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Abstract

We report the first direct measurement of differential transfer cross sections using a Recoil Mass Spectrometer. Absolute
differential 1p and 2p-stripping cross sections at θc.m. = 180◦ have been determined for the system 16O+142Ce by
detecting the heavier target-like ions at the focal plane of the Heavy Ion Reaction Analyzer. Focal plane spectra have
been compared with the results of a semi-microscopic Monte-Carlo simulation to unambiguously identify the transfer
channels. Transmission efficiency of the target-like ions through the spectrometer has also been estimated using the
simulation which has been crucial to extract the cross sections from the yields of ions measured during the experiment.
The methodology adopted in this work can be applied to measure multi-nucleon transfer cross sections using other similar
recoil separators. The experimental excitation functions for the reactions 142Ce(

16
O,15N)

143
Pr and 142Ce(

16
O,14C)

144
Nd

have been compared with coupled reaction channel calculations. An excellent matching between measurement and theory
has been obtained. For 1p-stripping, major contribution to the cross section has been found to be the transfer of a proton
from 16O to the 2d 5

2

excited state of 143Pr, leaving behind 15N in the 1p 1

2

ground state. Transfer of a cluster of two

protons from 16O to the 2+ excited state of 144Nd, resulting in 14C in the 0+ ground state, appears to be the most
probable cause for 2p-stripping. Measured transfer probabilities for 1p and 2p channels have been compared with Time-
Dependent Hartree-Fock calculations. Proton stripping channels are found to be more favourable compared to neutron
pick-up channels. However, the theory overpredicts the measurement hinting at the need for extended approaches with
explicit treatment of pairing correlations in the calculations.

1. Introduction

The simplest picture of a nuclear reaction is a light
projectile ion being scattered off a heavier target nucleus.
Such a collision, termed as direct nuclear reaction is char-
acterized by a very short interaction time ∼ 10−22 s and
active participation of a few nucleons. In contrast, a com-

pound nuclear reaction is much slower in which all the
constituent nucleons of the collision partners take part to
form a mono-nucleus. The resulting ‘compound nucleus’
decays by emission of photons and evaporation of light par-
ticles. Availability of heavy ion beams made a third and
intermediate class of nuclear reactions possible [1]. Such
reactions are characterized by creation of binary products
in the exit channels with broad mass, charge and angular
distributions. Heavy ion-induced reactions, with features
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intermediate between direct reactions and compound nu-
clear reactions, had been variously termed as deep inelas-
tic collision (DIC), multi-nucleon transfer (MNT), deep-
inelastic transfer, quasi-fission, strongly-damped collision
and relaxation phenomena by different research groups [2].

MNT reactions have been useful for synthesizing nu-
clides away from the valley of β-stability [3]. A renewed
interest in the study of MNT reactions have been ignited
by favourable predictions of synthesis of neutron-rich iso-
topes of heavy elements [4, 5] in the recent past. Knowl-
edge about properties of the nuclides in the ‘north-east’
corner of the nuclear chart, in the vicinity of N = 126
shell, is very important for better understanding of stellar
nucleosynthesis via the r-process. Transfer of nucleons is
also known to influence the dynamics of fusion between
two heavy nuclei [6, 7].

Products of MNT reactions had earlier been identified
by chemical separation and measurement of characteristic
γ-rays [8]. Magnetic spectrographs of varied configurations
[9] had also been used to detect the scattered projectile-like
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ions from MNT reactions. In the last two decades, a new
class of magnetic separators [10–12] with large acceptance,
has been put to use in the study of MNT reactions [13–15].
Production of neutron-rich nuclides in damped collisions
has been studied recently with novel applications of a few
recoil separators which were not originally designed and
built for this purpose [16–18]. Production of nuclei far
from the stability region in multi-nucleon transfer reac-
tions using a high resolution magnetic spectrometer has
also been reported recently [19].

