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The systematics of the Sr( P, N) one-proton transfer reaction is investigated for six in-
cident energies between 44.0 and 59.0 MeV. Angular distributions for the prominent transitions
are presented. Finite-range no-recoil calculations with optical-model parameters determined
from the elastic scattering of ~8P on Sr and of ~5N on Y fit the transfer angular distributions
w'ell, except for transitions involving large Q mismatch. The energy-dependent normalization
obtained for the transition to the 2P&g2 state indicates the increasing importance of recoil con-
tributions at higher incident energies. A semiclassical treatment of the transfer reaction
seems to be adequate at incident energies below the Coulomb barrier.

AR REACTIONS 88Sr(16p i5N) 88Sr(16p C) 88Sr(18p 16p) @ 44 59 MeV
measured 0' (E, &); deduced optical-modeL parameters. Enriched target, DWBA

analysis, resolution 400 keV, & = 60'-160'.

I. INTRODUCTION

There are many recent studies of one-nucleon
transfer reactions induced by heavy ions on a
variety of targets at bombarding energies both in
the vicinity of the Coulomb barrier' ' and at much
higher energies. "Yet there has been no system-
atic study of any one reaction on a single target
for a range of bombarding energies. Such a study
is of interest for the reasons given below.

Korner et al. ' and Maher, Erb, and Miller' have
fitted ("0,"N) angular distributions on fP-shell
nuclei by finite-range no-recoil distorted-wave
Barn-approximation (DWBA) calculations. ' Opti-
cal-model parameters for the entrance channel
were taken from the analysis of elastic scattering.
Since there were no data on "Ielastic scattering
at the time their calculations were done, the same
set of parameters was taken for the exit channel,
except that the diffuseness had to be arbitrarily
increased from 0.49 to 0.6 fm in order to fit the
experimentally observed peak positions. Qne ob-
jective of the present work is to remove this am-
biguity in the optical-model parameters of the
exit channel.

Most of the transitions studied in Refs. 1 and 2
led to final states having angular momentum jz
=j& =lz + —,

' and the normalizations of the angular
distributions for them were satisfactory. There
was agreement between the relative spectroscopic
factors derived from ('He, d) and ("0,"N) reactions;
absolute normalizations in the latter reaction were
too high by factors ranging from 1.0 to 3.5, but
this was not considered serious because the calcu-
lated cross sections were so very sensitive to the

bound-state parameters.
Recently, however, other groups" have noticed

a consistent discrepancy between the predictions
of no-recoil calculations and the experimentally
observed relative cross sections for transitions
to j&=l&+~ andj &=l&- ~ final states. This has
been observed at energies comparable to the
Coulomb barrier as well as at much higher ener-
gies, and for both ' Q and '2C projectiles. In the
("0,"N) reaction, the spectroscopic factors are
correct for transitions to j& states; but for tran-
sitions to j, states, they are too large by fac-
tors of up to 8. Calculations by Nagarajan' and by
DeVries and Kubo show that this j dependence
might be explained in terms of recoil effects ne-
glected in the calculations of Refs. 5 and 7, i.e.,
in terms of the change in the distance between the
center of mass of the projectile and that of the
nucleus when the transferred particle is thought
of as being first a part of the former and then a
part of the latter. References 8 and 9 both predict
that the recoil effect should increase with increas-
ing projectile energy, and that in the ("0,"N) re-
action the effect should be relatively more impor-
tant for transitions to j& final states than for those
to j, final states.

To investigate these points, we have studied the
"Sr("0,"N)8 Y reaction for a range of bombard-
ing energie's; data obtained simultaneously for
other transfer reactions will not be discussed
here. Elastic scattering angular distributions
or ieQ on 88Sr and for xsN on ~ have been ana-

lyzed to yield optical-model parameters in the
entrance and exit channels, respectively. These
optical potentials are used in the calculation of
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the one-nucleon transfer angular distributions,
which are compared with the data to see whether
a consistent fit can be obtained as the incident
energy is varied from below the Coulomb barrier
to above it. Since "Sr has a good closed subshell
for protons, "the "Sr("0,"N) reaction leads to
good single-particle states in "Y, the 2py/2 and

1g9/2 states. The observed energy dependence of
the magnitudes of the cross sections to these
states (which have angular momenta of j and j„
respectively) indicates the increasing importance
of recoil contributions at higher incident ener-
gies

The use of ' Sr as target has the additional ad-
vantage that the inelastic scattering of "O to the
2 first excited state at 1.84 MeV excitation in' Sr can be studied with complete separation be-
tween the elastically and inelastically scattered
particles.

