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Why sub-barrier fusion?

« Many-particle tunnelling effect

—> Many types of intrinsic degrees of freedom (collective vibrational, rotational
states..)

— Energy dependence of tunnelling probability

« Strong interplay between reaction and structure

K. Hagino, Progress of Theoretical Physics, Vol. 128, No. 6, (2012)
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Near barrier fusion
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Near barrier fusion

reactions Coupled Channels model
2 d2
H(T, f) = _Zm + V(T) + Ho(f) + VCoup(r: f)
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Near barrier fusion

reactions Coupled Channels model
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Near barrier fusion
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Near barrier fusion

reactions Coupled Channels model Sudden tunnelling limit
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Near barrier fusion
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Near barrier fusion

reactions Coupled Channels model Sudden tunnelling limit
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Fusion and quasielastic
barrier distributions
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1 T 1 T
' R=1-T Theoretically the two
Fusion and quasielastic — approaches are
barrier distributions — o — e approximatelly
FUSION QUASI-ELASTIC complementary
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Fusion and quasielastic
barrier distributions

1 T
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FUSION
2
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ORuth

Theoretically the two
approaches are
approximatelly
complementary

* Dgys(E) : Detection of evaporation residues
(ER) at forward angles (ER separation
from residual beam)

* Dqe(E) : Detection of quasi-elastic
channels at backward angles (charge-
particle detectors)
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Fusion and quasielastic
barrier distributions
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Fusion and quasielastic
barrier distributions

1 T
— —
FUSION
2
Dpys(E) = 52 (Eorys)

Coupled Channels (CC)
model takes into account
strong collective excitations
of the participating nuclei

1 T
R=1-T Theoretically the two
-— approaches are
- — approximatelly
QUASI-ELASTIC complementary
d ( ogk
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The role of dissipation by a
multitude of non-collective
excitations and different transfer
channels is much less understood
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Dqe measurements
performed at HIL and
LNS

20Ne projectile - strongly deformed nucleus: B, = 0.46, 35 = 0.39, B, = 0.27

Calculations carried out by the
Coupled Channels (CC) method
predict the distribution of barriers
with a strong structure for all
20Ne + X systems

Two peaks structure
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20Ne projectile - strongly deformed nucleus: B, = 0.46, 35 = 0.39, B, = 0.27
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20Ne projectile - strongly deformed nucleus: B, = 0.46, 35 = 0.39, B, = 0.27
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20Ne projectile - strongly deformed nucleus: B, = 0.46, 35 = 0.39, B, = 0.27
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20Ne projectile - strongly deformed nucleus: B, = 0.46, 35 = 0.39, B, = 0.27
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24Mg projectile - also deformed nucleus (6 o particles) B, = 0.59, 3, = 0.23, 3, =-0.03

Dqe measurements
performed at HIL and
LNS

(©) H | L A. Trzcinska et al., Phys. Rev. , C 102 (2020) 034617
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24Mg projectile - also deformed nucleus (6 o particles) B, = 0.59, 3, = 0.23, 3, =-0.03

Experimental Do have much smoothed structure in comparison to CC
calculations predictions

Dqe measurements
performed at HIL and
LNS
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24Mg projectile - also deformed nucleus (6 o particles) B, = 0.59, 3, = 0.23, 3, =-0.03

Experimental Do have much smoothed structure in comparison to CC
calculations predictions

Structure almost disappears for 2*Mg + 92Zr

Dqe measurements
performed at HIL and

LNS
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24Mg projectile - also deformed nucleus (6 o particles) B, = 0.59, 3, = 0.23, 3, =-0.03

Experimental Do have much smoothed structure in comparison to CC
calculations predictions

Structure almost disappears for 2*Mg + 92Zr

Dqe measurements

performed at HIL and Coupling to noncollective included within CC+RMT model

LNS
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Effects of dissipation due to the coupling of a multitude of noncollective levels
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Influence of transfer channels

Transfer cross section
measurements at HIL
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Influence of transfer channels