In MNT reactions, either the projectile-like or the target-
like ions can be detected at the focal plane of the recoil
separator [20]. In most separators, usually the lighter
projectile-like ions are detected in the forward angles in
the laboratory frame of reference. Mass and charge of the
corresponding target-like ions can be deciphered from two-
body collision kinematics. Conversely, the heavier target-
like ions can also be detected at the forward angles. This
technique was first successfully used in the measurement of
sub-barrier transfer reactions for 58Ni+ASn [21, 22] using
the Daresbury recoil mass separator [23]. Target-like nu-
clei, separated according to their mass (A) to charge state

(q) ratio,
(

A
q

)

, were detected by a position-sensitive detec-

tor at the focal plane of the separator. Rehm [8] pointed
out that such a device had very limited dynamic range in
velocity and charge acceptances. However, the excellent
mass resolution made them quite useful in studying MNT
reactions. Similar method was adopted for measurement
of MNT probability, especially at sub-barrier energies, us-
ing other recoil mass spectrometers (RMSs) [24–26]. The
Heavy Ion Reaction Analyzer (HIRA) [27], the first gener-
ation RMS at IUAC, New Delhi had also been employed
to measure few nucleon transfer probabilities in several
medium-heavy systems [28–33]. All these measurements
suffered from two major drawbacks. Firstly, while esti-
mating the transfer probability, it had been assumed that
the elastic channel and all the transfer channels had same
efficiency for transmission to the focal plane detector. Sec-
ondly, differential transfer cross sections had not been ex-
tracted from the data in most cases, as the transmission
efficiency (ǫ) of the RMS [34] had not been known. Dif-
ferential 1n- and 2n-transfer cross sections had been ex-
tracted for a limited number of reactions [21, 22, 24] with
the additional assumption that the sum of differential elas-
tic, inelastic and transfer cross sections was equal to the
differential Rutherford scattering cross section at energies
near and below the Coulomb barrier. Biswas et al. re-
cently reported a methodology [35, 36] to overcome these
assumptions and measure differential quasi-elastic scatter-
ing cross sections in an RMS.

In this Letter, we report the first direct measurement
of differential transfer cross sections using an RMS. Differ-
ential cross sections for the reactions 142Ce(

16
O,15N)

143
Pr

and 142Ce(16O,14C)144Nd have been extracted from yields
recorded in the experiment. Details of the experiment are
narrated in Section 2. We present results of the experi-

ment in Section 3. Coupled Reaction Channel (CRC) and
Time-Dependent Hartree-Fock (TDHF) calculations, are
described in Sections 4 and 5, respectively. Finally, in
Section 6, we summarize and conclude our work.

2. The experiment

The experiment has been performed in two runs with
a pulsed beam of 16O ions, having a pulse separation of
4 µs, accelerated through the 15UD Pelletron accelerator
at IUAC, New Delhi. Isotopically enriched 142Ce target
foils of thickness ∼121.7 µg/cm2, sandwiched between two
layers (∼20 µg/cm2 backing and ∼5 µg/cm2 capping) of
graphite films have been used as the target [37]. The tar-
gets also contained ∼ 8% impurity of 140Ce, which had
been verified experimentally [37]. Beam energy (Elab) has
been varied between 57 –69 MeV. Two solid state silicon
detectors (SSSD), each with a circular aperture of 1 mm
diameter, have been placed at θlab = 15◦ in the horizontal
plane at a distance of 100 mm from the target. These de-
tectors have been used as beam monitors during the exper-
iment and for normalization of cross-sections. The HIRA
has been kept at θlab = 0◦ with an opening aperture of 5
mSr, corresponding to an angular acceptance of 2.2◦. A
thin (∼ 10 µg/cm2) graphite foil has been placed 10 cm
downstream from the target to reset charge states of the re-
action products to equilibrium distribution. A Multi-Wire
Proportional Counter (MWPC) of dimensions 150 mm in
x and 50 mm in y has been placed at the focal plane of
the HIRA. Here, x − z and y − z denote the dispersive and
the non-dispersive planes of the RMS, respectively, with
z being direction of the beam. Target-like ions, originat-
ing from quasi-elastic reactions, have been detected at the
focal plane of the HIRA, spatially separated according to
their A

