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The ( 0, C) four-nucleon-transfer reaction has been performed on a ~ Fe target using the
46-MeV 0 beam of the FN tandem Van de Graaff at Saclay. The study of the reaction 5 Fe-
( 80, C) Ni shows that the four-nucleon transfer occurs via a direct surface reaction, well
described by the quasielasUc process formalism due to Frahn and Venter, which is based on
the diffractional model. The transfer-reaction cross sections are peaked at the grazing angle
where the elastic scattering begins to deviate from the pure Rutherford law. A distorted-
wave Born-approximation investigation of nuclear properties of levels reached by ( 0, C)
four-nucleon transfer has been performed using the SETILL code based on the generator-
coordinate framework. The Q-value dependence of the cross section, as well as the configu-
ration mixing effects, has been estimated. The cases of other 1f -2p-shell nuclei have been
also investigated.

I. INTRODUCTION

It is well known that ('Li, t) and ("0,"C) reac-
tions have provided relevant spectroscopic infor-
mation about four-nucleon transfer in the 2s-1d
shell and 2P 1f shell, re-spectively. Qualitative
analysis of the n-like structure observed in the
Ca and Ni regions with the ("0,"C) reaction have
been extensively reported in terms of the quartet
model. ' lt had already been shown that quartetting
phenomena' as predicted by V. Gillet play a very
important role in the nuclear structure of the
1f 2P shell, mainly -in the vicinity of doubly mag-
ic N = 2 nuclei such as ' Ca and "Ni. The purpose
of this paper is to investigate the ("0,~C) four-
nucleon-transfer mechanism above the Coulomb
barrier and to present a preliminary distorted-
wave Born-approximation (DWBA) analysis for a-
like transfer induced by heavy ions.

The nature of the reaction mechanism can be
qualitatively understood in terms of the Frahn and
Venter quasielastic formalism built on the frame-
work of the diffractional model. ' Nevertheless, we
may feel that the four-nucleon spectroscopic in-

formation can be extracted only through a com-
plete finite-range DWBA calculation including a
microscopic nuclear -structur-e form factor. The
present results seem to show that such a DWBA
analysis is valid for the description of the reac-
tion mechanism.

The ("0,"C) reaction experiments have been
performed on a ~Fe target isotope, at 46-MeV
incident energy, for which both the entrance and
exit channels are above the Coulomb barrier. The
angle corresponding to a grazing collision is then
located around 60' c.m. In the discussion part of
this paper, other ("0,"C) transfer reactions will
be considered for the 1f 2P shell. -

II. EXPERIMENTAL PROCEDURE

The experiments reported here have been per-
formed in a scattering chamber with two solid-
state telescopes, using the "0beam of the Saclay
FN tandem Van de Graaff. The thickness of each
of the first silicon surface-barrier ~ counters
was 10 p, m. The identification of the detected
heavy fragments was carried on line using the fol-
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lowing identification function F(Z) =~ +0.16E.
The F(Z) summation was performed in the ana-
logic part of our electronic setup described in Ref.
1. The empirical value of 0.16 is in agreement
with the heavy-ion range measurements of North-
cliffe's data' for a 10-p, m-thick Al screen. The
separation is well achieved between the various
isotopes such as 0, N, and C, but not so well be-
tween different masses for a given charge Z.
Nevertheless, in the "Fe target case, among the
various C isotope channels, only the "C one is
allowed, since the Q values of the other ones are
far too negative.

The target used was 100 pg/cm' thick and made
of 9 enriched "Fe isotope on a 20-pg/cm' car-
bon backing. The "0beam intensity was 400 nA

for an average charge state of 7.5. A self-support-
ing Fe target would not resist so strong an "O-ion
flux.

Figure 1 presents a typical spectrum of the
("0,"C) reaction obtained at 42.5' and 46-MeV
"0 incident energy. The resolution is 225 keV,
mainly due to target thickness, kinematic broad-
ening, and kinematic shift.

