PHL424: Nuclear surface vibration
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2+ Systematics
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4*/2* Energy ratio: mirrors 2* systematics
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Evolution of nuclear structure
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Collective vibration
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Collective vibration

@ In general, R(9,¢)=R0-{1+;;ZZO!M -Y;,(Q,qﬁ)}

‘ 2

1
V= EZCA -‘aﬂﬂ harmonic vibration
A

A=2: quadrupole vibration A=3: octupole vibration

Indian Institute of Technology Ropar Hans-Jiirgen Wollersheim - 2018 =1



Collective vibration

: N 1 o2 1 2
classical Hamiltonian E:?%Bﬂ-‘aﬂﬂ‘ +§-%Ci-‘aﬁ#‘

2
constants: B, = 3 M-AR
4-1 A
2/3 2
CﬂzaS'A (1-1)-(1+2) 1—6'(2'e - L
4-1 ag-r-A (2-1+1)-(1+2)

Binding energy of a nucleus:

Z? (N —2Z)?

FYE + o + shell corr.

B(A,Z)=a,A-a,A*"® —a,

ay=15.560 MeV a;=17.230MeV a.=0.6970 MeV a, = 23.385 MeV  a, =12.000 MeV
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Collective vibration

: N 1 o2 1 2
classical Hamiltonian E:?%Bﬂ-‘a@u‘ +§-%Ci-‘aﬁ#‘

1 1 2 2
HZE.;g.”a@ +Cl-‘aw‘
——> quantization [ﬂ%,aﬂ,ﬂ,Jz —1-1-6,,-0,,
2 2
iy BE e
2 57 B, 0Xx,
i — . - 1 2ho
energy eigenvalue E=>rnw,-|n, +> 2
A
1h o,
wave function w,=N_-H (x)-e™*" 0

Hermite polynomials
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Second quantization

- 1 1
Hamilton operator H==.>—.
2 4B,

H=>1n o, -(ﬂ; B %j
Au

2
T

on

2
+Cl-‘aﬁ#‘

h
2B,w;, ) (B/:ll-[,t + (_)'uﬁlu)

_ hB,la),l

T[a',w = 2 ((_) .8/1 u .8/1;1)

rule for boson operators: B, - By, =B Briw =0, 0,
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Second quantization

Hamilton operator H = Zh.% (ﬂfu B +£j
2
Au

rule for boson operators: B, - By =B Briw =0, 0,

creation & annihilation operators
increase or decrease the number of phonons in a wave function

ground state |0 > (vacuum)
1-phonon state B 10>=|1>
2-phonon state ~ B B 10>=]2>
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Second quantization

Hamilton operator H = Zh.% (ﬂfu B +£j
2
Au

rule for boson operators: B, - By, =B Briw =0, "0,

1-phonon energy:

+ + 1 +
<1l|H|1>=h-w-| <0| BB BB |O>+§<O|,B,BQA>)
— 1
<1|H[1>=h - <0|,B,8+(1+,B+,B)|O>+§<O| 1+,B+ﬂ)|0>j

<1l|H|1>=h-w-| <0|BB" |O>+%<O|1|O>]
‘ ‘ 1
<1|H[1>=h - <O|(l+,8+,8)|0>+§j

<l|H|1>=h w- l+%j
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Second quantization

Hamilton operator H = Zh.% (ﬂfu B +£j
2
Au

rule for boson operators: B, - By, =B Briw =0, "0,

2-phonon energy:

<2|H|2>~h-w-| <0| BB LL B |O>+ <0|pBs" O>j

N &

I_H
<2|H|2>~h-0-|<0|BBA L+ B)B 0> += <O|,B(l+,8 B\ |0>)

<2|H|2>~nh-w-| <O|BBE" "+ BBL B BB |0>+§<0|ﬂﬁ++ﬂﬂ+ﬂﬂ+|0>j
etc.

