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Inclusive spectra of stripping reactions induced by heavy ions
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The spectra of inclusive transfer reactions induced by heavy ions and leading to continuum
6nal states show high-lying broad resonancelike structures superimposed on a large continuum.
Recent experimental spectra for neutron stripping on targets in the lead region are analyzed by the
Bonaccorso and Brink single-particle transfer model. The results of the calculation suggest that the
structures are due to the population of high-spin single-particle states which are unbound and mix
with the underlying states giving rise to a broadening of the peak. The main characteristics of the
spectra are reproduced. Moreover, an estimate of the elastic and inelastic breakup contributions to
the inclusive spectra is given.

PACS number(s): 25.70.Hi, 24.30.Gd

I. INTRODUCTION

Transfer reactions between heavy ions at incident en-
ergies per nucleon higher than the average nucleon bind-
ing energy ( 10 MeV) populate final states of the target
which are unbound and give rise to a continuum spec-
trum. Such spectra have been measured in several ex-
periments [1—6]. In the case of one-neutron stripping
reactions, the detected kinetic energy of the ejectile is
related to the kinetic energy of the emitted neutron and
to the excitation energy of the target by the energy con-
servation relation

E = E;„—EI + Qga ——eI —es,

where E is the target excitation energy, E;„and Ef
are the initial and final center-of-mass energies, and Qgg
is the ground state to the ground-state Q value. eI is
the final neutron energy, and e~ & 0 is the binding en-
ergy of the neutron in the ground state of the residual
nucleus. For excitation energies E ( ~es~, the final neu-
tron energy is negative and we are dealing with transfer
to bound states. When E ) [es~ the neutron final en-

ergy is positive and transfer populates continuum states.
In the latter region of excitation energies, experimental
spectra show several bumps superimposed on a contin-
uum background. A large part of the background is due
to direct reactions such as elastic and inelastic breakup.
It is important to note that the physical background has
some meaning only for E ) [es~, while the widths of
the peaks in the region E ( ~es~ are due only to the
experimental energy resolution.

There is a model by Bonaccorso and Brink [7—10] which
allows one to calculate the cross section for one-neutron
transfer between initial and final single-particle states as
a function of the final energy of the neutron in the contin-
u»m and that corresponds to the energy spectrum of the

projectilelike fragment which is measured experimentally.
One characteristic of the calculation is that at each possi-
ble final energy in the continuum the transfer probability
is given by an incoherent sum of the transfer probabilities
to different final angular momentum states. In this way it
is possible to obtain the relative population of the single-
particle states in the continunm and to make a connection
between transfer to final bound states and transfer to fi-
nal unbound states. In fact, transfer reactions between
bound states are known to be dominated by matching
conditions [11]on the energy and spin of the initial and
final single-particle states and have actually been used for
years to get spectroscopic information on these states. In
Ref. [9] it was shown that matching conditions are also
the relevant mechanism for transfer to unbound states
and that measurement of transfer to the continuum can
give information on the high-lying single-particle states of
the nucleus. Furthermore, the Bonaccorso-Brink model
allows one to distinguish the difFerent contributions due
to transfer to resonance states of the target and elastic
and inelastic breakup.

The purpose of this paper is to compare the theoreti-
cal calculations made according to the Bonaccorso-Brink
model to experimental spectra measured for one-neutron
stripping reactions on targets in the lead region [1,4]. We
wish to explain the evolution of the spectra when the in-
cident energy increases in terms of the different reactions
contributing and to give a qualitative explanation of the
low-lying bumps and of the underlying background.

In Sec. II we give a brief account of the theoretical
model, and in Sec. III we discuss the parametrization of
the optical potential used to describe the neutron-target
interaction. Section IV contains a discussion of the in-
Quence of the initial state, while Sec. V is devoted to
the comparison between the spectra of several reactions
performed with different projectile-target combinations
at incident energies ranging from 40 to 48 MeV/nucleon.
Finally, we give our conclusions in Sec. VI.
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II. THEORETICAL MODEL

The model of Bonaccorso and Brink [7—10] deals with
stripping reactions to a continuum final state, and it is
a generalization of a model for transfer between bound
states [12—14]. The initial and final states are single-
particle states, and it is assumed that transfer is sensitive
only to the tail of the wave functions. The relative motion
of projectile and target is treated semiclassically.

