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VOLUME & SURFACE SYMMETRY ENERGY

Bethe-Weizsacker formula;: x A
72 (N —-Z )2
413 Tl

E:—avA+a5A2/3—|—CLC + 90

No surface symmetry energy. ..

5 4mrg 2 g2/3 = 05 5 S

Surface energy: Eg = ag A%/3 =
41 7“0

47r 7°0
Eg as

= 0 =

S  A4mrd

(tension — work per area)

Symmetry energy reduces the binding, so, as n-p asymmetry
increases, the work to create surface should drop (you cannot

subtract same thing twice from volume!)
0 Es

O = —= (in the general definition of tension)

0S8

\_

— As nucleons at surface less bound, creating surface requires work.

~
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o as intensive should depend on an intensive quantity
characterizing neutron-proton (n-p) asymmetry — p4

. OE
HA= 9 (N = 2)

Since tension should drop no matter whether more neutrons or
protons — quadratic in chemical potential

0200—%%24

Surface energy F'g must then also depend on 4. ..

Thermodynamic consistency then requires:
Surface must contain n-p excess!

(Ns — Zg) o pua

Surface energy must be quadratic in the excess and/or 4.
?How can surface hold particles?!
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/ Gibbs definition for surface
quantities - difference be-
tween actual and idealized

where volume contribution
only: Fg = F — Fy,

result depends on surface
position R
— fls — /1-—-f4p*22 0

Y

Y

Actual
; >
ldealized
R r ]

2-component system: sur-
faces for neutrons and pro-

tons may be displaced.

Net surface position set de-
manding: Ag = 0.
However, Ng — Zg # 0!

~
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With thermodynamic consistency resolved, o = oo — v % yields for

surface energy
1 (Ng— Zg)?
47 S

Es = 00S+7vp3S=Eg+

o g (Ns—Zg)?

(surface capacitor)

.. ) 0 \V4 (NV — ZV>2 .
Volume similarly: By = Ey+ay y (volume capacitor)

Net Energy & Asymmetry: F = FEg+FEy, N—Z = Ng—Zs+Ny—Zy

Minimization of E with respect to the asymmetry partition:
analogous to coupled capacitors, gx = Nx — Zx,
Ex = E% + ¢5/2Cx, with the result

2 2
2C A A2/
ay | aj
K volume capacitance surface capacitance /




NSCL-MSU

-

MODIFIED BINDING FORMULA

Z* a’y (N — Z)?
_ 2/3 A
E ay A+ag A —|—CL(JAl/3—I—1+A_1/3&X/a§l "
as(A)
Regular formula for a¥ /a5 = 0 - i.e. surface not accepting the

asymmetry excess (a3 = 0o) - or for A — oo.

Modified formula: weakening of the symmetry term for low A.

Whether one can replace a4(A) by aY for large A depends on the
ratio a'| /a3 .

The ratio may be determined from surface asymmetry excess, as

surface-to-volume asymmetry ratio:

NS—ZS B CS B AQ/B/CL:Z

e :A_1/3 v, S
Nv -2y Cy  Ald} T4 /04
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ASYMMETRY SKINS

Measurements of n-p skin sizes difficult: two different probes
required.
E.g. electrons + protons, 77 + 7, protons + neutrons

Issues:

1. Data expressed in terms of difference of n and p rms radii.
Conversion straightforward, if diffuseness similar for n and p.
2. For heavy nuclei, Coulomb competes with symmetry energy,
pushing protons out.

= minimize sum of 3 energies w/respect to asymmetry:

e 1 /3 1
FE=F FEo 4+ E Er = (2722 +2vZq+ = Z2
v+ bs + Lo ¢ 47T€0R<5 v 2y S+2 S)

From the modified minimization, analytic difference of rms radii:

()2 A N—Z  ac AP R+ AYVaj/al
(r2)1/2 6NZ 1+ Al/3a%5/aYyy 168aYy, N 1+ AlY/3a%5/adYy

K symmetry energy only Coulomb correction /
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TEST OF THE MACROSCOPIC FORMULA

0.4 T T T T | T T T T | T T T T T T T I:
I EK
Comparison of the @& A6
formula (lines) with a ", 03 5
multitude of nonrela- I — 4
e .. & _ 1 wn«
tivistic and relativistic < ,[ R
mean-field calculations 3= [ 1
by Typel and Brown ! Rk
@ 01p -
PRC64(01)027302 phs - :
(symbols) T !
O’O | | | | | | | | | | | | | | | | (-
0.0 0.1 0.2 0.3 0.4

<r2>r11/2—<r2>;/2 (fm) for **Sn and 'Ba

Accuracy, in reproducing microscopic theory, of ~0.01 fm 7!