Experimental details are given in Sec. II. Opti-
cal-model fits to the elastic scattering data in the
entrance and exit channels are discussed in Sec.
III, in which inelastic scattering data are also
presented. The one-proton transfer angular dis-
tributions and no-recoil DWBA fits to them are
discussed in Sec. IV, and a semiclassical treat-
ment of the data is given in Sec. V.

At the lower energies, at which the angles of in-
terest were the back angles, reflected particles
had to be used, whereas transmitted particles
were used at the higher energies. To keep the
resolution constant, the target thickness was
halved for the lower energies, since the resolu-
tion was limited primarily by target thickness.
The resulting reduction of yield at the lower en-
ergies was partially compensated for by using
wider slits (up to 0.9 msr); this could be done
because the kinematic spread in energy due to
spread in angle is least at 180' (and maximum at
90'). Figure 1 shows the spectrum of emerging
"N ions for a bombarding energy of 48 MeV; the
energy resolution of -400 keV full width at half
maximum (FWHM) was enough to completely
separate the ground state of ' Y from the first
excited state at 0.91 MeV.

The angular distribution of "N elastically scat-
tered from a self-supporting 'Q target 250 pg/cm'
thick was obtained for an incident energy of 49.5
MeV, which is the energy of the emerging "N ion
in the reaction 8'Sr("0, "N)' Y, , at a bombarding
energy of 56 MeV.

Absolute cross sections were obtained by nor-
malizing the reaction data to the elastic scattering,

II. EXPERIMENTAL DETAILS

The experiment was performed with ' Q beams
of 44.0, 46.0, 48.0, 52.0, 56.0, and 59.0 MeV from
the Argonne FN tandem accelerator. Beam cur-
rents of 100-200 nA bombarded targets of isoto-
pically enriched "Sr evaporated onto 30-gg/cm'
carbon backing to a thickness of 30-80 gg/cm'.
The emerging particles were detected and identi-
fied by up to four 4E-E counter telescopes mount-
ed on the computer-controlled arm of a VO-in.
scattering chamber. " After pulse multiplication
and addition, the resulting mass and energy sig-
nals were stored in four 64x256-channel arrays
of the 64000 word external memory of an ASI-210
on. -line computer. The multipurpose program
SCATTERDAM-5" was used to collect the data.

The outgoing particles detected were xeO x N,' C, and ' C. The 4E detectors used were about
10 pm thick, and the lower limit of 44 MeV for
the bombarding energy was fixed by the require-
ment that the outgoing particles (which for the
transfer channels were peaked at back angles)
had to have sufficient energy to penetrate this
thickness. The upper limit of 59 MeV was fixed
by the terminal voltage of the tandem.

Target thicknesses and solid angles were ad-
justed to get the highest possible yield and reso-
lution for the range of incident energies covered.

S( 0, N) Y

48.0 MeV

e, =I45

.9l

Z
C)

1.51
+—

FIG. 1. Energy spectra for the outgoing ~~M particles
from transfer reactions resulting from 48.0-MeV 8Q
ions incident on a Sr target.



SYSTEMATIC STUDY OF THE "Sr("0,''N) REACTION 2247

which was pure Rutherford scattering at forward
angles. This procedure eliminated errors due to
the possible variation in the charge state of the
outgoing "O ions with bombarding energy. The
absolute cross sections for the one-proton trans-
fer reaction are estimated to be accurated to with-
in 15%. Nair, Blair, and Reisdorf" have mea-
sured the excitation function for the "Sr("0,"N)
reaction at Oj,b = 170' for incident "O energies
from 42.5 to 50 MeV. Their measured cross
sections agree within the quoted error with the
values we get at 44-, 46-, and 48-MeV incident
energies.