III. ABSOLUTE CROSS-SECTION

DETERMINATION

IV. EXPERIMENTAL RESULTS

WITH DIFFRACTIONAL

MODEL ANALYSIS
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A. Elastic Scattering

The oxygen elastic angular distributions have
been measured at three different energies, 46, 48,
and 52 MeV, in 5' steps between 15 lab and for
some of them, up to 100' lab. As it can be seen
in Fig. 2, the cross sections obey, respectively,
the Rutherford scattering law up to 55, 50, and
45' c.m. After a rise above the Rutherford cross-
section limit, the intensities decrease monoton-
ically and exponentially at backward angles. This

The "0elastic cross section has been measured
at 46-MeV incident energy between 15 and 90 lab
angle and obeys the Rutherford scattering law up
to 55' c.m. angle. The ratios between elastic scat-
tering yield and ("0,"C) n transfer yield have
been measured at forward angles and are directly
proportional to the ratios of the corresponding
cross sections in the laboratory system. From
the Rutherford absolute cross section we have
then deduced the ("0,"C) transfer-reaction cross-
section value.
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FIG. 1. ~2C spectrum obtained from the reaction ~4Fe-
(i60 i2()58Nj at 46-MeV 160 incident energy and at 42.5
lab angle. The energy resolution is 225 keV.

FIG. 2. Experimental elastic scattering angular dis-
tributions measured, respectively, at 46-, 48-, and 52-
MeV ~60 incident energy. The fits were obtained using
the smooth cutoff diffractional model on the Frahn and
Venter parametrization (see Table I).
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f(8) = fc(8) +—Q (2l+1)(1 q, )e-""P, (cos8),
1=0

(4.1)

and the cross section is expressed by

o(8) = If(8) I',
where fc(8) is the asymptotic Coulomb part of the
scattering amplitude, e, the Coulomb phase shift,
and g, the nuclear phase shift.

In the Frahn and Venter semiclassical parame-
trization, the reflection coefficients g, are given
by the following Woods-Saxon forms:

Req| =(1 +e& c &i~)
y

I g ="—e&"-' 'ii+e( - &i')-
I ~

(4 2)

Here the critical angular momentum J., is given
by

behavior without any oscillatory structure is the
signature of diffraction scattering of the Fresnel
type due to strong absorption phenomena in pres-
ence of a high Coulomb barrier'; and it is not sur-
prising, since the ratio q/k is much larger than 1.
The quantity q =Z,Z, e'/kv is the Sommerfeld pa-
rameter and 0 the incoming wave number.

The elastic scattering has been studied within
the framework of the diffractional model using the
parametrization of Frahn and Venter to define the
smooth-cutoff approximation. '

The total scattering amplitude is written in the
usual way,

three parameters, r„p/4h, and d.
In Table I are listed the values of these param-

eters corresponding to the 46-, 48-, and 52-MeV
best elastic scattering Qts displayed in Fig. 2.
Only the radius r, = 1.55 fm, which is obtained
from the Blair' "one-quarter-point recipe, " is
well determined. Otherwise, there is an ambi-
guity for d and p/44, which are both responsible
for the slope of the backward elastic cross sec-
tions. We shall see later on that the diffuseness
parameter d is partially determined in a quasi-
elastic process such as a cluster-transfer reac-
tions.

The elastic angular distributions have been also
analyzed with the Saclay optical-model code
NAGALI of Raynal. ' In the presence of strong ab-
sorption phenomena, it is only the tail of the op-
tical-potential well which can be determined, and
we have used Woods-Saxon forms for the real and
imaginary parts, both having the same geometry.

All the elastic fits are of exactly the same qual-
ity as those presented in Fig. 2 and obtained with
the diffraction phase -shift analysis. The optical-
model parameters corresponding to the best 46-
MeV elastic scattering fits for various real well
depths (V,) are listed in Table II. The logarithms
of Voe" ' and of 8'Oe"", shown in the two last col-
umns, are remarkably constant. This feature
confirms that it is only the tails of the potential
that have been determined, as expected in a heavy-
ion scattering analysis. This was pointed out many
years ago by Igo and Thaler' for n elastic scatter-
ing.