= next data




NSCL-MSU 9

4 )

Systematic of n-p skin sizes for different Na isotopes by Suzuki et
al., PRL75(95)3241 + other data

0.6 T | T T T T | T T T T | T T T 0.6 T | T T T T | T T T 1 T T T T T T T T T T
i v i ]
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_ i 3 N —~~ . _ I
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difference between the rms n and p radii vs A

aX/ale?)
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N

(GLOBAL FIT TO SKIN DATA

l-0 & 2-0 limits on aY /a5 as a function of a}:

B | | | | | | | | | | | | | | | | | | | | | | | | ]
41— ]
3 — ]
n< B T
(G — —
\ - —
> <t L _
o o[ ]
1 Weizsacker ]
B ’/ formula ]
O B | .I | | | | | | | | | | | | | | | | | | | | | ]

20 25 30 35 40 45

a, (MeV)

dependence on a' due to Coulomb

As A=1/3 4% /a5 never small, symmetry term not expandable;
Bethe-Weizsacker not acceptable at the macroscopic level.

/
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CHARGE INVARIANCE

Conclusions on details in the symmetry term, following
mass-formula fits, are, unfortunately, interrelated with conclusions
on details in other terms: isospin-dependent Coulomb, Wigner &
pairing + isospin-independent, due to (N — Z)/A - A correlations
along the line of stability (PD NPA727(03)233)!

Best would be to study the symmetry term in isolation from the

rest of mass formula! Absurd?!

Charge invariance comes to rescue: nuclear states characterized by
different isospin values (T',1,), T, = (Z — N)/2. Nuclear energy
scalar in isospin space:

_ (N-2)* _ 7

EA—CLA(A) A —4CLA(A) A
T2 T(T+1)

— EA—4CLA(A)Z—4CLA(A) A

11
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T(T +1)
A

— EA = 4CLA(A)

In the ground state T takes on the lowest possible value
1T = |TZ| = ‘N — Z|/2. Through ’+1’ most of the Wigner term absorbed.

Formula generalized to the lowest state of a given 7T'. Pairing term,

in the

generalization, contributes depending on evenness of 7.

?Lowest state of a given T": isobaric analogue state (IAS) of some

neighboring nucleus ground-state.

Study

11.76 14.4
1349
10.57 21 12.56
19.27 24, @ @* 1152
®Be +2n:84774 10.84
He+ g 74104737 7.54 2%5-| ER/IPSI i) 3. Te
9Be+ n :68120 T 889 8894 2+, \
16.1796.26 2" o*| 8.436 6.58
B , P
5958 2 N e 8
F6. - -E;)__ S‘ZZL 5.100 :®Be+a
—:592 =9 4*]13"
3.368 2t __%Bexg ;5 11 5.IGZ‘E2"|#?‘O 3.35]| 2+ 19.006:%8 +o
4596 [ No- 0 M 38207 ®Be+2p
&4‘774 3*.0 27,0
‘liva |3587 2+
2.01 N 2.154 +.0|
[z0] ST 174050 T=1 i3] _
> 07184 1*.0 T o*:l
“Be B B '5¢
3*.0 T—O
10
B

of changes in the symmetry term possible within one nucleus

~
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In the same nucleus, when pairing drops out:

4aA

Exny—ﬂmnyzjz{naa+n—7uﬂ+4ﬁ

?
4 AT? .

=Sos =) ) A

ay (A)

IAS analysis with largest available energy differences used:

0.07 —

0.06 —

(Mev ™)

0.05 —

-1

ap

0.04 —
L Vy-—1 S\—1,-1/3 ]
0.03 £ (aa)” +(ay) A / —
I R | L1 | L1 | [ B | I

0.0 0.1 0.2 0.3 0.4
%
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F1T COMBINATION

S
A

a,/a

Conclusions:

[ T T T T | T T T T | T T T T | T T T T | T T T T ]
- from 20 =
4 modified
B : formula fit 7]
3 | —]
B I
B 20 L
{3 -
B from i
) - skins ]
i Weizsacker i
B '/ formula ]
O i | . | | | | | | | | | | | | | | | | | | | | | | i
20 25 30 35 40 45
aX (MeV)

31 MeV < aly < 33MeV,

2.7<a% /e 3.0

next: Symmetry-coeff ratio constraints low-p dependence of F 4.

/
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/ MICROSCOPIC BACKGROUND

N

2
In Thomas-Fermi approx with E = Eq + [ d*r p E4(p) (@) :
where E 4 - symmetry energy (Ea(po) = a), Gibbs prescription for
semiinfinite matter yields: ax 3 / dr p(r) [ E4(po) _ 1]
S
= 4" /a5 probes shape of E4(p)! #4 "0 po. [Ea(p(r))
FOI'EA()_GIA,CLA/CLA:O' 0.9_—|||.IIII|IIIIIIII|IIII|IIII_
Surface capacitance emerges, e
because F 4 drops with p. 081~ * B
> < L ¢
o I o‘
From 2.7 < aY%/a% < 3.0 2 Ve 85 B
for mean-field structure calcs E’ ' 63_ .o. . B
= 06 “_
(Furnstahl, NPA706(02)85 - < [ TR
i ® il
symbols), we deduce symmetry 05 T T “ \ Yo -
energy redUCtion at half the 04 I | | I | (I I| I L1 1 | I | L1 1 I
normal density: ! 3 g 6
0.58 < Ea(po/2)/a% < 0.68 o4/




NSCL-MSU 16

/ CONSEQUENCES FOR NEUTRON STARS \

Pressure estimate from E4(p) + Lattimer-Prakash scaling,
R P'/* ~ const, yields 11.7km < R < 13.7km for an 1.4 M star.