q
. Energy loss (∆E) information has been obtained

from the cathode of the MWPC. A Time-to-Amplitude
Converter (TAC) has been set up to measure time-of-flight
(TOF) of the ions through the HIRA, in which the anode
signal from the MWPC and the radio-frequency (0.25 MHz
RF) signal used for beam pulsing have been the start and
the stop pulses, respectively.

Fig. 1 shows the ∆E-TOF spectrum of the events
detected at the focal plane of the HIRA at Elab = 63
MeV. Target-like ions have been identified by their higher
∆E and closely-related TOF. The x -TOF spectrum at
the same Elab, gated with these events, are shown in Fig.
2(a). The most intense group with A

q
= 142

14 corresponds

to elastically / inelastically scattered 142Ce ions. Another
charge state group of target-like nuclei from the elastic /
inelastic channel(s), marked with 142

15 , can be seen in the
extreme left of the figure. It is important to note here
that we can not differentiate the inelastic channel(s) from
the elastic channel in our method of measurement. Ori-
gin of the group marked with 140

14 is ambiguous. These
ions may arise from elastic / inelastic scattering between
the projectile nuclei and nuclei of 140Ce, present as im-
purities in the target foil [37]. Probable pickup of two

2



Figure 1: Scatter plot between ∆E and TOF of the events recorded
at the focal plane of the HIRA for 16O+142Ce at Elab = 63 MeV.
The target-like ions are marked.

neutrons from 142Ce (Q+2n
0 = −0.41 MeV) may also lead

to formation of 140Ce. Target-like ions, corresponding to
probable 1n-pickup (Q+1n

0 = −3.03 MeV) channel, have
not been identified as a distinct group in the x -TOF spec-
trum. The groups marked with 143

14 and 144
14 corresponding

to 1p- (Q−1p
0 = −6.303 MeV) and 2p-stripping (Q−2p

0 =
−8.54 MeV) channels, however, can be distinctly observed.
While the recoiling target-like nuclei from 1p channel (143Pr),
have been recorded over the entire range of projectile en-
ergies, the same from 2p channel, (144Nd), have been ob-
served only at a few energies near the barrier, within the
limited duration that have been available for collecting the
data. It must be stated here that ascertaining the charge of
the transferred nucleon(s) from the spectrum (Fig. 2(a))
alone is not possible. Identification of transfer channels
have been realized with recourse toQ-value considerations.

Some residual background events, originating frommultiple-
scattering of projectile ions inside the spectrometer, can
be observed in the measured x -TOF spectrum. Further
rejection of background events can be achieved by making
use of the method of kinematic coincidence between the
recoiling target-like ions detected at the focal plane of the
RMS and the back-scattered projectile-like ions detected
by a ∆E − E telescope [31].

3. Results

The elastic/inelastic and transfer channels in the exper-
imental spectrum (Fig. 2(a)) have been identified based
on their A

q
values. To rule out any ambiguity in chan-

nel identification, the experimental spectrum has been fur-
ther compared with a simulated x -TOF spectrum, which
is shown in Fig. 2(b). The simulation has been carried out
by a semi-microscopic Monte Carlo code [35, 36]. Simu-
lated positions of the target-like ions, generated for the
system 16O+142Ce, viz. 142Ce, (elastic/inelastic) 141Ce
(1n-pickup), 140Ce (2n-pickup), 143Pr (1p-stripping) and
144Nd (2p-stripping), are marked in Fig. 2(b). In ad-
dition, simulated positions of target-like ions which may
result from collisions between 16O and 140Ce (impurity
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Figure 2: (a) Experimental and (b) simulated x -TOF spectra of
target-like ions for the system 16O+142Ce at Elab = 63 MeV. The
identified channels are marked in panel (a). In panel (b), position
of events from the elastic, 1n and 2n pick-up and 1p and 2p strip-
ping channels for the system 16O+142Ce are marked within boxes
with solid (red) lines. Position of events from the elastic, 1p and 2p
stripping channels for the system 16O+140Ce are also shown in panel
(b) and marked within boxes with dashed (blue) lines. See text for
details.

