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Basic Questions:

> Nuclear Equation of State:
<g> of a nucleon in n/p symmetric
and asymmetric nuclear matter in
equilibrium, at different densities
(profiles) & temperatures.

> Symmetry energy <&, (p, T, I)>

Method:

- For finite nuclei, study limits of
nuclear (meta-) stability and
disintegration modes,
specifically “chemical” modes >
isotopic regularities in fragmentation

cluster emission

Challenges: Limited scopes of experiments and models produce

ambiguities.

Discussion of examples: ( 4048Ca+112124S5n@35,45 A MeV)
Progress in phenomenological understanding: expansion
dynamics & surface properties of excited nuclei.




Deducing a Nuclear Equation of State

Goal: Find fundamental ‘ |
nuclear instabilities. — .

Potentially achieved in model
dependent fashion, mechanistic
info required

Application: (iso)EOS 1
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Regularities in Statistical Cluster Emission

Emission probability «« formation

. — . . Fece?®=e%"  (if T ~const)

AS = Ssadd/e - Seq ~ AE*th/T = Q/T

S = S5,,(CN) S.,0q.(RES + Frag) et i} Peq 2
Eadaie ® Etor —E(1 - p—) — Vsaddie
(0]
Same cluster (N,Z) emitted from Eg = binding , Vg,qqe = coll, config

either CN,; or CN,, same E*,;

Ten, (N, 2) Peg 2 AQ7 | Decay widths & X
r 2 N Z o exp|| AEg(1 = =7)" + AVgupe | /T =EXp{T} interaction energies
cny (N:2) Po + EOS (isoEOS)

First — order expansion of Eg and V4. : reference cluster (N,,Z;)

Vieouagie (CN,N, Z) = Vpo + [Mj [N — No] + (Mj [Z — Zo:| and Ez(CN,N,Z) =...
z N

oN oZ
“Isoscaling”
with cluster
Ten, (N, 2) ¥ Ab N+p-Z N,Z
R ::F 2 N Z o eXP TCN N + TCN Z|=e“M’ Parameters
CNl( / ) a, f

Complications 1,2 H




1. Isospin Dependent Preeq. Dynamics 4948Ca+112Sn@35A MeV

Specific experimental setup to measure exclusive n & p with PLFs.

Neutron Fnergy Spectrum Significant rates of fast, non-
—~ E o~ 550 equilibrium emission of neutrons and
' E e PLF protons.
ot TLF Obvious at sideways angles.
| = e —
- = ' o |
(V) - - Non-Equilibrium Rates :
5 102 . Neutron/Proton 1
= 10 ‘
=3 - : )
T 108 [
% = B -
S i ]
g 104 E- =
E°) 0O 10 20 30 40 50 e A ]
E (MeV) =5 |
(Agnihotri et al., 1998; Schroder et al., 2001) 4l )
Fast and asymmetric depletion of system by 5
neutrons compared to protons. ¥ =3
Global iso-equilibrium for remnant system oL el b i
0 100 200 300 400 500
._ap_p_roached but not reached. PLFs remember B et harel
initial A/Z. Total Excitation Energy (MeV)

Next Example »



2. Dynamic Splitting of PLF* after Dissipative Rxns

48Ca+1121245n, E/A = 45 MeV, CECIL Expt. @ LNS Catania

ig? Experimental Wilczynski contour diagrams for
48Ca+112Sn @E/A=45 MeV.
Top: PLF energy vs. angle,
Bottom: PLF velocity vs. angle.
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2. Dynamic Splitting of PLF* after Dissipative Rxns

Prompt projectile splitting in proximity (under the influence) of target.

