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One-proton and one-neutron stripping reactions induced by a 480 MeV "C beam bombarding a
'Pb target have been studied using a high resolution energy loss magnetic spectrometer. The reac-

tions are governed by two selection rules which are naturally contained in the one-step exact finite

range distorted wave Born approximation formalism. Relative intensities of the populated states

are well reproduced by this formalism as well as the absolute values of the cross sections. Compar-

isons with the results of one-nucleon stripping reactions induced by a ' 0 beam on a ' 'Pb target at
793 MeV incident energy are also presented; in this latter case the absolute cross section values are

not reproduced.

I. INTRODUCTION

One-nucleon transfer reactions have already been ex-
tensively studied experimentally and rather successfully
compared with the exact finite range-distorted wave Born
approximation (EFR-DWBA) predictions. ' We shall
present in this paper experimental data and theoretical
analyses concerning very high incident energy: one-
proton and one-neutron direct surface transfer reactions
induced by a 480 MeV ' C beam on a Pb target. These
present results will also be compared to our previous data
obtained with a 793 MeV ' 0 beam bombarding a 2o Pb
target, and already partially published Refs. 4 and 5.

At high incident energy the values of the cross sections
are governed by two selection rules contained in the
EFR-DWBA and also in the semiclassical model of
Brink. ' The first selection rule tells us that final states
with high spin are strongly favored at high incident ener-

gy. This is due to the large mismatch between the en-
trance and exit grazing wave orbital angular momenta.
The second selection rule tells us that the favored transi-
tion involves no spin-flip between the projectile wave
function and the heavy residual nucleus wave function.
We shall see that these two selection rules explain per-
fectly the relative intensities for the population of the
single-particle states. ' However, we shall also see that
the absolute values are well reproduced by the EFR-
DWBA calculations in case of ' C induced reactions, but
definitively not in the case of ' 0 induced reactions: a
rather puzzling problem. A detailed study of the EFR-
DWBA calculations at high incident energy will be
presented, and, in addition, the transition to high spin

states at higher excitation energy will be tentatively ana-
lyzed.

II. EXPERIMENTAL ARRANGEMENT

The one-proton and one-neutron transfer reactions on
a Pb target were performed at the GANIL facility us-

ing the 480 MeV ' C beam. The ejectile particles, "B
and "C nuclei, were identified and momentum analyzed
using the energy loss magnetic spectrometer SPEG (Ref.
8). The thickness of the Pb target (99% enriched) was
about 1.7 mg/cm measured with the alpha gage tech-
niques. The detection system consisted of (i) two position
(x,y) drift chambers having a spatial resolution of 0.6
mm in each direction, located on each side of the focal
surface in order to determine the scattering angle and the
accurate magnetic rigidity of the detected particle, (ii) an
ionization chamber which measured the energy loss of
the outgoing particles, necessary for their identification,
(iii) two plastic scintillators, the first one providing the
start signal of the time of flight and the second one serv-
ing as a veto for the rejection of light particles. The rf of
the last GANIL cyclotron provided the stop signal of the
time of flight. All the gas counters were filled with isobu-
tane. With this arrangement the measured energy resolu-
tion was about 200 keV fu11 width at half maximum
(FWHM), or translated into momentum resolution:
hp jp =2X 10 . The total angular aperture of the spec-
trometer in the reaction plane was 4 and the counting
rate normalization between runs was assured by a one de-
gree overlap in angle. The beam emittance for all runs
was never larger than 2m mm mrad which permits an an-
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gular binning of 0.4 in the angular distributions. The
absolute values for all cross sections were easily obtained
due to the fact that the measured ' C elastic cross section
obeys the Rutherford law at forward angles.

III. RKSUI.TS AND DISCUSSION

First, we shall present and discuss the results of the
one-nucleon stripping reactions populating the low lying
single particle states which have well-known spin assign-
ments. Secondly, we shall present the results of the
transfer data populating states at higher excitation ener-

gy for which high spin single particle configurations have
been rather hypothetically assigned. Then finally, we
shall present a general discussion concerning the EFR-
DWBA predictions of cross section absolute values for
one-nucleon stripping reactions.