in the target foil), viz. 140Ce (elastic/inelastic), 141Pr
(1p-stripping) and 142Nd (2p-stripping), are also marked
in the figure. Comparing the two panels of Fig. 2, we
may conclude that (i) the target-like ions resulting from
1n-pickup in the system 16O+142Ce (marked 141

14 in the
top half of panel (b)) can be distinguished from the elas-
tic/inelastic products, if produced in the experiment, (ii)
the two probable source of the group with A

q
= 140

14 can

not be resolved in TOF, (iii) the identification of 1p- and
2p-stripping channels for the system 16O+142Ce is unam-
biguous and (iv) the target-like ions resulting from 1p- and
2p-stripping in the system 16O+140Ce (marked 141

14 and 142
14

in the bottom half of panel (b)) should be identifiable, if
produced in the experiment. This comparison underlines
the need for highly-enriched isotopic target foils for such
studies with RMS.

The absolute differential cross-sections for 1p and 2p-
stripping at centre of mass (c.m.) angle, θc.m. = 180◦ have
been calculated using the relation [36]:

(

dσ

dΩ

)1p(2p)

180◦
=
Y143(144)

Y Ruth
norm

Ωnorm

Ωeff
HIRA

1

ǫHIRA

(

dσ

dΩ

)Ruth

θnorm

(1)
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where Y143(144) is the yield of the 143
q

(

144
q

)

group(s) in the

x -TOF spectrum (Fig. 2) corresponding to 1p-stripping
(2p-stripping). Y Ruth

norm is the geometric mean of the counts
recorded in the two normalization detectors. Ωnorm and
(

dσ
dΩ

)Ruth

θnorm
are the solid angle subtended by each of the nor-

malization detectors and the differential Rutherford scat-
tering cross section in the c.m. frame of reference at
θnorm = 16.32◦ (corresponding to θlab = 15◦), respectively.
The transmission efficiency ǫHIRA for the target-like ions
have been calculated [35] by taking the ratio of the counts
of ions reaching the focal plane to the number of ions en-
tering the entrance aperture of the HIRA. The effective
solid angle, Ωeff

HIRA, has been determined experimentally
by recording the target-like ions at Elab = 48 MeV using
the relation [36]:

Ωeff
HIRA =

Y Ruth
142

Y Ruth
norm

Ωnorm
1

ǫHIRA

(

dσ

dΩ

)Ruth

θnorm

/

(

dσ

dΩ

)Ruth

180◦
.

(2)
At this energy (≃ 25% below the Coulomb barrier),

all scattering events obey Rutherford scattering and the
transfer channels are closed. The absolute differential cross
sections for 1p and 2p stripping channels, as a function of
the energy available in the c.m. frame of reference, Ec.m.

are, respectively, shown in Fig. 3 and Fig. 4.
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Figure 3: Absolute differential cross sections for the reaction
142Ce(16O,15N)143Pr at θc.m. = 180◦ as a function of Ec.m.. The
full CRC calculation is shown by the solid (red) line. Contributions
of different exit channels to the transfer cross sections are also shown.
The arrow denotes location of the Coulomb barrier.

Error bars in Fig. 3 and Fig. 4 include statistical as
well as systematic uncertainties, the latter of which are
listed in Table 1. The error in Ωeff

HIRA contains statistical
uncertainties in the measured yields (Y Ruth

142 and Y Ruth
norm ) at

Elab = 48 MeV and similar systematic uncertainties.