The inclusive stripping spectra contain contributions
from elastic breakup in which the neutron is emitted from
the projectile leaving the target in the ground state, in-
elastic breakup in which the neutron scatters inelastically
on the target, and transfer of the neutron to resonance
states of the target. The relative contribution of each
process to the inclusive spectrum depends on the incident
energy [9,10]. At the incident energies we are concerned
with in this paper, transfer to resonance states is the
dominant mechanism. The spectra show large bumps,
rather than narrow peaks as in transfer to bound states,
because at each final energy several states with different

jy values contribute and each of them is spread over a
range of final energies around its resonance energy. The
calculation allows one to distinguish the contribution to
the cross section due to each state of given angular mo-
mentum jy.

The details of the formalism have been discussed in
previous papers [7,8,10], while Ref. [9] was devoted to
the analysis of numerical calculations. Here we give only
some basic formulas.

According to Bonaccorso and Brink [9], the transfer
probability from an initial bound state of definite energy
e;, angular momentum l;, and spin j, to a final continuum
state of positive energy ey is given by

in the Born approximation. This is because the inelastic
breakup is a surface effect, and therefore it can be eval-
uated by considering only the interaction of the neutron
with the tail of the optical potential and by neglecting the
resonance effects which instead are due to the strong in-
teraction of the neutron with the interior of the potential.
According to Ref. [10], the inelastic breakup probability
is given by

dPb, 1
Im

dE'y 7cA v

00 = 27'
dE'y

P,ibdb
dE'y

A, —a, dP,
'g JE'

y

(2.3)

where ImV2(r) is the imaginary part of the optical poten-
tial used in the calculation of the S matrix in Eq. (2.1).

The calculation consists of two steps. First, one cal-
culates Eqs. (2.1) and (2.2), and then one subtracts the
spectrum obtained by Eq. (2.2) (inelastic breakup) from
the second term of Eq. (2.1) proportional to the trans-
mission coefficient T, obtaining in this way the portion
of the inclusive spectrum due to transfer to resonance
states of the target. This is useful to obtain an estimate
of the single-particle state strength. On the other hand,
by summing the elastic breakup and inelastic breakup
spectra, one obtains the total nonresonant part of the
spectrum, which is often referred to as the background
due to direct type of reactions [2].

An approximate formula for the total transfer cross
section can be obtained from Eq. (2.1) by integrating
over the impact parameter of the nucleus-nucleus relative
motion as in Ref. [13]:

(2.1)

where

(S2. ) is the optical-model S matrix which describes the
rescattering of the neutron on the target. The sum in
Eq. (2.1) is over all possible final angular momenta corre-
sponding to the given final energy. B(jy,j,) is an elemen-
tary transfer probability which depends on the details of
the initial and final states, on the energy of relative mo-
tion, and on the distance of closest approach between the
two nuclei.

In Ref. [8] it was shown that the first term of Eq. (2.1)
proportional to

l
1—(S2. ) l

gives the elastic breakup spec-
trum, while the second term proportional to the trans-
mission coeflicient T gives the absorption spectrum. The
absorption is due to inelastic breakup and transfer to res-
onance states of the target. The method used to obtain
Eq. (2.1) cannot distinguish between these two contri-
butions, but in Ref. [10] it was shown that the inelastic
breakup can be estimated by calculating the absorption

TABLE I. Studied reactions.

Reaction
207pb(20@ 19+ )208pb
208pb(20Ne 19N )209pb
209B1(20Ne 19Ne)210B.

