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Cluster formation at low densities “@ENBG %

Heavy Ion Collisions — access extreme (T, p) of nuclear system

(Very) low p :
- Correlations are expected non-homogeneous
to become important huclear matter

y
fragmentation
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Cluster formation at low densities “@GENBG @

Heavy Ion Collisions — access extreme (T, p) of nuclear system

(Very) low p :

C. Horowitz et al., Nucl. Phys. A 776 (2006)

55

E. O’Connor et al., PRC 75 (2007) 055803
S. Typel et al., PRC 81 (2010) 015803
G. Ropke et al., PRC 88 (2013) 024609

- Correlations are expected

non-homogeneous

. —_—
to become important huclear matter
\
fragmentation
- Even | : few body - o
ven lower p : few body " @ paa
correlations remain important 30 e 31 8P
(system minimizes its E by forming light > I f
clusters) s |
*E 20~
l F ! P
i 10 +#“Uniform nuclear
Clusters formation ' matter
0 -,-1-:'.".','1"".. AR s a4 a s
Correlations 10° 107? 10 1
In-medium modification of cluster P
properties S. Kowalski et al., PRC 75 (2007)
Mean-field effects 014601

The occurrence of clusters changes E,,,, because cluster correlations depend
on N/Z
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Cluster formation at low densities “§GENBG %

Cluster formation : a production is underestimated
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What is the role of bosons in nuclei (and nuclear matter)?

a-cluster structure of light nuclei (*2C Hoyle state) A Raduta et al., PLB 705 (2011) 65; Manfredi et al., PRC 85 (2012)

Preformed a particle in nuclei Scarpacci et al., pé’é%%of’zom)
Cluster structure of N=Z nuclei RPHERLr  Rep. Prog. Phys. 70 (2007)
2149

Do and when bosonic properties dominate over fermionic properties?
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The experiment “@NBG @

Goal: Study the isotopic composition of quasi-projectiles (QP)
in 4048Cq+4048Ca @35MeV/A

VAMOS

Large acceptance Projectile-like fragment
High resolution -PLF (Z,A,E.,B)

High E resolution
Z (A) identification | ~ LCP (Z, A, E,P)

High granularity ] Light Charged Particles

=) Event-by-event reconstruction of the decaying QP
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Event reconstruction and selection “@NBG @

QP reconstruction :

Zpir =12

Protons
PLF + CP belonging to QP R

(based on v/vp ¢ criteria)
J. Steckmeyer et al., Nucl. Phys. A 686 (2001) 537

Vperp(CMIns)
2

—>

5
Zop. Ap. Ep™

y
o
-
J

.5 0
vil{cm/ns)

(from calorimetry)

Paola MARINI

FUSTIPEN Topical Meeting GANIL17-19/05/2016 6



Event reconstruction and selection *@NBG @

QP reconstruction :

PLF + CP belonging to QP
(based on v/vp ¢ criteria)
J. Steckmeyer et al., Nucl. Phys. A 686 (2001) 537

Vperp(CMINS)

—>

ZQP ’ AQP ’ EQP*

'AS 6
vil(cm/ns)

(from calorimetry)

Event selection: 3445Ca QP events

The influence of these
. . ) L. selections was monitored all
Event selection : isotropic emission events

along the analysis

to have a certain degree of equilibration

!

Qhape = 2_(92_')3 -0.3<log Qg <0.3
2(pperpl)2
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Event characteristics

L
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Similar to previous works

2 3 4
E*/A (MeV)

E. Bonnet et al., Nucl. Phys. A 816 (2009) 1 and refs

therein
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Event characteristics

“f@eNBG @
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Similar to previous works

E. Bonnet et al., Nucl. Phys. A 816 (2009) 1 and refs

therein

Quadrupole momentum
fluctuations :

Qxy = PXZ'PYZ
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Within a classical picture:

different QP T at the emission of each
PGI“TICIZ-TYPC S. Wuenschel et al.,
Nucl. Phys. A 843 (2010) 1

different time scale of different
particle-type emission

G. Verde et al., EPJA 30 (2006) 81
R. Ghetti et al., PRL 91 (2003)
092701
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Particle multiplicity fluctuations “@ENBG @

