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WG2: fusion-evaporation and pre-equilibrium emissions

Impact
Parameter

Peripheral

Few nucleon tranfel

Dkt Reaction mechanims considered for LNL:

d=R +R,

SemiPeripheral
or SemiCentral

Central

1. Fusion and CN decay
2. Pre-equilibirium emission
3. Incomplete Fusion/Quasifission

evaporation

Tools considered for LNL:

* GARFIELD + Rco (particles, 4pi)

* FAZIA, FARCOS (particles, hi-res)

Multi * Corset (heavy fragments, correlations)

fragmentation * PARIS (n-g, high efficiency)

... and their possible combinations

Coulomb Barrier

Fermi Energies

100

LNL domain

Beam velocity
(MeV/nucl)
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1. Fusion: CN formation and decay 2 ||
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e A
How to Make High Spin Nuclei Conditions for compound nucleus formation:
e e Tme ::Ei:s « Two colliding nucle.i must have enqugh kinetic energy to
e W o : overcome thg .repulswe Coulomb barr}er, and approach close
Beam enough for initiating short-range attractive nuclear forces
Target
« Newly formed dinuclear system must undergo shape evolution
2. Fusion 102 < towards a compact mononuclear shape near equilibrium
deformation
o, g’ « Compound system must survive statistical fission to form an
i kel Q n s evaporation residue
\ ;Pm P ngion — evapoyati.on., two main topics:
. « a-correlations and clustering in light systems
Vs A v’ iriiets om0l « Isospin dependence of compound nucleus formation and decay
.o
5. Ground State 136pm 10% 1011
; o
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1. Fusion: CN formation and Decay -Physics cases

a-correlations and clustering in light systems

Studying the de-excitation chains of the CN. Full event reconstruction (in Z)

by measuring coincidences of ER & a-particles:
« comparison of exit channels BR exp vs. predicted by statistical models (with and without specific

refinements on nuclear structure).
e Main results

Katarzyna Mazurek
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1. the experimental branching ratios for these channels are significantly higher

than predicted ones.

2. when the a-particle emission is accompanied by neutrons, favored
configurations with the a-particles emitted one after the other have been found.

Zer Channel EXP [%] HF£¢[ %]
10 21Ne + xn + o 29 + 1 3.2-3.8
9 DYF 4 xn+p+a 86 £ 3 84-86
8 70 4+ xn + 2w 69 £+ 3 30-32
7 5N+ xn + p + 2 83 %3 90-92
6 B2C + xn + 3« 97+ 4 79-83

[A. Camaiani et al., PRC 97, 044607 (2018)]

dN/dQ [arb. units]

—_ ~
N >

=
IIIllIIIIIIIllllllllllllllllllllll

x10°

60

Need of new theoretical efforts, possibly dealing with
absolute cross-section prediction and measurement.
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1. Fusion: CN formation and Decay Physics cases

Katarzyna Mazurek

a-correlations and clustering in light systems
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- 2
1.5

Dynamics of the CN de-excitation: .

sequential vs simultaneous. 05

12C412C at 95 MeV oo

b
T

(i) *Mg* — '°0* +*Be — "2C* +%Be + a — 2C* +
3a — "Be + 4a

(iii) #*Mg* — PNe* + o — 2C* +3Be +a — 2C* +
3a > "Be + 4a

5
6 3
L E
° . o 2 E =
- Extremely exclusive dataset: 5 (+1) alpha particles in o sl | o=
o . _ _ 0 10 20 30 40 _“0 10 20 30 40
coincidence with Z, =7, and Psurp— P, £ (Mev)
- In-house developed evaporation code (HF1) that
. . . . Experimental data in panel (a) are compared with
contains the discrete levels of all nuclei up to Si (structure) theoretical HFI predictions in panel (b), showing a very
. . : good agreement and clearly excluding a dominant
and an optimized tratment of the continuum. o ltanoous breskun mechaiom.
(ii') #*Mg* — 1°0* +8Be* — 2C* +3Be* +a —2C* + [L. Morelli et al., PRC 99, 054610 (2019)]

3a — *Be + 4a
(iii’) #*Mg* — PNe* +a — 2C* +®Be* 4 a — 2C* +
3¢ — 5Be + 4a
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1. Fusion: CN formation and Decay — Open questions
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a-C O r r el atl O n S an d C | u Ster I n g I n I I g ht SySte m S Table 4. Branching ratios of different reactions (see text).