Density dependence appears too weak for the direct Urca cooling.

MASS FORMULA PERFORMANCE

Fit residuals for light asymmetric nuclei, when either following the
Bethe-Weizsécker formula (open symbols) or the modified formula

with aY /a5 = 2.8 imposed (closed), i.e. the same parameter No.
B N L R B

= 0oF
Q C
2 -
s TOF
T
& —10F
3 L
Ea}
-15 oo @ IN-Z|/A>0.2 ]
r O o i
—20 — | | [ | ||||||||||||||||||||||||||||||T
20 30 50 70 100
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/ CONCLUSIONS

Bringing macroscopic consistency introduces surface symmetry

energy into the binding formula, with the volume and surface

symmetry energies combining as energies of coupled capacitors.

Formula scope gets extended; it predicts surface asymmetry
skins and weakening of the symmetry term for light nuclei.

Skins restrict ratio of symmetry coefficients; charge invariance

allows to study symmetry term without leaving a nucleus.
Skin /IAS fits: 31 MeV < a% <33MeV and 2.7 < al /a3 < 3.0

Surface symmetry energy emerges due to a weakening of the
symmetry energy with density. a' /a9 ratio places F4 within

(0.58 — 0.68)a, at pg/2. Consequences for neutron stars follow.

Description of giant dipole resonances improves with an

inclusion of the surface symmetry energy. The resonances are

more of a GT type for light nuclei and of an SJ type for heavy. /

17
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ASYMMETRY OSCILLATIONS
Movement of neutrons vs protons - giant resonances visible in

excitation cross sections

Two classical models of the simplest giant dipole resonance (GDR)

O &

Goldhaber-Teller (GT): n & p distributions oscillate against each

other as rigid entities:

Eapr =hQ oc 1/ A2/3 /A = A7/6

Steinwedel-Jensen (SJ): Standing wave of n-p in the interior with

vanishing flux at the surface
Eaopr = hca/)\ x A~V3

~
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GT model: a) — oo SJ model: a2 — oo

Realistic model: SJ but asymmetry flux may flow in and out of the

surface. .. The boundary condition produces:

, 3a5 AY3
iR ji(qR) = ——— ji(4R)

j1 - spherical Bessel func-

LI L

tion, typical for waves when 30

spherical symmetry; ¢ - e

TT
X _,|

wavenumber, Eapr = hc, q

As a2 A3 /aY changes, the
condition changes between
that of open and close pipe 15

T T | T T T T | T 1

and the resonance evolves

T

between GT and SJ LN
10 20 30 50 70 100 200 300
A

~

/
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/Local Amplitude = Transition Density
Dy | al dp
Pl(r) = E]l(qr) p(?“) - 3&5 A1/3 r d?“]

Compared to microscopic calculations (Khamerdzhiev et al.,
NPA624(97)328) GSC, including 2p-2h excitations and
ground-state correlations:

0.05
0.04

0.03

P1 (fm_s)

0.02

0.01

0.00

~
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DIFFERENT MASS FORMULAS

Liquid droplet model (Myers & Swiatecki '69)

5 1 1 _
E = (—0,1—|—J52—§KE2+§M(54)A

Z? 1
+(a2+Q72+a3A‘1/3) AP 4 ¢y <1+—TA‘1/3

Al/3 2
72 74/3
—CQZQA1/3—03Z—C4A1/3
where
GZE (—QaQA + L —|—61A4/3 : T:§§<5+55)
o 1+5% 4 s a Z L N-Z
1+ 5548 127 AY3Y - N+Z

Q=H/(1- % P/J). Expansion in asymmetry yields results

consistent with current, but approach more complex. ..

)

/
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The current formula:

7 (N-2zp 1
«

_ 2/3
b=ravAtas AT +ac g A 1541

Liquid drop model [LDM] (Myers & Swiatecki 66)

E = —ay (1—/4;1/]2) A+ ag (1—/{5[2) A?/3
ok &
Tac A1/3 T a4y

with I = (N — Z)/A. LDM corresponds to the expansion in the

current formula:

1 Q Qo
~— (1—-=4"1/3
e (1 547)

But that expansion only accurate for A = 1000, i.e. never!
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