L, = kR(1 —2q/kR}'I'+ —', (4.3)

4 = kd(1 —q /kR}(1 —2q/kR) 'I' .
The nuclear radius is chosen to be

(4.4)

The elastic scattering fit depends then only on

and the diffuseness parameter 4 in angular mo-
mentum space is related to the diffuseness param-
eter d in ordinary space by the following formula:

TABLE II. Optical-model parameters obtained with
the MAGALI code of Raynal (Ref. 8) corresponding to O
elastic scattering on ~4Fe target measured at 46-MeV
incident energy. g is the best-Qt parameter, ln V+ R/a
and in%'+R/a reported in the two last columns indicate
that it is only the remote tails of the Woods-Saxon well
potential which have been determined as expected in
presence of strong absorption phenomena:

V(r) = V, (R)+(Vo+iWo)(1+e" " ')

(54k/3 +16k/3)

TABLE I. Phase-shift-analysis parameter (see text);
ro is given by the "one-quarter-point recipe" (Ref. 7)
and is the only well-de6ned parameter; d is the diffuse-
ness parameter of the potential well.

Vo ~o a ln V+R/a ln~+R/a

E
(MeV)

46
48
52

f o

(fm)

1.55
1.55
1.55

d
(fm)

0.325
0.320
0.45

0.284
0.500
0.310

100 18.81 1.154 0.55
200 35.09 1.094 0.55
300 51.56 1.059 0.55
400 67.67 1.034 0.55
500 84.23 1.014 0.55
600 100.30 0.998 0.55
700 115.19 0.985 0.55

0.58 17.82
0.56 17.82
0.55 17.82
0.55 17.82
0.55 17.82
0.55 17.82
0.55 17.83

16.15
16.09
16.06
16.04
16.04
16.03
16.03
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B. ( 0, C) Four-Nucleon-Transfer Reaction

The ("0,"C) angular distributions of all the "Ni
excited states displayed in Fig. 1 have been mea-
sured between 30 and 75' lab angle. They all ex-
hibit the same shape and are peaked around 60'
c.m. , corresponding to the grazing angle at 46-
MeV incident energy. At this angle, the elastic
angular distribution begins to deviate from the
pure Rutherford scattering law (see Fig. 2).

The general behavior of this reaction angular
distribution can be explained with very simple
semiclassical considerations. The transfer cross
section reaches its maximum value at the grazing
distance (or the so-called apsidal distance}, where
the impact parameter D+(t}/k)(1+1/sin-,'8) is equal
to the sum of the heavy-fragment interaction radii.
At backward angles, the cross sections decrease
exponentially owing to the competition with strong
absorption phenomena. At forward angles, where
the impact parameter is larger than the sum of the
nuclear radii of two fragments, the transfer pro-
cess occurs only through the interaction in the tail
region of the transferred cluster.

A parametrization of this transfer process is
given by the Frahn and Venter formalism. ' The
real part of the q, reflection coefficients as men-
tioned previously is given by a Woods-Saxon form
(see Fig. 3). Then it is natural to consider that
the direct-transfer amplitudes, as well as any
kind of direct inelastic process, are proportional

ii Remi

I.O'-

0.5

p, /4h-

FIG. 3. Qualitative form of the real and imaginary
parts of reflection coefficient function q in the Frahn
and Venter parametrization.

to the derivative of the q, reflection coefficient
amplitude (lower curve of Fig. 3).

The transfer amplitude can be then written as
I

fr(8) =—g (2l+1)e" ig, 'P, (cos8),
2k, 0

where

(4.5}

q '=r —(1+e' ' '" } ',
al

(4.6)

with the same notation as defined previously and
with 7 being the phenomenological spectroscopic
amplitude of the transfer reaction.

From the above expression Frahn and Venter
have been able to derive for the cross section the
following analytical formula:

[F '+F 2+'2F F+sin(2L, 8}],2e- sine

where
vn, (8+ 8,)

sinh[vh(8+ 8,)] '

(4 1)

being the grazing angle

8, =2 ractan(q L/, ) . (4 6)

A better fit for the over-all set of angular dis-
tribution is achieved by arithmetically averaging
the 0, g, and R parameters of the incoming and
outgoing channels. This procedure allows us to
reproduce the gradual shift of the grazing angle 6),

observed in cluster-transfer reactions as the ex-
citation energy of the final state increases. Fig-
ures 4 and 5 summarize the results, the fits are
in rather good agreement with the experimental
data. The T constant values, given in Table III,
are taken as normalization constants of the exper-
imental points with respect to the calculated
curves. The quantity labeled T/44 is simply the
maximum value of q, '= qr, ,' as seen from Eq. (4.6),
and the maximum of the transfer-reaction ampli-
tude is directly proportional to this phenomeno-
logical quantity. The two other free parameters,
for all the fits, are the radius r, =1.90 fm, which
fixes the calculated position 0, , and the diffuse-
ness parameter d =0.375 fm, which is responsible
for the angular width of the differential cross sec-
tion. Herein, the r, value corresponds to the
grazing angle 6), and not the much more backward
one corresponding to the "one-quarter-point rec-
ipe"' in the elastic scattering phase-shift analysis.