Nuclear surface interactions =2 allgned asymmetric breakup
45Cg + 11212450 @ 45 A MeV

n

Angular Distribution of light IMF clusters

m ¥}

Statistical x 4

L L
-1.0 0.5 0.0 05 1.0

cos@decay)

N s = =
Evidence for dynamics: 48Cg+4112,124Gn |
1. Alignment of breakup axis 15]

in plane, in direction of flight

4 10°
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2. F/B of heavy/light. .
3. Relative velocity =2x equil. systematics °F -
4. Symmetric component (not fission) of e

! Perform Isoscaling Analysis ”




Isoscaling in Dynamic PLF* Splitting (48Ca+112:1245n)

PLFs from 2 dissipative reactions split dynamically.
Compare cluster yields - ratios.

DR RARAS AARE LRAS ARRE AR LALLS LN LLLLE Ry PLF* — PLF'+(N, Z)
. Isoscaling Plot Li, Be, B, C, N Isotopes 4 YNZ(48ca L124 Sn)
/‘3 R = !

Ratio R;,

PLF, =(Z, =20, A, =49)
PLF, =(Z,=18,A,=43) ) > Cg,, =17-19MeV

T = (2.6 £0.3)MeV
" Eanzza-N+,8-Z

PLF, =(Z,=25,A, =48)

2 2
aT = 4C [ Z/A).,, —(Z/A }
sym ( )CNl ( )CNz prgz(zz =26,A, =49) ) > Csym =31MeV

BT = 4Cyym | (N/AYy, ~(N/AY,, | T= (5503 MeV
| I L1 Ll I L1 L.l I | I | I L1 Ll I L1 Ll I L1 Ll I | I | I | I | I L1
2 s 4 5 e 7 8§ 9 10

Ambiguity due to uncertain reconstruction - Identify cluster origin/mechanism.



Ambiguity Range for Model Parameter C,,

Z, A Z, A, T(MeV) (¥) Capp
23 54 22 51 1.7 (0.1) 222
24 55 23 52 2.1(0.1) 23.8
23 52 22 49 2.4(0.1) 24.8
20 49 18 43 2.8(0.1) 19.1
21 51 19 45 2.9(0.1) 20.0
24 56 23 51 45(0.1) 24.5
28 46 27 45 5.6 (0.1) 317
Z1 Al 72 A2 T(MeV) (+) Cpp(MeV)
23 55 22 52  1.47 (0.01) 21.5
24 56 23 53  1.81 (0.02) 23.3
24 55 23 52  2.14 (0.02) 24.6
24 54 23 51  2.52(0.03) 25.8
24 52 23 49  3.41 (0.04) 27.9
24 56 22 50  3.95(0.05) 23.9
23 49 22 46  4.09 (0.05) 29.2
24 55 22 49  4.69 (0.05) 25.2
24 57 21 48  5.44 (0.06) 23.1

PLF*s {[Zy, A], [Z5, Al split,
effective temperature T
apparent symmetry energy
coefficients C,pp.

(Fit range 3 isotopes per Z)

PLF* s {[Zy, A1, [Z,, A1} split,
effective temperature T
apparent symmetry energy
coefficients C,pp.

(Fit range 4 isotopes per 2Z)

a(x) B() Fit Range
Isotopes
0.230 (0.002) | 0.122 (0.008) 3
0.222 (0.002) | 0.113(0.008) 4

Parameters factors 2-3 smaller
than in other reactions.

Meaning of apparent “C,,," ?

17-19 MeV < C,, < 32 MeV




Scaling With Ground State Energies (Qg,)

11 Inspect yield dependence on

j 1 binding energies of IMFs in PLFs for
48Ca + 124.112Gn reactions (Q « AB).
Phase space (S) scales with Q.

