Nuclear Deformation
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Nuclear Deformation cf. Rotational energy of a rigid body

(Classical mechanlcg) o e L)
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_ ,\ J deformed nuclei:
\ u \f/ ,/w ~ E(4)/E(2*) ~ 3.3
' o = B2
/\ /\\[ Ve M )N_m spherical nuclei:

N = B2 . E(4+)/E(2+) ~ 2
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K.S. Krane, “Introductory Nuclear Physics”



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

2.0

N =126

E (MeV)

a small energy

- j\ — spontaneously

symm. breaking
A >/ deformed nuclei

; deformed nuclel:

E(4*)/E(2*) ~ 3.3

3

E4*WEQR2T)

)N_ e spherical nuclei:
E(4*)/E(2F) ~ 2

K.S. Krane, “Introductory Nuclear Physics”



Spontaneous symmetry breaking

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

A ofE ROl YOo{LtEH ghat ohafEl ¢
Goldstone boson(mass=0)0| =X StC}.

r
0

Nambu-Goldstone mode (zero energy mode)
to restore the symmetry
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Mean-field approximation and deformation

Mean-field approximation

l O T | T I T | T |

TLQ
0 H ~ Z (_2 V + Vl\/IF(rz))
-10

Slater determinant
WMF(la 2,--- 7A)

e = A[Y1(1)¥2(2) - a(A)]

0 2 4 I 6 8 I 10 TlQ
o (_2_v —|—VM|:(T‘)) () = e (r)

204
30

Vi{r) (MeV)

40—

-50

the original many-body H:
A -52
H = — —VZQ—I_E qu(r@-,frj)

=1 2m i\

=2

=1

HYCJ = V@ST&[ df\l
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WME : does not necessarily possess the symmetries that H has.

Typical Examples

» Translational symmetry: always broken in nuclear systems
A TLQ

H = - >
7

2 2m

Vi —|— 5 ZU(Ti — ’I“J) — Z ( > Vz —|- VI\/IF(ri))
(2%

i=1 m

(cf.) atoms

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




Constrained Hartree-Fock method @ = V7 BEve . [ (%)pR:A.

minimize H' = H — A(Q)>q With a Slater determinant w.f.
ConfbraImed Vo atTon

Qo0 = Y r7Ya0(7;) : quadrupole operator

\ Lagﬁange multiplier, to be determined

so that (ng) = @ RQ,/‘%
ot

p .
»

— E(P) : potential energy curve

-224

0.40

0.3 (a) 2lMg -190.9
2226 9 -192.9
0.30¢ | B-194.9
Z =228 0.25 | §-196.9
z o L >
) = 0.20} 1 11-1989 2
230 & S
>0.15 \ -200.9
234 0.05} | |g-204.9
34 -206.9

0.00 =7+ TE '
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(3 cos vy

0.35

wfigl) riaca

E(B,y) : potential energy surface
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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:

Vi{r) (MeV)

10

ok
20k
30k
a0k

-50

0

-60
0

V(r) = —

Vo

1 4+ exp (T_GRO)



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:

Vo V(r)

Vir) = —
1+ exp (") SV (r,0) = —

Vo
1+ exp (""_110(9))

- @0(9)

Ro — ﬁ)gl + B82Y20(6))
b
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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,6) = Yo — Yo
’ 1+ exp (T—Rao(G)) 1 4+ exp (T’—Ro—RgﬁzYzo(@))

I h /( .-
%m‘*”‘) Yo h%wwr/f}fu
Vo

d
T + exp (“’“—fzoé@) ~ RoB2Y20(0) dr

_VO
1+ exp (),

= Vo(r) + Va(r)Yaq(0) Va(r) = —RoB2Vp(r)
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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

Vi \%
V(r,0) = _1 1 exp (?«—RGO(G)) — _1 + exp (T—Rg—RgﬁzYzo(Q))
B VO B d —Vo
piRea— (r—fzow)) Rof2Y20(0) — 1+ exp (r—fiocﬁ))_

* non-spherical potential — angular momentum: not conserved
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(Coupled system)

Laboratory
frame

J

Intrinsic

fr‘umej
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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
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)

x —(312 = 1(1 4 1))

Y20(0)




)O\r\/&h %iongﬁ(@) \5» v STm 6 A9 A%EZS)TM anf

_CDSS :/(7712/‘@(2*‘))

\(w= 5 (bl W A9~

LT

Rotation axis

rotational 1 T R
frequency @ / !
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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)
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One-particle motion in a deformed potential
dV{

r

V(Ta 9) r~ VO(?“) — BQRO YQO(Q) 4+ ...