A very important effect which is completely neg-
lected in the Frahn and Venter quasielastic formal-
ism is the experimentally observed Q-value de-
pendence of the cross-section magnitude. This ef-
fect can be qualitatively understood, as pointed
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TABLE III. Semiclassical parameters of the cluster-
transfer cross section given by the Frahn and Venter
quasielastic process analysis. 8, is the grazing angle,
L is the critical angular momentum of the diffractional
model for which nuclear scattering amplitude is $, a, is
the diffuseness parameter in the angular momentum
space, z is the phenomenological spectroscopic amplitude
of the cluster-transfer reaction, and y/~ is the maxi-
mum reaction amplitude at the nuclear surface for l =L .

Exc.
(MeV)

a,
(deg)

g.s ~

1.45
2.46; 2.77

3.52
4.10
4.50
5.60
6.10
6.90
7.20
7.6Q

58 30.3 0.483 0.017 0.07
59.7 29.4 0.487 0.06 0.12
61 28.8 0.491 0.045 0.11
62.6 28.1 0.495 0.16 0.20
63 27.7 0.496 0.22 0.24
64.1 27.5 0.498 0.36 0.30
66 26.7 0.502 0.24 0.25
66.9 26.4 0.504 0.79 0.43
68.4 25.8 0.508 0.59 0.38
69.3 25.6 0.509 0.37 0.30
69.8 25.3 Q.510 0.47 Q.23

out by Von Oertzen, "following the Buttle and Gold-
farb arguments. " The DWBA transition matrix
elements reach their maximum values when the
incoming and outgoing wave functions present a
maximum overlap. With the optical wave function
being dominated by the Coulomb field, this occurs
semiclassically when the apsidal distances in the
entrance and exit channels are equal:

Qop~ = — & —0.75 Ec.m. .
f

(4.10)

For an,",Fe„ target at 46-MeV "0 incident lab-
oratory energy this corresponds to a Q value of
-6.9 MeV, and to an excitation energy of 6.14 MeV
in the 'Wi residual nucleus. As can be noticed
from Fig. 1, the strength of the excited groups is
distributed around this 6-Me V value. However,
the first levels up to 3.50 MeV are much more
weakly excited for another reason: from a spec-
troscopical point of view, as often explained pre-
viously, ' they correspond to two neutron states in
,'Qi, ~" the 4p-2h strength starting only above
3.50-MeV excitation energy. This argument is
based on the assumption that the „Fe,s target
ground state can be described in a first approxi-

[I + I/sin(s 8, )]= [I + I/sin(s 8& )] .2E, m +Q

(4.9)

Neglecting the small difference between 0& and
~z due to the kinematics of the reaction, this ex-
pression leads to the following optimum Q-value
expression for an n-like-transfer reaction:

mation as a (1f7~,)'~, two-proton-hole state. It
should also be noticed that the 3.50-MeV group is
excited by the,",Fe»("0, "C)ssss¹i» two -proton
transfer xs Moreover a y AC coincidence exper-
iment had shown that in the reaction, '4sFess(' 0, ' C)-
',Pi», the level mainly populated seems to be the
3.52-MeV 0' level. " The lifetime of this state
had been measured by Start et al."with a Doppler-
shift-attenuation method. The B(E2, 0,'- 2,') of
this 3.52-MeV level is 77 e' fm', which is a rather
large value.