A. One-nucleon stripping reactions populating
the low lying single particle states

In Fig. 1 is presented the energy spectrum of the
Pb(' C, "B) Bi one-proton stripping reaction mea-

sured at 480 MeV ' C incident energy along with the en-

ergy spectrum of the Pb(' 0, ' N) Bi one-proton
stripping reaction measured at 793 MeV ' 0 incident en-

ergy. ' The relative intensities of the populations of the
various single-particle states can be explained with the
two selection rules previously discussed in the Introduc-
tion. For the (' C, "B}reaction the strongest peak is the
1.608 MeV li ", —+ favored by the two selection rules (i)

high final angular momenta, l =6, and (ii) no spin flip
transition: 1f+—,', (li "+—) final spin in Bi residual nu-

cleus for a I, +—,'(Ip —', ) initial spin in the projectile. On

the other hand, for the (' 0, "N) reaction (initial state
Ip —,', 1;——,

' in the projectile), the transition to the 1.608
MeV li —", + which corresponds to a spin flip process is in-

hibited despite the large orbital angular momentum in-
volved in the transfer process. For the (' 0, ' N} reac-
tion, the g.s. lh —', , I =5 transition is favored by the two
selection rules and is thus the strongest peak for this
stripping reaction, but in case of the (' C, "B) reaction
involving a spin flip transition, we observe a small peak
for the g.s. yield: the transition is inhibited. Other in-
teresting lines are the 2f—,

' and 2f—,
' states both 1=3

transitions. It is then only the second selection rule con-
cerning spin flip transitions which can explain the
differences in intensities between these two levels in the
(' C, "B) and (' 0, ' N) one proton stripping reactions.
For the (' 0, ' N) reaction, the no spin flip transition cor-

2400

1500—

1000—

Pb (' C "8) Bi

E+ = 480MeV

3.8 g e)~g 4 2

2000—

1600—

1200—

204pb {12C 11C~ 209pb

E+ = 480HeV

5 4'~e g5 8'

500— 800—

600—

400—

200—

f I

2OIPb {14O 15Nj 2098j

E~ = 793MeV

3' 8+&4 754

)
4J
Z
Co +

E
h4
m~ o

400—

LJ

200—

20$Pb (lhP sP} 20%Pb

E~ = 793NeV

3 25o~e)~~4 75o

OlE

/Pl

J,J11~
lj

0
1075

A.
1100 1125 1150 1175 1200 1225

CHANNEL

100—

1150 1175 1200

CHANNEL

1225 1250

FIG. 1. Energy spectra for the one-proton stripping reactions
induced by ' 0 and ' C beams at 793 and 480 MeV incident en-

ergies, respectively. Only high spin single-particle states are
populated strongly. The energy resolution is about 200 keV
FWHM.

FIG. 2. Energy spectra for the one-neutron stripping reac-
tions induced by ' 0 and ' C beams at 793 and 480 MeV in-

cident energies, respectively. Only high spin single-particle
states are populated strongly. The energy resolution is about
200 keV FWHM.
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responds to the 2.822 MeV 2f—,
' state which has a

stronger counting yield than the 2f—,'level, see bottom
of Fig. 1. On the other hand, the no spin flip transition
for the (' C, "B) reaction corresponds to the 0.896 MeV
2f ,'st—ate which has a stronger counting yield than the
2f—', level, see top of Fig. l. For both one-proton strip-

ping reactions let us note that the orbital angular momen-
tum mismatch between the entrance and exit channel is
8A for the grazing waves. This value of 8A is obtained by
inspection of the optical model S matrix elements of the
entrance and exit channel: S« ——0.50. See later on, the
elastic scattering and DWBA analysis. Other levels are
populated in the (' C, "B) reaction spectrum and will be
discussed later on. In case of the (' 0, ' N) reactions
these additional lines are obscured by the excitation of
the ejectile in its 1p—, single hole-state located at 6.324
MeV, see Refs. 4, 5, and 2.

