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The two-proton stripping reaction (!°0,'*C) has been measured on some of the even N =28 iso-
tones: “®Ca, **Cr at 160 MeV and *°Ti, **Fe at 150 MeV bombarding energy. States of excitation up
to 10 MeV have been extracted over an angular range 4°—10° in the center-of-mass system. The an-
gular distributions have been compared to transfer calculations that consist of both the simultane-
ous and successive transfer processes and were performed in exact finite range. Only the simple,
(1f7,,)" dominated states have been analyzed to investigate whether this reaction mechanism can
account for the data. The absolute magnitude of the *3Ca('®0,'*C)*Ti ground-state reaction has
been reproduced. However, the experimental and theoretical uncertainties are larger than the sensi-
tivity to different structure descriptions of the target/residual nuclei. Therefore, we have not been
able to probe the pairing correlations in the ground state of *Ti. The calculations fail to reproduce
the magnitude of the transitions to other states in *°Ti. Similar problems occurred for the other re-
actions, leading to *’Cr, **Fe, and **Ni. The discrepancy ranges from a factor of 2 to nearly 30. In
addition, there are phase differences between the calculations and the measured cross sections.
Some systematics of the disagreement are investigated. It is suggested that the
simultaneous/successive mechanism can account for the data when the transition is kinematically
well matched. In cases of poor matching, inelastic/transfer mechanisms may be kinematically
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enhanced and contribute to the cross section with significant strength.

I. INTRODUCTION

It has been expected that two-nucleon transfer (TNT)
reactions will prove to be a quantitative probe of pairing
correlations in nuclei. However, there are problems with
the description of both light- and heavy-ion-induced
TNT reactions in that simultaneous transfer calculations
are 1, 2, or more orders of magnitude smaller than the
data. The attempts to remove this disagreement have
been focused in two directions: (1) improvements in the
calculation of the simultaneous transfer' and (2) the in-
clusion of multistep reaction mechanisms, the simplest of
which is the two-step successive transfer of the nucleons.

This second approach has been applied to light-ion-
induced TNT in recent years.>® Transitions via the ex-
cited states (often unbound) of the intermediate nuclei
have been coherently included with the simultaneous
transfer mechanism. These calculations reproduce both
the magnitude of the measured cross sections and the de-
tails of the analyzing powers.

The same methodology, when applied to heavy-ion-
induced TNT, has only had partial success. Feng* and
Takemasa® calculated the combined simultaneous plus
successive transfer for several (1%0,!*C) and ('*0,!%0) re-
actions. The inclusion of both mechanisms correctly pre-
dicted the magnitude of the ('%0,'°0) data but failed for
the ('°0,'*C) reaction. The test data of the
*8Ca(1%0,'*C)*Ti ground-state reaction at 56 MeV (Ref.
6) has been consistently underpredicted by factors of
20-30.%°

It is possible that other reaction mechanisms, e.g., in-
elastic processes coupled with transfer steps, significantly
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contribute to the measured cross section. Some of these
reaction mechanisms may be kinematically enhanced in
the mismatched (1%0,'*C) reaction, while remaining small
in the well-matched two-neutron transfer.

If this is the case, then the (!%0,'*C) magnitude
discrepancy could be resolved by either extending the cal-
culation to include further reaction mechanisms, or by
remeasuring the reaction in an experimental region where
it is kinematically better matched. The second approach
is followed by this work, in which we describe the
two-proton  stripping reaction (!%0,'*C) near 10
MeV/nucleon on the even N =28 isotones.

II. EXPERIMENTAL DETAILS

We have measured the cross sections of the reactions
*#Ca,?Cr('%0,'*C)*°Ti,*Fe  at 160 MeV  and
0Ti,%Fe(1°0,*C)*?Cr,**Ni at 150 MeV. The experi-
ments were performed at the NSF tandem, Daresbury,
United Kingdom using the QMG/2 spectrometer’ to
momentum analyze the outgoing ions. Angular distribu-
tions of transitions to states up to 10 MeV excitation en-
ergy were extracted over an angular range of 4°-10° in
the center-of-mass system. A set of five equidistant rec-
tangular slits was used as the entrace aperture to the
spectrometer with a horizontal acceptance (per slit) of
0.4° (1ab).

The particles were measured by a hybrid focal-plane
detector® consisting of two multiwire position detectors
and a series of ionization chambers that enable ion
identification. Figure 1 demonstrates how *C ions were
isolated in software from other particles crossing the fo-
cal plane. The overall energy resolution of the '“C ions is

139 ©1989 The American Physical Society



140 C. A. OGILVIE et al. 39

AE
(MeV)

(MeV) HHE

POSITION

FIG. 1. The "C nuclei were isolated from other particles
crossing the focal plane by gating on the carbon group in the
AE vs E spectrum and applying a second gate in the E vs posi-
tion spectrum.

listed in Table I, and a sample position spectra from the
48Ca('%0,*C)*°Ti reaction is shown in Fig. 2.