Reaction Exp.(%) HF¢ (%)
150 + 12C @ 130 MeV As experimental data  ‘true’
. . 2010, Beys + *Beg)'"Cyy 75 £ 07 20.8 22.1
1. The observed branchlng ratios are - ----Ledfelet 4-ny %€, - - - -~ 320~ 02 - -~~~ -~ 534 ------- 539)
> > > : 2C("°0.,"*CY + 0)PCy, 49.0 £ 0.1 19.3 18.3
SIgnl\ﬁcflntly dl‘ﬂ‘erent\ﬁ'om the L. “bac kE'IUtTthl' ————————————— tt5—+4t5-------- (s el 6—'5
theoretical ones. 2C(0 ¥ Be o+ Be,,) °C" 52+£15 113 12.9
> r----Redvol et - ay'ter----- 162+ 06 ------- 52 - - 5254
2. The bac.l rep ro.ductwn Of the . | PC(0.*Ct + o) 53.0 £ 0.1 24.4 23.3
branching ratio of the Hoyle state is - - - buckgrowm - - == == ===~ - 25,6~ 03~ ===~~~ L Y

particularly striking. CT (Hoyle state), C5 (9.64 MeV).

[M. Bruno et al., J Phys G, 46 (2019) 125101]

We can, therefore, consider that the present measurement imposes very tight constraints on the statistical model,
and challenges the validity of the statistical approach itself.

An alternative explanation is that the specific well known a-cluster structure of the Hoyle state might influence the
Coulomb barrier and the associated transmission coefficients of the corresponding evaporation channel, which are only
globally optimized in the HF code to light nuclei, without taking into account explicit structure effects [3].

We plan to explore the possible connection between the branching ratios and structure effects in the
transmission coefficients in a forthcoming dedicated study focused on the specific decay of the Hoyle INFN

ISOLIGHT campaign 180+1213C at increasing energies. N
palg & €NErg g Sten ehysiee /7~ TN

in progress : C)



1. Fusion: CN formation and decay 6 ||
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a-correlations and clustering in light systems

GARFIELD

6 = 98° — 151° 0 = 29° - 82°

Experimental requirements:
« high angular coverage -> to detect almost all the charged reaction products ->
reconstruction of complete (in charge) events -> study of decay channels —
« good identification of ER: charge, mass (if it is possible) -> estimation the free Chamber
neutron multiplicity s S——
 high granularity -> particles id (Z, A, angle, ...) -> particle correlations -> to el
investigate the resonances associated to excited states of nuclei produced one step before i
the final channel.
« large acceptance -> charged reaction products i e s S =5t
« availability n-rich beams (SPES) -> to extend the previous studies also to n-rich nuclei.

intillators

el

lon. Chamber
_ Si Strips

RCo

6 =5°—-17°

CsI(ThH

I 7z

(o

*0+°%Si at 111 MeV

trise

14 b ! -
'. a0 - 25¢ 8% of the
. O total events

5000 10000 | 15000 20000 25000 30000 35000 40000
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1. Fusion: CN formation and Decay Open guestions

Katarzyna Mazurek

Isospin dependence of CN formation and decay
Open questions:

Nuclear Physics Mid Term Plan in Italy — LNL Session

| - Produce excited nuclei in unexplored regions of the
10* = a et nuclear landscape
- S .
— N A
L S S S
I R + Study spin and internal degrees of freedom
E . -." ?.m:‘d : A ] :
“E’ NIRRT~ » Provide additional constraints on the sophisticated
— S 4 |
- ' models
- o Kr+Ca
i - Kr+*Ca . o . :
- Describe better statistical and/or dynamical properties
" in the formation and decay of excited nuclei
l I I /- l L1 1 1 I | - | Ll 1 1 l - J L1l 1 | L1l I Ll
0 5 10 15 20 25 30 35 40 . . ] .
Z » Fission barriers and level density parameters also
S. Pirrone, et al., Eur. Phys. J. A (2019) 55, 22 depend on the symmetry energy and neutron-proton
composition of nuclei.
SPES will open a new range of opportunities (Lols) )

