1% £

Jyvaskylan yliopiston julkaisuarkisto I
Jywiskyld University Digital Archive UNIVERSITY OF JYVASKYLA

This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Author(s): Trzcinska, A.; Piasecki, E.; Amar, A.; Czarnacki, W.; Keeley, N.; Kisielinski, M.;
Kliczewski, S.; Kowalczyk, M.; Lommel, B.; Mutterer, M.; Siudak, R.; Stolarz, A.; Strojek,
I.; Tyurin, Grigory; Trzaska, Wladyslaw

Title: Examination of the influence of transfer channels on the barrier height distribution:
Scattering of 20Ne on 58Ni, 60Ni, and 61Ni at near-barrier energies

Year: 2016

Version:

Please cite the original version:
Trzcinska, A., Piasecki, E., Amar, A., Czarnacki, W., Keeley, N., Kisielinski, M.,
Kliczewski, S., Kowalczyk, M., Lommel, B., Mutterer, M., Siudak, R., Stolarz, A.,
Strojek, I., Tyurin, G., & Trzaska, W. (2016). Examination of the influence of transfer
channels on the barrier height distribution: Scattering of 20Ne on 58Ni, 60Ni, and
61Ni at near-barrier energies. Physical Review C, 93(5), Article 054604.
https://doi.org/10.1103/PhysRevC.93.054604

All material supplied via JYX is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that
material may be duplicated by you for your research use or educational purposes in electronic or
print form. You must obtain permission for any other use. Electronic or print copies may not be
offered, whether for sale or otherwise to anyone who is not an authorised user.



PHYSICAL REVIEW C 93, 054604 (2016)

Examination of the influence of transfer channels on the barrier height distribution: Scattering of

i i i - i i
20Ne on >®Ni, °*Ni, and ®'Ni at near-barrier energies

A. Trzcinska,"»" E. Piasecki,"> A. Amar,> W. Czarnacki,> N. Keeley,> M. Kisielifiski,"? S. Kliczewski,*’ M. Kowalczyk,'

B. Lommel,® M. Mutterer,” R. Siudak,* A. Stolarz,' I. Strojek,”> G. Tiourin,® and W. H. Trzaska®
YHeavy Ion Laboratory, University of Warsaw, Warsaw, Poland
2National Centre for Nuclear Research, Otwock, Poland
3Physics Department, Faculty of Science, Tanta University, Tanta, Egypt
4The Henryk Niewodniczariski Institute of Nuclear Physics Polish Academy of Sciences, Krakéw, Poland
SInstitute of Experimental Physics, University of Warsaw, Warsaw, Poland
$GSI Helmholtzzentrum fur Schwerionenforschung GmbH, Darmstadt, Germany
"Darmstad University of Technology, Darmstad, Germany
8Department of Physics, University of Jyviiskyld, Jyvéiskyld, Finland
(Received 11 March 2016; published 5 May 2016)

Background: It was suggested that the shape of the barrier height distribution can be determined not only by
strong reaction channels (collective excitations) but also by weak channels such as transfers and/or noncollective
excitations.

Purpose: The study of the barrier height distributions for the 2Ne + *#6INj systems requires information on
transfer cross sections at near-barrier energies.

Methods: A measurement of the cross sections for various transfer channels at a backward angle (142 degrees), at
a near-barrier energy was performed. Identification of products was based on time-of-flight and A E-E methods.
A measurement of the angular distribution of « stripping in the *’Ne + ®'Ni system was performed using a gas
AE-E telescope.

Results: For all three systems studied: 2’Ne + > Ni, %°Ni, and 5'Ni total (sum of all transfer channels) cross
sections are similar and dominated by « stripping.

Conclusions: The results, as well as coupled reaction channel calculations, suggest that transfer is not responsible
for smoothing the barrier height distribution in *’Ne 4 %'Ni, supporting the hypothesis that barrier distribution

shapes are influenced by noncollective excitations.

DOI: 10.1103/PhysRevC.93.054604

I. INTRODUCTION

It is well known that coupling of the relative motion
of reaction participants to their collective excitations is an
important factor in the dynamics of heavy-ion fusion at
near-barrier energies [1-3]. However, weak but numerous
noncollective channels may also influence the reaction.

By “weak” channels we mean transfers and noncollective
excitations giving rise to dissipation of projectile kinetic
energy. Presently, the only feasible approach for the treating the
latter phenomenon is including statistical methods of quantum
mechanics applying random matrix theory. The first success
in using this model to describe the barrier height distribution
was obtained in Ref. [4].