III. ELASTIC SCATTERING

Elastic scattering data for "0+"Sr were ob-
tained simultaneously with the transfer data at
all the bombarding energies used. Since it is not
feasible to display all the angular distributions
obtained on a single plot with the scattering angle
as the abscissa, Fig. 2 shows instead the ratios
of the elastic to the Rutherford cross section
plotted against the distance of closest approach
D(8) for a pure Coulomb field, this distance being
given by

D(8) = (Z,Z,e'/2E. )(1+csc—,'8) .
On this plot, the data points taken at all energies

ELASTIC SCATTERlNG

and angles fall on one universal curve, which may
be approximately parametrized' as

for D~DO1
o/oz =

exp[(D D,-)/A J for D& Do

This expression takes no account of the rise in

o/a~ that occurs just before the decrease sets in
and is typical of Fresnel diffraction phenomena. "
The decrease from the Rutherford cross section
is due to nuclear interaction; it begins when the
distance of closest approach decreases to Do= 11.3
fm, which may also be written as D,= 1.62(A', ~'

+Am ') fm, where 4, and A, are the mass numbers
of projectile and target, respectively. This value
of Do corresponds to a Coulomb barrier of 39 MeV
for the ("0+"Sr) system and hence to a labora-
tory energy of 46 MeV for "O ions. The 1/e
length 4 for the exponential fall off has a value of
0.4 fm. Christensen et a/. ' have shown that a
semiclassical treatment gives 6 = &a, where e is
the diffuseness of the imaginary part of the corre-
sponding Woods-Saxon potential. The value a=0.5
fm would give the observed value of h. The "N
+ "Y elastic scattering data at 49.5 MeV also fall
on the curve shown in Fig. 2.

The optical-model fits to the Q+ Sr and N
+'+ elastic scattering data at 56 and 49.5 MeV,
respectively, are shown in Fig. 3. The optical-
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FIG. 2. Elastic scattering cross section, expressed
as the ratio to the Rutherford value, for 0 iong striking

Sr at various incident energies. The abscissa D(0) is
the distance of closest approach.

FIG. 3. Angular distributions for ~~O elastically
scattered on Sr and for 5N on SY. The solid curves
are fits with optical-model set I.
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TABLE I. Optical-model parameters for the potential
U= —(V+fW){1 +exp[(r-R)/a]) ' by uee of the ABAGUs

search routine.

Projectile
Parameter V W « ~ &0

set (MeV) (MeV) (fm) (fm) (fm)

16p I
rr
III
I

100 25 1.21 1.9 a

600 15.2 1.28 3.8
300 60.6 1.13 2.0 a

100 25 1.22 2.0

8.44 0.5
8.93 0.3
7.89 0.5
8,44 0.5

Done at El,b =56.0 MeV.
"Done at Elab 49.5 MeV.

model potential had the form

U(r) = V„(r)+SW,(r)+ V,(r),

where

V.(.) = V.(1+e~f(r -R.)/a. ))-',
Wz(r) = Wz {1+ exp[(r -Rl )/a, j)f

The Coulomb potential Vc(r) was taken to be that
due to a uniformly charged sphere of radius R„.
The optical-model parameters were obtained by
use of the search routine of the program ABACUS. "
Qne really has Very little to fit: the only parame-
ters are the angle at which the break from the
Rutherford scattering occurs and the slope of the
fall off. So the radii of the real and imaginary
wells and also of the real and imaginary diffuse-
nesses were constrained to be equal —i.e., R„
=Ri and a„=ai. Even this was not enough to give
a unique potential, as shown in Table I: potential
sets I, II, and III all gave good fits, with the in-
dicated values of g'. Set I has been found to work

well for fp-shell nuclei also —e.g. , in the elastic
scattering of "Q on the Ca nuclei. " Becchetti
et al."have found parameters by fitting data for
60-MeV "Q on targets of Ca to Zr; these parame-
ters do not fit the present data well. Qur potential
set I gave excellent fits to the 56- and 59-MeV
elastic scattering data and a good fit to the 52-
MeV data, but the strength of the imaginary poten-
tial had to be slightly decreased in order to fit the
48-MeV data.