ICARE scattering
chamber at HIL

Product identification in Z

/ E-AE
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4 Si-detectors @ 142°
Transfer cross section @ 142°
measurements at HIL S
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START ’\ beam energy
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} l
Product identification Beam energy
in mass and cross-section
E — ToF normalization
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Transfer cross-sections measurements
of 20Ne+90.92Zr

\ 4

Influence of transfer channels

ICARE scattering — —

chamber at HIL T oy [
E N 0] Stripp. 3 nucl |[[___]2n pick-up |
3 | I
Transfers can play a significant o 3- // HRR e i
Transfer cross section role in the shape of barrier 3 / % ) |
measurements at HIL distributions, but in this case E 2 - // -
problably other mechanism is % _ ]
responsible for the very marked G 1. / ]
difference between the barrier = 7 _

distributions for the 20:92Zr .

92
Zr

Total transfer cross sections for the %Zr
and 92Zr targets are essentially the same
(6% of the total quasielastic scattering)

E. Piasecki et al., Phys. Rev., C 80 (2009) 054613
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Transfer cross-sections measurements

\ 4

Influence of transfer channels

ICARE scattering
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Dissipation due to projectile - target transfers of light particles.

Standard CCQEL Upgraded CCQEL
and CCFULL codes and CCFULL codes

 Transfer coupling form factor F,. * dV/dr, Transfer coupling form factor F,. * dV/dr,
where F, is fixed for a single Q,, value where F,(Q) is extracted from
experimental Q-distributions

* Only one transfer reaction included « Several transfer reactions included

l-—»Two neutrons transfer is

New CCQEL code: the dominant channel

the cases of 24Mg + 92Zr
and ?2°Ne + 208Pp
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Dissipation due to projectile - target transfers of light particles.

Upgraded CCQEL
and CCFULL codes

Upgraded code applied to
the 24Mg+92Zr system

Transfer coupling form factor F,. * dV/dr,
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Dissipation due to projectile - target transfers of light particles.

Upgraded CCQEL
and CCFULL codes

Upgraded code applied to
the 24Mg+92Zr system

02 04  Transfer coupling form factor F,. * dV/dr,
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Dissipation due to projectile - target transfers of light particles.

Upgraded CCQEL
and CCFULL codes

Upgraded code applied to
the 24Mg+92Zr system

02 04  Transfer coupling form factor F,. * dV/dr,
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New CCQEL code:
the cases of 24Mg + 92Zr
and ?2°Ne + 208Pp

Dissipation due to projectile - target transfers of light particles.
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Upgraded code applied to
the 20Ne+2%8Pp system

 Transfer coupling form factor F,. * dV/dr,

Upgraded CCQEL
and CCFULL codes
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Dissipation due to projectile - target transfers of light particles.

Upgraded CCQEL
and CCFULL codes

Upgraded code applied to
the 20Ne+2%8Pp system

08 e 32  Transfer coupling form factor F,. * dV/dr,
:Ej L2 20 1 *in where F,(Q) is extracted from
0.6 + 103 24 . . . .
= [“”* = 2 B experimental Q-distributions
3 ! 3
£ 1 . < . o - Several transfer reactions included
0.2 ;I!I! P 0.8 : : 0.24
1 Qg . . 0.4 T Qg . v, * exp. data
New CCQEL code: P S L WL W . SO ZEC ST TPTTTTY [ N P coﬁ.only
the cases of 24Mg + 92Zr v OQ foe e co 0 5 ¢os e 0.2 | | ——coll. + transfers, E_ = 96MeV
-Q (MeV -Q (MeV a
and 2°Ne + 208pp 1.25 e 0.3 ey —coll. + transfers, E_ = 103MeV
i e —~ 0.16
1 b 0.24 }} 1 5
I Fl >
g o7 I T o018 ] } % 0.12
2 2 pib <
;; 0.5 11 : :)L 0.12 } I =
g A i oo O 008
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-Q (MeV) -Q (MeV)
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SVERST, Q-distributions

S

(@) H | Ldepend on energy —> Beam energy dependence of Ftr(Q) E_ (MeV)
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Dissipation due to projectile - target transfers of light particles.