Table I lists the thicknesses of the foils that were used,
as well as the isotopic purities of the target materials.
Each foil was evaporated onto a 10 ug/cm? carbon back-
ing. The absolite scale of the transfer cross section was
established as follows. Two surface-barrier Si detectors
were placed on either side of the beam in the scattering
chamber to act as monitors. We measured the forward-
angle elastic scattering with the spectrometer. This
known cross section (Rutherford with small optical-
model corrections) enabled us to determine the elastic
yield into the monitors per amount of beam Xtarget
thickness at the angles of these monitors. This monitor
yield then provides the normalization for each of the re-
action runs. The accuracy of this method is limited by
the uncertainty of the spectrometer angle with respect to

TABLE I. The isotopic purities and target thicknesses used
in this experiment, along with the experimental energy resolu-
tions for '“C ions. All targets had a 10 ug/cm? carbon backing.

Material: *Ca o074 S2Cr *Fe
Purity (%): 97.69 96.75 99.5 95.6
Thickness (ug/cm?): 8 40 40 60
Energy resolution (keV): 90 100 120 125

80} 2.675
COUNTS |
60—
5919
I 3.199
40|~
- 5.510 1.554
5.282
ol 4226
- ’A 0.0
ol . . : )
(0] 500 1000 1500 2000

POSITION ON FOCAL PLANE (CHANNEL)

FIG. 2. A sample position spectrum of *C ions from the
BCa(%0, *C)* Ti reaction at 160 MeV and at 2.8° in the lab.
Several of the strong low-lying states of °Ti are indicated.

the beam axis (+0.1°), the uncertainty of the beam ener-
gy (1 part in 10%, and the assumption of Rutherford
scattering at angles near 4° (c.m.). The presence of heavy
contaminants in the target provides the major problem
with this method, requiring care in identification of the
elastic scattering peaks in the monitor spectra. A
geometric correction to the polar reaction angle due to
the use of vertical slits was made, and the absolute uncer-
tainty of the cross sections presented in this work is 20%.

III. GENERAL DESCRIPTION
OF TRANSFER CALCULATIONS

Many states in the final nuclei were populated during
these experiments; however, we will concentrate only on
the simplest levels, those dominated by the (1f,,,)"
configuration. If the reaction mechanism to these states

TABLE II. Bound state potential ¥V (r), where
V(in=V(r)+Vr(r)+V(r),s2ls

and

(i) V. (r) is the Coulomb potential due to a uniform,
spherical charge distribution of radius R,, where
Rc :ROC A 1/3.

core?

-V,
() V()= 9

1+exp[(r —R,)/a,]’

where R,=R,, A3 ;

—2.00V gexp[(r —R;s)/a;s]
mLs{1+CXP[(""RLS)/‘1LS]}2,

(i) V()=

1/3
core *

where R;¢=R;5 A

Parameter Heavy nucleus Light nucleus
R,, (fm) 1.248 1.25
a, (fm) 0.5 0.6
Vis (MeV) 4.0 4.0
Rors (fm) 1.248 1.25
a;g (fm) 0.5 0.6

Ry, (fm) 1.25 1.25
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TABLE III. Comparison of the semiclassical estimates for several successive transfer routes with
distorted wave (DW) calculations. The reaction is **Ca('°0, *C)*°Ti at 160 MeV. The semiclassical
model and the DW exact-finite-range calculations (using the code FRESCO) are both described in the
text. The yields are given relative to the strength of the route via the ground state of **Sc to the ground
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state of *°Ti.

Final state Intermediate state

oTi “Sc Transfer path Semiclassical DW cross section
J7 excitation J7 excitation First step  Second step probability at first maximum

(MeV) (MeV) nlj nlj (relative) (relative)

2% 1.554 7700 1f7,, 1172 3.1 6.7

0" 0.0 1700 1f7,2 1f7,2 1.0 1.0

2% 1.554 1700 1f7,2 2pip 0.30 0.17

2+ 1.554 37 3.08 23, £+, 0.038 0.040

0* 0.0 37 3.08 23, 2032 0.031 0.013

0+ 0.0 1735 21 21,2 0.00078 0.000 37

0* 0.0 2738 1fs, 1fs, 0.000 66 0.00090

can be understood, then the structure of higher-lying
states can be studied later.

Each transfer calculation presented here is the
coherent addition of the simultaneous and successive
transfer mechanisms, where both processes have been cal-
culated with the same nuclear structure input (Sec. IV).
The transfer calculations were performed in exact finite
range using the coupled-reaction-channel code FRESCO.’
This code solves the coupled equations iteratively; two
iterative steps being sufficient to calculate the simultane-
ous and successive transfer mechanisms. Microscopic
form factors were generated for the simultaneous transfer
by numerically transforming two single-particle eigen-
functions of a Woods-Saxon potential. This transforma-
tion involves a sum over the relative angular momentum
() of the two nucleons; only the /=0,1,2 components
were included, as this exhausts over 99% of the light-

nucleus form factor (!°0,*C). Both spin singlet and trip-
let components of the form factors have been included.

