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Two interactions: long range
repulsive Coulomb force and
short range attractive nuclear
force. Cancellation between
the two forces generates
Coulomb barrier.

Sub-barrier region
|E —V,| S 10MeV
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Why sub-barrier fusion?

* Many-particle tunnelling effect
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—> Many types of intrinsic degrees of freedom (collective vibrational, rotational

— Energy dependence of tunnelling probability

« Strong interplay between reaction and structure
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Enhancement due to strong couplings
between the relative motion of colliding
nuclei and the intrinsic degrees of freedom
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Studies with stable beams showed a connection between dynamics of heavy-ion fusion
and nuclear structure

—— Collective properties of the nuclei
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— Strength and Q-values of transfer
reactions
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L— Coupled-Channels method
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SPES beams will allow to investigate in more
detail these issues

Nuclear structure changes
far from the stability

AE_2 (ch. no.)

Interesting effects may show up in the study of fusion reactions near and below the
Coulomb barrier, with the SPES exotic beams

Low intensity beams (10° pps) ———— Need set-ups with efficiency close to 100%

) H | L J. F. Liang, D. Shapira, Phys.Rev. Lett. 91. 152701, (2003)
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Direct detection of evaporation residues (ER)

Sub-barrier fusion
from stable to
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- Beam suppression
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« Rates
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Direct detection of evaporation residues (ER)
r— Contributes to an overall

Sub-barrier fusion _
from stable to — Beam suppression efficiency of 1% —— Limit RIBS
radioactive beams — ER separation from residual beam
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Present status of

PISOLO set-up counting rate

The Fast lonization

Chamber gas filling
1L cathode
Tests with stable 1 \\ k \ T /
| Reacti | : e
beams { chamber | /M8 diied LR "2 e . L Apostieins L-
« Shaping time and radiation it~ +—|—+——+—’ " =
3 t ISC +
DAQ gate width gastight T
Wlndow L L B L I L I I L I I L B B B B
* Rates T L anode
« Z and Energy
resolution
\
beam
—_— I___ = = mmle _‘ _____ ]
target , Counting rate
+HV Telescope s 2-3 kHz
TOF-AE-E

( ) H | I_ Electrostatic deflector
Monitors G. Colucci

Heavy lon Laboratory




Low-intensity
beams 10° ion/s
- Beam suppression J

Direct detection of evaporation residues (ER)

Sub-barrier fusion
from stable to
radioactive beams

—> ER separation from residual beam

Present status of
PISOLO set-up

Fusion excitation function
down to around 100 pb.

The Fast lonization
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— Reduction of charge

Sub-barrier fusion Tilted electrodes | — Reduction of drift length —|  collection time
from stable to
radioactive beams _— Lower probability of

recombination

Present status of anode
PISOLO set-up cathode )
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— Reduction of charge

Sub-barrier fusion Tilted electrodes | — Reduction of drift length —|  collection time
from stable to
radioactive beams _— Lower probability of

recombination

Present status of node - S
PISOLO set-up cathode \ | =
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Tests with stable
beams
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« Shaping time and wind/ow pa—
DAQ gate width 20 mm

. Rates / 300 mm

« Z and Energy
resolution

Each cell provides a signal, some of them can
be summed giving a AE energy loss and the
others will give a residual energy signal
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Sub-barrier fusion
from stable to
radioactive beams

Present status of
PISOLO set-up

The Fast lonization
Chamber

Tests with stable
beams

« Shaping time

DAQ gate width 20 mm

* Rates
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Tilted electrodes | —— Reduction of drift length —

— Reduction of charge
collection time
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/

and

_— Lower probability of
recombination

/ 300 mm

Each cell provides a signal, some of them can
be summed giving a AE energy loss and the
others will give a residual energy signal

Collection time of Fast IC is shorter by a factor=5 —

By reducing the shaping
time from 1 ps to 0.25 us
we expect a usable
counting rate up to = 100-
200 kHz according to the
results obtained at ORNL
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— 6 anodes and 7 cathodes