Pb( Ar Ar) Pb
"'Pb("Ar ' Ar)"'Pb"Bi( Ar "Ar)"'Bi

E;„,/u (MeV)
48
40
48
42
41
42

R. (fm)

11.41
11.49
11.45
11.96
12.09
11.97

where de/day is given by Eq. (2.1), R, is the strong
absorption radius, and a is the Coulomb length param-
eter. The nucleus-nucleus probability of elastic scattering
[13],P,i, was given by the sharp cutoff model with strong
absorption radius R, .

The calculations shown in this paper have been made
for several neutron stripping reactions listed in Table I.
The strong absorption radius for each reaction is also
given. The final energies and angular momenta consid-
ered were 0 & ~& & 70 MeV and 0 & l& & 40, respec-
tively.
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III. OPTICAL POTENTIAL

~(r, &y) = ~v(&y) f(Xr) —4&r~s(&y) f(X—r) (3 2).
df'

In both the above equations, f(X ) has a Woods-Saxon
shape

r —Rf(X ) = 1+exp™
G~

with 8 = r Ai~, a = R, I for the real and imaginary
parts of the potential, respectively, and A is the target
mass number.

The calculation of the S matrix must be very accurate
at all energies; otherwise, spurious peaks appear. Fur-
thermore, some of the optical potential parameters must
be energy dependent. The values of the potential param-
eters which do not depend on energy are given in Table
II.

A very detailed discussion of the search for the best
optical potential parameters used to fit the experimen-
tal spectra can be found in I henry [1] and in Ref. [9].
In both these works, we followed the parametrization of
the neutron-2 Pb optical potential given by Mahaux and
Sartor [15]. Reference [15] contains also a very detailed
study of the resonance states of Pb.

The imaginary volume and surface depths that we use
in this paper are both negative and energy dependent,
and they were obtained using Eqs. (2.1), (2.3a), and
(6.1a) of Ref. [15]. The Mahaux-Sartor parametriza-
tion is related to the Brown-Rho [16) parametrization of
the imaginary volume depth, which contains a parameter
whose value is close to the Fermi energy of the nucleus
considered. For Pb we have used Ef ———7 MeV.

The parameters used in Ref. [1] diKer from those of
Ref. [9] for the use of a real potential depth and a real
potential radius which both depend on the energy. In or-
der to be consistent with the discussion of Mahaux and
Sartor, the real potential radius should be energy de-
pendent if the real potential depth is energy dependent.

TABLE II. Optical-model parameters.

(MeV) (fm)
1.25

(fm)
0.55

(fm)
1.275

(fm)
0.3

The most delicate part of the calculation is the evalu-
ation of the optical-model S matrix which is responsible
for the convergence of the sum over final angular mo-
menta appearing in Eq. (2.1) [8,9]. In this paper we
have used the following form of the real plus spin-orbit
optical potential:

( 5 )' l d
V(r) = V~(sf)f(X~)+

I I
V. - . .—f—(X~)~ ~

qm c) ' 'rdr

(3.1)

while the imaginary part of the optical potential contains
a volume and a surface term given by

However, if the radius decreases with energy as proposed
by Mahaux and Sartor, less partial waves contribute to
the sum in Eq. (2.1), and as a consequence we do not
reproduce well the tail of the experimental spectra as was
shown in Ref. [1]. This apparent inconsistency is due to
the fact that we have already reduced the number of high
jr values contributing to (2.1) by using a real and imag-
inary diffuseness which are smaller than those used by
Mahaux and Sartor. This was done to secure the con-
vergence of the sum in Eq. (2.1) as discussed in detail in
Ref. [8]. Therefore in this paper we keep the real poten-
tial radius constant and we use instead a parametrization
for the real potential depth, which is di8'erent from the
parametrization of Ref. [1]. It is important to note [9]
that the real part of the potential has to be chosen such
that it gives the correct sequence and the correct ener-
gies of the single-particle states in the target. According
to Mahaux and Sartor, the real potential is given by the
sum of a volume term and a surface term called the polar-
ization potential. Because of the Fermi-surface anomaly,
the depth of the polarization potential has a maximum
around the Fermi energy [15] and we have found that an
efFective way of taking it into account is to use the fol-
lowing parametrization for the energy dependence of the
Woods-Saxon potential of Eq. (3.1):

Vri = —45.8 —(0.3sr —3), sf = 1—10 MeV,

V~ ———45.8, sf ——10—20 MeV, (3 3)

VR = —45.8+ (O. lsr —1), sr ) 20 MeV.

