the DWBA calculations, there is
a strong dependence (mentioned above} of the
DWBA cross section on quite reasonable changes
in the radius and diffuseness of the Woods-Saxon
well used to calculate the form factor. This elim-
inates any possibility of favoring one optical po-
tential over others on the basis of the absolute
spectroscopic factors of Table II.

The beam energy variations of the spectro-
scopic factors in Table II are not large (the ab-
solute spectroscopic factors for 36 MeV "Mg-"Al
transitions should probably be ignored here since
severe kinematic shifts of the focal plane of the
split-pole spectrograph made it impossible to ex-
tend these angular distributions to angles as large
as the grazing angle maximum). The "Al-"Si
ground state transitions are sufficiently well fit-
ted by the potential C calculations that the factor
of 2 variations of this spectroscopic factor with
beam energy are probably significant. But cer-
tainly the present data do not show any systematic
as striking as the smooth factor of -5 decrease
observed over a 20 MeV beam energy variation
for the "Mg and "Si("0,"C) reactions. ' On the
other hand, the ("0,"C) angular distributions do
not show a grazing angle maximum —they show
strong diffraction oscillations about an average
value that decreases exponentially with increasing
angle, and the DWBA analysis of these data gave
greatest weight to fitting the small angle cross
sections. Clearly, normalizing to the small angle
structure seen in ("0,"N) transitions would re-
sult in wildly varying energy dependences of spec-
troscopic factors.

E. m state dependences

As the above discussion indicates, the success
or failure of the DWBA in fitting ("0,"N) angular
distributions seems to depend in a complicated
way on several factors. Transfer into a j =l —&

orbital yielded anomalous spectroscopic factors
in both observed cases —along with anomalous an-
gular distribution shapes. Transitions with very
unfavorable Q values also appear to exhibit small
angle cross sections that are not generally re-
produced by the DWBA. The one set of well fit-
ted angular distributions with favorable Q values
and a large range of bombarding energies shows a
fluctuation in spectroscopic factor reminiscent of
but smaller than that reported for the "Mg,
"Si("0,"C) cases. ' The ("0,"C) results may
provide a useful insight here. The angular dis-
tributions for the ("0,"C) ground state transi-
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FIG. 8. Partial DWBA angular distributions are shown
as dashed curves for the indicated projections m of
transferred orbital angular momentum. The ful. l DWBA
angular distributions, incoherent sums of the partial
angular distributions, are shown as solid curves. All
calculations are for 'AI( 0, N) 88i transitions. As-
sumed optical potentials, beam energies, and residual
states in Si are as follows: (a) ground state, 36 MeV,
potential set A from Table I with exit channel imaginary
diffuseness set to 0.6 fm as discussed in the text; (b)
same as case (a) except the Q value and final state bind-
ing energy were arbitrarily changed to give a final state
excitation energy of 7 MeV; (c) 1.78 MeV 2+ state,
42 MeV, potential set C; and (d) 4.61 MeV 4+ state,
42 MeV, potential set C.

tions could be fitted quite we1.1 with DWBA cal-
culations using a potential very like potential C—
despite a mismatch of several units of angular
momentum. But the ("0,"C) l =2 angular dis-
tributions showed more oscillatory structure than
the DWBA calculations could predict. The rela-
tively featureless DWBA /=2 patterns arose from
an averaging over roughly equal contributions from
the various allowed n~ values. It is tempting to
attribute some of the DWBA failure to a misas-
essment of the relative populations of different ~n

substates which becomes progressively more
severe with angular momentum mismatch. Under
such an assumption the mismatched ("0,"C)
ground state angular distributions could still be
fitted because there is no mixing of m substates.

DWBA calculations for ("0, '"N) transitions have
been reported' to favor rn = +/ transitions over all
other m substates —at least at small angles. This
result also holds for the strong, well matched
transitions in the present study, as can be seen
from parts (a) and (c} of Fig. 8 where the m sub-
state partial cross sections for two such calcula-
tions have been drawn together with their sums.

However, Fig. 8 also shows two cases where the
rn =+l partial cross section does not dominate; in
part (b) of the figure the Q value of the l = 8 transi-
tion of part (a}has arbitrarily been driven far from
the optimum value and the relative contributions
from the different n~ substates can be seen to have
been strongly modified. It has previously been re-
ported that the DWBA-predicted grazing angle
maximum moves to larger angles with increasing
residual excitation energy much more rapidly than
the maximum of the data.""It is interesting to
note in Fig. 8(b) tha. t the maximum of the m = + 3

angular distribution shifts much less severely with
excitation energy and the anomalous DWBA peak
shift appears to come from the rapidly increasing
emphasis on contributions from ~m ~&8 substates.