Sub-barrier fusion placed at 20 mm steps
from stable to

radioactive beams
— Electrodes :
Present status of - gold coated tungsten

PISOLO set-up wires (20 um)

The Fast lonization - 1 mm spaced wires

Chamber - copper coated

fiberglass frames To avoid significant
Tests with stable loss of energy of
beams Entrance window: low-energy

- tilted at 30° —— | particles before

* Shaping time and - 2 ym thick mylar they reach the first

DAQ gate width

electrode

* Rates

. Z and Energy — Each anode connected to

: a BNC feedthrough
resolution 9 Easy replacement
of damaged
— Delrin support fixed on | gJectrodes and
steel cover interchange with

conventional IC
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Sub-barrier fusion Fast IC in complete

from stable to configuration with 6 signals AE,
radioactive beams

Entrance window

Present status of Highest
PISOLO set-up pressure used
200 mbar

The Fast lonization
Chamber

Tests with stable
beams

Shaping time and
DAQ gate width

Rates A total of 5 days tests have been
performed using the reactions:

lonization chamber
» =
container

Z and Energy

resolution . 28Gj + 100\ (Fusion)
58N + 28Gj (Fusion)
e 64Zn + 58Fg 197AY

(Quasi-elastic scattering) Tihod 2aneiS 8
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Sub-barrier fusion
from stable to
radioactive beams

Present status of
PISOLO set-up

The Fast lonization
Chamber

Tests with stable
beams

« Shaping time and
DAQ gate width

* Rates

« Z and Energy
resolution

28Si beam at the energy Eiab=125 MeV on a 1Mo target

Reduction of shaping time

Conventional window
perpendicular to beam axis

ORTEC2006 preamplifier
Canberra 2020 amplifier

CH4 gas pressure 7.6 mbar

.. % G =

p TR

Signals combined in two
energy loss signals AE
and AE1
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28Si beam at the energy Eiab=125 MeV on a 1Mo target

Sub-barrier fusion 40005— s
from stable to Reduction of shaping time -
. . 35001~ —7
radioactive beams :
C t I . d - 30005— e
Present status of onver:jll onla Vtvmb ow _ g, 2500F- 5
PISOLO set-up perpendicular to beam axis L 200" \
- F 1500F 3
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g time 1us
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4500¢
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:: 30005—
* Rates 3 2500
- Zand Energy & 2oooc-
resolution = 1500F-
1900E- Shaping
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Signals combined in two 0 200 400 600 800 1000 1200
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(@) and AE1
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>8Ni beam at the energy Eia»=190 MeV on a 28Si target

Sub-barrier fusion L A case resembling future SPES

from stable to ) .. . .
radioactive beams experiments in inverse kinematics

Present status of _
PISOLO set-up Shorter trigger gate

The Fast lonization

Chamber Conventional window perpendicular

to beam axis

Tests with stable
beams

Mesytec MS-L16 preamplifier
. Shaping time and Mesytec MSCF16 amplifier

DAQ gate width L. Shaping

.  Rates time 0.25 ps

CH4 gas pressure 30 mbar

« Z and Energy
resolution

Signals combined in two
energy loss signals AE
and AE1
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from stable to
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Present status of
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>8Ni beam at the energy Eia»=190 MeV on a 28Si target

L. A case resembling future SPES 40002— -
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?®Si beam at the energy Eiap=125 MeV on a %Mo target

Sub-barrier fusion Counting rate increased by increasing 3500118
from stable to b t d placi t 0°
radioactive beams eam current and placing set-up near _ 3000
: S 2500
Present status of CH4 gas pressure 50 mbar Counting S w
PISOLO set-u Gl Qu 2000
P 14 kHz = 1500F
yllzrl:‘zsetrlomzatlon ER are not affected by the veto, since 1000F" " I  No vetoon’
the pressure of the gas inside the IC soo-  ER 6th s_eCt'o_"_.;._ %0
Tests with stable stops the ER within the fourth section. o 1505 3000 257 500535507000
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« Shaping time and
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- Rates Sixth
section of
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resolution
veto of the
DAQ
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?®Si beam at the energy Eiap=125 MeV on a %Mo target