TABLE III. Neutron levels in Pb obtained in the real
part of the potential of Table II.

State
1k~7/2

1313/2
2hII
3~3/2
2gy/2

48'/2
3d5/2
13Is/z
1111/2
2gg/2

r (MeV)
5.8
5.3
2.7

—0.44
—0.65
—1.18
—1.97
—3.60
—3.94
—4.44

In Ref. [1] the results obtained using an energy-dependent
real potential depth were compared to those obtained us-
ing a constant real potential depth and it was shown that
using an energy-dependent Vg gives an improvement in
the position of the first bump, while it does not change
much the behavior of the rest of the spectra. This is be-
cause the high-energy part of the spectra is given mainly
by the terms corresponding to high jf values in the sum
in Eq. (2.1) and they depend upon the tail of the optical
potential but not on its depth.

In Table III we give the sequence of bound and reso-
nance states obtained in the real plus spin-orbit part of
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TABLE IV. Initial-state parameters.

Initial state
("N.+n),.„,
(' Ne+n), g, ,
("Ne+n) gp, ,
("Ar+n) gg„,
( Ar+n) 2, ,q,
(' Ar+n)z„, ,("Ar+n), f„,
( Ar+n) z„,q,
( Ar+n) gg, q,
("Ar+n)2. ,),

(MeV)
—16.86
—17.10
—17.14
—15~ 25
—16.43
—17.88
—9.87

—11.14
—11.39
—12.25

'vi

(fm ')
0.901
0.907
0.908
0.857
0.877
0.915
0.681
0.732
0.741
0.768

0.56
1.03
1.96
2.92
2.5
0.12
0.54
0.1

2.2
1.26

(fm '~')

20.99
7.75

10.42
11.12
30 ~ 87
36.94

2.69
16.67
7.17

21.07

l;

0
2

1

2

0

1

3
1

2

0

the potential when the real depth is taken, V~ ———45.8
MeV. The sequence of the states shown in Table III
agrees with the single-particle levels obtained for Pb
by using the quasiparticle-phonon model [2]. However,
we note that our bound states have energies lower by
about 1 MeV than the energies of Ref. [2]. This effect
cannot be corrected within the above parametrization,
and it aAects the calculated spectra, as will be discussed
in Sec. V.

IV. INFLUENCE OF THE INITIAL STATE

Another important point of the calculation is the
choice of the initial state. In Ref. [9] it was shown that
the shape of the transfer spectra depends on the initial
bound state of the neutron in the projectile. In partic-
ular, it was shown that for obtaining a good agreement
between the calculation and experiment it is important
to sum the contributions of transfer from several possible
occupied states of the projectile which leave the ejectile
with excitation energies smaller than the energy thresh-
old for particle emission. The initial-state parameters

where

F(k, ) = ~C,
~

e " *fP( (X,),

(e, —ef + -'mv2)
kg ———

hv

(4.1)

(4.2)

kq is the neutron momentum relative to the initial nu-

used in the calculations of this paper are given in Ta-
ble IV. The spectroscopic factors were taken from Refs.
[17,18]. There are uncertainties in the values of the spec-
troscopic factors, and this aKects the shape of the spectra
calculated in this paper. In the case of the Ar-induced
reaction, we have found disagreement between the ex-
perimental spectrum and the calculated spectrum if we
include the 28qg2 initial state. This problem is discussed
in more detail in the next section.