4. Coupled Reaction Channel calculations

Measured differential cross sections have been com-
pared with finite-range CRC model calculations performed
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Cluster (r0 = 1.2 fm)

Seq. + Sim.

Figure 4: Absolute differential cross sections for the reaction
142Ce(16O,14C)144Nd at θc.m. = 180◦ as a function of Ec.m.. Re-
sults of the combined sequential and microscopic simultaneous CRC
calculations are shown by the dot-dashed (blue) line. Results of the
extreme cluster model CRC calculations are shown by solid (red) line
(r0 = 1.3 fm) and dashed (green) lines (r0 = 1.2 fm). The arrow
denotes location of the Coulomb barrier.

Table 1: Systematic errors considered while
extracting the experimental differential 1p
and 2p-stripping cross-sections.

Quantity Uncertainty % effect
θnorm 0.5◦ 12.8 a

Ωnorm
2.0 mm b

4.0
0.01 mm c

ǫHIRA 10.0 % 10.0
Ωeff

HIRA 17.1 % 17.1

a Error in calculated
(

dσ
dΩ

)Ruth

θnorm
b Uncertainty in distance between target

and detector
c Uncertainty in aperture diameter

using the code fresco [38, 39]. The coupling scheme is
shown in Fig. 5. Reduced transition probability (B(E2))
for transition to the 2+ state of 142Ce has been taken
to be 4572 e2fm4 [40]. Entrance channel, exit channel
and core-core (15N+142Ce) interactions for 1p-stripping
channel have been defined by optical potential containing
real and imaginary parts, taken in Woods-Saxon shape
where the parameters have been determined using Akyüz-
Winther formalism [41]. The parameters of the optical
potential, used in the calculations, are listed in Table 2.
The real parameters have been determined at Elab = 63
MeV. Parameters of the imaginary part of the entrance
channel optical potential have been determined by repro-
ducing the elastic/inelastic scattering excitation function.
The Woods-Saxon parameters for the proton bound-state
potential in 16O have been taken from Ref. [42]. Global
parameters [43] have been used to define the proton bound-
state potential in 143Pr. Depth of the real part of bound-
state potentials has been varied to reproduce the binding
energy of the proton to the core. Spectroscopic factors for
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the 1p 1

2

ground state (g.s.) and 1p 3

2

third excited state of
15N have been taken to be 1.275 and 2.047, respectively
[42]. Spectroscopic factors for the overlaps between states
in the target-like nuclei have been taken to be 1.0. The
calculations have been performed in prior representation
including full complex remnant terms.

Results of CRC calculations agree very well with the
experimental cross sections for 1p stripping, as shown in
Fig. 3. The major contribution to the cross-sections is by
the proton transfer to the 2d 5

2

state of 143Pr and g.s. to

g.s. transfer between 16O and 15N. The hole state 1p 3

2

in
15N, which is at much higher excitation energy than the
target-like nuclei, contribute to the cross sections at higher
projectile energies.

To understand the mechanism for 2p transfer in the re-
action 142Ce(16O,14C)144Nd, CRC calculations have been
performed considering (a) combination of sequential (two-
step) and microscopic simultaneous (one-step) processes
and (b) extreme cluster model. Couplings considered in
the sequential and microscopic simultaneous processes are
shown in Fig. 5. The excited states in the intermediate nu-
clei have been taken to be the same as that for 1p transfer.
Global optical model parameters for the 14C+144Nd exit
channel and 14C+143Pr core-core interaction are given in
Table 2. The one-proton binding potential has been deter-
mined using the global optical model potential [43] where
the depth of the real part has been adjusted to reproduce
the one-proton binding energies to the 14C and 143Pr cores.
Spectroscopic amplitudes of 0.9141 and 0.2867, respec-

tively, have been used for the overlaps
〈

15N(12
−

)
∣

∣

∣

14C(0+)
〉

Figure 5: Coupling scheme adopted for CRC calculations of 1p (solid
arrows) and 2p (dash-dotted arrows for g.s. of entrance channel and
dashed arrows for excited state of entrance channel) transfer.