V. DWBA INVESTIGATION OF QUARTETTING

PHENOMENA

A. DWBA Formalism

Although the detailed mechanism of transfer re-
action between heavy ions is far from being well
understood, we have admitted that a DWBA analy-
sis might be a suitable tool to extract a complete
spectroscopic information. In a four -nucleon-
transfer process, it is not obvious at all that the
DWBA cross section can be factorized as in the
one-nucleon-transfer case, in terms of a product
of two spectroscopic factors by a "single-particle"
reduced cross section. The calculation has to take
detailed account of the four -nucleon correlations
due to angular momentum coupling and two-body
interactions in the projectile and in the residual
nucleus. Such correlations can be n-like, but var-
ious other types of configuration mixing are pos-
sible.

For the general understanding of our prelimi-
nary analysis, we are presenting briefly here the
finite-range DWBA formalism" based on an appli-
cation" on the generator-coordinate theory. " The
transition matrix elements are written in terms of
single integrals for the optical-model wave func-
tions and on a nuclear structure forr-n factor. The
form factor is an independent integral calculated
with the second-quantization technique. In this cal-
culation, recoil effects in the entrance and exit
channels are taken into account in a symmetrical
way. For the reaction of the type b(A, a)B the
transition matrix element can be written as (for-
getting for the sake of simplicity spin and angular
momentum coupling)

T] y Xy'* X F ™
X g+ XdX,

(5.1)

where X plays the role of a distance between the
incoming ion A and the target nucleus b. The quan-
tities p, , and p& are the reduced masses in the en-
trance and in the exit channel. M„, M„M„and
M~ are, respectively, the masses of the projec-
tile, the target nucleus, the outgoing particle, and
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F(p) = ', dr, dr~dr~dr~P&(r, )Pz(r, )P&(r,)P&(r~)
4

X [U(r, ) + tr(r, ) + U(r, ) + tr(r, )]

&&ftel(rl P)-el(r2 P)-ef(rs P)-44(r4 P)-

M MI,P=
M~+M~ M~

(5 2)

In this expression, 8 is the antisymmetrization
operator between the four transferred particles.
The Q, z are the single-nucleon shell-model wave
functions, correctly bound, in the projectile and
in the residual nucleus. The variable r stands for

the residual nucleus. Furthermore, we have
hf = M, + M~ = 1I4„+M~ .

The form factor F(p) is expressed in the follow-
ing way:

the coordinates of the captured nucleons in the
residual nucleus and r -p stands for the coordi-
nates of the transferred nucleons in the incoming
ion.

The form factor F(p) can be written in the alter-
native form

F(p) =«i CUD'(p) I o) (5.3)

The operator C and D create the four trans-
ferred particles in states bound, respectively, to
cores 5 and a. The vector p indicates that these
particles are referred, respectively, to cores 6
and a and should be a reminder of the fact that they
are created at different places. This description
presents some analogies with a two-center shell
model. This last expression for F(p) has the ad-
vantage of showing how second-quantization tech-
niques can be used to avoid any Talmi-Moshinsky
transformation, the form factor being simply a
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F&G. 4. Experimental ~ Fe(~ 0, C)~ Ni angular distributions measured at 0 46-MeV incident energy. The curves
have been calculated with the Frahn and Venter formulas based on the general diffractional model.
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product (or sum of products) of convolution inte-
grals between single -particle wave functions.

B. Results of the DKBA Analysis

(l) Description of the pxoj ectile. In the present
calculation performed with the SETILL code, "it
has been assumed that the four nucleons in the "0
projectile occupy the 1pz/2 subshell, neglecting
then the possible mixing with particles in the 2s-1d
shell.

(Z) Inf'uence on cross sections of configuration
mixing in the residual nuclei. It turns out that one
of the most striking features of the present D%'BA
calculations is a great sensitivity of the cross-
section magnitudes to the configuration mixing in
the residual states reached by the four -nucleon-
transfer reaction. On the other hand, the shape of
angular distributions are almost insensitive to any
configuration admixture. This behavior of the
cross section has been investigated using a stretch-
model wave function in which each proton-neutron
pair is coupled to the maximum angular momentum
allowed, the two pairs being then recoupled to the
final nuclear spin Jz of the residual nucleus. Fig-
ure 6 shows the cross-section intensity for differ-
ent (1f»,}'~ and (2p», )'~ configuration admixtures
taking as an example the reaction "Ca("0,"C)"Ti

and assuming the 1.082-MeV 2' level has the fol-
lowing stretch-model wave function:

~Q, 2') =a(1f7~, )~~ =, +(1 —a')'~'(2p»2) z=, .