(nR, =c—-(B,-B,)/E, =c+ABJE,

Ratio Rj»

1 :.'_ @ Lilsotopes —:': EO ~ (2.7 + 0.5)MeV

o B Be lsotopes - 2
— ‘ B[so(opos — 10 E I . I-Ilsoltoples L] L] L] I L] L] L] I L] L] L] I L] L] L] I L] L] L] I L] L] l:
i | Clsotopes i E M Be Isotopes I E
i A Nisotopes | i e ]
o — a1*exp(a2*AB) 1 : 8 ::i:z::: :

/\ F Isotopes

j 1 o~ 10k |4 o -
A l B 2 ' A l 4 ' i ' 2 l A 2 2 A l A 2 A A l B 2 2 H : Silsotopp:: E
‘1 0 1 2 3 m E g P Isotopes + L :
AB (MeV) D [ | e b .
L : : @ [ A e ]
Binding energy difference scaling of i ey I
experimental yield ratios for 1E e .
48Ca+112,1245n PLF splitting reactions. - .
Why? [ -

Different mechanism: 8678Kr + 6458Nj jgab.l,

reactions at 35 A MeV (TAMU data) but ) "~ AB(MeV)

same scaling.
? Need realistic CN model ”



Expansion in Interacting-Fermi Gas Model for CN

e(p, E?)
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Simplest version: harmonic approximation
of &(p) 2 analytical formulation

2
1—[£) ]+ EOS
Po

&(p) = —&9 + (K/18)

X * X *x
5=2 a'Eth - Et = Etot _Econf
Entropy
“little-a” = level density parameter 2
SINVAE
d = Ayoiume T 9surface = (A“v + A aS) ,0_
0

) _0  _ Peq microcan.
0P Jgt, T model

Experimental a systematics > model
relates E* «<— Density «— T

More sophisticated CN model H




Isoscaling with an Interacting Fermi Gas Model

Studied schematic model isoscaling dependence
on T for p=py. and for g.s. I dependence.

Ad hoc ansatz for surface symmetry energy
(p,T) = Essentially similar isoscaling plots.
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Source CNs: E*,,,/JA = 5 MeV

Left {As = 175, As = 165}

Right: {As= 185, As = 165}

Top: Ratios of Z = 5/9 isotope yields.
Bottom: Ratios of N = 5/9 isotone yields

E,(p) = [BO + %(1 _p/po)z} (1-x,I%)A
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Need better model surface "



Surface

Vaporization

Half-Density Radius R/,

T (MeV)

Toke & Schréder, PRC subm. (2011), PLB subm. (2013)

Configuration

Sconf conf ! =2 \/ Qeont tot conf ) entropy
Level density
_ 2/3 Y3 (#\3
aconf ' ao 100 (I )J-,O (r)d r parameter

p(r): Matter density, R(1): iso—asymmetry factor

Econf(p,'):=cv-[ J..z

5°S >0 — instability — "sudden" decay

2 .
P L ]e Harmonic
Lo "oy approximation

* New nuclear modes *

5
e |
- P
S ab— \
4.8 \
S i \
o [ :
46 . '
= - Surface Diffuseness d /
G
Vg o -
2 |
o
1 - i i 1 23 1 i
5: Temperature g
2.5
o
E'/A (MeV)

Finite — range calculations:
More general Skyrme interactions (K =220 MeV)

; .1 a=-62.43MeV
e (p)=p-la| L |+—— | & b=70.75MeV
pO 6+1 pO o= 20

Up to E*/A = 4.5 MeV expansion, surface diff

T levels off T = 5.6 MeV (like experiment),
C negative - instability

n-rich surface parts vaporize first, ejected.

Residues n-poorer but hotter 2>

With I2 “Distillative Boiling”

EOS
Econf

Ruorm | " (P(T))- eXp{—( )}d rd°r’ Folding



Summary & Conclusions

Generic character of isotopic regularities (isoscaling), sensitivity to sum of
EOS and interaction terms. Ratios obscure some physics.

Significant ambiguity due to poor identification of parent isotopes
(“resolution effects”).

Isoscaling observed also for competing mechanisms (dynamic splitting).
Ground state masses explain (several) isoscaling phenomena.
Progress in thermodynamics of finite nuclei (expansion, surface, caloric).

Development of phenomenological method to interpret nuclear decay
modes (boiling, distillative vaporization, cluster emission barriers).