0.24
D el 1 i 520 and CCFULL codes
——coll. +1n +2n -1p
— ——coll. +1n +2n -1p -1«
S Smoothing
2 o2 g% dominated by |* Transfer coupling form factor F,. * dV/dr,
;g 7\ 1n transfer where F,(Q) is extracted from
0.08 experimental Q-distributions
0.04 « Several transfer reactions included
o 0.24
* exp. data
New CCQEL code: £ (MeV) o coll. only
24 92 : ——coll. + transfers, E = 96MeV
the (Z?SGS 021:)8 Mg o 0-24 = ——coll. + transfers, EIab = 103MeV
and “'Ne + “®°Pb oo Aoy E,, = 96MeV . 0.16 =
0.2 |{ ——coll. +1n +2n r->
——coll. +1n +2n -1 :
ol +1n +2n-1p -1a Smoothing = 012
dominated by =
Tnand 1p 0O 008
transfers
0.04
ot
G. Colucci et al., Phys. Rev. C, (2024) - Accepted Eeff (MeV)
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Quasielastic barrier distribution of 2°Ne+922.94.95o

CUDAC (Coulomb Universal
Detector Array Chamber) at HIL

« 30 PIN diodes (1cmx1cm) at the backward
angles of 125°, 135°, 145°

* 4 PIN diodes the forward angles of 35°

DQE of 20Ne + 92,94,95Mo

« 929495Mo00; targets of ~150 pg/cm?
thickness (40 pg/cm? C backing);

 E_,=65MeV, 70 MeV and 73 MeV;

* Niand Au degraders for smaller
energy steps.

Warsaw 13/06/2024 G. Colucci 17



Quasielastic barrier distribution of 2°Ne+92.94.95\|o

=———— > |ncreasing of dissipation in a “controlled” way: observing
E ————— theinfluence of increasing level density on D¢
I
-——-
e
2Mo %Mo ey v—

DQE of 20Ne + 92,94,95Mo

»HIL
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Quasielastic barrier distribution of 2°Ne+922.94.95o

. ==———">Increasing of dissipation in a “controlled” way: observing
E ————— the influence of increasing level density on D
=P
i —————— Exp. data
Mo | | o | e frmaistasite., ey, |
0 08 '.;,, ) 94M0 i
.s . 95
S : . Mo
i .. -
L 06 . :
LIJ L J
o -
Different trend of the .’
20 92,94,95 S _ 04 | e i
Dae of “Ne + Mo excitation functions for <.
the three Mo isotopes ‘..
0.2 | L
0 \ \ \ \ \
08 085 09 095 1 1.05 11
E _/V
eff B
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Quasielastic barrier distribution of 2°Ne+922.94.95o

I

————— the influence of increasing level density on D
-

4000

% . ==———">Increasing of dissipation in a “controlled” way: observing

« Experimental Dy of ¥2Mo preserves two-peaks

% structure

92Mo ‘ 94M0 T 1000

0.24
. im. dat
02| |elony “Mo| | | “Mol | | %Mo
>
g 0.16 | .
Dge of 2Ne + 929495Mo = o12| SO0 7 N || i
(o " \ " * \‘,‘ 'I. s ,l’
a 0.08 | _,.r‘..r,:' I | ¥ L R
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E_(MeV)
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DQE of 20Ne + 92,94,95Mo

*

.
o He

Quasielastic barrier distribution of 2°Ne+922.94.95o

= |ncreasing of dissipation in a “controlled” way: observing

_ % = the influence of increasing level density on D¢
-

4000

« Experimental Dy of ¥2Mo preserves two-peaks
% =—— structure

=———., °* Experimental Dy of ®Mo and %Mo have much
T’E smoothed structure respect to CC calculations,

92 94 .
Mo Mo as predicted by CC+RMT model;
0.24
. im. dat
0.2 | |--coll only “Mo “Mo ®Mo
R —coll. + 150 s.p.
>
3 0.16
= .
~ 0.12
()
DC’
0.08
0.04 |
O- o —izri ------ ;’ -I.-$1-i
44 46 48 50 52 54 56 58 60 44 46 48 50 52 54 56 58 60 44 46 48 50 52 54 56 58 60

E_(MeV)

Possible significant differences in transfer channels between the isotopes.