1
(2|H|2)~2 " h-w - (2 + E) normalization of wave function !!!
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Second quantization

- 1
Hamilton operator H=%-w ( ¥ +_j
YRR YRS
rule for boson operators: B, - By, =B Briw =0, "0,

2-phonon state: ¥ =N (e ,mm, [IM)- g7 - B 10>

mm,

normalization (approximation):

1=N*<0|ppp B 10>
1=N2<0| AL+ A" B)B" 10>
1=N*<0| B8 + B BB 10>

1=N2<0|{L+ B B)+(+ B BN+ B B)0>=N?-2

€2) Indian Institute of Technology Ropar Hans-Jirgen Wollersheim - 2018 E=I




Second quantization

Hamilton operator H = Z;—l.% (ﬂfu B +£j
2
Au

rule for boson operators: B, - By, =B Briw =0, "0,

2-phonon state: ¥ =N (e ,mm, [IM)- g7 - B 10>

mm,

normalization:

1=N* > (¢,0,mm, [IM)-(¢.0,mm; [IM )} <O| B, . B, o Bl Bl 10>

mym,mims

L=N? 3 (44, [ IM)- (4,6, [ 1M} <01 8,0 16, G + BriBrm, By 10>
L=N* 3 (4,,mm, [ IM)-(£,,m{m; | IM) )-8, SuiSonms + Son O |
1=N2Y(,0,mm, [ IM)-{(,0,mm, [ IM)+5,, (¢,£,m,m, | IM))]

m;m,

1:NZZ(€1€2m1m2|IM) (gg m,m, ||M {1+ Oty }_Nz{l_i_(_)l&flfz}

mm,
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Collective vibration

Ey = ho - (N+ 5/2)

3him 0,2,3,4,6*

E; = hw-(3+5/2)

0,2,4,6%
. 4’
B, = ho- (2+5/,) 2ho 0,24
- .
i
Ey = ho - (1+5/,) neo =
o= ho 5, 0 %' 0* W 0 0*
Quadrupole Octupole Hexadecapole
Vibration Vibration Vibration

&2 Indian Institute of Technology Ropar Hans-Jurgen Wollersheim - 2018 =5



Example of vibrational excitations

3- state?

multiple » = 2 phonon

R Q—
2 —
3+
3h(02 4+
-1 6 + P
D-I-
S -
=
R n=2,h=2, J7=0+ 2+, 4+
Zh(DZ 2t
il - 4+
D+
1 —
F\(Dz n=1, » = 2, 2+ phonon
[ 2+
(E-E ground state)

12076

states, ideally degenerate
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Second quantization

: 1
Hamilton operator H=>%w ( N +_j
o, | 8,8+
rule for boson operators: B, - By =B Briw =0, 0,

2-phonon state: ¥ =N S ,mm, [IM)-B B 10>

m;m,

reduced transition probability:  B(E/;i — f) Z‘ f|M(¢,m) ‘

3-Z

M(f,m)zj-ppI’KY;;n(e,¢)dTE47[R§Ré+3a;m
_ L2 2
3-Z-e-R / h

B(E2;2—>0)= o1 . oR [——

( —> ) ] 4.7 | szm< { 2-82-0)2 [ﬂZm ﬂzm]}ﬂZM >
_ )2

B(E22»0)=| >4 &R | | 1
| 4z | 2B,w | E,

€5 Indian Institute of Technology Ropar Hans-Jiirgen Wollersheim - 2018 (ER=P |8




Reduced transition probabilities

2-phonon state B(E2;n,=2—n,=1)=2-B(E2;n, =1—>n, =0)

3-phonon state  B(E2;n, =3—n,=2)=3-B(E2;n,=1->n, =0)

BE21, > 1, )= - |1+1\<IfHM(E2X\Ii>\2

3-Z-R? h
Qvib: 2.
4'72- 2'Bz°a)2
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Reduced transition probabilities

1-phononstate (I =2,n, =1M(E2)|l =0,n, =0)=+/5-Q, -e
2-phononstate (I =4,n, =2M(E2)|l =2,n, =1)=+18-Q,, e
(1=2,n,=2M(E2)|l =2,n, =1)=+10-Q,, -€
(1=0,n,=2M(E2)[l =2,n, =1)=~/2-Q,, €

3-phononstate (I =6,n, =3|M(E2)|l =4,n, =2)=+39-Q,, e
(1=4,n,=3M(E2))l =4,n,=2)= 9—70-Qvib-
(1=4,n,=3M(E2)Jl =2,n, =2) = 9—79-Qvib-
(1=3n,=3M(E2)Jl =4,n,=2)=6-Q,, €

(1=3n,=3M(E2)l =2,n, =2)=—/15-Q,, €

20

B(Ez;li—>|f)=2.Ili+1\<|f|||\/|(E2)|||i>‘2 <| :2’n2:3M(E2)‘| :2’n2:2>: 7'Qvib°
T L S
47 \2°B,-w, <| =0,n, = M(EZ)‘I :0’n2:2>:\/§.wa e
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