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1.-Introduction and phenomenology



Where can we find neutrons and protons? And in which

form? Free? In clusters?

- Neutrons and protons in Earth are found

. : s
in cluster systems: nuclei ¥ 2
S
— The interior of all nudei has constant density ( 10! fimes =
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Nuclear Equation of State (Eo0S)

Definition: the energy per nucleon (e=E/A where A=N+Z) of an uniform
system of neutrons and protons as a function of the neutron (p, = N/V) and
proton (p, = Z/V) densities, at zero temperature, unpolarized matter,
assuming isospin symmetry and neglecting Coulomb effects among protons.

Why?227?

— Zero temperature: room temperature 10°K—10~° MeV while “cold” neutron stars are about 10° K—0.1 MeV.
Separation energy in stable nudei (equivalent to ionization energy in atoms) is of several MeV.

— Unpolarized: energy favours couples of neutrons and protons occupying the same state but with opposite spins
(equivalent to elecrons in atoms)

— Isospin symmetry: neutronneutron, protonjproton and neutronproton nuclear interaction are very similar among them.
Masses of neutrons and protons are almost degenerate. Hence neutrons and protons can be thought as two states of the

same particle with different isobaric spin or isospin (in analogy with spin): the nucleon.

— No Coulomb: idedlized uniform system (focus on strong interaction). Real systems are finite and frequently
eledrically neutral so no problems (divergences) in adding Coulomb.




Nuclear Equation of State (Eo0S)

It is convenient to write the energy per nudeon (e) as a function of the total density [p=p,+p,] and their relative difference [6=(p, — p,)/p].

— Due to isospin symmetry only even powers of & will appear Taylor expansion for 3— 0:

— Stable nudei fend to show small values of & > 1
— e(p, 8) = e(p,0) + S(p)é” + O[d”]

{ Itis customary to also expand e(p,0) and S(p) around nuclear saturation
| density p ~0.16 fm3
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Saturation density p, = 0.16 fm?
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— Rani e of the nudear interaction (1/m_ ~ 1-2 Fm) WEICG"{ shorter than the
size of the nucleus. Hence, neutrons and protons just “see” their closest neighbours.

— Experimental charge (Z) density in the interior of very different nuclei is
rather constant at around 0.06-0.08 fm?=3.

— Saturation mechanism (equilibrium) that originates from the shorl'-rcm%‘e
nature of the nuclear force, much stronaer than the Coulomb renoulsion at t
nuclear scale. '

4

3

3 I
~+/ 2R = | — <> =0.9354) A" _
5 - Exp. |
1 /3 V) | : | ) | : | :
z r A 0 50 100 150 200 250
O z09 fm Mass number A




Energy at saturation density:

energy of a nucleon “far from the surface” - av= 16 MeV
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— A small change in the saturation density will impact the size of the nucleus. Charge radii are determined to an

average accuracy of 0.02 fm (Angeli 2013).
For example, if one aims at determining the Rch = 5.5012+0.0013 fm in 2°°Pb one must be very precise in

the determination of p:

Note: typical average theorefical deviation of accurate nudear models = 0.02 fm — 8p_/p, is determined up to about a 1% accuracy (That is, third digitin p, = 0.16 fm3H4).

— In a similar way, a small change in the saturation energy (about e =-16 MeV) willimpact on the nuclear mass.

For example, if one aims at determining the B = 1636.4296+0.0012 MeV in 2Pb one must be very precise in the
determination of €, (changed notation!):

Note: typical average theorefical deviation of accurate nudear models = 12 MeV — &e /pe, is determined up to about a 0.1% accuracy (That is, second decimal digit in e =-16.0 MeVH).




Neutron and proton radii difference

essentially due to the difference between N and Z Ary, = <r2 > 1/2 _ <r2> 1/2

n ’

- Elastic electron scattering — electromagnetic size of the nucleus < p,

- We have mostly indirect measurements on p,, (weakly interacting probes difficult)
-+ In nuclei with different number of neutrons and protons, we expect R,, could be different from R
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Neutron skin thickness (Ar,p:=r,-Ip)
and neutron pressure

= | inear Fit, r = 0.979
© Nonrelatuvistic models
€ Relativistic models

The nuclear droplet model for arbitrary shapes 0 50 100 150
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Volume 84, Issues 1-2, 15 May 1974, Pages 186-210 X Roca-Maza, M. Certieles, X. Vifias, and M. Warda Phys. Rev. Lett 106, 252501 (2011)
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What happens if we now perturb the ground state

densities?