Fermions

120 = 128 .
1= = 1 ]
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Particle multiplicity fluctuations “@EeNBG | @

Fermions
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Particle multip

licity fluctuations

Fermions
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2 3 4
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~

v" The quantum
nature of p, d,
o MUST be
accounted for

v Bosons experi-
ence condi-
tions compa-
tible with a
possible con-

densation

- _/
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Particle multiplicity fluctuations “@EeNBG | @

Fermions
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Tracking Bose-Einstein Condensation signals *{&ENBG @

Ideally: selection of a-conjugate

and d-conjugate QP Agp = 40 events

- Mixing events with different number
of bosons may wash out BEC signals

- Need statistics

Aqp = 36,40, 44 for a-based analysis

. Results consistent to those obtained with
34<Aqp <46  for d-based analysis [~  Ag = 40 events within the error bars

38<Agp<42  for p-based analysis

—
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Temperatures and mean partial densities “@ENBG @

Method: quantum fluctuation analysis technique i zheng etal, Nucl. Phys. A 892 (2012) 43; PLB 696 (20M)

PRC 86 (2012) 027602
Ingredients :

- Fermions follow the Fermi statistics and bosons the Bose statistics
- Coulomb repulsion is accounted for

- dilute system

<N> =, (T, pp, W)

T e () for e pare spce
X
| 0%(Qy); = 5 (T, pi W)
T :temperature
P : mean partial density
u : chemical potential
Paola MARINI
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Temperature vs density and E*

B L L L

- @ this work, w/ Coulomb corr. *
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- (T.p), agreement with (T,p) from coalescence
approach in a quantum-statistical framework
including medium effects for similar
experimental conditions

S. Kowalski et al. PRC 75 (2007)

014601;

L. Qin et al., PRL 108 (2012) 172701,

. Rgpke gt al, PRC 88 (2013). .
- Influence of &QU am Zorrection studied

H. Zheng et al., J of Phys G 41 (2014)
055109
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Spread in T : different ordering in emission time

observed via particle interferometry
(classical picture)

In agreement with previous works

G. Verde et al., EPJA 30 (2006) 81
R. Ghetti et al., PRL 91 (2003)
092701

D. Gourio et al., EPJA 7 (2000) 245
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Density vs E*

“@eNBG @

= T T T T T
i - v' p increases as E* increases :
o I vt i - : ; * _
%104 3 ar g W E .. E - E* <2-3 MeV : emission from the surface
[ &S = : PR g : (o surface < p bulk)
£ *s i
® | i - E* >3 MeV bulk multifragmentation
e, op (coexistence of LP and fragments)
< r Ed n
- Ao ]
104 = 1 1 FETEN BETETEr BPETETET S BPTETArE AT
0 3 2 6 7
EY/A (MeV)
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Density vs E*

“@eNBG @

= | ILEUNUNL | | L | | T L=
i - v pincreases as E* increases :
o I vt ) . : ; + -
Ew’e atgWUE .? - E* <2-3 MeV : emission from the surface
!ﬁ : *’:00"'. : (o surface < p bulk)
.‘_é e i
8 sl - i - E* >3 MeV bulk multifragmentation
S%Fa op E (coexistence of LP and fragments)
< or Ed n
L = Ao ] ( \
et [ D s < P bosons UP 10 4 times (EX>1MeV)
E*/A (MeV)
l v,=<N>/p R3
Mean distance 60% higher than mean distance
between fermions between bosons
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Density vs E* “@ENBG @
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Interpretation :

v’ pincreases as E* increases :

- E* <2-3 MeV : emission from the surface
(p surface < p bulk)

- E* >3 MeV bulk multifragmentation
(coexistence of LP and fragments)

4 )

v Pfermions < P bosons UP to 4 times (E*>1MCV)

l v,=<N>/p R3

Mean distance 60% higher than mean distance
between fermions between bosons

- J

- Reduction of fermionic component where the bosonic one is present

- Appear‘ance Of BECD - Ebosons > 8fermions
- Tc~ few MeV
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Density vs E* ‘@G @

p [particIeSme3}

i - v pincreases as E* increases :
i - ; 1
. ke L, o
E a*m ® & > i E - E* <2-3 MeV : emission from the surface
: *’:00"'. : (o surface < p bulk)
[ 2. i
ik - i - E* >3 MeV bulk multifragmentation
F A :(F; : (coexistence of LP and fragments)
I ]
I A |
109 | I BRI I I B | ( v 4 H %* 1 \
0 6 7 Ptermions € P bosons up to times (E > MCV)