The depths of the binding potentials were adjusted to
reproduce half the two-particle separation energy, while
canonical values for the radial parameters (ry,a) were
used for the light nuclei (Table II). For the heavy nuclei,
recent deductions of the rms radius of the proton 1f,,,
orbit in >V (Refs. 10-12) have been used to constrain the
radial parameters of the heavy-nucleus Woods-Saxon
(WS) potential (Table II).

For the successive transfer of two nucleons, it must be
decided which intermediate states to include. As a guide
to the strength of individual successive transitions, we
have developed a simple semiclassical model. The model
calculates the Brink probability!'® for each transfer, ad-
justs the projectile energy for the second step by the Q

TABLE IV. Woods-Saxon shaped optical potentials U(r), where

Ur)=V.(r)+Vr(r)+iW(r)

and

(i) V,(r) is the Coulomb potential due to a uniform, spherical charge distribution of radius

R., where R, =R ( A}/3+ A}l)/s);

.. _ “rws
(i) Ve(r)= 1+exp[(r —R,)/a,]’

where R, =R, (4} + 4}7) ;
_st
1+exp[(r —R;)/a;]1’
where R, =R ( A}*+ 4}7) .

(iii) W(r)=

Vws Ry, a, Wws Ry, a; Ry,
Potential (MeV) (fm) (fm) (MeV) (fm (fm) (fm)
160 (1) 100.1 1.063 0.639 24.0 1.207 0.629 1.03
150 (11 49.0 1.16 0.596 21.82 1.201 0.652 1.25
“4c 29.59 1.252 0.590 27.99 1.212 0.548 1.25
4C (1D 56.64 1.12 0.685 21.16 1.206 0.66 1.25
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3/27 6.324

lpz /2 0.2865

(1p)/2)2 -0.9142
(Ipa,2)2 - 0.4051

FIG 3. The coupling diagram is comprised of the single-
particle quantum numbers of each transfer along with the spec-
troscopic amplitudes (CS'/?) for each reaction mechanism used
in the transfer calculation. The initial, intermediate, and final
states are indicated by bold lines along with their J™ and excita-
tion energy. This diagram is for the 'O, N, *C system with
spectroscopic amplitudes calculated using Cohen-Kurath ma-
trix elements.

value of the first step, and includes a weighting factor
taken from the surface part of each single-nucleon form
factor. Table III lists the transfer strength predicted by
the model and the exact quantum mechanical successive
transfer calculation. From the approximate agreement
between the two, we conclude that the model incorpo-
rates the important dynamic and structural influences in
the successive transfer. We can therefore use it to predict
which transitions may be excluded from the coherent, ex-
act calculations. Note that this predicts which transi-
tions are small, but cannot guarantee that many of these
small transitions will not significantly alter the final cross
section. .
All successive transitions in the exact calculation were
performed in the prior-post representation so that the
nonorthogonality contribution is zero. The interaction

Ids,» 0.1049 5/2% 86 145,, 0.2839

ldgp -0.2618 5/2" 5.2 1dg,,-0.5814

Ipasz 1.7710 3/27 6.3 lp3/p -0.273

Ipys2 1.2526

Ip) /2 -0.8359

ot 0.0
160 l5N l4c

(Ipy/2)2 -0.8553
(Ipz/2)2 -0.4039
(1dg/2)2 0.1040
(ld3/2)2 0.0563
(2s,,3)2 0.0094

FIG. 4. As in Fig. 3, but for the '°0O, '°N, '*C system with
spectroscopic amplitudes calculated using the psd model space.

potentials for all transfer calculations include both nu-
clear and Coulomb corrections to the binding interac-
tion."* The simultaneous transfer was calculated in the
post representation with the prior representation giving
similar results.

The optical-model parameters for the transfer calcula-
tions are given in Table IV. The '0+*Ca elastic
scattering data at 160 MeV of Humanic et al.!> were
refitted to generate the set labeled '°O (II), whereas the
original set is labeled 'O (I). There is no available elastic
scattering of >N in this mass and energy range, so the
%0 parameters were used. The '*C optical parameters
were determined from the *C+°°Ti elastic scattering
measurements at 112 MeV of Barker et al.'® Apart from
a mass rescaling of the radius parameter, these potentials
were used as the entrance, intermediate, and exit optical
potentials for each reaction in this paper.

The spectroscopic amplitudes for the light nuclei (!0,

dov/dQ 4804(160,'4¢)507] g5. 160 MeV
(mb/sr)
10-!
— COMB
--succ.
10-2
SIM.
1073
10-4
a
10-5 1 1 1 1 I 1 1( )
0 5 10 15 20
8¢ m. (deg)
/2” 3.
2p3,, -0.8224 32" 3.08 2p3/5 0.1716

If7/2 0.9661 (f7/2 -1.3649

o* 0.0
48C0

o* 0.0
50

(1f7,2)2 -0.9110
(2p3,2)2 -0.1037
(1f5,2)2 -0.1613 (b)

(2p,/2)% -0.0560

FIG. 5. (a) The angular distribution for the “*Ca('®0,'*C)*Ti
g.s. reaction at 160 MeV bombarding energy. The data are
shown as circles, the full transfer calculation as a solid line,
while the successive and simultaneous mechanisms are shown as

- a dashed and dotted line, respectively. The calculations are de-

scribed in the text and have not been normalized. (b) As in Fig.
3, but for the **Ca, **Sc, *°Ti g.s. system with spectroscopic am-
plitudes calculated using the fp (2p-2h) model space.
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5N, and '#C) were calculated within the 1p model space
using the (8—16)POT interaction of Cohen and Kurath."”
As an alternative, some calculations use an extended
(psd) model space with Millener-Kurath'® matrix ele-
ments. The amplitudes are listed in transfer reaction cou-
pling diagrams; the 1p model space in Fig. 3 and the psd
model space in Fig. 4.