AE =B X ap (31 — 11+ 1)) (o > 0)

=== forB,>0
AE <0 (l,=0)
AE>0(lL,=hH 4tz -¥-A-2-L70
)
E
i
I, = =l v" degeneracy: resolved
>/ (E: now depends on I,)
<lz =EI=D degeneracy: +1, and -1,
z

> =20

0 B,
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J rmject’(m oh 2 = (L |
L — N )ﬂ=ATZ

In spherical basis, j is a good quantum number. J - — Kk
But in deformed basis, a projection of J on the nuclear symmetric axis z, £2, is a good quantum

number.

Deformed states, +5/2, +3/2, and +1/2, are separated from the spherical state ds,,.

3.35¢ x@"ﬂf

Rotation axis
rotational ‘ T R

frequency fﬂ( : 5

E (hw)

» Single particle states in deformed nucleus become more complex.
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. . . :D|,~1""'wgl:
Geometrical interpretation A s p 4 F s Ve
A
|,: projection of angular
momentum onto the z-axis
714\
I
’ > 7
13
2
. wor 2,
: : Jarbsoyp-d vl
sind ~K/j
for3,>0
small I, «— a motion along the longer axis  9=90, k=, &}

— the energy Is lowered

large I, «— a motion along the shorter axis =0, J= L. ET
— the energy Is increased

—r
rlw

rol~ rolo ro|=

ol moleo mojen

=
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f_.-j?}?ﬂl\b‘*’""‘%
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%'ifﬂl’hﬁ
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(I_ Yo -

1) r=Yy
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\(Vo = “71\" Yv "y _ - =
0,4;‘,(43*"\"*2 ) “t’ ) 7444
c227-2K 70 5o q(cf‘“\

The nuclear shape in the deformed WS potential depends on g,
which is related to as the deformation parameter p, %< 7~ ¢ ol lg\e)

£= 3(.[2)l —ar)3)/(269l + a)3)

2 14
Prr3ys ©

R(0) = Ro(1 + BaYao(0))

In experimental side, p, can be extracted from E2 transition probability.

s Arx [B(Ez 1)

T 3ZR? 2

1/2
] (R, =1.24"3)
e

P, =0, spherical

P, <0, oblate
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Es.p. (hw)

7.0~

= 11/2[725]

gﬁﬁ?ﬁ}_ =

g

5/21402)

- 4112(404)
1/2[521)

Figure 13. Nilsson diagram for protons, Z > 82 (¢, = €2/6).

0.6

13/2[642)

Nilsson diagram
(without perturbation)




SPSE of the neutron [MeV]
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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
In reality..... 1.,
P ... P 251/
0.32 M 1p3;
. eV 1o 9
1/2* I
11Be ® @ 1815

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.
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0.32 MeV

1/2-
1/2*

1lBe

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

(degeneracy of +K and —K)

V2 - \ T - .
I Tl o %\ » Look for the level which is
- P “ > occupied by the valence
~ .\ nucleon (the 7th level for
TS0 l1Be)

!
Fs
A
iy
S
-~

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



- s AN T
27 @ e
- :'f g Il 2 032 Mev
xfn B _ "'7-"’- o 1/2
[2n3s; 5 W i‘ 1/2+
® <RSI 11Be
deyy [2i

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

occupied by the valence

w T~ nucleon (the 7th level for
S, — o . 11Bg)

» ldentify the value of K™ for
" that level with the spin and
0 parity of the whole nucleus.