Qur purpose in determining these potentials was
not to investigate the parameters of the optical
model as such in detail, but rather to see whether
they could be used to obtain the necessary distor-
tions in fitting the transfer data. That potential
sets I, II, and III all fit the elastic scattering data
equally well is shown in Fig. 4, which displays the
calculated transmission coefficients as a function
of the orbital angular momentum brought in by the
incident ion; the three potentials give nearly iden-
tical transmission coefficients. In particular, the
critical angular momentum, defined as that for
which T(l) =0.5, is about l = 23 at 56 MeV. The
three potentials are similar outside the nucleus
but differ widely from each other in the nuclear
interior. Thus the elastic scattering determines
only the far tail of the optical potential. It is ex-
pected (and verified in Sec. IV) that the one-nucle-
on transfer is a surface-dominated reaction, and
therefore the details of the interaction in the in-
terior region should not matter for describing it.

I
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FIG. 4. Transmission coefficients T(l ) for the scatter-
ing of 80 from Sr, calculated with the optical-model
potentials given in Table I and plotted against the orbital
angular momentum brought in by the ion. The curve for
potential set III lies between the curves for sets I and II.
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FIG. 5. Angular distributions for the elastic scattering
of 80 on Sr at 48 MeV, and for the inelastic transition
to the 2+ state of Sr.
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Figure 5 shows the angular distribution for the
excitation of the 2' state of "Sr by inelastic scat-
tering of 48-MeV '8Q ions. The pronounced mini-
mum in this curve, in the neighborhood of the
angle at which the elastic cross section starts de-
viating from the Rutherford value, has been seen
for other nuclei also"'" and has been explained
as being due to the destructive interference be-
tween the Coulomb and the nuclear parts of the
inelastic excitation. At higher incident energies,
the minimum is found to shift to smaller angles
and to become less pronounced. A quantitative
analysis was not feasible because the number of
partial waves needed was much more than could
be handled by the available computer programs.

IV. Sr( 0, N) REACTION

A. Data

By far the strongest states seen in the "N spec-
trum (Fig. I) are the single-particle 2P, y, ground
state and the 1&g/2 first excited state of "Y. No
evidence was found for "N ions going out in ex-
cited states nor for strong population of core-

FIG. 6. Experimental and calculated M)gular distribu-
tions for the 88Sr( 60, ~5N) reaction leading to the 2P&~&

ground state of 9Y. The bombarding energies are indi-
cated on the curves.

O.OI
60 IO0 I40

Oc m
"'9'

I80

FIG. 7. Same as Fig. 6, but for the 1ggg2 state of Y.

excited states in "Y. The —,
' state at 1.51 MeV

and the —,
' state at 1.74 MeV in "Y, which are

known~' to be core-excited states arising from the
coupling of the 2p, ~, proton to the 2' state at 1.84
MeV in "Sr, were populated quite weakly.

Kinematic consideration involving the matching
of trajectories for the ingoing and outgoing par-
ticles" lead to the prediction that at a scattering
angle of 180, the cross section for the one-proton
transfer reaction should be maximum at a value
Q= —4.8 MeV for a bombarding energy of 56 MeV.
This value is near to the ground-state value
Q= —5.05 MeV, and hence the ground state is
kinematically favored to have a large cross sec-
tion, whereas excited states are unfavored.
fact, together with the small spectroscopic factor
for the 2d, ~, state at 3.75 MeV excitation in "Y,
explains why the &' state shows up strongly only
at the higher bombarding energies (56 and 59
MeV) and is very weak at 44-52 MeV.

Figure 6 shows the angular distributions for the
2P, y, ground state at the various bombarding
energies, and Fig. 7 shows them for the 1gg~,
excited state. The backward-peaked curves at the
sub-Coulomb energies (44 and 46 MeV) and the
bell-shaped curves at higher energies are well-
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known features in heavy-ion transfer reactions' '
and have been explained in terms of a semiclass-
ical picture. A comparison of Figs. 6 and 7 shows
that the angular distribution at a given energy is
insensitive to the transferred orbital angular
momentum. This can be explained as follows":
Fig. 4 shows that the orbital angular momentum
associated with the nuclear surface is "23 in the
entrance channel, and the transfer of a few units
of angular momentum can easily be accommodated
without much change in the angle 6I. The observed
scattering angle is therefore primarily determined
by the Coulomb deflections of the ingoing and out-
going particles, which are nearly the same for
transitions leading to the P, /, and g, /, states be-
cause the Q values are almost the same.