The influence of transfer channels (mainly neutrons) on
fusion has been studied in many works, e.g., Refs. [1,5-41].
There are a few competing models of the influence of transfer
on fusion. Most of them concern only one or two neutron
transfers and do not treat the transfer of heavier particles
(e.g., @) or more nucleons, whereas heavier particle transfers
are much stronger in many cases, e.g., Refs. [42-44]. In
Refs. [24,27] the role of transfer channels in the barrier
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distribution (BD) is discussed and it was shown that they can
influence its shape. However, only heavy systems with large
transfer cross sections were analyzed.

Rachkov et al. [33] describe enhancement of the fusion
cross section due to neutron transfer but they do not discuss
the barrier height distribution. Moreover, their model is only
valid for positive Q,, values. In the cases studied by us
(®Ni +2%927r and 2°Ni 4+°%%0-INj), the neutron transfer Qg
values are negative.

In the model of Sargsyan et al. [32,38] the change in nuclear
deformation due to transfer is taken into account. This effect
can change the barrier height and cause fusion enhancement
or hindrance. However, as discussed below, these effects are
not important for the systems studied in this work.

II. MOTIVATION OF THE MEASUREMENT

In our previous work [42,43,45-49], barrier distributions
for 2°Ne + MNj, 90927y, 112116118, 45d 208ph were studied
and a discrepancy between standard coupled channel (CC)
calculation predictions and the experimental results was
observed for **Zr, 112’”6'”8$n, and 2Pb. The influence of
weakly coupled channels on the barrier distribution shape for
the above systems has already been discussed [42,44]. In the
208ph case it was suggested that the transfer channels with
relatively large cross sections (nearly 30 mb/sr at backward

©2016 American Physical Society
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angles) are good candidates for the BD smoothing. However,
in the *’Ne +°2Zr system, transfer channels are much weaker
(~4 mb/sr) than in 2°Ne + 2%*Pb. This is why in the 27r case
the noncollective excitations rather than transfers are probably
responsible for the lack of structure in the BD. This hypothesis
seems to be supported by the fact that, for 2’Ne +°Zr, the
barrier distribution has clearly visible structure, while the total
transfer cross section is nearly the same as in the *°Ne 4 **Zr
case [42].

Continuing these studies we performed an experiment in
which BDs were determined for 2°Ne nuclei interacting with
three Ni isotopes: 3®06INj [50]. Because these isotopes
differ in their single-particle-level densities, we expected
that, similar to the **Zr case, the noncollective excitations
could change the predicted “structured” shape of the barrier
distribution for the isotope with high level density. To check
whether transfer channels in these systems can also influence
barrier height distributions, we performed the experiment
reported in the present work: a comparison of differential
transfer cross sections for 2°Ne + %06 Ni backscattering at a
near-barrier energy.

III. EXPERIMENTAL SETUP

The *°Ne beam of 51 MeV energy (corresponding to
the minimum in the BD expected according to CC calcula-
tions [50]) with a resolution of 0.9 MeV (full width at half
maximum, or FWHM) and ~60 enA intensity was delivered
by the Warsaw U200-P Cyclotron. Isotopically enriched self-
supporting targets of 33%6INi (enrichment: 99.92%, 99.79%,
and 92.92%, respectively) of ~100 pg/cm? thickness were
prepared at the Target Laboratories at GSI [51] and the
University of Jyvaskyla [52].

A schematic of the experimental setup is presented in Fig. 1.
The time-of-flight (TOF) technique was applied to identify
the mass of detected ions. The flight base was 760 mm. The
“start” signal was given by a fast microchannel-plate (MCP)
detector. The “stop” signal was generated by an array of four Si
detectors (PIN diode type) of 20 mm x 20 mm placed at 142°
(which corresponds to 154° in the center-of-mass system). At
energies just below the mean barrier height corresponding

SIE T MCP Si
~ - |
~ (start) "Rutherford"
= -1
20Nje - beam
- target

//\\ DE
E

FIG. 1. Schematic view of experimental setup (a detailed descrip-
tion is given in the text).
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FIG. 2. Theoretical predictions of angular distribution of one-
and two-neutron pickup for the ’Ne +°'Ni reaction at an energy of
51 MeV. For 1n pickup calculations were performed with the code
FRESCO [53] (results in mb/sr), for 2n pick-up with DWUCKS using
the NRV system [54] (only pickup to the ground state was taken into
account; the results are in arbitrary units because the spectroscopic
factors are not known).

to the minimum seen in the BD for the ®Ni target (see
Fig. 4 in Ref. [50]), the transfer angular distribution has a flat
maximum at backward angles, thus a measurement performed
at 142° should give good information about the contributions of
the different transfer channels. This expectation is confirmed
by calculations of the neutron pickup (see Fig. 2) and the
experimental results for the « stripping angular distribution
(see Fig. 3).