HIL

avy lon Laboratory
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Transfer measurement
of 20Ne + 92,94,95Mo

Direct transfer cross-section measurements of the 20Ne+92.94.95\|o

Comparison of the transfer cross sections for different transfer
reaction of the neighbour isotopes

Transfer cross-sections of the three systems at 4 beam energies
in the range below and above the barrier

Warsaw 13/06/2024 G. Colucci
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Transfer measurement
of 20Ne + 92,94,95Mo

HIL

©)

Direct transfer cross-section measurements of the 20Ne+92.94.95\|o

» Comparison of the transfer cross sections for different transfer
reaction of the neighbour isotopes

« Transfer cross-sections of the three systems at 4 beam energies
in the range below and above the barrier

B 13 Si-detector

"\\ '\r&\ @ 142°

- o
¢ NP
\ - . “
N VN
& WY
e < .

Beam ‘ Product
energy ar)d identification
cross-section in mass
normalization E _ ToF
Product
identification in Z
E - AE

4
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Direct transfer cross-section measurements of the 20Ne+92.24.95\|o

» Comparison of the transfer cross sections for different transfer
reaction of the neighbour isotopes

« Transfer cross-sections of the three systems at 4 beam energies
in the range below and above the barrier

Product identification in mass at the beam energy of 73 MeV

2400 18 10 2400

L 2400 3 A=16
- A=16 F A=16 i
- 92Mo 16 " 94Mo 9 - Mo
2300/ . - 2300( A=19
E A=19 14 2300: A=19 | g ]
2200} 12 2200; 7 2200
3 : 0 3 ¢ 3 i
= 2100/ S 2100 s o 2100
o T C 5 i
= - i) - s F -
2000(~ & 5 » 6 2000[- ) 2000]-
- L % 4 -
Transfer measurement 1900} r 1900E- 2 1900}
of 20Ne + 92,94,95Mo - 3 2 E .
I I REE N AreE i I AP B 5 P LR P AR R R
1800 15 20 25 30 a5 20 0 1800 = ‘1|5A L ‘2|0‘ - .25 . 3|OI L ‘3|5‘ L ,40 0 1800 15 20 25 30 35 20
E (MeV) E (MeV) E (MeV)

) HIL
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Transfer measurement
of 20Ne + 92,94,95Mo

©

Direct transfer cross-section measurements of the 20Ne+92.94.95\|o

Comparison of the transfer cross sections for different transfer

reaction of the neighbour isotopes

Transfer cross-sections of the three systems at 4 beam energies
in the range below and above the barrier

Product identification in mass at the beam energy of 73 MeV

2400
2300}
2200/

2100}

ToF (a.u.)

2000~

1900(-

1800~

A=16

A=19

| I Sl BT ST W | | S N BT

15 20 25 30 35

E (MeV)

One neutron pick-up observed for 2°Ne+%°Mo system

HIL

Heavy lon Laboratory

24001~ A=16 10 - 95M A=16
- 94 9 : o
2300}~ Mo 2300}~ A=19
L A=19 8 I
22005— ! . 2200}~
B 6 3
8 2100 5 f 2100f-
5| s |
= C M -
2000~ . 200015
1900/ 2 1900/~
.
- ol AR T
1800 — s —a5 0 180075 20 25 30 35 40
E (MeV) E (MeV)
Analysis in progress . ..
Warsaw 13/06/2024 G. Colucci 21
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Fusion barrier distribution measurement through the direct detection of evaporation residues
Silicon Finger Based on set-up in use at ANU
X\

detector _ (Australia)
monitor c\asihc E

—_
—_
—
—_
_— —
— —
- —_—

—_

monitor

Future plans: fusion

J. X. Wei et al., NIM., A 306, (1991)
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Fusion barrier distribution measurement through the direct detection of evaporation residues
Finger Based on set-up in use at ANU
0 (Australia)
e\asic Using a MCP and a Silicon