Figure 8 shows the angle-integrated cross sec-
tions for transitions leading to the 2P, /, and 1g,/,
states of "Y at various bombarding energies,
and indicates that excitation functions below the
barrier cannot be used for the determination of
the transferred L any more than the angular dis-
tributions can be. The figure also shows the
total cross sections for the ("0,"N) and ("0,C)
reactions, summed over all final states. It is
clear, first, that once the incident energy is
sufficiently high for the ions to overcome the
Coulomb barrier, there is little further increase
in the cross section and, second, that the cross
section for four-nucleon transfer becomes
significant at a higher incident energy —and hence
at a closer distance of approach —than that for
the one-nucleon transfer.

TABLE H. Bound-state parameters.

System
Rp

(fm)
a

(fm)
~SO

(MGV) Ref,

i5N +P
88Sr+p

1.20
1.20

0.60
0.65

24
10

The first rule holds only if there is no spin-orbit
term in the optical-model potential, the second
is exact, and the last holds only if one ignores
recoil. Application of these rules leads to the
transfer L values given in Table III.

200—

I I I

88 I 8
Sr+ 0

INTEGRATED OVER ANGLE

IOO—

50—

20—

5 all C

5 all N

the selection rules on the orbital angular momen-
tum transfer I are

B. DWBA Analysis C) IO—
Us~2, 0.9I MeV

Distorted-wave calculations for the reaction
were done by use of the no-recoil finite-range code
RDRC of Schmittroth, Tobocman, and Golestaneh, '
modified to treat 100 partial waves. This code
treats finite-range effects by expanding the form
factors of the projectile and final heavy nucleus in
a harmonic-oscillator basis. The interaction used
was of the "post" form, which is appropriate' since
the binding of the transferred proton is stronger in
the ("N+P) system than in the("Sr+P) system.
The set I optical-model parameters dicussed in

Sec. III were used. Bound-state parameters for
the "Sr+p system were those used in the analysis
of "Sr('He, d) reaction"; the parameters for the
"N+P system were those used in an analysis of
the '"Pb("0, "N) reaction. " These parameters
are listed in Table II.

Table III shows the relevant reaction quantum
numbers for transitions to the 2'/2 1@9/2 and

2d, /, states of ' Y. For the transition from the
single-particle state (l„j,) to the state (l„j,),

b 5—

p, OMeV
Il2

0.5—

02 % I I I I

40 44 48 52 56 60
Elab (MeV)

FIG. 8. Angle-integrated cross sections for Sr + 0
reactions as a function of the laboratory bombarding
energy. In the top two curves the cross sections have
been summed over all final states for outgoing particles
of ~5N and all C; the lower two curves are for the reaction
88 Sr ( 80, ~~N1 leading to the 2p&~& and 1g9g& states of ~BY.

The curves are drawn just to guide the eye.
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TABLE III. Reaction quantum numbers for Sr-
('60, '5N) transitions to the indicated states of 8~Y. The
spectroscopic factor (C2S)& in the last column was ob-
tained from the work on Sr(~He, d), Ref. 10.

TABLE IV. Normalization factors N in Eq, (2) which
represent the angular distributions for Sr(' 0, ' N)
transitions to the 2P &/2 and 1g9/2 states in Y.

Single-particle Excitation L transfer (C2S)
&

transition (MeV) (No recoil) from (3He, d)

EL,b (i60)
(Mev) N(gs/~)

N(p )/2)

N(gs/2)

1p &/2- 2p &n

P t/2 A/2
1p (/2 2d5/2

0
0.91
3.75

0.90
0.88
0.16

Figures 6 and 7 show the angular distributions
calculated by use of optical-model parameters
of set I; the fits are very good at all energies.
The 44- and 46-MeV angular distributions a.re
unchanged in magnitude and shape when the optical
potential is turned off and the Coulomb distortion
alone is present. At incident energies of 48 MeV
and above, the nuclear potential affects the angular
distribution at all angles. The set II optical poten-
tial for "0gave distributions that fitted the data,
less well, but were nevertheless acceptable.