and
〈

15N(32
−

)
∣

∣

∣

14C(0+)
〉

[44]. Spectroscopic amplitudes

for overlaps between 143Pr and 144Nd have been consid-
ered to be 1. The calculations have been done in prior-
post combination to avoid the non-orthogonality terms.
The same interaction potentials have been used in the mi-
croscopic simultaneous transfer process. The ground state
(ψg.s) of

16O has been taken as [44]:

ψg.s. = 0.914
(

1p 1

2

)2

+ 0.405
(

1p 3

2

)2

In this case, depth of the binding potential has been
adjusted to reproduce half the 2p separation energies. The
calculations have been performed in prior form. In both
the above methods, full complex remnant terms have been
included in the calculations. The combined calculation un-
derpredicts the experimental data by three orders of mag-
nitude, as shown in Fig. 4. There is a minor increase in the
cross sections (not shown in the figure) when the radius of
binding potential well is changed to 1.3 fm. However, the
increase remains insignificant with respect to the data.

In the extreme cluster model [46] analysis, the 2p pair
is considered to be anti-symmetric to each other with S =
0 and T = 0. In the harmonic oscillator potential, the
principle quantum number and orbital angular momentum
parameters corresponding to individual protons (ni, ℓi; i =
1, 2) are transformed into (n, ℓ) and (N , L), corresponding
to parameters relative to each other and to the c.m. of the
core-cluster system, respectively. They are related through
energy conservation by [47]:

∑

i=1,2

2ni + ℓi = 2N + L+ 2n+ ℓ . (3)

Assuming the proton pair to be in 1s state (n = 1,
ℓ = 0) relative to each other, we can find the combination
of (N ,L) using Eq. (3) to define the transfer of angu-
lar momentum according to the overlaps taken in Fig. 5.
The CRC calculations have been performed by assigning
(N = 2, L = 0) for 〈0+|0+〉 transfer between 16O and
14C. For transfer between 142Ce and 144Nd, CRC calcula-
tions have been carried out for (N = 5, L = 0) for 〈0+|0+〉,
〈2+|2+〉 transfers and (N = 4, L = 2) for 〈0+|2+〉, 〈2+|0+〉
transfers. The two-proton Woods-Saxon binding potential
well has been defined by radius r0 = 1.2 fm and diffuse-
ness parameter a = 0.6 fm [45], while depth of the po-
tential has been adjusted to reproduce the 2p separation
energies. Spectroscopic amplitudes have been taken to be
1. The calculations have been performed in prior-form in
which full complex remnant terms have been included. As
observed in Fig. 4, the shape of the excitation function
is the same as that for the sequential plus microscopic si-
multaneous calculations but the magnitude is larger by
two orders. Yet, the calculations underpredict the data
by an order. As the magnitude depends on the shape of
the binding potential well [45], increasing the radius pa-
rameter to r0 = 1.3 fm has resulted in enhancement of the
theoretical cross-sections by an order thus reproducing the
experimental excitation function.
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Table 2: Optical potential parameters used to define interaction between different channels. Depth (V0) of the real part of the potential is
taken at Elab = 63 MeV.

System V0 (MeV) r0 (fm) a0 (fm) W0 (MeV) rw (fm) aw (fm)
16O+142Ce 61.859 1.2 0.651 50.0 1.0 0.4
15N+143Pr 59.571 1.2 0.647 14.893 1.0 0.4
15N+142Ce 59.387 1.2 0.649 14.847 1.2 0.649
14C+144Nd 57.070 1.2 0.647 14.267 1.2 0.647
14C+143Pr 56.893 1.2 0.647 14.223 1.2 0.647
14C+142Ce 56.714 1.2 0.647 14.178 1.2 0.647

No arbitrary normalization has been included in any of
the calculated excitation functions.