Another long-standing and related puzzle in ap-
plying DWBA analysis to ("0, "N) angular distribu-
tions has arisen from the need to modify the exit
channel optical potential to bring the DWBA grazing
angles into agreement with the grazing angles of
the strong, well matched transitions. "' Figure
8(a) shows a calculation for such a transition with
the standard prescription applied (exit channel
imaginary diffuseness increased by 0.1 fm). The
only substantial effect of this modification was to
reduce the m =2 partial cross section by -15% rel-
ative to that from m =3. Since n~ =2 dominates at
angles larger than the grazing angle the effect is
to reduce the angle of the maximum.

Part (d) of Fig. 8 shows m state contributions
for the poorly fitted lpga/2 1d3/2 transfer to the
4.61 MeV state of "Si. Neither the w =0 nor the
n~ =+1 contribution dominates in this case and the
~m

~

=f = l calculation would in fact give a some-
what better fit to the experimental data than does
the full calculation. On the other hand, most of the
poorly fitted angular distributions shown in Figs.
1-4 do not resemble the corresponding DWBA ni

=+/ partial cross sections much more than they
resemble the full calculations. The difference
noted above between DWBA angular distribution
predictions for j = I + & and j=l —2 cases does not

appear to arise only from a relative enhancement
of ~m ~&l contributions in the j =l —~ case; rather,
the dominant effects in the DWBA calculations
arise from changes in the shapes of the individual
partial angular distributions themselves.

It is difficult to assess the significance of the
apparent need to modify the DWBA-predicted
alignment of the transferred nucleon. Clearly one
possibility is a breakdown in the assumption of a
direct one-step mechanism. This possibility is
especially favored by the obvious strong depen-
dence on Q value since it is precisely when the
nor mal direct transfer is disfavor ed that multi-
step contamination can become most evident. "
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However, it may not be necessary to invoke high-
er order processes to understand the transitions
presented herein; it was seen above that plausible
changes in optical potential parameters can result
in significant changes of alignment. Much recent
attention has focused on proper approaches to the
heavy ion optical potential" and it may soon be
possible to fashion reliable optical potentials which
account properly for absorption at and just inside
the nuclear surface. Improvements in the scat-
tering wave functions would be especially im-
portant for unfavored Q value transitions since
calculations for these transitions are not generally
dominated by contributions from any one entrance
channel partial wave but rather rely on accurate
accounting of small contributions from many par-
tial waves.

IV. SUMMARY AND CONCLUSIONS

The ("0,"N) angular distributions discussed
above (1) exhibit shapes varying from smooth
"bell" shapes to strong oscillations about a for-
ward-peaked envelope and (2) are derived from
transitions which span a. wide range in Q value,
bombarding energy, and orbital angular momen-
tum transfer. The full-finite-range DWBA anal-
ysis provides an excellent account of the data only
for bombarding energies well above the Coulomb
barrier and Q values near the optimum value.
While the "Al-'"Si transitions (which span the
largest. range of bombarding energy of this data
set) exhibit factor of -2 fluctuations in absolute
spectroscopic factor, there is no evidence for a
smooth, systematic, bombarding-energy varia-
tion of ("0, "N) absolute spectroscopic factors as
was the case for Mg, Si("0, "C)Si, S transitions. '
The ("0, 'N) spectroscopic factors appear to be in

rather good agreement with ('He, d) results, pro-

vided the DWBA predictions are normalized to
the data at the grazing angle and the poor fit to
small angle structure is ignored.

It is difficult to assess whether the failures of
the present DWBA analysis indicate a breakdown
in the one-step-direct-transfer mechanism as-
sumptions or a need for more realistic channel
wave functions. Certainly multistep processes
can be expected to disturb the DWBA analysis most
severely when the direct amplitudes become
small —as in unfavored Q value and low-bombard-
ing-energy cases. But the generally reasonable
spectroscopic factors which result from DWBA
analyses and the surprising success of simple
semiclassical direct reaction calculations in pre-
dicting the bombarding-energy systematics of
some reactions' argue for the efficacy of the one-
step-direct mechanism.

An examination of the effects on the full DWBA
angular distribution of varying the relative con-
tributions of different nz substates raises intrigu-
ing possibilities for understanding the failures of
the present DWBA approach. The success of the
DWBA in predicting l =0 angular distribution
shapes for ("0,"C) transitions' (even for ca.ses
with very unfavorable Q values), the failures of the
DWBA which have been ascribed to poor rn = 0, 1
admixtures in / =1 transitions, " and the well-
known anomalous shift in the DWBA predicted
grazing angle with changing Q value"" (which is
seen above to arise from an extreme change in
relative contributions from different m substates)
all indicate that normal DWBA calculations pre-
dict an incorrect alignment of transferred angular
momentum. Earlier DWBA analyses"'" which
employed an arbitrary modification of the exit
channel optical potential appear to have adjusted
the DWBA-predicted grazing angle through a mod-
ification of this alignment.
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