Figures 1 and 2 are relative to the reaction
Pb( Ne, Ne) Pb, and they illustrate the initial-

state dependence. Figure 1 shows the so-called projec-
tile form factor for three possible initial particle states in

Ne, namely, the 28&~2, 1p&~2, and 1d5/2. The projec-
tile form factor appears in the definition of the elemen-
tary transfer probability B(j,, jf) of Eq. (2.1), and it is
proportional to the Fourier transform of the initial-state
wave function [9]. Its explicit expression is

1.25
207pb(ZON 19N )208pb
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FIG. 1. Ne form factors calculated according to Eq.
(4.1). The solid curve is for the 2sz~z single-particle state, the
dot-dashed curve is for the 1pz/2 state, and the dotted curve
is for the 1d5/2 state. Solid and dashed vertical lines mark
out the range of kq values relevant to a reaction at E;„=48
and 80 MeV/nucleon, respectively.

I

00
0 20 40

E„(MeV)

JI

60

FIG. 2. Calculated spectra of the reaction
Pb( Ne, ' Ne) Pb at E;„,=48 MeV/nucleon (solid

curve) and at E;„,= 80 MeV/nucleon (dashed curve).
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cleus, and e; and e f are the energies of the neutron in the
initial bound state and in the final continuum state, re-
spectively, while zmv is the incident energy per nucleon
at the distance of closest approach. R, is the projectile
radius, and C,. is the asymptotic normalization constant
of the initial-state wave function.

Given a range of final continuum energies, the range
of kq values which are relevant to the calculation is dif-
ferent depending on the incident energy of the reaction.
As an example, in Fig. 1 we mark out the kq range rela-
tive to E;„,=48 MeV/nucleon with the solid lines, while
the dashed lines indicate the range relative to E;„,= 80
MeV/nucleon. In both cases the range of final continuum
energies is 0 & ef ( 80 MeV. The maximum transfer
probability and then the maximum of a calculated spec-
trum correspond to a maximum in the intial-state form
factor, and from Fig. 1 one can note that both the 2szg2
and lpga(2 distributions have maxima for k~ ——0. Ft.om

Eqs. (1.1) and (4.2), using the values of s; given in Table

IV and e~ ———7.3 MeV, which is the neutron separa-
tion energy in 2 Pb, we get that kq ——0 corresponds to

26 MeV and E 33 MeV when E;„,=48 MeV,
while it corresponds to ey 58 MeV and E 65 MeV

when E;, = 80 MeV. This effect is reflected in the shape
of the energy spectra as shown in Fig. 2. The solid line

gives the spectrum at E~„,=48 MeV/nucleon, and it has a
maximum at E 33 MeV as expected, while the dashed

line is the spectrum at E;„,=80 MeV/nucleon, and it has

a maximum at E 65 MeV. Figures 1 and 2 show that
given a certain combination of projectile and target, by
changing the projectile incident energy, transfer reactions
can probe different regions of the momentum distribution
of the neutron in the projectile nucleus.

The fact that the ejectile energy spectra reflect the
momentum distributions of the neutron on the surface
of the projectile was already noticed in Ref. [9]. It is a
characteristic of the reactions having a continuum Anal

state which appears clearly at very high incident energies
when the breakup becomes the dominant contribution
[19,20]. The situation is more complicated at the incident
energies considered in this paper because the absorption
into resonance states, which affects the low-energy part
of the spectra, is still large.

Pb( Ne, ' Ne) Pb E,„,=48MeV/nucleon

0
I I» & I

20 40
E„(MeV)

60

FIG. 3. Angle-integrated experimental and calculated en-

ergy cross sections of the reaction Pb( Ne, Ne) Pb at
E;„, = 48 MeV/nucleon. The solid line gives the calculated
spectrum which has been multiplied by a factor 0.6 to fit the
experimental spectrum.

Pb( Ar, Ar) Pb E,„,=42MeV/nucleon

1.25

the scattering angle. Therefore the shape of the experi-
mental spectra can be directly compared to the spectra
calculated according to Eq. (2.3), which gives the angle-
integrated cross section.