3 4
E*/A (MeV)

l v,=<N>/p R3

Mean distance 60% higher than mean distance
between fermions between bosons

- _/

[These events are a mixture of bosons and fermions ]
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Density vs E* for “purely” o (d,p)-like SIBENBG
{5k @

Selection of events dominated by emission of bosons or fermions : “pure” events

Mixture Pure
LA BLELEL L BB LN BLELELELE NLELELELS BUBLNLELEY BUBLELELE & LIS AL LS AL AL NLALELELES BLELELELE BLELELELEN BLELLRL =
un ¥
o~ - T o~ —— +
"Btk **:'i**;i E "Btk **m * ’i =
F - > . 3 & * 9 @
i *200000 g j* "
e[ e o * g
£ = b=
S0k E g0’ E
S [ oP = f
- - ud ] C E
A ] - & i
109 b b b b by b 104 = 1 1 ol 1 L1 1 L
0 1 2 3 4 5 7 3 4 5 7
EY/A (MeV) E“/A (MeV)

4 )
v Pa pure = Pd pure (E*>2MeV)

Ptermions pure < P bosons pure

1\ J
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Density vs E* for “purely” o (d,p)-like SIBENBG
{5k @

Selection of events dominated by emission of bosons or fermions : “pure” events

Mixture Pure
LA BB BLELELELEN BLELLELE BLELELELE BUNLELELEY BLELELEL = LA LB L LA AL AL ELES B BUNLELELEN BLELELEL =
=
o~ - T o~ —— +
"Btk **:'i**;i E "Btk **m * ’i =
F - > . 3 & * 9 @
i *200000 g j* "
e [ 2e o - .y
£ - b=
810° - 810° =
S fa ep = f
- - ud ] C E
AC i - & J
109 b b b b by b 104 = 1 1 ol 1 L1 1 L
0 3 4 5 6 7 3 4 5 7
E‘/A (MeV) E“/A (MeV)

4 )
_ v Pa pure = Pd pure (E*>2MeV)
Pi pure ~ P i mixture
Ptermions pure < P bosons pure

1\ J
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Density vs E* for “purely” o (d,p)-like “{@eNBG @

Selection of events dominated by emission of bosons or fermions : “pure” events
Mixture Pure
un ¥
— - W — *
mE_wd_ *'ﬁ':'i** * = mE10'!_ - **m#‘* i 3
E *z:"..'.*'.-'.‘ E i**."... L 4
o 2 . S . .9
= = =
810"’.— = 210"— =
S [ oP = f
C 'md C .
- Ao ] L : ]
104 = 1 ] 1 ] L1 M = 109 b bl 1 L1 1 L
0 3 4 5 6 7 0 1 2 3 4 5 7
E/A (MeV) EY/A (MeV)
4 )
_ v Pa pure = Pd pure (E*>2MeV)
Pi pure ~ P i mixture
Pfermions pure < P bosons pure
. J
{pfermions € Pbosons independently of the presence of fermions in the event ]
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Density vs E* for “purely” o (d,p)-like “{@eNBG @

Selection of events dominated by emission of bosons or fermions : “pure” events
Mixture Pure
- B i —- .e ]
- L e 1 - [
me&_ **:.i**;* - mE10‘!E— - **m#‘* i e
E E *z:....ooo«o' ] E F ‘T*’*O"... *
S [ ®e ] 0 L v
=B = £
S0k = 210"— =
% E A op = 3
: g : E
- Acd ] " :
109 b b b b by b 104 = 1 1 ol 1 L1 1 L
0 3 a4 5 6 7 3 a4 5 7
E*/A (MeV) EY/A (MeV)
4 )
_ v Pa pure = Pd pure (E*>2MeV)
Pi pure ~ P i mixture
Pfermions pure < P bosons pure
. J
{pfermions € Pbosons independently of the presence of fermions in the event ]

Possible BEC persisting in presence of fermions
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Other signals of BEC : energy per particle *(8ENBG %