In Fig. 2 are presented the one-neutron stripping reac-
tion spectra induced by ' C and ' 0 projectile, respective-
ly, on a Pb target. The interpretation of these data fol-
low the previous discussion. The strongest transitions for
both reactions involve large angular momenta and no
spin flip: they are the 1.423 MeV 1j—", level, 1=7, for
the (' C, "C) reaction and the 0.779 MeV li —", + level for
the (' 0, ' 0) reaction. '-' Let us note that the orbital an-
gular momenta mismatch for the grazing waves is 10% for
both stripping reactions. The populations of the 2g—', +

and 2g—,'+ states, both I =4, are governed in the two ener-

gy spectra only by the no spin flip selection rule; and
their relative strengths are inverted in the two reactions.
Other lines are also populated at higher excitation energy
in the (' C, "C) reaction and will be discussed later on.
These lines are obscured in the (' 0, ' 0) reaction by the
excitation of the ' 0 ejectile on its 1p—,

' single hole state
located at 6.176 MeV, see Refs. 4, 5, and 2.

In order to obtain absolute values for the stripping re-
action cross sections and in order to perform a full EFR-
DWBA calculation, the ' C elastic scattering angular dis-
tribution has been measured. A Fresnel pattern is ob-
served and has been analyzed in the framework of the op-
tical model using in all our calculations a volume
Woods-Saxon geometry for the real and imaginary part
of the potential. A typical result of a best fit procedure is
presented in Fig. 3 ~ It was obtained with the code
pToLEMY (Ref. 9) which has no relativistic correction for
elastic scattering and direct transfer reaction calcula-
tions. The family given in Fig. 3 corresponds to strong
absorption and many other families can be deduced from
the Igo ambiguity. ' This present family of Fig. 3 is alike
to the one used to analyze the stripping reactions induced
by the 793 MeV ' 0 beam bombarding a Pb target. It
is worthwhile to note that this 50 MeV deep potential has
its parameter values, in best agreement with the theoreti-
cal predictions of the energy density formalism used with
the sudden approximation. "' Results of full EFR-
DWBA calculations for the one-nucleon stripping reac-
tion, using deeper volume Woods-Saxon potentials with
or without equal geometry for the real and imaginary
parts, will be also presented later on in the section dis-
cussing the absolute cross section values; see Tables V
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FIG. 3. Elastic scattering angular distribution of the 480
MeV ' C beam on the 'Pb target along with the optical model
parameters of volume Woods-Saxon family B3 and the average
chi-square value per point.

and VI of Sec. III C.
Figure 4 presents the results of the full EFR-DWBA

calculations using the optical model parameter family of
Fig. 3 which best fit the elastic scattering data, and using
also the form factor parameters for the projectile and the
heavy residual nucleus coming from Table III of Ref. 2.
The spectroscopic factors were extracted using the usual
formula:
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FIG. 4. Angular distributions for the Pb( ' C, "B) Bi
one-proton stripping reaction. The solid lines are the results of
EFR-DWBA calculations; see text and the spectroscopic factors
of Table I.
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TABLE I. One-proton spectroscopic factors for the Bi final nucleus.

State

2

2f7—

„»+'2

2f 5—

(MeV)

g.s.
0.896
1.608

(16O 15N)

793 MeV

0.75

0.67
0.70

0.74

(12C 11B)

480 MeV

0.48

0.66
0.70

0.80b

(a, t)
80 MeV

0.75

0.71

0.70

0.54

Theory'

0.95
0.85

0.70

'All the spectroscopic factors are normalized to the 1.608 MeV li —",
+ state theoretical value, Ref. 15,

this letter value is underlined in the table. The 1.608 MeV li —"+ level is the most strongly populated

state in the (' C, "B)reaction.
The contribution of the 2.601 MeV li—'+ level has been subtracted assuming a spectroscopic factor of

0.06 for this state, Ref. 14.

da, „~,(8)=NS;SfdcrDwnA(~)

where S; is the one-nucleon spectroscopic factor of the
projectile-ejectile system and equals to 4 for ' C nucleus:
1p—', orbit completely filled; Sf is the spectroscopic fac-
tor for the heavy residual nucleus; the cross section
d0DwaA(8) is provided by the code PTOLEMY (Ref. 9) and
N is an overall normalization factor which is equal to 1 if
the EFR-DWBA model is perfectly suitable to analyze
such a direct stripping reaction assuming a one-step pro-
cess. As a matter of fact, we can say that final state spec-
troscopic factors are known only in relative value. At the
end of this paper we shall discuss the problem of normali-
zation factor N whose value depends on the form factor
parameters and on the optical model parameters.