-05

mo
-
o



Can the level scheme of °,Be; be explained in a similar way?
cf. 1°B(e,e’K*)10, Be (= °Be+A)

o - \ AN
— dy, \_ 12 Y (MeV)
SN SN :
< N@ - 3 2.78 1/2
T~ -~ im‘"il - - B :{ - % 2143 _______________________ 5/2- \/
E\I"z- - "f -7\ @ . 5
e TIEaS 3 B\ 1.68 1/2*
- - - plrz_ - = e - . "::‘J '5.-}‘
= - - . aéﬂ' . \ \
{hgi -
2T - -
) S~ 0 3/2
- oo . -
51;2 ) - : 9Be

The 5/2- state at 2.43 MeV-
e “____rotational state with the same
-05 9 a5 - 10 configuration as the g.s. state
| (not considered here)




Can the level scheme of °,Be; be explained in a similar way?
cf. 1°B(e,e’K*)10, Be (= °Be+A)

1/2
/2

1/2*




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



Es.p. (hw)

122{510]
1712[624)

“19/2[734]

‘Br21752)

energy gap If
deformed

A112{514]

5/21402)

2772(404)
1/2[521)

13/2[642)

> Nilsson diagram

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

N A

nucleon-nucleon interaction

a5
T \ via meson exchange
YC‘ .

T
ntt.

A

Ac and Aw couplings



Quark Electric  Mass Spin
content charge GeV/c2 P

W ETE

P proton | LU 1 0.938 | 1/2

anti- | —="4
oroton | UUD | -1 | 0038 |12

P
n neutron| Udd 0 0.940 | 1/2
A

lambda | UdS 0 1116 | 1/2

omega
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Mo fo\\a\‘i J(rfmc‘\\v\t Petroeen Nand A

Examples of basis states

'[]'Pm ®

{}p.ﬂi —0—0000 —9—0900
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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
o 0.08
-2 0.06
0.04
4 0.02
0

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



J. Phys. G: Nucl. Part. Phys. 46 (2019) 105109

E Ha and M-K Cheoun

[ 5 —190Mevy T ol BBy L s T1so'méy T T PN TN
— | 5:=|4.6? MeV (a) data, Nl{p,l'l]: — [ 52=14.ﬁ? MeV (a) data, NI{F},F‘I]I:
= | a-=1567Mev i—_\ Q=15.67 MeV
o2r 1 90 ]
I'II l.'..' m : ..-...
a® s L " .
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g 2F |' II'. . g 2r ."ﬂ"\, _
m | m | ” \ ]
0 [ L _-'IIIII |ML|I..""-\. 1 N 0 I L . -f"":J ]
4 LI L B B T T [ T T T 1 4 T — T T [ T Tt T T [ T T T T [ T T T T
(c) B,=0.05 - (c} B,=0.09
E wionp A E I wnp |
g.z [ . I‘I"'. i E—E‘l i ) 1
0 M m | i I
U | jl \;\._I L | L N L L i U I | _..-‘(l: Mu\\fI-\. 1 L |
4 LA B B B B L B B H | T T T T T T 4 T LA B Y B T AN N RS S B
Z {d) B2=0.7 ] [ (d) iz=0.1 ]
o wionp 'I—1 wnp
o2 1 @ |
o | \k o | /\
[ 3] [ B
{] [ LI. [ e S N L L L [) i L ' N L P NN_”_IU.:L.. |\h-l—|_._. L | ——
4 ! ! ! ' 1 ' ! ' ! I ! ! ! ' ' ! ! ' ! ! ‘1' ! ! ' ! 1 ! ' ! ' 1 ' ! ' ! 1 ! ' ! ! 1 4 ! ! !
; (e) B=0.15 ] ; () Bo=0.15
— wionp — 1 I wnp
o r 1 9 ]
0 | N JK_ ] @ 0
0 [ . _u_,—i/. I.I.||‘|Il..|u e D T I . ] 0 [ a rh:'l‘w ! I —
10 13 20 25 a0 i5 ] 15 20 25 30 35

Eq, [MeV]
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