Sub-barrier fusion Counting rate increased by increasing 350018
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: S 2500
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Most energetic part of the beam is not
acquired and the noise is reduced
(@)
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Maximum rate of 139 kHz reached at 0° and with 5 pnA beam current

Sub-barrier fusion
from stable to -
radioactive beams ..
S 2500 : particles | |
Present status of 8 2000 -
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Maximum rate of 139 kHz reached at 0° and with 5 pnA beam current

Sub-barrier fusion
from stable to 1>
radioactive beams | oo
3: 2500 particles
Present status of & 2000 | 150
PISOLO set-up o
9 100
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resolution ; 1000F- ER detected by
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200 400 600 800 7000 75001000 1500 2000 2500 3000 3500
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) By selecting the ER in the TOF,-AE1 matrix a clear identification of ER is possible.
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64Zn at the ALPI-Piave beam energy of Eiab=275 MeV on a °*Fe target

Sub-barrier fusion

from stable to r— CH4 gas pressure e :
radioactive beams 200 mbar ,£ngrazing

angle 34.5°
Present status of  Detection angle 30°

PISOLO set-up

The Fast lonization
Chamber

Tests with stable
beams

« Shaping time and
DAQ gate width

* Rates

« Z and Energy
resolution
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Sub-barrier fusion
from stable to
radioactive beams

Present status of
PISOLO set-up

The Fast lonization
Chamber

Tests with stable
beams

« Shaping time and
DAQ gate width

* Rates

« Z and Energy
resolution
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64Zn at the ALPI-Piave beam energy of Eiab=275 MeV on a °*Fe target
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64Zn at the ALPI-Piave beam energy of Eiab=275 MeV on a °*Fe target
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64Zn at the ALPI-Piave beam energy of Eiab=275 MeV on a 9’Au target
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Sub-barrier fusion
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resolution
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64Zn at the ALPI-Piave beam energy of Eiab=275 MeV on a 1°’Au target
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The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment

Results

« Excitation
functions

« Barrier
distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary

Effects of non-zero spin in sub-barrier fusion involving
odd mass nuclei: the case of 36S+50Tj,51V
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When non-zero spin nuclei are involved in fusion process, interesting effects are expected
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When non-zero spin nuclei are involved in fusion process, interesting effects are expected

The 36S+50Tj 51V Fusion cross section calculated for
systems each magnetic substate of g.s. spin

Near- and sub-barrier
fusion experiment

Results
« Excitation
functions
« Barrier

distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary
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When non-zero spin nuclei are involved in fusion process, interesting effects are expected

The 36S+50Tj 51V Fusion cross section calculated for
systems each magnetic substate of g.s. spin
Near- and sub-barrier l
fusion experiment Different Coulomb barrier
Results height for each m-substate.

« Excitation

functions
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When non-zero spin nuclei are involved in fusion process, interesting effects are expected

The 36S+50Tj 51V Fusion cross section calculated for
systems each magnetic substate of g.s. spin
Near- and sub-barrier l
fusion experiment Different Coulomb barrier
Results height for each m-substate.
« Excitation l
functions Fusion cross section:
- Barrier average over m-substates
distributions l

* Coupled Ch.a""el Effects particularly evident below the Coulomb barrier.
(CC) analysis

Interpretation of the
results

Summary
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The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment

Results
« Excitation
functions
« Barrier

distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary

When non-zero spin nuclei are involved in fusion process, interesting effects are expected

Fusion cross section calculated for
each magnetic substate of g.s. spin

|

Different Coulomb barrier
height for each m-substate.

|

Fusion cross section:
average over m-substates

|

Effects particularly evident below the Coulomb barrier.