1. E. De Filippo, J.Frankland, S.Pirrone, G.Politi, P.Russotto et al,
Isospin dependence of compound nucleus formation and decay
2. G. Casini et al, Isospin dynamics and thermodynamics in n-rich heavy-ion induced reactions : Nuc'earthsics

Mid Term Plan in Italy

3.  W. Krdlas et al, Entry distributions for fragments produced in deep-inelastic collisions : '
-\




1. Fusion: CN formation and Decay — Open questions

Katarzyna Mazurek

Isospin dependence of CN formation and decay

« Isospin effects on the reaction mechanisms and on IMF production.
« Compound nucleus formation and decay (ISODEC & FAZIA)

o Level density, fission barrier, viscosity

Nuclear Physics Mid Term Plan in Italy — LNL Session

AT SPES: Broad domain in n/p ratio in entrance channel Existing detector and facilities in LNL could be complemented with new
incoming devices as FAZIA and FARCOS

and compound systems Hypothetical Set-Up configuration

. . . = Fast positi
 Intermediate mass region: Kr, Sr, Sn beams on Ca, Ni sensitive
. Excellent isotopic separation of detector
« In particular FAZIA . ', -tagHForQp
R - heavier fragments correlations T ——
e - 88-94Kyp with 105 - 107 PpPS @ E/A =10 - 12 MeV/A - general isospin analyses ; ”
Angular and energy v e s
(40,48Ca target) resolution of FARCOS
- particle_ interferomc_atry
« - Sn or Cs exotic beams on target of Ca, Ni and Sn isotopes ~;ficeime properties |

Key observables: Requirements:
> cross-sections, > isotopic resolution, o _cf,'i;,',yj;l?e‘,’,fq‘f‘;',‘f et Fonngiad e
5 LCP multiplicities, 5 hlgh angular - useful information on gamma multiplicity
> LCP correlations resolution
> angular, energy and > broad angular
velocity distributions for acceptance
the IMFs - LCPs —FF. > low energy thresholds o e\
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2. Pre-equilibrium emission - Physics cases

Katarzyna Mazurek
Fast a-emission in medium mass systems ——
o Ma' EXP. 8 o
Peculiar behavior of branching W m:}, §°
Possible reactions: ratio for the exit channels where . _ﬁfggp‘:"y ',y
160+30Sj at E,, = 256 MeV only a-particles (and possibly ST
180+28Si at E,,, = 288 MeV neutrons) are emitted = common G:;:::v.)
'O+2%Si at E,,,, = 272 MeV feature that underlines the " »
HO+Si at By, =119 MeV importance of nuclear structure o . o
effects in the decay of the Yot "
a-conjugated compound nucleus. iz
M. Cicerchia et al., JOPG 48 (2021) D
045101 _ AMDGEMINI'
jo '- 10°
The idea is to set up an experimental campaign to scan the Mot e s
evolution of the non-equilibrium emissions from 7 AMeV s‘_::ff[ ‘ B
(ACLUST2) to 16 AMeV (FASTEM): o
« energy region where the pre-equilibrium emission has the -
most important role. Y
« experiment (FASTEM), to study the O-induced reactions at Nus§ ¥ FF',.Z’ % 4
the highest energy (16 AMeV), where the pre-equilibrium o
part is well assessed. - ‘m&

Nuclear Physics Mid Term Plan in Italy — LNL Session




2. Pre-equilibrium emission - Physics cases

Fast a-emission In medium mass systems

1326n + 27Al @ 11 AMeV
130-1328 + 30-28§1 @ 11 AMeV

Katarzyna Mazurek Nuclear Physics Mid Term Plan in Italy — LNL Session
_____ S S S, B B
____ n n winiwlwinn