For charge identification of scattered ions a A E- E telescope
was employed. It was mounted on a movable arm of the
ICARE detector system, which allowed the measurement of
the angular distribution of the reaction products. The AE
detector was a gas-filled-type (isobutane) detector with a
thin (2.5 um) mylar window, which ensured a low energy
threshold. The residual energy was measured by a 300 um
Si E detector. Three Si detectors placed at 25° registered
Rutherford-scattered ions and were used to check the beam
energy.
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FIG. 3. Angular distribution of '°Q resulting from *’Ne interact-
ing with *'Ni target at an energy Ej,, = 51 MeV (experimental data).
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FIG. 4. The raw AE-E spectrum for *°Ne + ®!Ni registered at
142° (in the laboratory system).

IV. DATA ANALYSIS AND RESULTS

The raw two-dimensional A E-E spectrum from a telescope
placed at 142° for 2°Ne 4 ®'Ni is shown in Fig. 4. Only two
groups of particles are seen: with atomic number Z = 10 and
Z = 8. For other Ni targets the results look similar. In Fig. 3
the angular distribution of the Z = 8 ions, for °Ne + ¢!Ni,
corresponding to « transfer, is presented.

The raw two-dimensional spectra (time of flight vs energy)
of backscattered ions for the 2’Ne 4 33! Ni systems are shown
in Fig. 5 (in the ®*Ni case the spectrum looks like that for the
BNi target). In the interaction of 20Ne with ®Ni and Ni,
besides inelastic scattering, one observes only one transfer
channel: that corresponding to A = 16 ions. For ?°Ne + °'Ni
other transfer channels are also present; namely, stripping of
three nucleons (mass A = 17) as well as one- and two-nucleon
pickup: ions with mass A = 21 and A = 22 [Fig. 5(b)].

Full product identification, i.e., mass and charge assign-
ment, was made by combining the data from the two detectors
described above and information on Q values. According to the
Rehm systematics [55] there is a positive correlation between
transfer probability and the effective Q value, Q¢ [56]. In
Fig. 6 the Q4 and Q. values are shown for the considered
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transfer channels (i.e., resulting in A =22,21,17,16 and
Z =10,8). It is seen that, e.g., 1n and 2n pickup are much
more probable than 1p and 2p pickup, respectively, while for
stripping reactions the situation is the reverse. Products with
mass A = 16 are '°0 nuclei resulting from « stripping (high
positive value of Q. ~ 6 MeV). lons with mass A = 21 and
A =22 observed for $!Ni are Ne isotopes produced in 1n
and 2n pickup, respectively. We do not observe >'Ne and
22Ne in the interaction of *°Ne with ¥Ni and ®*Ni because
the Q. values for these cases are clearly more negative than
for 2°Ne 4+-%!Ni. Nuclei with A = 17 are most probably 70
(produced with a positive value of Q. for 2°Ne +°!'Ni).

Because the efficiency of the MCP detectors depends on
several factors; namely, applied voltage and the charge (Z)
and energy of the registered ions [57], in the analysis of
spectra from the TOF system we also used information from
the gas telescope which registered all particles with the same
efficiency. We assumed that the efficiency of the MCP for
20Ne, 2'Ne, and #*Ne is the same, because these particles
have the same charge and similar energies. For the oxygen
ions the correction for MCP efficiency was determined by a
comparison of the ratios of oxygen ion counts [N(Z = 8)] to
neon ones [N(Z = 10)] registered by the TOF system and the
gas-telescope:

o NZ =8 [ NZ=38"
T N(Z = 10)TF [ N(Z = 10)el”

Based on the product identification described above, the
contributions of one- and two-neutron pickup as well as o
and 2p + 1n stripping to all registered backscattering events,
0 /0gE, were determined. Obviously, transfer contributions
thus obtained are insensitive to uncertainties concerning the
target thickness, beam intensity, and detection solid angles.
The results are presented in Fig. 7(a).