/—:::@{”D dseitl(i:(ggr detector

MCP

monitor

monitor

Future plans: fusion

W ER‘s‘//\
o X o7
S @ )

. (@) HIL
4450‘\"/’\ w%\ Gy for Lakionakiry Warsaw 13/06/2024 G. Colucci 23
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Future plans: fusion

\|\ZRS/
N\ N \):7

* Magnetic field 1.7 kG
» Electrodes at distance of 44 mm
« Maximum high voltage for each

Fusion barrier distribution measurement through the direct detection of evaporation residues

Finger Based on set-up in use at ANU
o (Australia)
e\astic Using a MCP and a Silicon

monitor N
/:::@:”D dS'“Con detector
T ER \ etector 2
beam MCP —

)
\ Wien Filter —
target 9 , electrodes
Y% o
_

monitor
The Wien Filter at LNS

Dimensions of 106 x 150 x 250 mm?3
20 permanent magnets (Sm,Co,;)
41 x 41 x 11 mm?3 (Vacuumshmalze)
Magnets distance 60 mm

electrode +20 kV o) o
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Future plans: fusion

\|\ZRS/
N\ N \):7

* Magnetic field 1.7 kG
» Electrodes at distance of 44 mm
« Maximum high voltage for each

Two in-beam tests have been performed at LNS
© HIL

Fusion barrier distribution measurement through the direct detection of evaporation residues

Finger Based on set-up in use at ANU
o (Australia)
e\astic Using a MCP and a Silicon

monitor N
/:::@:”D dS'“Con detector
T ER \ etector 2
beam MCP —

)
\ Wien Filter —
target 9 , electrodes
Y% o
_

monitor
The Wien Filter at LNS

Dimensions of 106 x 150 x 250 mm?3
20 permanent magnets (Sm,Co,;)
41 x 41 x 11 mm?3 (Vacuumshmalze)
Magnets distance 60 mm

electrode +20 kV o) o

Warsaw 13/06/2024 G. Colucci 23



Future plans: fusion

Tests performed in the following condition:

« 24Mg in the energy range 67-90 MeV on a
927r target

« Silicon strip detector DSSSD 64x64 mm?
 MCP detector

e Collimator before Wien Filter

— ] ¥ - -
l = 4 " ._ - ‘l..

.....

. ‘ | Monitors |

——

) H | L E. V. Pagano et al., LNS Activity Report 2018/2019 E. V. Pagano et al., LNS Activity Report 2020

Heavy lon Laboratory

Energy (arb. units)

1400

1200

o
(=]
o

o]
o
o

(*2]
o
o

400

200

Tllllllllllllllllllllllllll[l

U I I U I T T T T I T T T T ] T T T T

Mg + 7*Zr 90 MeV

Strip #12

1 1 L 1 l 1 Il Il 1

|Ill|

lIlI

llll

1 1 L 1 l 1 1 1 1 l
&oo 1750 1800
Time-of-Flight (arb. units)

1850

1900

T 35
'30

—25

=120

—15

10

0

and below

the barrier

* Measurement of ER angular
distribution

* ER identification for
24Mg+°2Zr at energies above

« Operational with voltage for
each electrode +20 kV

Warsaw 13/06/2024

G. Colucci

24




Finger
Slight change in the beam

e\astic 0 sii spot position on the target
-7 ilicon .
7 yetector influences the detected
ER ) angle and cross-section
beam R _ _ MCP
target | \ Wien Filter Beam position from the ratios of the counting
rates of ions hitting the detectors.
4 SiC 0

it
detectors _monttor Silicon Carbide detectors (SiC)