Produce a small displacement (dl) between
neutron and proton densities (drops) Al y Constant Applied Force

1.8 +
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pPo + dl - Vp() ol

(Linear response theory)

Final amplitude

Damped Oscillation




Giant resonances: the IVGDR

0,(E) = 4m2a(E, — Eo)|(v{Eipoi)0) |*8(E — E, + Eo)
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Giant Resonances
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Giant Resonances: Harmonic oscillator

Shell gaps
equal in HO

1
E~— ~ A3
R
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Giant Resonances: Harmonic oscillator

The HO Hamiltonian, in terms of the conjugate variables a (or r) and da/dt (or v) and the (C -<mw?)

and (B <> m) parameters, could be written as (Bohr&Mottelson):

1 | 1 O 1/2 9207\ 1/2
HO:—BOa2+§COa2—>EO:h( O) E:(Blo aalzf)

2 B
Assume harmonic perturbation (restoring force)
1 Depending on
F=—ka—V=—=ka’ the type of
) perturbation




Sum rules:

Ground state gives access to excited state properties!!

— Sum Rules or moments of the strength function S(E)
S(E) = Z\ v||F[10)[*8(E — E, + Eo)

k-moment of S(E): my = [dE EkS(E) = Z| vHF]HO)l (E, —Eo)k

Example: Energy Weighted Sum Rule (EWSR) Written in terms of a
<+« commutator with the

m; = Z(E . EO)|(V|F|O)|2 . (0|FT['H F1|0) (I-alaéni'l'tonian evaluated in the

— [FV]=0, if the excitation operator commutes with the interaction the sum rule will be model independent!!
2 2 &) =4 [ 8000,

F(lS) Z]}(r,)YJM (1) m(’S)(]) o (2] + 1) (g), g](r)_(f,) +]U+1)<f;)

2m 4 dr

d
— [FV] different form O, if the excntahon operator does not commute with the interaction the sum rule will be model

dependent but siill can be usecl“to better understand nudear phenomenology

FO =Y fi(r) Y )z, () IV IS
=2 m!" () =m> ()

Model dependent term




Dielectric theorem:

Inverse Energy Weighted Sum Rule m_

2
S(H) = A2 Z (WIFIO0)] + O(\°) = A°m_q1 + O(A°)

2
S(F) = —21) '2"”? - O(A2) = —2am_1 + O(A?)
V40 v — L0




Use of sum rules:

Giant Monopole Resonance

The m and m_moments are:

2h*
™=

Therefore,

mi hz
G
m_1 m




Nuclear compressibilities

Use of sum rules:

. Physics Reports
Giant Monopole Resonance Volume 64, Issue 4, September 1980, Pages 171-248

For the description of 2*Pb (E =13.6£0.5 MeV), K, must be oK, oL,
determined at about 7% accuracy or better — ~ T %
K, E

X




Use of sum rules:

Dipole polarizability (Giant Dipole Resonance)

oy electric dipole moment . E
~ external electric field applied — I
Polarizability is proportional to the inverse energy T _‘]Y @E -
weighted sum rule m_ = Z S(E)/E (response function theory) ——
\ \
2 e [
e(p,d) = e(p,0) + S(p)d A_)
2 (““N@
0%e(p, 9) e
E, ~ ~ 1/ S




Use of sum rules:

Dipole polarizability (Giant Dipole Resonance)

— Calculate the polarizability (a), proportional to 1:_; from the dielectric
theorem and assuming the Droplet Model (J ~ a,)

8mre? N A(r?)1/2 15 JA—1/3)
4 Q

s. A 385. 269

_ =0 _ 1/3(1 —
1 + xA, 4Q | np 3] [J asym(A)]A (l IC)

— 3 e?Z surface |
5 ATnp + \/5 70] — ATnp

<1‘2>1/2(I _ IC)

Polarizability must increase with the mass (for the dipole A°/3, for the quadrupole A7/3
and so on) and surface symmetry energy and decrease with the bulk symmetry energy