IV. SHELL-MODEL CALCULATIONS 4 =48-56

Shell-model calculations in this region have demon-
strated that (1) the low-energy levels of the nuclei are

(?:b/js?) 48¢q(160,14¢)50Ti 2% I6OMeV
I
— COMB.
- - succ.
o™
- SIM.
1072
103
(a)
IO—4 ! | 1 1 1 | 1
0 5 10 15 20
B¢.m.(deq)
3/27_3.08
If7/2 0.1801

293/2 -0.8224

1f7/2 0.966l

o* 0.0
48Ca

(1f5/2)2 -0.9132
(1f7/2)(2p3,2) -0.1384
(1f7,2)(1f5,5) -0.0114

(2p3,2)2 -0.0470
(2p3/2)Ifs/p) -0.0286
0.0284

(2p3/2)(2p /2
2

(1f5,2)% -0.0460

(1f5,2)(2p,/5) -0.0429

FIG. 6. (a) As in Fig. 5(a), but for the **Ca('°0,'*C)*°Ti 2*
1.554 MeV reaction at 160 MeV bombarding energy. (b) As in
Fig. 3, but for the *“*Ca, 4Sc, °Ti 2% 1.554 MeV system with
spectroscopic amplitudes calculated using the fp (2p-2h) model
space.

dominated by the properties of the 1f,,, configuration'®
and (2) the fine details of nuclear properties (e.g., elec-
tromagnetic transition rates) often require the extension
of the model space to include one-particle excitations into
the 2p;,, 1fs,, and 2p,,, configurations.”® This is
known as the fp (1p-1h) model space. It is conceivable
that we may be able to describe part of the pairing corre-
lations in these nuclei by extending the model space to fp
(2p-2h) model space, i.e., up to two particles in the higher
orbitals. This explicitly builds pairing correlations into
the wave functions,?! the amount of which is dependent
on the quantum numbers of the configurations (i.e., their

do/dl E 48¢,(160,14C)50Ti 4+ 160 Mev
(mb/sr) F
C .
'E 4o — COMB.
E b,
- t4 - -SuccC.
IO'lg
E -+ SIM.
1072
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C (a)
-4 1 1 1 | 1 | 1
9% 5 10 15 20
6c.m.(deg)
3/2” 3.08
1,/ 0.1390

2p 0.0667
2p3/2 1/2

o* 0.0
48C0

(1f5,)% - 0.9264
(1f7/2)(2p3,2) - 0.1038
(1f7,2)(1f5,2) -0.0608
(1f7,2)(2p /2) -0.0668
(2p3/2)(1f5,2) -0.0411

(1f5,2)% -0.0311

FIG. 7. (a) As in Fig. 5(a), but for the **Ca('®0,'*C)*°Ti 4%
2.675 MeV reaction at 160 MeV bombarding energy. (b) As in
Fig. 3, but for the **Ca, *“Sc, *°Ti 4% 2.675 MeV system with
spectroscopic amplitudes calculated using the fp (2p-2h) model
space.



144 C. A. OGILVIE et al. 39

geometry) and on the residual interaction present in the
shell-model matrix elements.

We repeated a published set of shell-model calcula-
tions?? within the fp (2p-2h) model space. The matrix
elements of this calculation are derived from Kuo-Brown
matrix elements,?® were modified by McGrory et al.,?*?*
and then by Muto and Horie.?? It is not our aim to criti-
cally examine these calculations; rather we take the view
that they provide us with a model estimate of the pairing
correlations. If our reaction mechanism methodology
proves to be reliable, then the finer details of the model’s
matrix elements can be examined.

We make two comments on these shell-model calcula-
tions: (1) the 1f,,, configuration dominates the low-
energy dynamics, i.e., one- and two-particle excitations
typically comprise only about 209% of the state’s square
norm, and (2) all (2p-2h) calculations are inherently in-
consistent.?® States that are dominated by the Op-Oh
configuration are lowered in energy through the admix-
ture of 2p-2h components. No such effect exists for 1p-
1h dominated states. This would require an extension to
a 3p-3h model space. Hence the calculation predicts an
energy gap of about 2 MeV between Op-Oh and 1p-1h
dominated levels. Since our primary interest is with the

do/dQ 48cq(160,14C)50Ti 6% 160 MeV
(mb/sr)
I e — COMB.
b t + SuccC
107! +++ '
- -+ SIM.
|0-2 \\\_
X
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If5,p O.1158

ot 0.0 6* 3.199
48Cq 50T
(1f7,2)% -0.9458 (b)