Experimental/theoretical challenges:

Y V V

Characterize reaction mechanism.
Determine pre-equilibrium modes (mean field vs. scattering).
Determine equilibrium conditions of CN emitting clusters.

Need more specific (exclusive) experiments with high statistics.
More direct measurements of isospin sensitive observables (incl. n’s).

Realistic modeling of many primary reaction and secondary decay features
simultaneously.



THANK YOU !



Instability Modes of Finite Nuclei

A=100, A1=A2=50
K=220 MeV -

Entropy S of a two-phase system (1,2) vs.
total energy, E./A, and energy asymmetry,
(E1-E5)/Eqor.

S is given relative to entropy, S,.iform: Of the
uniform system (1+2).

Eor =6 (1= 0/05) +¢, (/212

20
18
16 |
~ 14 |
>
g 12
=10
<
S 8
el 6 1-g.s.
2 = th.—ch.
4 3 — therm.
4 — uniform
2 N v — e.vect.
00 02 04 06 038
(N=2)/A

Contours of the equilibrium matter density vs. iso-
asymmetry, (N - Z)/A and E;,/A.

Slid lines: 1) ground-state energy

2) boundary of meta-stability domain

3) boundary of domain of positive heat capacity
4) boundary of domain stable against uniform
expansion.

Further theoretical model extension:
Saddle and barrier energies > ].Toke
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Isoscaling in Dynamic PLF* Splitting (48Ca+112:1245n)

Early (1970s) Russian work (cf. Schroder & Huizenga), PLFs from 2 dissipative reactions split
more recently: Tsang et al., PRC64, 054615(2001) dynamically. Compare cluster yields.

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I CECILII@LNS
L _J [ (Rochester/CHIMERA, Conf.+tbp)

Isoscaling Plot Li, Be, B, C, N Isotones 8 ontd Sheth Nyibule
B B ) = > Ph.D.
A

»Ld-
PLF — PLF' + (N, Z)

Yy,z (*¥Ca +'%* sn)
11— — Ry; =

- Yy 7 (48Ca 4112 Sn)

Ratio R,,

i /‘n R12 —a-N+p-Z | | PLF=(Z,=20,A, =49)

B | | PLF=(Z,=18,A,=43) ) > C,, =17MeV
2 2

I aT = 4Coym | (Z/ Ay, ~(Z/ AV, | || T-Gez039mey

2 2
pT =4C,,, [(N/ A)C,\,1 -(N/ A)C,VJ PLF, =(z, = 25, A, =48)

coac v b v e e v v 1y PLF;:(ZZ:261A2:49) —>C5ym=31M9V
2 3 4 3 N 6 7 8 9 T = (55+0.3) MeV

Ambiguity due to uncertain reconstruction - Identify cluster origin/mechanism.

O Need reaction model to simulate simultaneous observables.
0 Need realistic model to relate {«, g} <> C,,(p)

Extend statistical CN model »




Hurdles for Studies of the Symmetry Energy

Competing reaction mechanisms produce similar isotopic
phenomena

Lack of equilibration in most reaction systems
Non-uniform symmetry energy (bulk vs. surface)

Poor definition/reconstruction of equilibrated system
Indirect determination of isospin dependencies (ratios)

Unsystematic “spot” studies, variation of reaction parameters
(Ecml LI")

Secondary evaporation effects/"”side feeding”
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Related observations
v.Harrach/Specht,
Fuchs et al.,
Wilczynski et al.,

de Filippo et al.