It is worthwhile to note that the present geometry of
the form factor parameters best fits the single particle
state energies either of Pb or Bi see Ref. 3. It has
also been checked that the code SATURN-MARS-I (Ref. 13)
provided identical results as the code PTOLEMY (Ref. 9).

In Table I are presented the spectroscopic factors for
the first single particle states of Bi. In Fig. 1 it can be
noticed that the 2f—', line located at 2.822 MeV excita-
tion energy is broad. This is due to a contribution from
the 2.601 MeV li —",

+ state favored by the tan selection
rules. The spectroscopic factor of this 1i —",

+ state is 0.06
(Ref. 14). In order to extract the spectroscopic factor of
the 2f—,'state, this small contribution was theoretically
calculated and then subtracted. These spectroscopic fac-
tors are similar to those obtained previously in the
(' 0, ' N) reaction and in the (a, t) reaction, ' both per-
formed on Pb target. For the (' C, "B) reaction, the
g.s. spectroscopic factor seems to be too weak. In Table I
we have quoted the results of a quasiparticle calculation'
which agree rather well with our results. Thus it can be
concluded that EFR-DWBA calculations reproduce fair-
ly well the relative intensities of the Pb(' C, "B) Bi
one-proton stripping reaction. However, the EFR-
DWBA fits of Fig. 4 are rather poor at backward angles,
inducing an uncertainty of about 10 to 20% on the spec-
troscopic factor values.

Figure 5 presents the results of the EFR-DWBA calcu-
lations for the angular distributions of the

Pb(' C, "C) Pb one-neutron stripping reactions mea-
sured at 480 MeV ' C incident energy. As discussed pre-
viously, the form factor parameters come from Table III
of Ref. 2 and best fit the single particle state excitation
energies. The optical model parameters are those inset in
Fig. 3, family 83, which best fit the ' C elastic scattering
data. The agreement between the experimental points
and the calculated angular distributions is strikingly good
for this one-neutron stripping reaction. Table II gives the
spectroscopic factors extracted from this analysis. They
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FIG. 5. Angular distributions for the Pb("C, "C) Pb one
neutron stripping reaction. The solid lines are the results of the
EFR-DWBA calculations; see text and spectroscopic factors of
Table II.
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TABLE II. One-neutron spectroscopic factors for the Pb final nucleus.

State

2g 2

1 —"+

(Mevi

g.s.
0.779
1.423

(16O 15O)

793 MeV

0.89
0.72

0.62

(12C 11C)

480 MeV

0.80
0.50
0.62b

(a, 'He)
183 MeV

0.76

1.03
0.62

Theory'

0.89
0.96
0.62

2g7 + 2.491 0.79 0.92'

'All spectroscopic factors are normalized to the 1.423 MeV 1j'~' state theoretical value, Ref. 15, this

latter value is underlined in the table. The 1.423 MeV 1j—" level is the most strongly populated state

in the (' C, "C) reaction.
For the 1.423 MeV 1j—", , it has been checked that the EFR-DWBA cross section of the unresolved

1.567 MeV 3d 2+ state is negligible due to the large momentum mismatch.

'For the 2g —,
'+, it has been checked that the EFR-DWBA cross section of the unresolved 2.537 MeV

3d—'+ state is negligible due to the large momentum mismatch and to the violation of the no spin-flip
2

selection rule.

agree rather well with the previous data of the (' 0, ' 0)
reaction and also with the quasiparticle calculations, ' ex-
ception made for the 0.779 MeV li —", level. Other
theoretical spectroscopic factors of single particle states
either for neutron or proton direct transfer reactions can
be found in the review article of Mahaux et al. ' and
references therein.
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B. One-nucleon stripping reactions populating
the higher excited states

Now we shall present a tentative analysis of the strip-
ping reactions populating the higher excited levels of the

Bi and Pb residual nuclei. For these levels the spin
assignment is rather hypothetical and comes from Refs.
17 and 18. The main interest of these heavy ion reactions
at high incident energy is that they populate strongly
only high spin states. On the other hand our energy reso-
lution is only 200 keV F%HM. Several excited levels can
be seen in the spectrum of Pb (Fig. 6): possible 1j—",

and 1k —", + candidates from the work of Massolo et al. '

Such levels of / =7 and l =8, respectively, are strongly
favored by the two previous selection rules in the
(' C, "C) reaction. These levels can be followed at all the
angles. They are the 3.02 MeV 1j—", level, the 3.59 MeV

1j—", and 3.73 MeV 1j—", doublet, and the 3.96 MeV
1k —", + and 4.22 MeV 1k —", + doublet. Above this group
of levels, broad structures can be observed on the various
energy spectra around an excitation energy of 10 MeV
which is the energy position of giant quadrupole reso-
nance, see Ref. 19.