“(If7/2)(1f5,2) -0.1105

FIG. 8. (a) As in Fig. 5(a), but for the “*Ca('°0,'*C)*Ti 6*
3.199 MeV reaction at 160 MeV bombarding energy. (b) As in
Fig. 3, but for the “Ca, “Sc, **Ti 6' 3.199 MeV system with
spectroscopic amplitudes calculated using the fp (2p-2h) model
space.

former levels, we will assume that this inconsistency does
not effect the first-order correlated structure of the calcu-
lated wave functions. The amount of (1p-1h) component
in nonzero spin states, however, may be underestimated.
This will lead to weaker predictions for the successive
transfer.

The shell-model calculations described in this paper
have been performed with the code OXBASH (Ref. 27) and
all spectroscopic amplitudes in this paper include the iso-
spin Clebsch-Gordon coefficient. The spectroscopic am-
plitudes are listed in the coupling diagrams shown in the
following section.

*8Cca('%0,'*C)%°Ti E=160 MeV

0
10 N B A
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E T, Lo *§x0.001 5.28
-5 | ' _
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5 1076 ¥+ 4x0.00001 5.92 —
o) Iy
1077 |~ UL -
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108 Lo v b e b by
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FIG. 9. The measured angular distributions for several states
in °Ti populated by the **Ca('°0,'*C) reaction at 160 MeV
bombarding energy. The excitation energy (in MeV) of each
state is adjacent to its angular distribution.
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V. REACTION ANALYSIS

In this section the measured angular distributions are
compared to those calculated with FRESCO. As described
in Sec. III, the calculations include both simultaneous
and successive transfer mechanisms. Unless stated other-
wise, the 1p model space is used for the light nucleus, the
/P (2p-2h) space for the heavy nucleus, and the potentials
150 (I), '*O (I), and '*C (I) for the scattering in the en-
trance, intermediate, and exit channels, respectively. All
calculations have been averaged over the experimental
angular acceptance.

=
do/d) E
(mbssr) | OTi('60,14C)52Cr g.s. 150Mev
107! - —comB
- - -succ
|0-2:_ SIM
i
1073 =~
i (a)
-4 1 1 1 ] | | !
7% 5 10 15 20
6¢.m.(deg)
Ifw
2p1/2 0.5402 2 32 2p,,, 0.0632

3/27 2.42
2p3/5-07199

172 -0.8509 1f7/2 1.9256

ot o0.0
52Cr

o* 0.0
507;

(If7/2)2 -1.1447

(2p3/2)2 -0.0958 (b)
(If5,2)% -0.1693
(29”2)2 -0.0576

FIG. 10. (a) As in Fig. 5(a), but for the **Ti('°0,'*C)%2Cr g.s.
reaction at 150 MeV bombarding energy. (b) As in Fig. 3, but
for the *°Ti, 'V, 33Cr g.s. system with spectroscopic amplitudes
calculated using the fp (2p-2h) model space.

A. ¥8Ca('%0, *C)°°Ti g.s. at 160 MeV

The measured angular distribution of this reaction and
the combined simultaneous/successive transfer calcula-
tion (solid line) are shown in Fig. 5(a). The calculation
has not been normalized and, to our knowledge,
represents the first successful description of the absolute
magnitude of a two-proton transfer reaction. At this
bombarding energy the successive mechanism is larger
than the simultaneous transfer [Fig. 5(a)]. The coupling
diagram for this calculation is shown in Fig. 5(b).

Repeating these calculations for the combinations of
optical parameters given in Sec. IIl, a band of angular
distributions is produced. The magnitude variation is
about 20%, and each calculation has almost an identical
shape. Using the (psd) model space for the light system
reduced the magnitude of the calculation by 30%; this is
largely due to the increased fragmentation of single-
particle strength in >N coupled with unfavorable kine-
matic matching for transitions via excited N states.
Rerunning the calculations with a pure (1f,,,)" model
space for “Ca, *Sc, and *°Ti, then the cross section is
smaller than that shown in Fig. 5(a) by only 10%, i.e.,
N=1.10 where N = fp(calc)/1f;,;(calc). If the simul-
taneous components are compared, then N =1.45, how-
ever, for the successive mechanism, N=1.07. Both
enhancements are due to the extra pairing in the model
wave functions;?® the successive enhancement is smaller
than the simultaneous enhancement because of less favor-
able kinematic conditions when the transfer proceeds via
excited states of “°Sc.

B. *8Ca(1%0, *C)%°Ti 2}, 4}, 6, states at 160 MeV

The same calculation ansatz was applied to the mea-
sured cross sections of the first 2%, 4™, and 67 states in
0Ti. As with the ground state, these levels are dominat-
ed by the 7(1f;,,) configuration. In contrast to the suc-
cess in predicting the magnitude of the ground-state reac-
tion, the calculations underpredict the measured data by
factors of 2.5 [2" 1.554 MeV, Fig. 6(a)], 10 [41 2.675
MeV, Fig. 7(a)], and 27 [6T 3.199 MeV, Fig. 8(a)]. The
coupling diagrams for these calculations are shown in, re-
spectively, Figs. 6(b), 7(b), and 8(b).