Ideal Fermigas: E; T2/p;2/3

E = A E*/Agp
Ideal Bose gas : E; T%2/p,
Mixture Pure
(A L L L L L L L L L L LB
0.10% op & ]
@ 008" nd
= 0.08 Aa T -
= N
g 0.061 I ]
8
004y + s
gl L
< 0.021 . E
T
0 _
I RN R R SR INSrAE S N SYENE S BT AT BT T
2 4 6 8 10 2 4 6 8 10
T, (MeV) T, (MeV)

[Differ'en‘r quantum behavior to the density profile ]
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Energy density vs T ‘@G @

g; = (E*+m;)/V,

Mixture Pure
llllll‘]"'|'"]"'|'"Illllllllllllllllllllll
10%F + .
: - g i, —h—
- - —+ W
2~ _ 1 AA —i—
Tl L mi® o o
S 1o d T - s
O = g -
= - - T °
~ L 1 S99
- & ep C
“w 53' md | o
1F Ad o s S
- |I|||I|||I||:I|||I||T1||||||||||||||||||||||—
2 4 6 8 10 2 4 6 8 10
T. (MeV) T (MeV)
4 N\
vV g4 o = €4 g formixture
\_ J
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Energy density vs T ‘@G @

g; = (E*+m;)/V,

Mixture Pure
llllll']"'|"']"'|"'Illllllllllllllllllllll
10%F + E
: . R i, —A—
- - - W
™~ L + AA —i—
Tl L mi® o o
= f : » '
%’ 10§ - .
= i . T °
~ r.* 1 909
- ep o
“w 53' md | o
1F Ao o+ s 5
i N T R B R R T B BT SN SN A AN S A N S AN A AR SR
2 4 6 8 10 2 4 6 8 10
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4 )
vV g4 o = €4 g formixture
Vg t,fermions <€ t, bosons Llp to 7 times
\_ J
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Condensation temperature “@ENBG @

To = f(E; ) for an ideal Bose gas E. = A E*/Agp

Mixture Pure

C ] ‘.d ]

8- T Ad B

% of T ’

: s - 1 ‘;

A o ’ + -

Y : ]

10° 102 . 10 10° 102 . 10°
pi(parhc]elfma‘) pi(partic]e/fma’)
~ : : H. Zheng et al.; PRC 88 (2013) 024607; \
/\/ T,~ few MeV as theoretically predicted R. Smith et al.. PRL 106 (2011) 250403

N T
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Condensation temperature “@NBG @

To = f(E; ) for an ideal Bose gas E. = A E*/Agp

Mixture Pure

N T AL ! R T ]
10 T .
i T Ed -
8- T AX B
% i T )
2 o " ++ T E
Ko Ak + T b
f Ak + .
2r * ' ; T -
e -
pi(partic]e/fm"‘) pi(pariic]e/fms)
/\/ T, ~ few MeV as theoretically predicted H. Zheng et al.; PRC 88 (2013) 024607; \
0 yp R. Smith et al., PRL 106 (2011) 250403

v T, >T, e due to Coulomb repulsion which enhances  H:Zhengetal. Nucl. Phys. A; PLB 696 (2011)
178; PRC 86 (2012) 027602; PRC 88 (2013)

the condensation 024607
R. Smith et al., PRL 106 (2011) 250403
K. Huang, Statistical Mechanics p286

\ 2
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Condensation temperature “@ENBG @

To = f(E; ) for an ideal Bose gas E. = A E*/Agp

Mixture Pure

[r T LR | LI ! LI | T "
10 T .
: 1 ‘.d ]
8 T AQ ]
% i 5 .
2 o " ++ T E
Ko Ak + T b
; Ak 1 .
2r ' A ; T ]
A
pi(partic'e/fms) pi(pariic]e/fms)
/\/ T, ~ few MeV as theoretically predicted H. Zheng et al.; PRC 88 (2013) 024607 \
0 yp R. Smith et al., PRL 106 (2011) 250403

v T, >T, e due to Coulomb repulsion which enhances  H:Zhengetal. Nucl. Phys. A; PLB 696 (2011)
178; PRC 86 (2012) 027602; PRC 88 (2013)

the condensation 024607
R. Smith et al., PRL 106 (2011) 250403

v' At higher p : T;->T,9®? : increased contribution of nuclear fokeBueesufteéttisa ldrrohnigs@e&lomb
repulsion