Figure 7 presents the angular distribution of the excit-
ed levels of Pb heavy residual nucleus. The values of
the experimental points were obtained by a best fit pro-
cedure of the energy spectrum lines without any back-
ground. The agreement in shape of the angular distribu-
tion is rather reasonable. The corresponding spectro-
scopic factors are listed in Table III. They agree more or
less with the ones obtained by the (a, He) experiment, '

exception made of the hypothetical 1k—", + doublet locat-
ed at 4.1 MeV excitation energy. This doublet is un-
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FIG. 6. Energy spectra of the pb( "C,"C)"'pb one
neutron stripping reaction at several laboratory angles present-
ed in order to follow the weakly excited states of high spin lo-
cated at high excitation energies.
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confidence about this procedure of spectroscopic-factor
extraction. It is also worthwhile to note that Hartree-
Fock calculations predict a lk —",

+ level around 6 MeV
excitation energy.

Figure 8 presents the one-proton stripping reaction
spectra measured at several angles. Several states at
higher excitation energy can be followed at each angle be-
tween the 3.87 MeV li —",

+ state and the 5.44 MeV 1J,'
li —", + unresolved multiplet. Furthermore, as in the one-
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FIG. 7. Angular distributions for the 'Pb(' C, "C) Pb
one-neutron stripping reaction. The solid lines are the results of
the EFR-DWBA calculations. See text and spectroscopic fac-
tors of Table III.

bound and the EFR-DWBA analysis has been performed
in the following way. First of all, the experimental Q
value is input in the FTOLEMY (Ref. 9) code for the dis-
torted wave calculations: the usual procedure. However,
the 1k —", + wave function is arbitrarily bound by —0. 10
MeV. It has been checked that a binding energy of
—0.50 MeV increases the spectroscopic factor values by
only 8%. It is worthwhile to note that the lk —",

+ doublet
excitation energy is very near to the Pb neutron bind-
ing energy: 3.9364 Me V. So we may have some
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TABLE III. One-neutron spectroscopic factors or sums for
the Pb final nucleus. All spectroscopic factors of Pb are
normalized on the 1.423 MeV 1j'2' theoretical value of Table

II; the spin assignments between parentheses are rather hy-
pothetical and come from Ref. 18.
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FIG. 8. Energy spectra pf the Pb(' C, "B) Bi one-proton
stripping reaction at several laboratory angles presented in or-
der to follow the weakly excited states of high spins located at
high excitation energies.
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neutron stripping reaction, a structure at an excitation
energy of about 10 MeV can be seen for which only
speculation can be made about its origin: excitation in a
two-step process of single-particle states coupled to the
target giant quadrupole resonance. The cross-section
values were extracted from these energy spectra using a
best fit procedure with a smooth empirical background
going through the deepest valley of the energy spectra.
This procedure will give rise to a large uncertainty in the
spectroscopic factor values. Figure 9 presents EFR-
DWBA fits of the angular distributions of these excited
levels which are all unbound, the proton binding energy
is 3.7980 MeV, and in these calculations the wave func-
tions have been arbitrarily bound by —0. 10 MeV. Ex-
ception made of the 4.26 MeV 1j—", state, the fits are
rather acceptable and the corresponding spectroscopic
factors or their sums are given in Table IV. The li —",

+

states and all the fragmented 1j—", states are strongly
favored by the two selection rules. On the other hand,
the populations of the li —", + states are inhibited due to
their spin Aip transition. Exception made of the higher
excited multiplet, the agreement of the spectroscopic fac-
tors between the (' C, "B) and (a, t) experiments' is al-
most satisfactory.