The °Be+'44Sm system

—L Non-zero

spin of 3/2*
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When non-zero spin nuclei are involved in fusion process, interesting effects are expected

The 36S+30Tj,51V Fusion cross section calculated for 1000
systems each magnetic substate of g.s. spin 56, |
Near- and sub-barrier l g
fusion experiment Different Coulomb barrier 5 L .
height for h m- . :
Results g tior eac substate CC calculations / I Am=3/2 wnnunn
: _ s verage
- Excitation l consider m= 1/2 o1 L3¢ SEEATY smideie
functions Fusion cross section: and 3/2 95 30 35 40 45
- Barrier average over m-substates E,. (MeV)
diStribUtions l M3Y+ rep InteraCtlon H. Esbe-ns;n, Phys. Rev. C 81, 034606 (2010).
P. R. S. Gomes et al., Phys. Rev. C 73, 064606 (2006).

* Coupled Ch.a""el Effects particularly evident below the Coulomb barrier.
(CC) analysis

Interpretation of the The °Be+'44Sm system
results _L

Non-zero
Summary spin of 3/2*

H | |. G. Colucci
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When non-zero spin nuclei are involved in fusion process, interesting effects are expected

The 36S+30Tj 51V Fusion cross section calculated for 1000
systems each magnetic substate of g.s. spin 56, |
Near- and sub-barrier l g ? W T, -
fusion experiment Different Coulomb barrier 5 W~ 37
height for each m-substate. : ;
Results 9 CC calculations 1} Am=3/2
o - — verage
- Excitation l consider m= 1/2 - AN uvaare
functions Fusion cross section: and 3/2 95 30 35 40 45
- Barrier average over m-substates E,. (MeV)
diStribUtions l M3Y+ rep InteraCtlon H. Esbe-ns;n, Phys. Rev. C 81, 034606 (2010).
P. R. S. Gomes et al., Phys. Rev. C 73, 064606 (2006).

« Coupled channel

(CC) analysis Effects particularly evident below the Coulomb barrier. 40

S
: IR 4144 o 30
Interpretation of the The °Be+'44Sm system Entrance potentials| &
results | largely different for
S Non-zero taegtew{) rlnaegﬁetico _@_ P
ummary : N =
spin of 3/2 =~
P substates =
V

Coulomb barrier for the m= 3/2
lower and thinner than for m= 1/2.

r (fm)
H | |‘ G. Colucci
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The case of the systems 36S+50Tj and 36S+51V

The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment

Results
« Excitation
functions
« Barrier

distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary
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The case of the systems 36S+50Ti and 36S+51V
The 36S+50Tj,51V

systems Nucleus | E (MeV) | A7
Near- and sub-barrier S0Tj 1.55 2+ b, =0.10
fusion experiment W 3 B, = 012
Results 2.68 4+
« Excitation 365 3.29 2+
functions
« Barrier

distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary
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The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment

Results

« Excitation
functions

« Barrier
distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary

The case of the systems 36S+°°Ti and 36S+>1V

Nucleus | E (MeV) AT
50Tj 1.55 2 »=0.10
4.41 3 B,=0.14

2.68 4+

363 3.29 2

Nucleus | E (MeV) Spin |
Sy 0 7/2- (g.s.)
0.32 5/2-
0.93 3/2-
Strong B(E2) 1.61 11/2-
transitions to
the g.s. 1.81 9/2-
2.41 3/2-

A different barrier is expected for each of the four m-substates of the ground state