The transfer cross sections o;, were calculated by using the
formula

Ot OQE

ey

O = ORuth

OQE ORuth
where orum 1S the calculated Rutherford cross section, the
ratios o g /orun Were determined experimentally and for the
beam energy of 51 MeV were equal to 0.71, 0.67, and 0.65 for
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FIG. 5. The raw E-TOF results for (a) 2°Ne + *®Ni and (b) *’Ne + ®'Ni backscattered ions were registered at 142° (in the laboratory system).
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FIG. 6. (a) Q,, and (b) Q. values for possible transfer channels in the 20Ne 478:6061Nj systems leading to products with masses observed

in the experiment.

38N, ONi, and ¢'Ni targets, respectively (see Ref. [50]). The
ratios oy, /o were obtained as described above.

The resulting transfer-product cross sections are given in
Table I and presented in Fig. 7(b).

The total (summed over all transfer channels) differential
transfer cross sections obtained are similar for all three
systems. Moreover, they are about three times smaller than
the total transfer cross section for the *°Ne +°Zr system,
for which the QE barrier height distribution has a clearly
visible structure (two maxima) [42]. These results support
the hypothesis that transfer channels are not responsible for
smoothing out the shape of the BD in the %! Ni case.

V. DISCUSSION

The influence of transfer channels on the fusion cross
section and particularly on the barrier height distribution is not
well known. In Ref. [32] neutron-pair transfer in the sub-barrier
capture process is analyzed. Since after the transfer the mass
number and the deformation parameters of the interacting
nuclei and, correspondingly, the height of the Coulomb barrier
change, one might expect an enhancement or suppression

7 .
product mass (a)
6t 16 — |

5, 4
32
o
Lu4,22 |
g
L 3} ]
L
)
2, 4
1, 4
0

58Ni 60Ni 61 Ni 902r

of the fusion cross section. In our case this effect is rather
irrelevant, because the Ni and Zr nuclei are not deformed and
the BD shapes according to the CC calculations are determined
mainly by the *°Ne deformation. Moreover, after possible
(although rare) 2n pickup, the *’Ni nucleus is also strongly
deformed and, according to the CC calculations, structure
should be visible in the BD [47,48].

The influence of transfer channels on barrier height distri-
bution was analyzed in Refs. [24,27], but only heavy systems
with high transfer cross sections were studied in these papers.
In the cases studied by us, the neutron transfers account for
only a small part of the scattering events (less then 1% in
the 'Ni and **%?Zr cases; see Figs. 7 and 4 of Ref. [42]).
The most probable (but also rare) are alpha transfers: a few
percent with a very small cross section: 0.8 mb/sr, 3.0 mb/sr,
2.1 mb/sr for Ni, *°Zr, and **Zr, respectively. Since for the
20Ne + 07 system the BD is structured, the results for Ni
(with clearly lower transfer cross section) rather exclude the
transfer channels as the reason for the smoothing of the barrier
height distribution observed in 20Ne 4-°'Ni [50].

Detailed theoretical checking of this conclusion is not
possible at present. Accurate modeling of the effect of transfers

product mass (b)
35t 16 C—

22 MY

Transfer do/Q [mb/sr]

58Ni 60Ni 61Ni QOZr

FIG. 7. (a) Contributions of different transfer channels to the quasi-elastic scattering at 142° in the laboratory system and (b) the
corresponding differential cross sections for 2°Ne + 3%%5INi, Data for **Ne 4+ *°Zr at E.,s ~ 51 MeV [42] are also shown.
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TABLE 1. Transfer cross sections in the °Ne + “Ni systems at
©® = 142° for the near-barrier energy 51 MeV.

Transfer product cross sections [mb/sr]

Target A=16 A=17 A=21 A=22
BNi 0.88 £0.01 <0.01 <0.04 <0.03
ONi 0.85+0.01 <0.06 <0.09 <0.03
OINi 0.76 £0.08 0.08+£0.02 0.30+£0.04 0.05£0.01

of more than one nucleon, in particular «-particle transfers,
is hampered by the lack of reliable absolute spectroscopic
amplitudes for these processes.