(5.4)

There is a factor of 50 in the calculated cross-
section values between a transition populating the
extreme (2P„,)' and (1f„,)' pure configuration. In
the 1f 2P sh-ell, nuclear-structure form-factor
calculations show that in general I(2P», ) '"„
(2p», )~ ",]~ stretched configurations are definitely
favored in the ("0,"C) four-nucleon-transfer pro-
cess. This is due to the fact that the calculated
form factor is much more peaked at the nuclear
surface for (2P„,)' configurations than for any
(f„,„,)' configurations. It can also be noticed
that the (2P,~,)~~0 configuration provides a, form
factor peaking out much less than the (2P„,)'~,
configuration. The fact that in 44Ti for the first
excited state the (2P,~, ) z configuration is present,3/2
allowing then strong quartet transfer, has been al-
ready pointed out by Arima. " This behavior in
the case of four-nucleon transfer is of the very
same nature as that observed in (t, p} two-neutron
transfer for the (2p», )'~ and for the (1f», )'~ con-3/2 Jy 7/2 Jj
figurations in the Ca isotopes. "

(3) Analysisofthe Ee( 0, C) ¹angulardis
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tribution. In Fig. 7 the angular distributions for
levels of known spin are presented. They have
been successfully fitted in shape with the SETILL
code." For the "0entrance and ~C exit channels
we have used the V, = 400-MeV optical set of Table
II, but shape and intensity of the angular distribu-
tions are insensitive to any change in possible pa-
rameter families in one or both channels, provid-
ed Vo is kept above 100 MeV. It means that the
contribution to the T matrix elements is coming
only from the nuclear surface. Inside the nucleus,
there is a natural cancellation due to the fast oscil-
latory damping behavior of the optical waves. The
wave function of the final states is assumed to be
a pure (2p», )'~ stretched wave function. We are
assuming then that the ground state, the 1.45-MeV
2', and the 3.52-MeV 0' states are populated
through (P», )'(f», ) ' configurations. The ratios
o~p/onw, q are, respectively, 46., 33., and 32.,
for the ground state, first 2' excited state, and
the 3.52-MeV 0' state. As explained previously
the shapes are almost insensitive to any configura-
tion mixing; this is a consequence of dealing with
the direct surface reaction.

(4) Q-reaction-value dePendence of the cross
sections. We now come to the important question
of the Q-value dependence. This effect has been
estimated in the case of the reaction "Fe("0,"C)-
"Ni for the transition leading to the first 0' quar-
tet state at 3.52 MeV. The cross section exhibits

strong Q-value dependence as shown in Fig. 8,
where we have studied the effect of varying the Q
value in the form factor and the optical wave func-
tions of the "C exit channel:
(i) The dotted line assumes variation only in the
form factor (through the four single-particle bind-
ing energies);
(ii) in the dot-dashed line, we keep the form fac-
tor constant and vary the Q value only in the exit
channel;
(iii) the solid line is the realistic case for which
both variations are allowed simultaneously accord-
ing to the relation dictated by energy balance
[Q = I(B.E.)/(a) I

—l(&.E.)g(&) I] .
In the latter case, the cross section undergoes

a variation of a factor of 2 for a 1-MeV Q-value
change, and this effect. comes almost exclusively
from the mismatch of wave functions in the optical
channels as expected from pure semiclassical con-
siderations. The contrast with the light-particle
transfers dominated by the form-factor variation
is quite clear.

In Ref. 1, the cross sections are given for the
first 2' excited levels of the various Ti, Cr, Ni,
and Zn isotopes reached through ("0,"C) four-
nucleon transfer and measured at 40' lab angle.
Thus, for a given series of isotopes, the transfer
process occurs through the same dynamical con-
ditions with respect to the Coulomb barrier. As
it can be seen from Fig. 9, a strong spectroscopic
effect occurs in the region of the zinc isotopes
where a ratio of 8.5 is observed for the cross sec-
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FIG. 6. Variation of the cross-section intensity for
different configuration admixtures of the following two
stretched components: (2py&) z and (1f~~&) z .7 Jy