Early Studies

Common T = equilibrated

system

l ™7 C. K. Gelbke et a., Phys. Lett 65, 227 (1976)
I ]
1160 (140, 315 MeV) +
< | 947r, 197Ay, 208pp, 232Th,
f | | > Isotopic yields, variation with target
i % and bombarding energy (E/A=8-20 MeV).
b
%
=
g - 10? %
b ‘o‘[ >&i.. . :70 2 0 \'“c
E '.6\002’0 n o 12\.2(5% 3 m\ . %
{q] soof \\.\ A .C ¥ . 0\ 8...50 \6”.
O e 1 ! I N S T E 2 138
s 0 13 i i ! BN
Mass number of frogment & ] \ ~
& 2L 3
9 f Brie
"8—'%\‘6)> \
—f
'6,,% 20, N
22Ne (172 MeV) + 232Th, e=400 -1 -;o -Jlo _:u _5; _; ; =xd
0”-5p-bnluevl

V. V. Volkov, Phys. Rep. 44, 93 (1978),

summary of early Russian work
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Nuclear Stability Criteria (Gibbs)

Meta-Stability:

Normal Modes

(S 2 S, ax) 2 (S-S, ax) ® 82S < 0 - driving force

2 oV
1

2 oU
1

2 olN
1

2
ol
Mechanical Stability 5°S = _1 (7)) <0
kr T -V
Isothermal compressibility xr =—(1/V)(eV/op) > 0
Density fluctuations o5~ p* (T/V)xr
5TY
Thermal Stability 5°S =-C, ( - j <0
Isochoric heat capacity C, = (aU/eT), >0
Energy fluctuations ot ~T?C,
Chemical Stability 5°S =-Y 0 Ky N;6N; <0
i\oN, T
Chemical potential = (0U/oN;)s \, . >0

Chemical fluctuations o-,%, ~ T (6u/oN ); -




Symmetry Energy (MeV)
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N & Z Dependence of Statistical Cluster Emission

Emission probability «« formation

. — . ‘ Foee?®=eT  (if T ~const)

AS = Ssadd/e - Seq ~ AE*th/T = Q/T

S = S,,(CN) S.sqqie(R€ES + Frag)
E:;Zdle = E:ot o EBind(l o @)2 o Vsaddle
Fixed cluster (N,Z) emitted from Po
either CN4(I;) or CN,(I,), same E*
Ten, (N, Z)

Fon, (N,Z) oc eXp|:(Vsaddle1 ~ Vsaddie, )/TJ: eXp[AQ/T] Decay Widths

AQ = AV, e [,0, [ } same cluster, different CN,,CN,

~ Nsaddie Nsaddle Reference
Vool N, 2) = Voo + ot | [y Pte| [2-2,] o felgtes

Vieodaie(CN,N, Z) = Qey + acyN + boyZ, factors depend on p

I N,Z “Isoscaling”
Rip = N2 ( ) oC eXpKAaCNj N + (AbCNj : Z} =eeNthz with cluster
Ceny (N,Z) T N,Z




Interacting Fermi Gas Model for CN

e(p, E")

Relative Density
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Equilibrium Nuclear Den
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ds}/dp’:o

/

0 2 4 6

Total Excitation Energy (Me

8
V/A)

10

Simplest version: harmonic approximation
of &(p) 2 analytical formulation

e(p) = —¢, +(K/18)[1—(p/p0)2} EQOS

b3

S5=2\a- E:h — E: = E:ot — Econr Entropy
S0 T
op Etot T

Experimental a systematics > model
relates
E* «— Density «— T

Coulomb Radius r, =1.16-(p/p,)™¥* fm
Level Density Parameter

2 2
a= aVqume + aSun‘ace = (Aav + Agas)(p/po) °




Discovery: Spinodal Surface Vaporization

dsiss (fM)  Ryyz (fM)

T (MeV)

4.8

4.6}

1.5

Half-Density Radius R/,

Temperature —
2 4
E'/A (MeV)

* New nuclear modes *

n-rich surface parts vaporize first,
Residues n-poorer but hotter.
With I2 “Distillative Boiling”

Toke & Schréder, PRC subm. (2011), PLB subm. (2013)

Configuration

Sconf conf’ \/ aconf ' tOt conf) entropy
Level density
- 23 R(1 Y (r\d®
Bt =0 Py - R( )j pr(r)r parameter
C(Rund)- po-| 1-ert| T2 | | Matter densit
,0( ) ( » ) er \/_ atter density