Use of sum rules:

Fermi or Isobaric Analog Resonance

- t_jn) = <Ip) T.=T. T_=T,
. & | N Z - )\ ‘. ]2- [TZ Y T‘] o T::
H=T+Vn H=T+ Vn+Vc tlp) = —5\n> [T-HT—] 2T,
E, =0 E .« ~Ec(Z+1)-Ec(2)
— non-energy weighted sum rule: — energy weighted sum rule:

my, —my = (0|T.T_|0) — (0|T_T+|0) m; = Z(E — Ey)|(v|F|0)|? = (0|T.[H,T_]|0)
= (0][T'+, T-|0) = (0|2T7|0)

—N—Z
"22°




Use of sum rules:

Fermi or Isobaric Analog Resonance

- (0T [#H,T-]|0) 1
: = = T 1
— Hence, the centroid energy m /m:  Euss T 0) ~— (O[T [}, T-]0)
— Assuming a simple model: indepenent particle ~ pCairect _ | f [pu() — ppD| U7
IAS N —7 n p C e

model with only Coulomb breaking isospin
symmetry (neglect exchange effects)

2
. e
UglreCt(?) = f ‘_’ _1pch(l—}] )d?]
Fp— T
— Assuming sharp sphere to describe p, and p, and pch=p, |

2 > EIAS N EICA:c;irect
UE"™(7) = { 2% (3 ) E) orr <t 6Z¢( 1 N R,—R
g forr >R, N ER_(I_EN 7 R ,,)
p - p

&

6 Ze? | /5 N
m 5 I‘oAl/3 12N -7 I‘()l/3



Use of sum rules:

Gamow-Teller Resonance

Transitions from 42Ti : B decay Transitions from “°Ca : CE Reaction

S— —1g%2 ————— (10)—[50) —— 50 e 19 9/2 ————(10)—[50] — 50
',,-2p'lz—s—————--—— (2)—[40] ; P e ———— gg;_—_-%gg}
Ihew { o { L 1f /2 =@ (6 )—[38] %gg, { Pl _

odg | =il -2p¥%2 (4)— (4)=
N (8)—[28] —28

(8)=—[28] —28 ~ -

(4)—[20]=——20 2h¢y {""25""""‘x' 9%z —f—— g —2°
E—
o

4 { —1d <25,
\—

(2)=—[16] — g —< =252
(6)—[14] even ~——ld5» (6)—[14]

..........................................................

(2)—[8]—8 43, b ) decay and CE reaction niake . X
(4)—(6] odd SIOCOS transiion
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proton: f,,=> neutron f,, neutron: f,,—> proton f,,
proton: f,,=> neutron fs, neutron: f,,=> proton f.,




Use of sum rules:

Gamow-Teller Resonance

S_—S, = Zl (f105T|0)|? —Z\ (£105T10)> = (0][0ST, 0°T]|0) = 3(NV - 2)

— Centroid energy m /m_(model dependent)
(O[[O4+, [V, O-1]|0)

A spin-orbit iIsospin EGT — EIAS p— (N — Z)
V = Z/qsl(z) s(1) + ~— Z (1) - T())
{ I#]
K. A .spin | — 3 N — Z S(l)‘())
+§Xz0(l)°0(1) N—Z
7 + Z(KO"E T Kl’) A .

spin-isospin

s Z(a(z) o (j)(x() - T(j)).
m 2 Ey] _




Use of sum rules:

Spin Dipole Resonance ' +(0)r iL (Y. (ri) @ ()]

mo(t_) — mo(t+) = (0|0°"|0) — (0|O3"|0)

— Non-energy
weighted sum-rule
(model independent):

— Rewritting it in terms of the neutron skin thickness: Ary,=<,2>"-<1,2>1/2

2
9 ) 2N  Ary, N AT,
Amodel independent  ™mo(t-) —mo(t+) = — (N — Z)<7°p> 14 15 ( M\ 1/2
sum rule that gives Am N=2 <rp> / N—=2 (rp) /
information on the
rf,) (1

. 9
skin!! ~ 2 (N—2Z
( ) N — Z (r2)1/2

47 2

2N Arpy, )