Figures 3 and 4 show the integrated spectra of the reac-
tions 2orPb(2oNe Ne)2osPb at E;u, = 48 MeV/nucleon
and Pb( sAr, Ar)2 Pb at E;„, = 42 MeV/nucleon,
respectively. In the first case, the calculated spectrum
has been normalized by a factor 0.6 in order to fit the
experimental spectrum, while in the second case the nor-
malization factor is 0.16. These values are rather good
compared to the uncertainty on the absolute experimen-
tal normalization, which is around 30'%%up, and considering
that the calculated spectrum is very sensitive to the value

of the strong absorption radius R, as discussed in Ref.

[9]
Figure 5 shows experimental spectra measured for dif-

ferent reactions together with the calculated spectra,

V. COMPARISONS WITH EXPERIMENTAL
SPECTRA

1.00

In this section we compare the calculated spectra to
the experimental spectra for the reactions listed in Table
I. These reactions were studied at the GANIL national fa-
cility, Caen, France. The use of the energy-loss magnetic
spectrometer SPEG allowed us to measure the transfer
spectra with a good energy resolution (500 keV for Ne
and 700 keV for Ar beams). All spectra were measured
in an angular range of 4 around the grazing angle. Ab-
solute cross-section values were available only in the case
of 2 Pb( Ne, Ne) Pb and Pb( Ar, sAr)2o Pbre-
actions. However, in heavy-projectile-induced reactions,
most of the cross section is focused to forward angles
and the shape of the energy spectra is independent of

0.75

E

0
b

0.50

0 I I I I I I I I I I 1 I

0 20 40 60
E„(MeV)

FIG. 4. Angle-integrated experimental and calculated en-

ergy cross sections of the reaction Pb( Ar, Ar) Pb at
E;„,=42 MeV/nucleon. The solid line gives the calculated
spectrum, which has been multiplied by a factor 0.16 to fit
the experimental spectrum.
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which were arbitrarily normalized to the experimental
results. The overall shape of the experimental spec-
tra is reproduced reasonably well by the calculations.
It should be noted that the discrepancies between the
calculation and experiment in the cases of the reactions
2o7Pb( oN, N, )

o Ph»d o Pb(2oN, &Ne) o Pb ~«e
due to an experimental cutoff for energies larger than 50
MeV. The spectra for the Ne-induced reactions show a
pronounced bump centered between 11 and 14 MeV de-

pending on the target. The bump in the calculation is
centered at an excitation energy which is lower by about
2 MeV than that in the experimental spectra. This is
related to the energy shift for the bound states that we

discussed at the end of Sec. III. The first bump observed
in the calculation is due mainly to the excitation of the
1k]7/2) 1t$9/2) and 1m2ig2 resonances in Pb which con-
tribute to the cross section for 48%, 20%, and 7%, re-
spectively. Also, the ji3/2 and ji5~2 states together give

Pb( Ne,
'

Ne) Pb E,„,=48MeV/nucleon Pb( Ar, Ar) Pb E,„,=42MeV/nucleon

1 25

1.00
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o.z5:I

0 I I I I I I I

0 20 40
E„(MeV)

60
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Ne) Pb E,„,=40MeV/nucleon Pb( Ar, Ar) Pb E,„,=41MeV/nucleon
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Bi( Ne, '
Ne)

' Bi E,„,=48MeV/nucleon Bi( Ar, Ar) ' Bi E,„,=42MeV/nucleon
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FIG. 5. Comparison between the experimental and calculated spectra studied in this

paper; all calculations have been arbitrarily normalized to the data: (a) Pb( Ne, Ne) Pb at E;„,=48207 20 19 208

MeV/nucleon, (b) Pb( Ar, Ar) Pb at E;„,=42 MeV/nucleon, (c) Pb( Ne, Ne) Pb at E;„,=40 MeV/nucleon,

(d) Pb( Ar, Ar) Pb at E;„,=41 MeV/nucleon, (e) Bi( Ne, ' Ne) Bi at E;„,=48 MeV/nucleon, and (f)
Bi( Ar, Ar) Bi at E;„,=42 MeV/nucleon.
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a contribution of 7%%up. This result is in agreement with the
microscopic calculations of Ref. [21], where it was shown
that most of the cross section at this excitation energy is
due to the population of the 1kq7/2 state.