O HIL

Heavy lon Laboratory
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The case of the systems 36S+°°Ti and 36S+>1V Nucleus | E (MeV) | Spinl
The 36S+50Tj 51V SV 0 7/2- (g.s.)
systems Nucleus | E (MeV) AT 0.32 5/2-
Near- and sub-barrier 0T 1.55 2" 2 =0.10 0.93 3/2-
fusion experiment WE 3 B, = 014 Stron.g. B(E2) 1 6 1/2-
R transitions to
Results 2.68 4 the g.s. 1.81 9/2-
 Excitation 365 3.29 2 2 41 3/2-
functions
. Barrier A different barrier is expected for each of the four m-substates of the ground state
distributions
354507 V, (MeV) ro (fm) a, (fm) | Vg (MeV) | Rg (fm) | hw (MeV)
« Coupled channel +2071
(CC) analysis 62.43 1.17 0.66 46.90 10.05 341
Interpretation of the
results 365451 V, (MeV) ro (fm) ap (fm) | Vg (MeV) | Rg (fm) | hw (MeV)
62.96 1.17 0.66 49.00 10.05 3.47

Summary /

Barriers differ by 2 MeV

No previous data
were available

Comparison between the two systems -

O HIL

Heavy lon Laboratory
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The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment

Results
« Excitation
functions
« Barrier

distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary
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36S+30Tj system
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36S+30Tj system
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36S+31V system
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The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment

Results

« Excitation
functions

« Barrier
distributions

« Coupled channel
(CC) analysis

Interpretation of the

results

Summary
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« Excitation function has been extended down to 20-30 ub
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The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment
Results

 Excitation
functions

« Barrier
distributions

« Coupled channel
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Summary
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Excitation function has been extended down to 20-30 ub
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« Excitation function has been extended down to 20-30 ub

The 38S+50Tj 51V

systems « The comparison of the excitation functions 500 [+ 36,507 _
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The 36S+50Tj 51V
systems .

Near- and sub-barrier
fusion experiment

Results
 Excitation
functions
« Barrier
distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary

O HIL

Excitation function has been extended down to 20-30 ub

The comparison of the excitation functions
shows a very similar behaviour of the two
systems

I—» Comparison of barrier
distributions
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The 36S+50Tj 51V
systems .

Near- and sub-barrier
fusion experiment

Results

« Excitation
functions

 Barrier
distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary
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Excitation function has been extended down to 20-30 ub

The comparison of the excitation functions
shows a very similar behaviour of the two
systems

I—» Comparison of barrier
distributions

Also the shapes of the two distributions
are very similar.
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The 36S+50Tj 51V
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Near- and sub-barrier
fusion experiment

Results
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Excitation function has been extended down to 20-30 ub

The comparison of the excitation functions
shows a very similar behaviour of the two
systems

I—» Comparison of barrier
distributions

Also the shapes of the two distributions
are very similar.

A coupled-channels analysis is necessary
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The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment

Results

« Excitation
functions

« Barrier
distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary

O HIL

The CC calculations include the collective
vibrational excitations of both target and
projectile nuclei.

Nucleus | E (MeV) AT B
50Tj 1.55 2+ 0.166
4.41 3 0.138
2.68 4+ 0.050
363 3.29 2+ 0.167

Heavy lon Laboratory

G. Colucci



The CC calculations include the collective
vibrational excitations of both target and

The 38S+50Tj 51V

systems projectile nuclei.

Near- and sub-barrier
fusion experiment

Results

« Excitation
functions

« Barrier
distributions

« Coupled channel
(CC) analysis

I—» One-phonon excitation of

the lowest quadrupole
vibrational states 2*

Interpretation of the

results Nucleus | E (MeV) AT Ba
S0T;j 1.55 2% 0.166
Summary
4.41 3 0.138
2.68 4+ 0.050
36S 3.29 2+ 0.167

O HIL

Heavy lon Laboratory
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The CC calculations include the collective 365450