The reproduction of the shape of the distributions is
also poor. As with the ground state, the various com-
binations of optical-model parameters resulted in a band
of calculations that varied in magnitude by 30%, but
differed little in the shape of the distribution. Likewise,
the transfer calculation that utilizes the (psd) model for
the light nuclei is 30% smaller than that which uses the
(1p) model. Comparing the calculations that utilize the
(1f5,,)" model for the heavy nuclei to the (fp) results,
the enhancements [N = fp(calc) /1f; ,(calc)] are N =1.4,
1.1, and 1.04 for the 2;, 4;", and 6, transitions, respec-
tively. Again the successive transfer dominates these
enhancements. It is noted that in contrast to the ground
state, this mechanism can now proceed by routes allowed
by (1p-1h) components in the wave functions, such as the
transfer of a 2p; , proton followed by that of a 1/, pro-
ton.
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The measured angular distributions for several other
states in °°Ti are shown in Figs. 9(a) and (b).

C. °Ti(1°0Q, *C)*2Cr transitions at 150 MeV

The same transfer calculation methods were applied to
the population of the (1f,,,)" dominated low-lying states
of 33Cr. The only significant change was that the fp (2h-
2h) shell-model calculations could not be performed for
states of nonzero spin in >’Cr; the matrix dimensions
were too large. For these we used the spectroscopic input
provided by the fp (1p-1h) shell-model calculations.?®

Figure 10(a) shows the measured cross section and the
combined simultaneous/successive transfer calculation
leading to the ground state of >>Cr. The phase of the an-

gular distribution is incorrectly predicted by 1.1°, and
(with this shift) is a factor of 4.4 smaller than the magni-
tude of the cross section. The coupling diagram for this
calculation is shown in Fig. 10(b).

In a pure (1f5,,)" model space the seniority-two (v=2)
and seniority-four (v=4) 2" and 47 states in **Cr cannot
mix.?® If this model space is sufficient for this nucleus,
then the v=4 states (27 E=2.965 MeV and 4,
E=2.370 MeV) will not be populated by the
simultaneous/successive transfer mechanisms. The v=2
states (2] E=1.434 MeV and 4,7 E=2.768 MeV) will
receive the full transfer strength. In contrast, a fp (1p-
1h) shell-model calculation will mix the seniority-two and
-four components. This fragments the transfer strength.
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FIG. 11. (a) As in Fig. 5(a), but for the *°Ti('°0,'*C)*2Cr reaction to the 2;" 1.434 MeV and 2; 2.965 MeV states at 150 MeV bom-
barding energy. (b) As in Fig. 3, but for the *°Ti, °'V, *>Cr 2, 1.434 MeV system with spectroscopic amplitudes calculated using the
fp (1p-1h) model space. (c) As in Fig. 3, but for the *°Ti, *'V, *2Cr 25 2.965 MeV system with spectroscopic amplitudes calculated us-

ing the fp (1p-1h) model space.
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Figure 11(a) plots the cross sections to the 21+ and 2,
states in °2Cr. Both are underpredicted by the
simultaneous/successive calculation. Qualitatively the
small cross section to the 25 state indicates that it has re-
tained a relatively pure v=4 configuration. The coupling
diagrams are shown in Figs. 11(b) and (c), respectively.
Figure 12(a) plots the cross sections to the 4, and 4,
states in *2Cr, while the coupling diagrams are shown in
Figs. 12(b) and (c), respectively. Again both are under-
predicted by the simultaneous/successive calculation.
Qualitatively the size of the cross sections indicates that
the v=2 and v=4 configurations are significantly present
in both 4% states. However, the level of disagreement
with the data is such that we are not able to assess wheth-
er the fp (1p-1h) shell-model calculation provides an ac-
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FIG. 14. As in Fig. 9, but for states in *’Cr populated by the
OTi( 10, '*C) reaction at 150 MeV bombarding energy.

curate level of this configuration mixing.

The measured angular distribution to the 6, state at
3.114 MeV and its associated transfer calculations are
shown in Fig. 13(a). Again the cross section is under-
predicted. The coupling diagram is shown in Fig. 13(b).

The measured angular distributions for several other
states in *2Cr are shown in Figs. 14(a) and (b).

D. 32Cr('%0, '*C)’*Fe transitions at 160 MeV

Applying similar calculations to the population of the
low-lying levels of >*Fe leads to the problems that were
encountered in the preceding sections. Again due to the
size of the shell-model fp (2p-2h) space (the dimensions of
3Mn were too large), the spectroscopic amplitudes were
taken from the fp (1p-1h) calculation.

