Nuclear Deformation




Nuclear Deformation cf. Rotational energy of a rigid body

(Classical mechanics)
Excitation spectra of 14Sm
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K.S. Krane, “Introductory Nuclear Physics”



The energy of the first 2* state in even-even nuclel
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Spontaneous symmetry breaking

The vacuum state does not have (i.e, the vacuum state violates)
the symmetry which the Hamiltonian has.

Nambu-Goldstone mode (zero energy mode)
to restore the symmetry



Mean-field approximation and deformation

Mean-field approximation
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Mean-field approximation and deformation

Mean-field approximation
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“Symmetry-broken solution”
“Spontaneous Symmetry Broken”




WME : does not necessarily possess the symmetries that H has.

Typical Examples

» Translational symmetry: always broken in nuclear systems
A TLQ

H = - >
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(cf.) atoms

nucleus In the center
— translational symmetry: broken from the
begining
» Rotational symmetry -
Deformed solution




Constrained Hartree-Fock method

minimize H’ — H — )\@20 with a Slater determinant w.f.

Qo0 = Y r7Ya0(7;) : quadrupole operator

\ Lagﬁange multiplier, to be determined
so that (Q20) = Q R?3

— E(P) : potential energy curve
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E(B,y) : potential energy surface



One-particle motion in a deformed potential

Q

(example) a deformed Woods-Saxon potential

V() ~ [ o) p()dr' ~ —gp(r)

if v(r,r’)=—¢s(r — 7))

If the density Is deformed, so Is the mean-field potential

a spherical WS potential:
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One-particle motion in a deformed potential

V@)N/EOVWMUUmJN—mﬁﬂ it v(r,r’) = —gd(r —1")

C If the density is deformed, so is the mean-field potential

(example) a deformed Woods-Saxon potential

a WS potential:
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Ro — Ro(1 + B2Y20(6))



One-particle motion in a deformed potential

Vi(r) ~ /v(’r,’r')p(r’)dr' ~ —gp(r) if v(r,r) = —gé(r—1')

C If the density is deformed, so is the mean-field potential

(example) a deformed Woods-Saxon potential

V(r,0) = — Yo — Vo
’ 1+ exp (T—Rao(G)) 1 4+ exp (T’—Ro—RgﬁzYzo(@))
Vo d —Vo
~ - ~ RoB2Y20(6)
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= Vo(r) + Va(r)Yaq(0) Va(r) = —RoB2Vp(r)



One-particle motion in a deformed potential

Vi(r) ~ /v(’r,’r')p(r’)dr' ~ —gp(r) if v(r,r) = —gé(r—1')

C If the density is deformed, so is the mean-field potential

(example) a deformed Woods-Saxon potential

V(r,0) = — Yo — Vo
’ 1+ exp (T—Rao(G)) 1 4+ exp (T’—Ro—RgﬁzYzo(@))
Vo d —Vo
~ - ~ RoB2Y20(6)
1+ exp (T=Ha@y O gy 1+ exp (“R@)

* non-spherical potential — angular momentum: not conserved



One-particle motion in a deformed potential

dV{
V(r,0) ~ Vo(r) — BzRod— Y20(0) + -

Hthe effect of Y, term
Eigen-functions for 3,=0 (spherical pot.) :
Vni1, (1) = Ry (r)Yy (7)
eigen-values: E., (no dependence on 1)

The change of energy due to the Y,, term (1st order perturbation theory):
By — Eu+ Ynn AV |Ynn,)

dV
AV (r) = —BzRod— Y20(0)



One-particle motion in a deformed potential

dV{
V(r,0) ~ Vo(r) — zRod— Yo0(0) + -

Hthe effect of Y, term

Enp — B+ (Yni AV |Yn.)

AV (r) = —ByRo VO

T

wnuz(?‘) = R, (r)Yy (7)

< [ drm(emo(em (9)
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One-particle motion in a deformed potential

dV{
V(r,0) ~ Vo(r) — BzRod— Y20(0) + -

Hthe effect of Y, term
Ey — Egy+ wnlzzlﬂvl%zzz

/dﬂ”uz(ﬁ’)yzo(@yu (9)

x —(312 =11+ 1))

= B X ay (312 =11+ 1)) (ay; > 0)



One-particle motion in a deformed potential
dV{
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Geometrical interpretation

A

|,: projection of angular
momentum onto the z-axis
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small |, «— a motion along the longer axis
— the energy Is lowered

large |, «— a motion along the shorter axis
— the energy Is increased
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Figure 13. Nilsson diagram for protons, Z > 82 (¢, = €2/6).