Figure 9 shows that most of the contribution
to the ("0,"N) reaction comes from a sharply
localized region between 10 and 12 fm distant
from the center of the "Sr nucleus. Thus the
reaction is confined to the nuclear surface. For
comparison, the cross section for the "Sr('He, d)
reaction is also shown in the figure. On making
allowance for the differing radii of "0 and 'He,
it is seen that the latter rea, ction also occurs
outside the nuclear surface, though it is much
less localized. Thus both the ('He, d) and ("0,"N)
reactions are sensitive only to the tail of the
bound-state wave function in the "Sr+P system
and therefore it is reasonable to use the same
bound-state parameters in both cases. The fact
that the calculated "Sr("0,"N) reaction cross
section remains constant up to A = &0 fm means
that no cut off is needed to exclude contributions
from the nuclear interior. This is a consequence
of the strongly absorptive nature of the optical
potential used.

The calculated cross section is related to the
experimental cross section by the relation

(2)(do/dO), „,= N(C'S), (C'S),(do/dg)»„c,

where (C'S), and (C'S), are the spectroscopic
factors for the projectile system and for the states
in the final nucleus. Since the IPy/2 single-particle
orbit is involved, (C'S), is taken to have the value
2.0; the values for (C'S), are taken from the "Sr
(3He, d) work. '0 The normalization constant N
is introduced arbitrarily. Table IV lists the
normalization. It is seen that N(g, ~,) is roughly
independent of bombarding energy and that its
mean deviation is consistent with the 15% error

44
46
48
52
56
59

1,8
2.6
2.2
2.2
1.9
2.0

Average 2.1+0.3

1.03
1.29
1.63
1.63
1.93
2.16

quoted in Sec. II. In contrast, the normalization
for the transitions to the 2Pg/2 state increases
with energy. This is clearly shown in Table IV
by the ratio N(P, ~,)/gg, ~,), which should be in-
dependent of any sytematic error in the determin-
ation of absolute cross sections. This energy-
dependent discrepancy may be due to neglect of
recoil effects in the RDRC calculation. " Introduc-
tion of recoil would lead to additional values for
L: namely L = 1 for the p„, state and L =4 for the

g9/ 2 state. The contributions from these addition-
al L values will add on to the contributions from
the respective "allowed" L values of 0 and 5 for
the two states. Since the calculated cross sec-
tion increases by a factor of -3 for every unit
increase in L, the recoil effects are relatively
more important for the 2P, /, state than for the

l.Q

C)
II

O
C7

K
b

0.5- 8s
O

K I

b

0
6 8 IO

Rco ~f~)

FIG. 9. Calculated cross sections for the 88Sr(~ 0, 5N)

and the Sr( He, d) reactions leading to the ground state
of SY, plotted as a function of the lower cutoff radius
R« in the DWBA integral. The contribution from any
particular radius can be inferred from these curves.
The half-way radii in the optical potentials for the two
reactions, which provide a rough indication of the posi-
tions of the nuclear surfaces in the two cases, are at
8.5 and 5.5 fm, respectively.
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1g9/ Q
state. Moreover, ca1culations' ' show that

recoil effects are more important at higher en-
ergies. Both these qualitatively expected features
are present in the normalization constants given
in Table IV.

Both features —the greater importance of recoil
contributions for transitions to j& final states
and the energy dependence —also appear to be
present in the data of Ref. 14. At the lower en-
ergies, the excitation functions for the '4'Ce("0,
"N), ' Sr(' 0, "N), and '~ Ce("0, ' 0) reactions
are well fitted with a Buttle-Goldfarb approxi-
mation" for recoil corrections, whereas cal-
culations for energies above the barrier show a
moderate discrepancy, which is greater for the
transition to the P, y, state than for that to the

g, /, state of "Y. It is believed that the main
source of uncertainty in their analysis'4 is the
approximate treatment of recoil.