Figure 15(a) compares the measured ground-state cross
section with the combined simultaneous/successive cal-
culation. The calculation underpredicts the data by a
factor of 3.6 and is out of phase by 0.6°. The coupling di-
agram is shown in Fig. 15(b). The measured transitions
to the 2" at 1.408 MeV, 4" at 2.538 MeV (see later in
this section), and 6" at 2.950 MeV are each underpredict-
ed by the corresponding combined transfer calculations.
This is demonstrated in Fig. 16(a), along with the respec-
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FIG. 15. (a) As in Fig. 5(a), but for the *2Cr('°0,'*C)*Fe g.s.
reaction at 160 MeV bombarding energy. (b) As in Fig. 3, but
for the **Cr, *Mn, **Fe g.s. system with spectroscopic ampli-
tudes calculated using the fp (1p-1h) model space.
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tive coupling diagrams in Figs. 16(b), (c), and (d).

The measured transition to the 4™ state at 2.538 MeV
includes the data from the unresolved first excited 0
state at 2.561 MeV. We performed a least-squares fit of
the 47 /0" doublet by assuming that the transitions to
the 0% ground state and the clearly resolved 47 level at
3.834 MeV have typically shaped angular distributions.
From this it is estimated that the 07 2.561 MeV level

|
do/dQ

(mbrsn) E52Cr(80,14c)34Fe 160 Mev
R 2t
107" ot 4 COMB.
g ¢ ’f * - -succ.
- +
i -+ SIM.
10-2 —
B PR N/ \
10-3 = ° .-- '-". \
10-4 — COMB
= - - succ.
I SIM.
I0‘5 —
IO'G:—
B 6+t x10°®
1077 = — CcOMB
= - -succ
10-8{=— SIM
|0_9=—
- (a)
10-'0 1 1 1 1 1 i R
0 5 10 15 20
6c.m.(deg)

149

contributes only 5% towards the measured transition
strength of the doublet.

The angular distributions for several other states of
4Fe are shown in Figs. 17(a) and (b).

E. 5*Fe('0, '*C)**Ni ground-state reaction at 150 MeV

The measured angular distribution and the combined
simultaneous/successive transfer calculation are shown in
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FIG. 16. (a) As in Fig. 5(a), but for the 2Cr('°0,'*C)>*Fe reaction to the 2 1.408 MeV, 4+ 2.538 MeV, and 6 2.950 MeV states at
160 MeV bombarding energy. (b) As in Fig. 3, but for the 2Cr, **Mn, **Fe 2% 1.408 MeV system with spectroscopic amplitudes cal-
culated using the fp (1p-1h) model space. (c) As in Fig. 3, but for the 3Cr, >*Mn, **Fe 4™ 2.538 MeV system with spectroscopic am-
plitudes calculated using the fp (1p-1h) model space. (d) As in Fig. 3, but for the *2Cr, **Mn, *Fe 6% 2.950 MeV system with spectro-

scopic amplitudes calculated using the fp (1p-1h) model space.
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Fig. 18(a). The calculation underpredicts the data by a
factor of 2.9 and is out of phase by 0.9°. The coupling di-
agram is shown in Fig. 18(b).

The angular distributions for several other states of
56Ni are shown in Fig. 19.

VI. DISCUSSION AND CONCLUSIONS

The two-proton stripping reaction (!°0,'*C) has been
measured on some even N =28 isotones (**Ca, °Ti, *’Cr,
54Fe) at 150-160 MeV. We have attempted to describe
these reactions by calculating the combined
simultaneous/successive transfer mechanism. In one
case, ¥Ca(1%0,1*C)>°Tj g.s. at 160 MeV, we have succeed-
ed in reproducing the absolute magnitude of the cross
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FIG. 17. As in Fig. 9, but for states in **Fe populated by the
32Cr(*€0,'*C) reaction at 160 MeV bombarding energy.

section. This is the first time, to our knowledge, that this
has been achieved for a two-proton transfer reaction.
However, the combined uncertainty of the data and
transfer calculation means that we are unable to distin-
guish between two different shell-model descriptions of
the two nuclei, *Ca and *°Ti, i.e., between the 1/, ,, and
fp (2p-2h) shell models.

Both simultaneous and successive transfer mechanisms
are sensitive to the pairing correlations that are present
in the fp model calculation. To a large extent the sensi-
tivity in the latter mechanism is reduced by the influence
of different kinematics in the intermediate channel.
These effects dominate the combined transfer because, at
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FIG. 18. (a) As in Fig. 5(a), but for the **Fe('°0,'*C)*Ni g.s.
reaction at 150 MeV bombarding energy. (b) As in Fig. 3, but
for the **Fe, °Co, *°Ni g.s. system with spectroscopic ampli-
tudes calculated using the fp (2p-2h) model space.
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FIG. 19. As in Fig. 9, but for states in **Ni populated by the
S4Fe( 10, *C) reaction at 150 MeV bombarding energy.

the bombarding energy of 150—-160 MeV, the successive
mechanism is larger than the simultaneous transfer.

In all the other transitions that we studied, we under-
predict the magnitude of the cross section and are often
out of phase with the measured angular distribution by
about 1°.