0.6

13/2[642)

Nilsson diagram
(without perturbation)




Level scheme of *,Be;

With a spherical potential :

O 1py [2]
0009 I1p,,[4]

B Thegs. of 1Be: 17 = 1/2

@@ I1s,,[7] / very artificial
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parity Inversion What happens if 1Be is deformed?



1d3/2 1d3/2
254/
1 5/2 1d5/2

1p
o lp, [ P—
V000 1p;, 000 1py,
—0—0— 1s,, 00— 1sy,
Very unnatural.

The observed 1/2* state can be more naturally explained
If one considers a deformation of ' Be.



0.32 MeV
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» assume some deformation,
and put 2 nucleons in each
level from the bottom

(degeneracy of +K and —K)
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I Tl o %\ » Look for the level which is
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S, — — » ldentify the value of K= for
that level with the spin and
parity of the whole nucleus.

Qe o o . 1w ; |
" € deformation parameter cf. particle-rotor model
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Can the level scheme of °,Be; be explained in a similar way?
cf. 1°B(e,e’K*)10, Be (= °Be+A)
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Can the level scheme of °,Be; be explained in a similar way?
cf. 1°B(e,e’K*)10, Be (= °Be+A)
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Several topics:

» deformation as a quantum effect
» RMF for deformed hypernuclel
» Quiz: spontaneous symmetry breaking



nuclear deformation

Deformed energy surface for a given nucleus

E(3) = ErLpm(B) + Esnen(5)

Liquid drop

Potential energy

Super-
deformation

Ground-s}ate
deformation

-

Deformation

LDM only ====p always spherical ground state
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Figure 13. Nilsson diagram for protons, Z > 82 (¢, = €2/6).



nuclear deformation

Deformed energy surface for a given nucleus

E(3) = ErLpm(B) + Esnen(5)

Liquid drop

_—
-
-
-

Super-
deformation

Potential energy

N\

Ground-s}ate
deformation
— -

LDM only  ====p always spherical ground state
Shell correction == may lead to a deformed g.s.

* Spontaneous Symmetry Breaking



RMF calculations for deformed hypernucleli

Hypernuclei: nucleus + Lambda particle

Effect of a A particle on nuclear shapes?

Relativistic Mean-field model

- ' nucleon-nucleon interaction
via meson exchange

Ac and Aw couplings



Ne isotopes

Si Isotopes

L L | | L
16 20 24 28 32 36
A
28Q1 6 02
Sl 0.18
4 0.16
5 0.14
= 0.12
E 0.1
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-2 0.06
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4 0.02
0

Myaing Thi Win and K.Hagino, PRC78(08)054311



Quiz: spontaneous symmetry breaking

There are a few dots.

*Connect the dots.

*The number of lines is not limited.

*Two lines can cross.

*Connect the dots so that one can go from one dot to all the other dots.

How do you connect the lines if you want to make the total length of
lines the shortest?

e.g.) Equilateral triangle Connect symmetrically
o o

. e e




Quiz: spontaneous symmetry breaking

There are a few dots.

*Connect the dots.

*The number of lines is not limited.

*Two lines can cross.

*Connect the dots so that one can go from one dot to all the other dots.

How do you connect the lines if you want to make the total length of
lines the shortest?

(question) how about the case for a square?
[ ®




(the answer)

60 deg. 60 deg/f:

60deg. 60deg.\:

Length Length
1 1 2 x /2 =2.828...
4x —4+[(1-2
><\/§—|—( ><2\/§)
= 2.732--.

Ref. Takeshi Koike,
“Genshikaku Kenkyu” Vol. 52 No. 2, p. 14



i Invariant with
i rotation by 90 deg.

rotation by 90 deg.

a good example of spontaneous symm. breaking
Courtesy: Takeshi Koike
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