State

1
~ 13 +'2

( 1j15 —
)

( 1j15 —
)

(1j—", )

(MeV)

3.835

4.17

4.27

4.88

4.99
5.27

5.38

5.47

5.58

(lzC, &iB)

480 MeV

0.017

0.063

0.021

0.018

(a, t)
80 MeV

0.028

0.099

0.047

0.16

C. The EFR-DWBA predictions of
cross section absolute values

TABLE IV. One-proton spectroscopic factors or sums for
the Bi final nucleus. All spectroscopic factors of ' Bi are
normalized on the 1.608 MeV li'z theoretical value of Table I.
The spin assignments between parentheses are rather hypotheti-
cal and come from Ref. 17.
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FIG. 9. Angular distribution for the Pb(' C, "B) Bi one-
proton stripping reaction. The solid lines are the results of the
EFR-DWBA calculations; see text and spectroscopic factors of
Table IV.

We are going to discuss now the problem of the abso-
lute values for the cross sections at high incident ener-
gies. Although the EFR-DWBA calculations predict
correctly the absolute cross-section values for the one-
nucleon stripping reactions induced by the 480 MeV ' C
beam, it has turned out that for the one-nucleon stripping
reactions induced by the 793 MeV ' 0 beam the absolute
cross-section values are overpredicted by a factor of
5 —10, see Refs. 4 and 5.

In order to study the stability of the cross-section
values with respect to the variation of the optical model
parameters for the ' C beam experiments, we have tried a
deeper volume Woods-Saxon family of potentials, namely
V = W =200 MeV, which also best fits the elastic scatter-
ing data. Thus potential is drawn in Fig. 10 along with
the V= 8'=50 MeV family. We can see that both fami-
lies exhibit the same tails. This fact is just the signature
of the continuous Igo ambiguity. ' This new
V= 8'=200 MeV family reproduces perfectly well the
data and provides the stripping cross sections with al-
most the same absolute values; in other words, the same
normalization coefficient X, see formula (l). These two
families (the 50 MeV and 200 MeV), have equal geometry
for the real and imaginary part. To check the sensibility
to this feature we have also performed calculations with
families having a different geometry for the real and
imaginary part. They were obtained by increasing or de-
creasing the radius parameter of the imaginary part by
30%, 20%, or 10% and then searching with the automat-
ic code pTQLEMY (Ref. 9) for the best elastic scattering fit

by varying the imaginary depth and imaginary difFusivity
and keeping the same real part geometry of the V=200
MeV or of the V =50 MeV family A and B, respectively.
In Table V are listed the various potentials with their cor-
responding 7 values for elastic scattering and with the
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FIG. 10. Real and imaginary part of the volume Woods-
Saxon family A 3 and B3 used for the various EFR-DWBA cal-

culations. Both potentials best fit the ' C elastic scattering data
on 'Pb target.

normalization coefficient N values. These coefficients N
were determined from the g.s. transitions using the corre-
sponding experimental spectroscopic factors of Bi and

Pb final nuclei, respectively, see Tables I and II. The
imaginary parts of the various potentials are plotted in
Figs. 11 and 12. The following comments can be made.
All the optical potentials which have the same tails pro-
duce both excellent EFR-DWBA fits for the one-nucleon
stripping angular distributions and reasonable normaliza-
tion coefficients N. This is the case for all the families 3
( A I —A 5) and for the families 83, B4, and 85. Families
B1 and B2 are dubious, producing very poor EFR-
DWBA fits for the one-nucleon stripping reaction, and,
furthermore, their elastic scattering g values are not
very good. From Fig. 12 we can see that their tails are
not correct since their imaginary wells are not deep
enough.

The same systematic analysis was also performed for
the one-nucleon stripping reactions induced by the 793
MeV ' 0 beam on a Pb target. Figure 13 shows a typi-
cal result of an EFR-DWBA analysis obtained for the
(' 0, ' N) one-proton stripping reaction, with the
V=@'=200 MeV family C3. The agreement in shape
for the angular distributions is strikingly good and the
corresponding spectroscopic factors are similar to those
quoted in Table I. Let us also note that the (

' 0, ' 0) one
neutron stripping reaction on Pb provides similar spec-
troscopic factors as those of (

' C, "C) reaction, see Ref.
5. Table VI presents for the one-neutron and the one
proton stripping reactions the normalization coefficients
N of the EFR-DWBA analyses performed with potentials
similar to those used for the ' C beam and listed already
in Table V. As previously, these coefficients N are deter-
mined from the g.s. transitions using the corresponding
spectroscopic factors of Ref. 5 for Bi and Pb final
nuclei. All the C families (200 MeV deep potential for
the real part) produce similar EFR-DWBA fits for the
transfer data and a similar coefficient of normalization N
of the order of 0.15. The same results are reached for the
families D3, D4, and D5, having a real potential 50 MeV
deep. Nevertheless, for the shallow imaginary well, fami-
lies D1 and D2 fail to reproduce the experimental data in
shape and in absolute value.