...as p increases the attractive nuclear force becomes dominant, bosons overlap and dissolve in their
\constituent and the Pauli blocking becomes dominant 39
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Conclusions ... “@eNBG @

Decay of excited QP systems produced in “°Ca+%°Ca at 35MeV/A

- Detection system ——*> reconstruction of Agp, Zqp, E*op event by event

Technique : quantum fluctuation method

Results :
Reduction of fermionic component
Pfermions < P bosons = where the bosonic one is present
. < .
© t.fermions © © 1, bosons Not reduced by boson-fermion
T, ~ few MeV _ Interaction y

The observed signals are present also rteroratati
in events where mixture of bosons e merpres '%

and fermions are present (as observed in
atomic traps)

Signals of Bose-Einstein condensation

Similar nature for processes occurring
in guantum systems at the atomic and

Quclear scales /
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..and perspectives “@NBG @

What are the implications of these phenomena on a clustering and symmetry energy
at low p?

Do these phenomena persist in lighter/heavier N=Z systems?
(candidate : 56-58Nii+38Ni)

Do these phenomena persist in N>Z systems?

(48Ca+*8Ca...how to deal with non-detected neutrons)

Technique : particle-particle correlations for emission p estimation
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“@eNBG @
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40Ca+49Cq vs 48Ca+48Ca “{éeNBG @
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Event reconstruction and selection

QP reconstruction :

PLF + CP belonging to QP

(based on v/vp ¢ criteria)

J. Steckmeyer et al., Nucl. Phys. A 686 (2001) 537

Vperp(CMINS)

—— | Zgp, Agp, Egp™

5 0
vil(cm/ns)

(from calorimetry)

Event selection : 344Ca QP events

htmp

1 Entries

Mean
RMS
Underflow

3708126
0.9307
0.9261

0

GEMINI

Non-detected neutrons :

— <M ><1 for all Egp*

a and p emissions are energetically
favoured for 3444Ca

Paola MARINI
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Event selection “BENBG %

Event selection : isotropic emission events

to have a certain degree of equilibration

l
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The influence of these selections was monitored all along the analysis
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Particle multiplicity fluctuations “@ENBG @

Fermions
1.23— —f 1.23— _f
i R ] ,
2 osh 1 208k E FERMI quenching
N¥ T . NX E 00 9000000 '_:
Z 06F E %‘ 0.6- o .
S oar = ~ 04 =
0.2F = 0.2rg -
. B R R S SR S R I - DT T T
E*/A (MeV) E*/A (MeV)
A =T T T T T T T T T T T T T T T T T T T |-
< = .
o 115 -
I E Simple MonteCarlo
E N m m m ] assuming a flat emission
1= = probability for particles up
0.95 A A ¢ e - to Z=5
C L 7
09F g @ —
0.85;— ® —;
0.85— —f
: 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 I:
0 20 40 60 80 100 120

>
2}
o

Paola MARINI FUSTIPEN Topical Meeting GANIL17-19/05/2016 38



Comparison to statistical emission “@NBG @

GEMINT : typically reproduces observables from statistical decay at similar E*
R. Charity, PRC 82 (2010) 014610 and refs therein

Multiplicity & quadrupole

momentum fluctuations : op
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Comparison to statistical emission ‘@G @

GEMINT : typically reproduces observables from statistical decay at similar E*
R. Charity, PRC 82 (2010) 014610 and refs therein

Multiplicity & quadrupole

Multiplicity fluctuations :

momentum fluctuations : op
ud
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L eameyy ) [Not compatible with a standard statistical emission J

Models accounting for bosonic nature of a and d are under
development

S. Typel et al., PRC 81 (2010) 015803, and 89 (2014) 064321
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Coulomb effect on condensation T “@eNBG @

Gepaste ks frosteres

H. Zheng et al.; PRC 88 (2013) 024607;

The Coulomb interaction increases
the condensation temperature

T.(MeV)

SN ETET 1l : 3 3agaul L a2 aaaul
10°  10* 10° 10?2 107
-3
p (fm™)

FIG. 2. Critical temperature versus density with fixed ‘l We take
d as an example.
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