There are two possible, and interconnected, reasons
why we failed to describe the measured transfer distribu-
tions. First, the details of the calculation, within the re-
action model, could be made more realistic. For exam-
ple, recent work®® has succeeded in calculating the real
and imaginary parts of heavy-ion optical potentials. Asa
trial, we used the published results*® for '°0+%Ca at 140
MeV as the entrance potential for the simultaneous
transfer **Ca(1°0, *C)°Ti g.s. at 160 MeV. The result-
ing angular distribution is pulled forward, compared to
previous calculations, by about 0.4°, and the magnitude is
a factor of 0.7 smaller. The latter effect is due to the
imaginary potential being stronger at 140 MeV as com-
pared to 160 MeV, and the former effect is due to the
imaginary potential falling steeply near the surface re-
gion, hence enhancing the contribution of higher partial
waves. It is possible that by using tailor-made potentials
(entrance, intermediate, exit) for each reaction system we
may be able to improve the reproduction of the shape of
the data.

The second possibility for the discrepancy between
theory and experiment is the presence of unaccounted for
reaction mechanisms, for example, inelastic couplings in
the light-nucleus system, target, intermediate, or final nu-
cleus, or any combination thereof. These may
significantly populate the final state of interest.

To indirectly check the role of these mechanisms we
have estimated the kinematic mismatch (AQ) from
Brink’s model of cluster transfer,’! AQ=Q ~ Qopts where
Q is the Q value of the reaction and

Qo =1mv R,—R,)/R+(Z/z/—Zz)e?/R , (1)
p 2 1
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where m is the mass of the nucleon pair, R and R, are
the radii of the projectile and target, respectively, R is
their sum, and Z and z are the charges of the targetlike
and projectilelike nuclei for the final and initial channels.
For each reaction, the magnitude discrepancy between
data and calculation (shifted in angle if needed) is plotted
versus AQ. This is shown in Fig. 20. It is clear that the
level of disagreement increases with increasing mismatch.
This is consistent with the neglected contribution of
inelastic/transfer mechanisms becoming more important
when the simple routes are mismatched. Furthermore,
the inelastic mechanisms may be kinematically enhanced
in these cases, even if the structural overlap is small.
There is also an apparent mass dependence in the mag-
nitude discrepancy (Fig. 20). For both successive steps in
the sequential transfer, the Q value becomes more nega-
tive as the mass of the target increases. Kinematically
the stripping of a proton strengthens with more negative
Q values. This is likely to effect the second-step transi-
tions from highly excited states of >N and/or the 4 +1
nucleus. These transitions have net positive Q values that
become less positive as we move upwards along the iso-
tonic chain. Hence it is possible that many weak succes-
sive transitions, via highly excited states, coherently con-
tribute to the final transfer with more strength in the
heavier isotones. Since we do not include these transi-
tions in the calculation, this could account for the ob-
served mass dependence in the magnitude discrepancy.
Conversely, we can understand why we have correctly
predicted the magnitude of the *Ca(1%0,'*C)Ti g.s. re-
action. The direct transfer is quite well matched, espe-
cially when compared to the earlier data at 56 MeV. This
reduces the importance of inelastic/transfer mechanisms.
Also the Q values for the successive steps have the largest
positive values in the isotonic chain. This reduces the
contribution from neglected successive transitions via
highly excited states.
In the cases where fp (1p-1h) shell-model calculations

MAGNITUDE DISCREPANCY
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or } % } §
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FIG. 20. The magnitude discrepancy between data and the
combined simultaneous/successive transfer calculations for the
reactions studied in this paper. They are plotted versus the ki-
nematic mismatch AQ.
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were performed, part of the underprediction could be be-
cause there is insufficient pairing in the wave functions.
For the fp (2p-2h) calculations the too small amount of
(Ip-1h) component in the wave functions (see Sec. III)
could contribute to the underprediction. From the ratio
of 1f,,, and fp (2p-2h) calculations, both of the above
may increase the calculated cross section by approxi-
mately 10-30 %.

There are four main problems that currently make the
(1%0,'*C) reaction at this bombarding energy an unreli-
able spectroscopic probe.

(1) The reaction strength is unaccounted for.

(2) There is a subtle interplay between the kinematics,
the excitation energy of the intermediate states, and the
nuclear structure overlaps. This makes the use of a single
reaction mechanism coupled with an overall normaliza-
tion problematic.

(3) Inelastic/transfer mechanisms are possibly impor-
tant. These are likely to depend on collective as well as
on pairing degrees of freedom.

(4) Tt is difficult to reliably calculate the transfer, for
example, optical-model uncertainties, the structure of the
light system, and the problem of many small intermediate
state contributions to the final reaction channel.

At lower beam energies, the matching problem is gen-
erally more severe. However, at higher energies (say
20-40 MeV /nucleon) the complicated multistep reaction
mechanisms (successive and inelastic) should diminish
with respect to the simultaneous transition. The Q win-
dow will also broaden, making the matching conditions
less important. Hence at higher beam energies, if the
simultaneous mechanism dominates all others, then the
(180,'*C) reaction may prove to be a sensitive and reliable
probe of pairing correlations in nuclei.
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