All the EFR-DWBA curves obtained with the optical
model parameters which reproduce the entrance channel
elastic scattering are very similar and produce normaliza-
tion factors obtained in the same consistent way. Howev-
er, the DWBA fits are not very good in case of (' C, "B)
one proton stripping reactions exception mode of the g.s.
transition. It is generally considered that spectroscopic
factors and normalization coefficients have to be extract-
ed by fitting the experimental angular distributions at for-
ward angles where the theoretical curves are less depen-
dent of the optical model parameters. Normalization fac-
tors taking more into account the backward angle mea-
surements will decrease the normalization factor by 20%
especially for the excited levels of Bi. It has been
shown by Peng et al. , Ref. 20, that in case of Fresnel elas-
tic scattering pattern in the entrance and exit channels,

TABLE V. Coefficient N of normalization for the one-nucleon stripping reactions for the system
' C+ Pb at 480 MeV incident energy. Real part of the volume Woods-Saxon families A: V=200.0
MeV, ro ——ro ——0.9047 fm, a =0.8360 fm. Real part of the volume Woods-Saxon families B: V=50.0

C

MeV, ro =ro ——1.0821 fm, a =0.7915 fm.

Family

A1
A2
A3
A4
A5
B1
B2
B3
B4
B5

8
(MeV)

25.
42.4

200.
473.

1111.4
8.2

10.2
50.

134.2
378.8

(fm)

1.176
1.085
0.904
0.814
0.723
1.406
1.298
1.082
0.973
0.865

a;
(fm)

0.812
0.819
0.856
0.850
0.853
0.574
0.658
0.791
0.811
0.822

1.93
1 ~ 12
1.16
1.29
1.25
5.02
1.53
0.99
1 ~ 16
1.29

N(' C ''B)

0.97
0.64
0.74
0.73
0.74
0.28
0.24
0.79
0.83
0.92

N( i~C, l lC)

1.11
0.83
0.87
0.85
0.86
1.32
0.74
0.98
0.94
1.00
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FIG. 11. Volume Woods-Saxon imaginary part of the optical
model potential used in the EFR-DWBA calculations. The real
parts of all these families have their parameters equal to those
of family A3. All best fit the elastic scattering data. It has
turned out that all these potentials produce the same results for
the elastic scattering cross sections and for the one-nucleon

stripping cross sections since they have the very same tails.

The normalization coefficients, N, can be slightly de-
creased by increasing the radii of the form factor. For
the bound state wave function of the heavy residual
partners the radius parameters are already large 1.28 and
1.25 fm for the Bi and Pb, respectively, but for the
' C projectile an increase of the radius parameter from
1.20 fm to 1.25 fm produces a decrease of the normaliza-
tion coefficient of 10%. Furthermore, the value of the
normalization coefficient N, depends, according to formu-
la (1), on the value of the entrance channel spectroscopic
factor. We have taken so far crude shell model estimates:
4 and 2, respectively, for the ' C and ' 0 projectiles.
However, from the ' C( He, a)"C pick-up reaction and
' C(p, d)"C pick-up reaction the spectroscopic factors
are 3.06 and 2.5, respectively. ' These values will in-
crease the normalization coefficient N by 24% and 38%%uo,

respectively. For the ' 0 projectile, we are dealing with a
double magic nuclei. Thus a value of 2 for the probably
completely filled 1p—,

' subshell is a very reasonable as-

sumption which is confirmed by the experimental spec-
troscopic factor values extracted from the one nucleon
pick-up reactions induced by deuteron beam on 0 tar-16

get nucleus, see Ref. 22.
To summarize the results about one-nucleon stripping

reactions induced either by a C beam or a 0 beam, we12 16

10'

the optical model parameters can be very alike for both
channels; see Figs. 3 and 4 of Ref. 21. Due to this fact
and in order to avoid any arbitrariness, we have not tried
to improve the EFR-DWBA fits in case of (' C, "B)one
proton stripping reactions, by using different optical
model parameters for the entrance and exit channels.
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FIG. 12. Volume Woods-Saxon imaginary part of the optical
potential used in the EFR-DWBA calculations. Families Bl
and B2 do not reproduce successfully the elastic scattering data
and the transfer data, while the other families do.