T il :

W S L

&2 i R0 K2 B

114-116Sn + 30-285i

T. Marchi et al,
Pre-equilibrium emission: a tool to
study dynamic effects and cluster

Rz 207 I

SPES beam i;ltensities are referred to
E,=40 MgV --I,=200 pA on Ucx tgt

e et . ........ ...
. IS ‘
P P I B
]

94-96Rb + 30-288]

85-87Rb + 30-288j

CINF

Nuclear Physics
Mid Term Plan in Italy




2. Pre-equilibrium emission - Physics cases

o-emission at highest spins

Ratio

Observed forward a-emission at high spins

1.05}

1.00

0.95

1.05}

1.00

0.95

1.05}

1.00

0.95¢

- protons 514 11-15/ fold 6-10 fold 11-15 / fold 6-10 _|Dh_a
fold 16-20 / fold 6-10 - fold 16-20 / fold 6-10
a—— l\//./’. . . L
| |
fold 21-30 / fold 6-10 fold 21-30 / fold 6-10
Iy \i/ |
20 40 60 80 100 120 140 20 0 100 120 140
CMangle[°]

M. Kmiecik et al Acta Phys. Pol. B, 38 (2007) 1437

Katarzyna Mazurek
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Dominance of the a emission at high
spins in pre-equilibrium stage

0 Angle

100

80

60

40

20

o

—
=]

}

]
o

30

IWHlI\Il[]II[]I.\IIl\

— 140

|
- HIPSE I 1o
| - ||
| —100
| |
|| |
[

HIPSE+SIMON

i
=]

™

50 60 70
Angular Momentum

10*

3

48Ti(600MeV)+%°Ca

10
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Questions to answer:
. —Is this effect related to the very large

deformations of the CN at high spins?
(e.g. Emission from the "poles” of elongated nuclei?)

2. Pre-equilibrium emission — Open questions

o-emission at highest spins

Katarzyna Mazurek
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o (@b units)

g units)

(=] - n w i ]

- [+ w E L]
T T

215 MeV 260 MeV
By 41227, SN +119p g
Time
X10%* sl 05 40% 651|0hn 40 A 654
e = Plde o =
vl o0 Y lon
I et i o B i
o | -
8
300
350 4._(?;;_ j—i
400 —@—
500 ‘@*
600 4@—
800 ‘@‘

5 5
4 | 4 |
3 3
2F 2F
1 1
] o
T 5 -1
EBa —
4 4
L 4 3 a | ]
a0 h a0 h
L o = | 4
L 4 4 s ]
L 1 0 o . L
10 20 30 (] 10 20 30
Enray (W] Emengry [Mev]

HICOL predictions, A. Maj et al.,
Nucl. Phys. A649 (1999) 135c¢

—Or to longer equilibration time in mass-
symmetric entrance chanel reactions?

INFN
Nuclear Physics
rr

Mid Term Plan in Italy
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2. Pre-equilibrium emission 13 ||
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o-emission at highest spins

Key observables:

. Shape of GDR strenght function - CN Shape

« Gamma multiplicity = Spin Detectors:

. Energy spectra and angular distribution of '
charged particles - signature of pre- PARIS + charged particle array
equilibrium emission (modified GARFIELD)

Possible reactions( at 4-6 MeV/A) with
different entrance channel mass
asymmetry

180+288i N 46Ti

22Ne+24Mg — 46Ti

48Ti+122Te—> 17OW
60Ni+110Pd—> 17OW
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Quasi-fission vs CN formation

CN-Fission and Evaporation o Com;;ound

. ' capture cleus n
- decay channels of thermalized systems N ol poos= By _ 3
- Slow process without memory of the . Ty W @ i 0
touching (R . ; o 2 |

entrance channel point ) ¢ g y "
Quasifission quasiglas‘lic |

- rapid decay of the dinuclear system: deep-ineldstic As : ¢

- depends on entrance channel properties: collisions

. charge, mass asymmetry, Quasifission - CN fission

« deformation aligment, Asymmetric Bk v -8 ) .