Figure 10 shows another discrepancy between
experiment and the no-recoil calculations. The
2d, y, state at 3.75 MeV excitation in "Y shows
up strongly at 56- and 59-MeV incident energies,
and the shape and peak position of its angular
distribution are identical to those of the dis-
tribution of the ground state and of the g,y, state.
This is shown in Fig. 10 by the dotted curve,
which is a smooth line drawn through the ex-
perimental P, /, points. However, the peak of
the DWBA angular distribution (solid line), cal-
culated with the same optical parameters that
fit the P, g, and g9(, distributions so well, is
shifted backward by 8' at 56 MeV; the normal-

ization factor is %=4.5. The calculated curve
can be made to agree with experiment by changing
the diffuseness in both entrance and exit channels
from 0.5 to 0.65 fm; but such arbitrary change
of parameters has no justification.

IG I I I
I

I

88S (ISG Is~ )89
g.S.

P a:e
tr

+ 44MeV
o 46 MeV
a 48 MeV

V. SEMICLASSICAL TREATMENT OF THE
REACTION Sr( 0, N)

The transfer probability may be defined through
the relation"

tr = (~/ II)reactio~/(d+/dII) Rgihppford

where division by the Rutherford cross section
takes out the phase-space factor. Classically,
one may argue' that the transfer probability at
different energies and angles should depend only
on the distance of closest approach D(8). This
is true at all bombarding energies, but if one
uses the pure Coulomb expression (1) for re-
lating D and the scattering angle 0, one is con-
fined to energies below the Coulomb barrier;
above the barrier, the relation between D and 0
is changed as a result of nuclear distortion.
Figure 11 shows that all the P, y, data points at
44-. 46-, and 48-MeV energies do in fact fall
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FIG. 10. The experimental angular distribution (points)

and the calculated curve (solid line) for the one-proton
transfer to the 3.75-MeV excited state in 9Y. The dot-
ted line is a smooth curve drawn through the experi-
mental points for the ground-state transition, measured
at the same bombarding energy.
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FIG. 11. Semilogarithmic plot of the transfer prob-
ability&« for the 2p&y2 state vs the distance of closest
approach in the entrance channel. Only data for inci-
dent energies below the Coulomb barrier are included.
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on one smooth exponential curve, down to a dis-
tance of about 11.3 fm; below 11.3 fm, the curve
rounds off because of nuclear absorption. The
goy, data points fall on a similar curve. The two
plots verify the expectation that the probability
of transfer should be a simple function of the
distance of closest approach for a Coulomb tra-
jectory so long as the center-of-mass energy
is less than the barrier energy. This suggests
that some theory much less elaborate than DWBA
is enough for treating the sub-Coulomb transfer
reaction —namely, a theory that treats the re-
action as a small perturbation on predominantly
Rutherford scattering. Such a semiclassical
theory would avoid the main limitation of DWBA
calculations —the necessity of having a very large
number of partial waves.

The transfer probability can be written as

P„~exp(- uD).

The value of n from the sub-Coulomb P, ~, data
points is -2.06 fm '. The magnitude of n is
expected to be related to the slopes of the bound-
state wave functions of the transferred particle
in the projectile and in the final nucleus, although
it is not equal to either of them.

VI. SUMMARY AND CONCLUSIONS

The main conclusions of the present work are
the following.
(a) Elastic scattering and one-nucleon transfer
appear to be consistently described by the optical
model and DWBA, as long as the Q mismatch
is not too large.
(b) The angular distributions in Coulomb-dom-
inated one-nucleon transfer reactions are in-
sensitive to small differences in the transferred
orbital angular momentum. This precludes the
use of the angular distribution to determine the
spin of the final state and to detect "forbidden"
I contributions brought in by the full recoil treat-
ment.
(c) In the case of the ("0,"N) reaction, transi-

tions to ~, states are reasonably well described
by no-recoil DWBA calculations, whereas tran-
sitions to j, states show discrepancies. The ex-
istence of such a j dependence appears to be
well established" but a quantitative treatment
including recoil is still. lacking. The energy de-
pendence of the recoil contributions is evident
from the data.

At the present time, there exist no DWBA pro-
grams that can do the full finite-range calculation
in a reasonable amount of computing time. Once
such programs become available, it is hoped that
the present data would provide a testing ground
of the theory.
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