FIG. 13. Angular distributions for the ' Pb(' 0, "N) Bi
one-proton stripping reaction. The solid lines are the results of
the EFR-DWBA calculation; see text. The corresponding nor-
malization coefficient, N, is given in Table VI, family C3.
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TABLE VI. Same as Table V for the system ' 0+ Pb at 793 MeV incident energy. Real part of
the volume Woods-Saxon families C: V=200.0 MeV, ro ——ro ——0.8983 fm, a =0.8575 fm. Real part of

C

the volume Woods-Saxon families D: V=50.0 MeV, ro=ro ——1.0970 fm, a =0.7260 fm.
C

Family

C1
C2
C3
C4
C5
D1
D2
D3
D4
D5

W
(MeV)

24.9
42.3

200.0
454.4

1023.9
5.10
8.98

50.0
113.6
358.6

(fm)

1.168
1.078
0.898
0.808
0.718
1.426
1.316
1.096
0.987
0.877

a,
(fm)

0.775
0.805
0.857
0.844
0.853
0.253
0.602
0.726
0.748
0.761

3.04
2.04
1.65
1.60
1.62
2.67
3.98
1.70
1.61
1.60

N(' 0, ' N)

0.17
0.13
0.14
0.12
0.12
0.01
0.03
0.18
0.12
0.13

N( 16P 15P )

0.15
0.11
0.15
0.11
0.11
0.03
0.11
0.17
0.10
0.11

can say that the normalization coefficients are of the or-
der of 1 for the 480 MeV ' C projectile and of the order
of 0.10-0.20 for the 793 MeV ' 0 projectile. Let us note
that the normalization coefficient was already 0.35 at 312
MeV ' 0 incident energy for this latter projectile, see
Ref. 2. On the other hand, one neutron pick-up reactions
and one neutron stripping reactions induced by several
' C beams in the vicinity of the Coulomb barrier on Pb
target have provided EFR-DWBA normalization factors
N of the order of unity, see Ref. 23.

This difFerence does not come from the theoretical cal-
culations but is a true experimental fact. For instance, in
the one nucleon stripping reaction induced by a ' 0 pro-
jectile, the highest cross sections are 5.5 mb/sr for the
lh —', g.s. of Bi and 6 mb/sr for the li —", + state of Pb
at the same 4.2 c.m. angle, respectively, while in case of
' C projectile the highest cross sections are 55 mb/sr for
the li ", + sta—te of Bi and 72 mb/sr for the 1j—", state of

Pb: basically a factor of 10 in the experimental cross
section values for the two different projectiles. Thus one
proton and one neutron stripping reactions appear to be
inhibited at high incident energy for ' 0 beams.

These results about the ' 0 beams are rather puzzling
since for the one proton pick-up and one-neutron strip-
ping reactions induced by the ' 0 projectile bombarding
a Si target at 352 MeV incident energy the normaliza-
tion factors are also equal to unity for strong absorption
potential. Furthermore, single-nucleon transfer reac-
tions induced by 376 MeV ' 0 beam on a Pb target

and by Si beams of 6 and 8 MeV/nucleon incident ener-

gy, respectively, are also correctly predicted by EFR-
DWBA calculations.

IV. CONCLUSION

At very high incident energy it has turned out that the
relative intensities for the population of single-particle
states are governed by two selection rules contained ei-
ther in the EFR-DWBA or in the semiclassical model.
The strongest excited levels are single-particle high-spin
states populated without spin Nip. Reliable spectroscopic
factors can be extracted at high incident energy as well as
at low energy. Absolute values of cross sections are
correctly predicted by the EFR-DWBA using strong ab-
sorption optical model potentials, where both elastic
scattering cross sections and transfer reaction data are
well fitted. However, in the case of ' 0 beam the EFR-
DWBA calculations fail completely to reproduce the
cross sections in terms of absolute values; and this is a
rather puzzling problem.
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