o shell effects connected to the driving force Symmetric ‘

guiding the mass flow,
. symmetry of projectile and target, N/Z-
isospin dependence

Nuclear Physics
Mid Term Plan in Italy



3. Incomplete Fusion 15 ||
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Pre-equilibrium y-emission in hot superheavy nuclei

VOLUME 76, NUMBER 7 PHYSICAL REVIEW LETTERS 12 FEBRUARY 1996

Larger Epeqm =2 larger E,, before Fission
Collective Dipole Motion in Highly Excited 272Hs (Z = 108) Nuclei
0 At Ex=30-60 MeV for the formation of SHN in WaIrm st & Ketents & Kioho A Moo B Nilhon? 1 Nitenecker AL brasaneli’ 1 A Pamoon?
. . H.v.d. Ploegf F. Schussler.® and G. Sletten!
fusion reactions, where O o, fission™>> Oy (= Or)) DY
cooling down the system through emission of neutrons
and y-rays one can decrease the fission probability,

E1 »Ef. E2>Ef

. . . o E
and increase the production of evaporation residues. =
o Dlﬂerencel \\@Iﬂ
n W
QO Such dissipative effects was observed and could be Ez_*é_ o Er-ErE2
enhanced by reducing the charge asymmetry in the E, E
entrance channel
y
O To see it differences of y energy spectra measured in n
reactions at about 15 and 10 MeV/A have to be n In \
0 5 10 15 20
collected. ! E, [MeV]
U To Separate the fission channel from the FIG. 1. Left: schematic illustration of the differential method
quasifission Mass-TKE distributions from Tt scenio T s foence y 1o i 2 devcbed INFN
CORSET- charged particle detector can be in the text. ’

p °ee Nuclear Physics
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3. Incomplete Fusion — Open questions

Quasi-fission vs fission

Katarzyna Mazurek Nuclear Physics Mid Term Plan in Italy — LNL Session

Questions to answer:

« The behaviour of the new observables from
fully identified fragments like Z, N/Z, etc...
in QF with respect to fission

 Best condition to produce the
heavy/superheavy exotic nuclei

« The IVGDR in SHN for determine the
temperature of CN

« See the effect of shells in the entrance channel

Key observables:

« Y- multiplicities, energy spectra, angular
correlations,

« neutron - multiplicities, energy spectra,

. mass and charge of the fission fragments

 angular, energy and velocity distributions for
the IMFs - LCPs,

Possible reactions:

@ 32-34-36G4238| ) _,270-272-274g*
o 4°Ar+232Th —>272HS*

o 56|:e+208pb —>264HS*

Requirements:

« beams for fusion of masses A>80- TANDEM-
ALPI

o high y-multiplicities, energy spectra- PARIS,

« high angular,mass,charge resolution (CORSET)

. broad angular acceptance for FF

 low energy thresholds for LCPs and IMFs,

3 different charge asymetry in the entrance
channels for Hs [and also investigation of shell
effects in the Entrance channel] to perform at
two energies for the comparison of GDR spectra




Summary

FARCOS

FUS-CN

FUS-CN

PRE-EQ

PRE-EQ

INC-FUS

a-correlations and clustering

Isospin dependence of CN
formation and decay

a-emission at highest spins

Onset of pre-equilibrium
emission

Incomplete fusion

17, ||
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Katarzyna Mazurek

High energy

Accurate description of the CN y-ray detector

evaporation process

Beyond the statistical model, role of

structure and a-clusters

Basic quantities for primary emission

reconstruction at high energy.
[https://www.bo.infn.it/nucl-

ex/Loi_csym.pdf] e

Entrance channel influence on fusion \
process. >
Nuclear parameters far from stability: > ]
level density, fission barrier and

viscosity.

PARIS
+large LaBr3

Nuclear shapes and structure

Role of clusters

Fission — Quasifission
Reaction time scales

CINF

Nuclear Physics
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@