R(1)= [1—%I2 :[ ( ) } Asymmetry factor

2
1— 'OJ+C (’D)IZ
Lo Po

0°S >0 — instability — "sudden" decay

Harmonic
approximation

Econf (IO’I):CV

Finite — range calculations:
More general Skyrme interactions (K =220 MeV)

b 1 a=-62.43MeV
e (p)=p- a-[£j+—-(£] b=70.75MeV
o o+l { p, a0
ECE)%? Rnorm |Ir51tOS (p(r - F')) eXp{—( ) }d rd FOIdIng



Combined C, ., Fit (all CN, all E*,/Acy)

2 2 2
AN/A ) oT = 4C,,, [(Z/A) o, —(Z1A) CNZ}
2 2
006 004 002 000 002 004 006|AT =4C,,, [(N/A) Ny~ (N/A)CNZ}
6| m E_/A=2MeViu -6
- E,./A=3MeViu -
N 44| A E_/A=4MeVi -4
' E /A =5MeViu '
21| & E_/A=6MeViu K
IE 0- * EIDEFA=TMBWU -0 -E’I WIthOUt asurf —>
9 o) [, Coym = (27.3£0.1)MeV
£ .
0 4 9 With a,. —
- _ ot | Csym = (27.6 £0.1) MeV
5 /( — linear fit of the data points | .

006 004 002 000 002 004 006
2
A(Z TA)
S S

Surface entropy increases a and |B| (More matter in surface)
But decreases T = cancellation of effects.

W. Udo Schréder, 2013



Equation of State of Nuclei/Nuclear Matter

EOS of asymmetric nuclear matter

5_Pa Py

E(p.8) ~E(p.8=0)+E,,(p)d’
Py +P,

q

L(p-p, ) Kem(p-p,’
Es}u‘.(p):E;}m(pg)‘l'—[p pg ‘_I_ = |p p[)‘
3pp ) 18 py

Symmetry energy

EOS: Total energy of a
nucleon in nuclear matter is
density dependent

(pp = 0.17 n/fm3)

n-p asymmetry energy is

Symmetry energy coefficient _ ~ 7 )
Eom (Po) > 30 MeV uncertain
) 6Es}'m(p) . . .
Slope  L=3p,— theoretical values -50 to 200 MeV
o
=Py BD T g T d T )
OE._(p) . MDI interaction ’
Curvature K, =9pi—=—-  theoretical values -700 to 466 MeV ' -2
sym (q]p ] ) x
60- : §
U ] o c;:.\%f 1 d
Nuclear matter Incompressibility — K(§) = KG+KaW53__ Ky & Kp-0L=> L ol K g
| N §41 5 8 8/'{"-"#'.'6
experimental values Ky~ 230-240 MeV, K, ~566 =1350-139 1617 Me"\*’g D'_ g O 0 g
e RS = a
W 5o~ @ soft x=1
204 P |
g .f - R . "'
s e :
V.-
D i T T T T
0.0 0.5 1.0 1.5 2.0

rlifindAd D ammg faran:

density p/p,




Laboratori del Sud, Catania/Italy

THE CHIMERA DETECTOR

CHIMERA characteristic features

Experimental
Method

AE-E - Charge
AE-E E-TOF - Velocity, Mass
Pulse shape Method > LCP

Basic element

Si (300um) + CsI(TI) telescope

688 \

telescopes

—
CHIMERA mechanical structu relm

Primary
experimental
observables

TOF 8t<1ns

Kinetic energy, velocity

SE/E Light charged particles ~2%
Heavy ions < 1%

Total solid
angle AQ/4n

9496

Granularity

1192 modules

Angular range

1°< 0 <176°

Detection
threshold

<0.5 MeV/A for H.I.
~1 MeV/A for LCP
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Angular Alignment and Coplanarity

Angular Distribution of light IMF clusters
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- Coplanarity

Preferred orientation of deformed pre-
scission PLF: lighter IMF backwards
(towards TLF) > Minimizing energy