The 36S+50Tj 51V vibrational excitations of both target and 10°
systems projectile nuclei. 1 — CCFULL
= -- no-coupling
Near- and sub-barrier I—> One-phonon excitation of E .
fusion experiment the lowest quadrupole = 10
vibrational states 2* 10 Vg = 46.28 MeV
Results V, =85.26 MeV
) FXCi:‘:"tion CC calculations well 10” o= 1.16 fm
unc. ons reproduce the experimental 42 44 46 48 50 52 54 56 58
* Barrier data at energies both below E__(MeV)
distributions and above the Coulomb 4 10° : .
« Coupled ch'flnnel barrier. 1 / \ — CCFULL
(CC) analysis ~ 310 \ -- no-coupling
Interpretation of the ) ]
results Nucleus | E (MeV) AT B, = 210
50T + Ll
Summary Ti 1.55 2 0.166 =, 1
4.41 3 0.138 a)
2.68 4+ 0.050 i
363 3.29 2+ 0.167 40
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Modified CCFULL code: evaluates the
The 36S+50Tj 51V fusion cross section for each m-substate
systems and provides their average as output.

Near- and sub-barrier
fusion experiment

Results
« Excitation
functions
- Barrier
distributions Nucleus | E (MeV) | Spin|
« Coupled channel 51\/ 7/
(CC) analysis 0 2" (g:s.)
_ 0.32 5/2
Interpretation of the
results 0.93 3/2-
Summary 1.61 11/2-
1.81 9/2-
2.41 3/2-
363 3.29 2*

G. Colucci




Modified CCFULL code: evaluates the
fusion cross section for each m-substate

systems and provides their average as output.

The 38S+50Tj 51V

Near- and sub-barrier
fusion experiment

Results
« Excitation
functions
« Barrier

distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary

O HIL

A total of eight couplings
have been included

Nucleus | E (MeV) Spin |

51V 0 712 (g.s.)
0.32 5/2-
0.93 3/2-
1.61 11/2-
1.81 9/2-
2.41 3/2-

365 3.29 2%

Heavy lon Laboratory
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Modified CCFULL code: evaluates the 36g,51y
The 36S+50Tj 51V fusion cross section for each m-substate 10° |
systems and provides their average as output. 1 — CCFULL
—~ 10 o .
Near- and sub-barrier A total of eight couplings E no-coupling
fusion experiment have been included g 10°
° V_ = 48.39 MeV
: 10
Results CC calculations well reproduce the V, = 85.26 MeV
- Excitation experimental data at energies both 102 | r,=1.17 fm
functions below and above the Coulomb barrier. | T —
. B_arri_er _ E_ (MeV)
distributions Nucleus | E (MeV) | Spinl| 4107 [ - a
« Coupled channel 51\/ 71- I — CCFULL
(CC) analysis 0 12 (g.s.) 310" | o no-coupling
_ 0.32 5/2-
Interpretation of the
results 0.93 3/2-
Summary 1.61 11/2-
1.81 9/2-
2.41 3/2-
363 3.29 2*
E (MeV)

H | |_ - G. Colucci
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The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment

Results
« Excitation
functions
« Barrier
distributions

« Coupled channel

(CC) analysis

Interpretation of the
results

Summary

3.510"
310"
2510

-~

S 2107

)
= 15107 |

. . . . . . . 1| o 36,50
Barrier distribution and excitation functions ~ **™ " S+ i RE
look very similar for the two systems 210" STV ;|
% 1510 : % { # +
The extra proton in the 1f,,, shell of S 110 b
the 5'V does not have any significant =, 510° .
influence on sub-barrier fusion o e +
behaviour of the system 2 } + +
510 %
0.85 0.9 0.95 1 1.05 1.1 1.15
E /V (a.u.)
36,507, — CCFULL ®s+%°Ti | L
I — CCFULL *°s+°'v | » A
100 e .’
I 0l 365507
"_g ? . 365,51\

[ \—/g 1 I

i o~

| 0.1 £

i I

40 42 44 46 48 50 54 56 00T ¢ |, 1 1 1 1 1 1
0.9 0.95 1 1.05 1.1 1.15 1.2
E ., (MeV) \ E_V, (a.u.)