At higher excitation energies, the calculations give sev-
eral broad low-amplitude structures, which, however, re-
main inside the statistical Huctuation of the experimental
spectra. In the calculation one gets a bump whenever the
final energy of the neutron in the continuum is close to
the energy of a single-particle resonance of angular mo-
mentum jy. Then that final jy state is populated with a
probability which is much larger than the probability for
other underlying single-particle states.

Now we would like to come back to the problem with
the Ar-induced reaction that we mentioned in the pre-
vious section. Figure 6 shows the spectra that one ob-
tains considering the four possible initial states of 4oAr

given in Table IV. The solid curve is relative to the s
initial state, the dotted curve is for the d initial state,
the dashed curve is for the p initial state, and finally the
close dotted curve is for the f initial state. Each curve
has been multiplied by the appropriate spectroscopic fac-
tor according to Table IV. The 8-initial-state spectrum
gives a large cross section because of the large asymptotic
normalization constant. Furthermore, it is centered at a
lower energy than the d-initial-state spectrum. If we take
the 8 state into account, the total spectrum is given by
the dashed curve in Fig. 7, while the solid curve is the
total spectrum without the contribution &om the s ini-
tial state. The use of other spectroscopic factors has not
improved the agreexnent between calculation and experi-
ment. This anomaly suggests that the largest part of the
28&/2 strength could be centered at an energy higher than
the particle-emission threshold in asAr, and then it would
not contribute to the experimental spectrum. The dot-
dashed curve in Fig. 7 is the spectrum obtained taking
into account only the d initial state. This is the calcu-
lated spectrum which agrees best with the experimental

Pb( Ar, Ar) Pb E,„,=41MeV/nucleon

4000

3000

2000

1000

I I I I l I I I I I I I I I I I

20 40 60
E„(MeV)

FIG. 7. Experimental spectrum of the reaction
Pb( Ar, Ar) Pb at E~„,=41 MeV/nucleon compared

to calculated spectra. The dashed line is the result of the
calculation in which the spectra for all initial states shown in
Fig. 6 have been summed. The solid line is the calculation
in which the s state has been neglected, while the dot-dashed
curve is the calculation including only the d state. All calcu-
lated spectra have been arbitrarily normalized to the data.

spectrum, and it shows that in 4 Ar-induced transfer re-
actions the contribution from the d initial state is domi-
nant.

Finally, Figs. 8 and 9 illustrate the possibility to dis-
tinguish in the inclusive spectra the components due
to diferent reactions. Figure 8 is for the reaction

Pb( sAr, Ar) o Pb at E =42 MeV/nucleon, while

Fig. 9 is for the reaction 2 Bi( Ne, isNe)2i Bi at
E;„,=48 MeV/nucleon. ln both Bgures curve a gives
the elastic breakup spectrum of the neutron from the

Pb( Ar, Ar) Pb Ei„,=42MeV/nucleon
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1000—
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a. .i'''r'
i i & i I

20 40 60

0
0 20 40

(MeV)
60

FIG. 6. Calculated spectra of the reac-
tion Pb( Ar, Ar) Pb at E;„,=41 MeV/nucleon. The
solid curve is the spectrum obtained considering only the
2sz/2 initial state, the dotted curve is relative to the 1d3/2
initial state, the dashed curve is for the 2@3/2 initial state,
and the close dotted curve is for the 1f7~2 initial state. Each
calculated spectrum has been multiplied by the appropriate
spectroscopic factor given in Table IV.