However, in our case the situation is particular: as we
mentioned before, for the 73%Nj targets the BD structure is
observed, while for ®' Ni the structure it is smoothed out [50],
whereas the «-particle-transfer cross sections for all three
targets are almost the same (Fig. 7). This strongly suggests that
the smoothing is not caused by « transfer. Moreover, as one can
see from the figure, the main difference between the transfers
for these three targets consists in the 1n pickup observed in
the case of the °'Ni target. Is this transfer responsible for
smoothing? This possibility could be checked by calculations.

A series of coupled reaction channel (CRC) calculations
was carried out with the code FRESCO [53] to investigate the
influence of coupling of the single-neutron pickup reaction
to backscattering. Inelastic excitation of the Ne 2, and 4/
states, assumed to be members of a rotational band built on the
0" ground state, was also included in the calculations since
these couplings are mainly responsible for the split in the
calculated barrier distribution. The entrance channel optical
potential was of Woods—Saxon form, with parameters V =
57.23 MeV, Ry = 1.15(A,'? + A/'/?) fm, ap = 0.642 fm,
W =20 MeV, Ry = 1.OA,'"* + A/'/?) fm, and ay = 0.4
fm (where A, and A, are projectile and target mass numbers,
respectively). The parameter values for the real part of the
potential were taken from Akyiz and Winther [58] with
Ry sightly adjusted in order to reproduce the mean barrier
height [50]. An “interior” imaginary potential (also used
in our previous work) simulates the ingoing-wave boundary
condition.

The *°Ne B(E2) and B(E4) values were 135.6 €2 fm*
and 5265 ¢%fm®, respectively, taken from Ref. [59]. The
corresponding nuclear deformation lengths were §, = 1.436
fm and 84 = 0.843 fm.

To simplify the calculations, the ' Ni nucleus was assumed
inert. This is justified by the fact that collective excitation

TABLEII. States in ®*Ni coupled to in the CRC calculations.

E. (MeV) & s
0.00 0+ 0.32
1.33 2+ 0.43
2.51 4+ 0.39
2.63 3+ 0.60

PHYSICAL REVIEW C 93, 054604 (2016)
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FIG. 8. The Q spectrum calculated for 51 MeV **Ne on *'Ni. See
details in the text.

effects are dominated by 2°Ne due to the strong projectile
deformation.

Spectroscopic factors for the 2’Ne — *!Ne transitions were
taken from Fortier er al. [60]. Pickup to the 0.35 MeV 5/2%
and 2.80 MeV 1/27 states of 2INe was included, because these
are the strongest individual single-neutron states. Transitions
to the states in °Ni listed in Table II were included, with
spectroscopic factors taken from Table IV of Ref. [61].

The n + *°Ne and n + ®Ni binding potentials were both
of Woods—Saxon form with parameters Ry = 1.25A.!/3 fm,
ap = 0.65 fm, where A. denotes the mass number of the
corresponding “core” nucleus, the depths being adjusted to
give the correct binding energies. The exit channel 2! Ne +%Ni
optical potential used the same parameters as the entrance
channel potential. The full complex remnant term and
nonorthogonality correction were included.

In Fig. 8 the Q spectrum obtained in the calculations is
presented: the differential cross section at 6y, = 142 degrees
plotted as a function of Q = Qg — E,, for 51 MeV 20Ne on
INi. It shows the population of pairs of states in >'Ne and
ONi by the *'Ni(*’Ne, >'Ne)®Ni one-neutron pickup.

The calculated barrier distributions are shown in Fig. 9. It is
seen that the influence of 1n pickup is negligible. In particular it
does not smooth the BD for the considered system. A similar

0.25 1 T T T T

0.2

L 015}
&
01}

0.05

Eqff [MeV]

FIG. 9. Barrier height distribution calculated with the FRESCO
code. Solid line is for only collective channels taken into account,
dashed line is for 1n transfer also included.
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conclusion (for 1p transfer in the '°0 +'*Sm system) was
presented in Ref. [62].

VI. SUMMARY AND CONCLUSIONS

Transfer cross sections have been measured for *’Ne
backscattering from %®INi. The o transfer dominates
(~0.9 mb/sr at 142 degrees in the laboratory frame) and is very
similar for all three targets. The sum of the differential cross
sections for all observed transfer channels for each system
studied is small and similar (~1 mb/sr). This observation,
supported by CRC calculations, leads to the conclusion that
smoothing of the BD shape in the °'Ni case is not caused

PHYSICAL REVIEW C 93, 054604 (2016)

by transfer reaction channels. This confirms the conclusion
of Ref. [50] that the smoothing is most probably caused by
noncollective excitations of the target.
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