Small difference between the two calculated barrier distributions around 51-52 MeV
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The 36S+50Tj 51V
systems

Near- and sub-barrier
fusion experiment

Results
« Excitation
functions
« Barrier

distributions

« Coupled channel
(CC) analysis

Interpretation of the
results

Summary

The 13 tilted grid electrodes ( transparency of 98% each) significantly decrease the drift
time of the electrons to anodes with respect to a conventional IC with transverse field

— Reduction of shaping time to 0.25us
—> Shorter gate width of the DAQ of 1us

> Highest counting rate of 140 kHz with the veto provided by the last IC section
Z-resolution of 1/38 obtained for 4Zn ions at about 3 MeV/A.
Energy resolution of 2.06 % with 94Zn ions at the energy of 2.3 MeV/A

The Fast IC has been used in one sub-barrier fusion experiment with stable beams

Sub-barrier fusion of the two systems 36S+30Tj 51V has been measured at LNL to
investigate the possible effect of the non-zero spin of the 'V ground state

Fusion cross sections measured down to values ~20 ub.

Barrier distributions and excitation functions look very similar for the two systems

CCFULL code was used for the ¥S+°0Ti system including the couplings of the 2*
vibrational states of 36S and °°Ti. A modified CCFULL code was used for the 36S+51V
reaction to include the °'V excitations. The theoretical predictions are in good agreement.

Similar behavior can be explained in the weak-coupling scheme, where the relatively stiff
50Ti is not much affected by the adding of one proton to form 51V,

G. Colucci
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Sub-barrier fusion reactions with radioactive beams

Neutron transfer couplings and the use of neutron-rich exotic beams have been predicted to provide
enhanced fusion probabilities for the synthesis of superheavy elements

Extra slide

103 3 T T T T T T T F|
i 132 p w8 P g ]
No differences between 132Sn + 102 | a0 *" 1 ok 2o
i i f P 5 g E
>864Ni and no enhancement 10' KL : ]
with respect to >#64Ni + 124Sn, € @k L Sysem G, MeV) § ¢ jo2f e
310>, * “Ni'sns062 1 B F E
/Dﬂr X * *Nis'*sn 4595 ] § 1
. B ®Ni s 4250 3
Extra-enhancement appreciable ¢} ﬁ* f o sy gy 1783 ;
at cross sections <1 mb). el M T
20 -15 -10 -5 0 5 10 15 ¥ A : S a 1.25
E-V_(MeV)

Z. Kohley et al., Phys. Rev. Let. 107.20 (2011)

20 L > 4
a2, | ‘ J Negative Q-values for
) e g O | neutron transfer channels
g0l iz, 8 of e P N 1 have smaller cross sections
i 0 %o 5 .l o+ e | with respect to positive Q-
18 { o “’t‘* C"‘ ! . o H}Imgg;wgg o value cases.
088 092 096 1 104 108 112 1.16 1.2 0 ) 4 6 8 10 12 1a

EmNb Transferred Neutrons

Very neutron rich exotic 132Sn and 134Te confirmed effect observed with stable beams .

l (©) I | | L Z. Kohley et al. Phys. Rev. C 87.6 (2013) J.). Kolata et al., Phys. Rev. C 85.5 (2012)
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e SPES Phase 1 : 5uA proton current on Ucx target
(10° pps)

96Sr, 24Kr on “°Ca and 28 Si targets

pick-up reactions Q-value +26MeV

1349, 136Te on light targets

transfer

channel effects on fusion < 1mb

neutron
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g &8 .
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10' [ awp 1
T 100 | ? ]
é . System an (MeV) E
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intensity (sec-1)
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éw’o A V%W‘\”';"" 0“.\
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Sr ‘0 o In Sn“ Cs
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<o
1. 00E+03
1 00E+02
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mass