5. Time-Dependent Hartree-Fock calculations

We have also analyzed the 16O+142Ce reaction based
on the microscopic framework of the Time-Dependent Hartree-
Fock (TDHF) theory. A three-dimensional (3D) parallel
TDHF code has been used, which has been continuously
developed and applied for a variety of systems (see Ref.
[48] and references therein), including various extensions
going beyond the standard TDHF approach [49–52]. Here
we provide information relevant to the present analysis.
(For details of the theoretical framework and various ap-
plications, see, e.g., recent reviews [48, 53, 54].)

For the energy density functional (EDF), Skyrme SLy4d
parameter set [55] has been used, which does not involve
the c.m. correction in its fitting protocol [56]. Single-
particle wave functions are represented by discretizing 3D
Cartesian coordinates into a uniform grid with 0.8 fm grid
spacing. For static Hartree-Fock calculations, a box of
243 fm3 has been used, while a box of 64× 32× 24 fm3 has
been used for time-dependent simulations. The ground
states of doubly-magic 16O is of spherical shape. Since the
number of neutrons in 142

58 Ce84 is close to the N = 82 magic
number, we have found that it is nearly of spherical shape
in its Hartree-Fock ground state (with a tiny octupole de-
formation). We set the incident direction and the impact
parameter (b) vector parallel to the −x and +y directions,
respectively, assigning x − y plane as the reaction plane.
Since the deformation of the target nucleus (β2 = 0.1259)
is small, we consider a single initial orientation of 142Ce,
where a non-axial quadrupole moment, Q22 ∝

〈

x2 − y2
〉

,
takes the smallest value in the reaction plane.

Once the EDF is fixed, the TDHF approach does not
have adjustable parameters on reaction dynamics. In this
sense, TDHF provides a non-empirical description of low-
energy heavy-ion reactions. However, it is of course not a
perfect framework since, e.g., it misses pairing correlations
and mean-field fluctuations. Apart from the uncertainty
inherent in the choice of an EDF, disagreements between
TDHF and measurements could indicate importance of the
physics beyond the TDHF approach. Keeping these points
in mind, we compare the TDHF results with the experi-
mental data for the 16O+142Ce reaction.

Since the measurement has been carried out at θc.m.=180◦,
TDHF calculations have been performed for head-on col-
lisions (i.e., b=0) between 16O and 142Ce, with changing
collision energies. One should note that the relative mo-
tion of colliding nuclei (mean fields) is classical in TDHF.
Hence, one can observe either fusion or non-fusion (not
a superposition of them) depending on the initial condi-
tions. For the present reaction at b = 0, we have found
that Ec.m. ≤ 56.6 MeV results in binary reactions, whereas
fusion takes place for Ec.m. ≥ 56.7 MeV.

For the binary reactions, we find that transfer of pro-
tons is more favorable than that of neutrons, although
the absolute values are small. For instance, the average
number of transferred protons reaches about 0.86 at the
maximum for Ec.m. = 56.6 MeV, while that of neutrons
is rather small, less than 0.06 at the maximum. From a
TDHF wave function after collision, one can extract trans-
fer probabilities using the particle-number projection tech-
nique [57]. The extracted probabilities for quasi-elastic
[(0p, 0n), without nucleon transfer], one-proton stripping
(−1p) and two-proton stripping (−2p) reactions are shown
in Fig. 6 as a function of the distance of the closest ap-
proach. The same is defined as

D =
ZpZte

2

2Ec.m.

(

1 + cosec
θc.m.

2

)

, (4)

where Zp and Zt are the atomic number of the projec-
tile and the target, respectively, θc.m. is the angle of the
projectile-like ions in the c.m. frame of reference and
e2 = 1.44 MeV fm. We note that one can obtain D from
TDHF time evolution, which gives smaller values espe-
cially close to the fusion threshold. However, here we use
Eq.4 for comparison with the experimental data.