* Active area 5x5 mm,
thickness 80 um
(www.techjw.com)

SiC position can be
set in the angular
range of 8° — 15° . i | ! « Radiation hardness

and distance range ) | around ~5 times larger

10 cm -15 cm Beam monitoring system tested at HIL than Si detector

E. Piasecki et al., HIL Aannual Report, A (2021) 25-27

Future plans: fusion
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5¢ . .
- GUI application
E0 * " T .
z BeamMon" visualizes
5t . )
| online beam center’s
-10 1 1 1

o s o s position (by K. Piasecki)

Averaged Counts
NW | NE
SwW| SE

source 0.08 f

H 2 1
| Open ascii file. [ @ Lisen C SideShow —Z— Speed | 0.07 ; ........... n 328+natMo
, el ; 0.06 _E_ ‘ ‘ """"""" T
@ Run  C Stop No.of samples for averaging: | 1 || — 0.05 E. ............ : : : i
Calibration & Viewing © 0.04 £
X ref fmm] [0.000 Probe Ref. | Reset ¥ ref fmm] |0.000 E 0.03 |-
Viewing Zoom  — .,.l— .... 0.02 :‘i .
ouput 0.01 o
[ Open Outputascii fie. TN 0 E : i i i i
Open e -06 -04 -02 O 02 04 06

X (mm)

« 325 beam of 85 MeV (2 pnA)

0.008
0.007
« Targets "Au (0.1 mg/cm?), "atSn 0006
2 t 2 0.005
(0.1 mg/cm?) and "@Mo (0.6 mg/cm?) oo
0.003
Future plans: fusion 0002
Beam position stable in 7 h run o.01
. . 0
» with uncertainty of 0.15 mm (0.1°)
N ERS

NI 7, .u.

S E. Piasecki et al., HIL Aannual Report, A (2021) 25-27
s O HIL
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Extend the study of dissipation to the direct fusion
barrier distribution.

« Verify the degree of agreement between the direct
and non-direct methods of the barrier distribution
determination;

* Verify the agreement between experimental and
calculated fusion excitation functions and barrier
distributions when the non-collective excitations
are included within the CC+RMT model;

» Verify the existence of Dissipative Fusion Enhancement
(DFE), a phenomenon predicted by the CC+RMT model.
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Extend the study of dissipation to the direct fusion
barrier distribution.

« Verify the degree of agreement between the direct
and non-direct methods of the barrier distribution
determination;

* Verify the agreement between experimental and
calculated fusion excitation functions and barrier
distributions when the non-collective excitations
are included within the CC+RMT model;

» Verify the existence of Dissipative Fusion Enhancement
(DFE), a phenomenon predicted by the CC+RMT model.

Fusion reaction experiment:

o at LNS of 2Mg+90.92Zr or +92.94.95Mo or
other systems of interest;

o at HIL of 20Ne+90.927r, +58.6061Nj and
+92,94.95Mo or other systems of interest.
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Summary

W Lf S/,

7 Y

Barrier distribution studies performed at HIL and LNS focus on the study of
influence of dissipation due to weak but numerous non-collective excitations and
transfer reactions on quasielastic barrier distribution D¢

This observation triggered a new theoretical approaches to describe the fusion
(CC+RMT)

An upgraded CCQEL/CCFULL codes able to include dissipation of kinetic energy
due to several transfer reactions was developped

« Measurement 20Ne+92949Mo clearly shows the influence of non-collective

excitations on smoothing of Do

- Transfer cross section measurement of 20Ne+92949Mo to clairify the role of
transfer and upgrade the CCQEL code

« Future plans:

o studies of dissipation effect on o, (E) and Dy,

o direct fusion measurements with velocity filter in LNS

o employing the filter at HIL using the extension of ICARE chamber

o further CC+RMT improvement

- ‘HL |L Warsaw 13/06/2024 G. Colucci
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