FIG. 7. The angular distribution of the reaction 54Fe-
( 60, 2C)5 Ni of the ground state O', the Qrst 2+ excited
state, and the 3.52-MeV 0+ excited state are Qtted in
shape using the finite-range DWBA SETILL code. The
form factors were calculated assuming that the trans-
fer process populates the stretched configuration
((2&3/2)' 3&2P3/2)' 3)z/ ~
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IO.O— 54Fe( I6P 12C)58NI

EI6 =46 MeV l=p0
(2 )4

Pa&2

tions leading to the first 2' states in ~Zn and "Zn
for a 1-MeV Q-value difference, whereas purely
dynamical mismatch considerations would yield
only a factor of 2. The situation is not so obvious
for the titanium isotopes, but interesting struc-
ture effects appear for Ni and Cr isotopes, where
we see that the,",Ni, o and,',¹i»cross sections dif-
fer by a factor of 2 for only a 1-keV difference in
the Q values. Similarly, the "Cr and ' Cr resid-
ual nuclei are reached with a difference in cross
sections of a factor of 10 for 880-keV Q-value
variations.

The DWBA calculations show clearly, as men-
tioned before, that the four-nucleon-transfer
cross section increases drastically whenever the

(2P„,)'~ configuration is present. Single -shell-
model arguments make this behavior understand-
able: "Ni (2p„,)'(f„,) ' states are easily reached
from the (f,&,)

' (dominant) component of '4Fe. A

target of,",Fe», on the other hand, is well approx-
imated by the (2p», )~(f„,) ' configuration, and it
is clear that the Pauli exclusion principle will
severely decrease the amplitude for formation of
(2P», )'(f„,) ' states which are the ones favored by
the reaction mechanism. Exactly the same kind
of arguments apply to the,",Cr» and,",Cr» resid-
ual nuclei.

VI. CONCLUSION

The purpose of this paper has been threefold:
(i) to confirm the possibility of applying the semi-
classical approximation of Frahn and Venter to de-
scribe the reaction mechanism for heavy-ion four—
particle transfers;
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FIG. 8. Q -reaction-value effect. The dotted curve
gives the variation of the cross section versus the Q-
value changes achieved only in the form-factor calcula-
tions [variation of the binding energy (B.E.)&(a.) = Q
+(~.E.)~(o.'), keeping the Q value constant in the ~ C
channel]. The dot-dashed curve is the reverse situa-
tion: The binding (for Q value) is kept constant in the
form factor but is varied in the optical ~~C channel.
The solid curve corresponds to the realistic case where
the Q value is varied both in the form factor and in the
optical ~~C channel.
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FIG. 9. Cross-section values obtained at 48-MeV 0
incident energy and 40' lab angle of the first 2 excited
state on various Ti, Cr, Ni, and Zn residual nuclei plot-
ted versus the reaction Q value.
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(ii) to test a new method of calculating DWBA

microscoPic form factors which involves a mini-
mum of assumptions beyond the usual one-step-
process idea;
(iii) an investigation of the sensitivity of such
analysis upon shell-model spectroscopic details.

The ("0,"C) four-nucleon transfer has been
shown to be consistently described by semiclassi-
cal considerations even above the Coulomb bar-
rier. The transfer cross sections are peaked at
the grazing angle beyond which the Coulomb scat-
tering begins to deviate from the pure Rutherford
law. It turns out that the single diffractional model
of Frahn and Venter can successfully fit the com-
plete set of four-nucleon-transfer cross sections
with only two parameters deduced from the elastic
data. It follows that angular distributions provide
no clue for spin assignment and that spectroscopic
information can be gathered only through the inten-
sity and selectivity of cross sections.

The DWBA calculations performed with the
SETILL code have shown the importance of optical-
wave-function mismatch in the entrance and exit
channels, the Q-value effect in heavy-ion-transfer
reactions as expected from simple semiclassical
considerations.

The present preliminary DWBA analysis indi-
cates the importance of nuclear -structure effects,
in particular the sensitivity of the cross section
to the presence of a quartet configuration of the
form [(2P„,) '",(2P,&,

)~'",]~ in the residual-nucleus
wave functions.

We feel that a point has been reached where the
possibility of obtaining quantitative information
from heavy-ion-transfer data has been shown. A

huge spectroscopic effort is now required to es-
tablish the spins and parities of the strongly excit-
ed peaks so as to allow detailed comparison with
nuclear models.
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