E„(MeV)

FIG. 8. Experimental spectrum of the reaction
Pb( Ar, Ar) Pb at E;„,=42 MeV/nucleon compared

to the calculated inclusive spectrum given by curve e. Curve
a gives the elastic breakup spectrum calculated from the 6rst
term of Eq. (2.1); curve b gives the inelastic breakup spec-
trum calculated from Eq. (2.2). Curve c is the sum of the
elastic and inelastic spectra, while curve d gives the spec-
trum for transfer to resonance states of the target obtained
by subtracting from the inclusive spectrum (curve e) the total
breakup spectrum (curve c).
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3000

2000—

Bi( Ne, Ne) Bi E,„,=48MeV/nucleon to single-particle resonance states dominate. This result
is in agreement with the results of a recent experiment in
which the decay of the first bump at E 10 MeV in the
reaction Pb(n, He) o9Pb at E;„,=122 MeV was stud-
ied by measuring in coincidence the ejectile and neutrons
emitted at backward angles [22].

VI. CONCLUSIONS

1000 [—

]

ZO

E„ (Me V'I

40

FIG. 9. Comparison between experimental and calculated
spectra of the reaction Bi( Ne, Ne) Bi at E~„,=48
MeV/nucleon. The notation is the same as for Fig. 8.

projectile calculated according to the first term of Eq.
(2.1). Curve b gives the inelastic breakup in which the
target is excited by the final-state interaction of the neu-
tron from the projectile. It is calculated according to Eq.
(2.2). The sum of elastic and inelastic breakup is given

by curve c, and it is an estimate of the background due to
direct reactions. Subtracting this contribution from the
total inclusive cross section given by curve e and calcu-
lated according to Eq. (2.1), we obtain the transfer spec-
trum corresponding to the absorption of the neutron into
the single-particle resonance states of the target. This is
curve d in Figs. 8 and 9. It is interesting to note that
the oscillations in this part of the spectra disappear for
energies larger than 40 MeV. This is due to the satura-
tion of the imaginary part of the neutron-target optical
potential [15], which gives a complete damping of the
single-particle states. Figure 9 is interesting because it
shows that when the incident energy increases, in this
case E;„,=48 MeV/nucleon, the maximum of the total
breakup spectrum (curve c) moves toward higher excita-
tion energy compared to the case shown in Fig. 8 where

E;„,=42 MeV/nucleon. In both cases the maximum of
the breakup spectrum is centered at an excitation energy
whose value corresponds to the incident energy per nu-

cleon and it has a magnitude of about one-third of the
inclusive cross section. In the low-energy part of the spec-
tra, instead, the background is about one-tenth of the
inclusive cross section. This is because transfer reactions

Several one-neutron stripping reactions to the con-
tinuum have been analyzed for targets in the lead re-

gion. The incident energies varied in the range 40—48
MeV/nucleon and the projectiles were zoNe, ssAr, and

Ar. The theoretical calculations were done according
to the Bonaccorso-Brink model, which gives a single-
particle picture of the transfer reaction. It allows one to
calculate the one-neutron transfer cross section as a func-
tion of the final energy of the neutron in the continuum
corresponding to the energy spectrum of the projectile-
like fragment measured experimentally.

We have shown that all spectra can be reproduced
quite well provided one uses a good parametrization for
the energy dependence of the optical potential describing
the neutron rescattering on the target. The resonance-
like structures in the spectra are due to high-spin single-
particle states which have a large probability of being
populated by transfer. The structures are wide because
several final states of different jy values are populated at
the same final energy and none of them exhausts more
than 50% of the transfer cross section. The number of
structures and their positions in each spectra depend just
on the matching conditions that relate the initial- and
final-state energies and spins. In this respect transfer to
the continuum is very similar to transfer to a final bound
state.

The inclusive spectra in the continuum region con-
tain a physical background due to direct reactions. The
Bonaccorso-Brink model takes into account the final-
state interaction of the transferred neutron with the tar-
get, and therefore it treats consistently direct reactions
and transfer to resonance states. We have shown that
direct reactions account for a small part of the cross sec-
tion at low excitation energy, but they become stronger
around the excitation energy corresponding to the inci-
dent energy per nucleon. This is the optimum Q-value
effect discussed in [7—9]. On the other hand, transfer to
single-particle resonance states of the target is the most
important reaction mechanism at low excitation energies.
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