As is apparent from Fig. 6, processes are dominated
by the quasi-elastic scattering without nucleon transfer i.e.
(0p, 0n) in the sub-barrier regime. Because of quantum
tunneling of single-particle wave functions, there are small,
yet finite probabilities for 1p and 2p stripping processes.
The transfer probabilities increase with increasing Ec.m.,
since it in turn decreases D. At energy close to the fu-
sion threshold, probabilities of multi-nucleon transfer in-
crease in TDHF as the system develop neck structure, al-
though such behavior is not seen in the experimental data
at Ec.m.≃ 56.7MeV (D ≃ 11.8 fm). From the figure, we
find that TDHF systematically overestimates the transfer
probability for 1p stripping (about three times larger) as
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compared to the measurements. The experimental data
indicates that channels accompanying transfers of more
than one proton are more probable than the TDHF predic-
tion. However, experimental data for multi-proton trans-
fer are not available in the sub-barrier regime. It is worth
mentioning here that total kinetic energy loss (TKEL) is
found to be at most 7 MeV for Ec.m.=56.6 MeV within
the TDHF approach. Thus, particle evaporation effects
are expected to be negligible in the sub-barrier region. It
would be interesting to re-examine this reaction employing
extended approaches that treat explicitly pairing correla-
tions [58–63]. We note that the above-mentioned obser-
vation is consistent with the CRC analysis, i.e., there is a
substantial contribution from simultaneous transfer of two
protons in the 16O+142Ce reaction.

10.5 11.0 11.5 12.0 12.5 13.0 13.5
D (fm)
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16
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Figure 6: Transfer probabilities in the 16O+142Ce reaction as a
function of D. Experimental data for 1p and 2p stripping chan-
nels are shown by solid symbols. Results of TDHF calculations for
quasielastic (0p, 0n), (−1p), and (−2p) channels are shown by open
symbols, connected with dotted lines.

6. Conclusions

We demonstrate a novel method to measure multi-
nucleon differential transfer cross sections directly, using
an RMS, for the first time. Excitation functions for the
reactions 142Ce(16O,15N)143Pr and 142Ce(16O, 14C)144Nd
have been measured around the Coulomb barrier. The
heavier target-like ions have been detected at the focal
plane of the HIRA, where ions from different exit channels
are dispersed according to their A

q
values. Information

of ∆E and TOF has further helped to reduce the back-
ground caused by randomly-scattered projectile-like ions.
Ion trajectories inside the RMS have been simulated by a
Monte-Carlo code to calculate the transmission efficiency
of the target-like ions. The channels have been unambigu-
ously identified with the aid of a comparison between the
measured and simulated x -TOF spectra. This methodol-
ogy can be adopted for measuring differential quasi-elastic
cross sections in other similar recoil separators. CRC cal-

culations have been performed to understand the mecha-
nism of 1p and 2p stripping. Transfer of a proton from
16O to the 2d 5

2

excited state of 143Pr, while 15N is left
in the g.s., largely contributes to 1p-stripping cross sec-
tions. At higher excitation energies, contribution from the
1p 3

2

hole state of 15N is found to be significant. Trans-

fer of a cluster of two protons from the g.s. of 16O to
the 2+ excited state of 144Nd, with 14C remaining in the
0+ g.s., best reproduces the 2p-stripping cross sections.
This observation is similar to other studies involving two-
nucleon transfer [45, 64]. TDHF calculations indicate that
proton(s) transfer is favoured compared to transfer of neu-
tron(s) in the present reaction. We have found that TDHF
calculations overpredict measured transfer probabilities,
indicating that simultaneous transfer of two protons has
a significant contribution. For better understanding, it
is necessary to use extended approaches in which pairing
correlations are explicitly taken into account.
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