SPES Phase 2 : 200uA proton current on SiC
and B4C targets

94Sr’ 92Kr’ 1325“, 134Te’ 140,142Xe
(higher intensity 10 — 108 pps)

SPES Phase 3 : 200uA proton current on
all targets (mainly Ucx)

G. Prete et al., ‘Theoretical Nuclear Physics in Italy’ 1120 (2009)
https://web.infn.it/spes/index.php/characteristics/spes-beams-7037/spesbeamstable
Z. Kohley et al., Phys. Rev. Let. 107.20 (2011)
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1st Timing 2nd Timing Timingand |, . tion
Detector Detector Target Position Chamber

Extra slide Detector

BEAM

150}

-
(=
o

AE_1(ch. no.)

0 50 100 150 200 : MR R BT R WY
AE_2 (ch. no.) g Wi [ L1
window =
Maximum rate ~103-10% pps
n J. F. Liang, D. Shapira, Phys.Rev. Lett. 91. 152701, (2003)
INEN ( ) H I L D. Shapira et al., Nuclear Instruments and Methods in Physics Research A 551 (2005) 330—338
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Measurement of low-energy fusion of 12C + 30Si in inverse kinematics at 6, ,,=3°
Extra slide
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High background mainly due to the DAQ gate of 6us, due to the slow
response of the IC compared to the MCPs and Si detectors
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Low-intensity beams of 210* _, | Fusion excitation function down to 1 mb.
Extra slide ion/s and target thick 1 mg/cm?

L
MCP1 MCP2 MCP3
beam \_ﬂ
|

thy N1 | 4 [

O =
|

Monitor beam quality Telescope
and direction TOF-AE

_Aransmission configuration

Low-intensity beams 10° ion/s —— Fusion excitation function down to
around 100 pb.

I I ! MCP1 MCP2 MCP3 Fast IC
i \—‘! e e E I (L\\\\

Er'gﬁ' :
] N AN

Monitor beam quality Telescope
and direction TOF-AE

Transmission configuration




64Zn at the ALPI-Piave beam energy of Eiab=275 MeV on a '%7Au target

2000
Extra slide _ - Scattered *Zn beam L
g(')"04 gss pressure —— 197Au recoils 1800[- N I
mpar > . [
stopped in T RCACACICECICECHCICIL =
Detection angle 30 ° the IC L :
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1000~ I
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58Ni beam at the energy of Eiav=190 MeV on a 23Si target
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3000

Transmission of each electrode of 98%

Applying a condition on the
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possible a clear identification of
ER stopped in the three anodes.
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MCP, signal used as trigger of DAQ
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28Si beam at the energy of Eiab=125 MeV on a Mo target
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64Zn at the ALPI-Piave beam energy of Eiar=275 MeV on a °*Fe target

ProjectionY of binx=[986,2200] [x=985.6..2200.0]
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64Zn at the ALPI-Piave beam energy of Eiar=275 MeV on a °*Fe target

Extra slide 2000 B Hicles stopped by
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28Si beam at the energy of Eiab=125 MeV on a Mo target

Extra slide Bipolar shaping of the spectroscopy amplifier to filter the residual positive ion tails,
which lead to baseline fluctuation of the amplifier output.

Bipolar shaping
restore the
baseline of the
spectroscopy
amplifier
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Differential fusion cross section normalized with respect to Rutherford cross section:
Extra slide
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CC fusion cross sections Adiabatic coupling to

\ 4

_ underestimate the experimental data high-energy states
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CC fusion cross sections

\ 4

underestimate the experimental data

Adiabatic coupling to
high-energy states
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Level Spin | B(E2) (W.u.) B
Coupling \
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Extra slide

Four magnetic substates m = 1/2, 3/2, 5/2 and 7/2 of the 7/2—- ground state of 'V produce

different Coulomb barriers.
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The shift towards high energies of the barrier
distribution for m = 7/2 yields the difference between
the barrier CC calculations of the two systems.

« Barrier distributions for m = 1/2
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