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(EE )P MEFFERDH n + 235U — 230UJ* — fission

U4

239U|‘-
236[}1( +ﬁssion+ A
] 284
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236U 239U

Fisg. 6.6. Levels of the systems A = 236 and A = 239 involved in the fission of
2387 and #*?U. The addition of a motionless (or thermal) neutron to ***U can lead
to the fission of **U. On the other hand, fission of U requires the addition of a
neutron of kinetic energy T,, = 6.0 — 4.8 = 1.2 MeV,



===
__3¥ ” [‘%E..::::'_
—w) ==l . —
=y 1 =gy i_“'} L.
— e g}
— = ) _y— —_— —r
——— -_% _':T-JE
—1i ) ’
—_—
gap gap
gap 0°
o
—
Mogp N6gp L/ LT Mgn 20g, ~ Rgq
Figure 6.1. [Excitation spectra of the ;;Sn isotopes.
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Simplified pairing interaction

v VDR RELI-IRRE
v=-GPP; P'=Y afdl Bt
v>0

0F 2+ 4+ 6+ —— L —
94 9T sV \\\\ \ 2 ,4 ,6

0" 0"
delta force monopole
pairing force
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BCSEm:H&b &, BInEZTERAAT H7=8I1Z Bardeen, Cooper,
Schrieffer [Z&>TI1957EIZERIESNT-E R/
—CNZF[RFROXFEREIR R (2@ A (Bohr, Mottelson, Pines, 1958)




HF+BCS theory
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H=> ey(a,,ta,/ + aj;a,;) — G (Z a,ta:%) (Z a,;ay)
v v>0 v>0

2IADHEEEH
— MKEBZET S

cf. HF potential
Vir(r) = [ o(r,7")pue(r)dr



Solve the pairing Hamiltonian

H=> ey(a,,ta,/ + aj;a,;) — G (Z a,ta:%) (Z a,;ay)

>0 v>0

in the mean-field approximation

e Mean-field approximation:
V=-GPP— -G (PP +PI(P) =-A(PT+ P)

<——> particle number violation

A=GP)=GPHY=a6Y (aal)
v>0



ﬁ we consider H' = H — AN  instead of H °

Hl

> (e, — A) (a,;ga,k a%al—ﬂ) — GP'P

k>0

> (ex — N (afay, + alap) — A(PT + P)
k>0

> (e — )\)(a};% T a%’%) —A ) (aL"% + agag)
k>0 k>0




ﬁ we consider H' = H — AN  instead of H °

H = > (e —N) (a,;ga,k a%al—ﬂ) —GP'P
k>0
— Z (e — A) (a,;rcak + a%al—ﬂ) — A(lﬁJr + P)
k>0
= ) (eg—A) (a,};a,k + a%al—ﬂ) —A ) (aLa,liC + azag)
k>0 k>0

® Transform H’1n a form of

H =Y Ek(a};ak + a;%oc,;)
k>0

——> g.8.: Oék|BCS> =0
1%t excited state: |1;) = a}|BCS)  at E,

.... and so on.



Bogoliubov transformation

T I

T = ’uya,]L — vyap, Q= Uya; —+ vyay

(Quasi-particle operator)

i

7, — u]/alj — Vpy Xy

or ai = UyOdi + vvap,  a;

(note)
{av,a,} =0, {ayu, ozi,} = 0y,

— u§+v§=1



Bogoliubov transformation

T I

T = ’uya,]L — vyap, Q= Uya; —+ vyay

(Quasi-particle operator)

or ai — UyOdi + vpa, a:% — u,/oz:rj — VyQly

Z (e — M) (a,t:ak + a%az) — A Z (a,La;rz + azag)
N k>0 k>0



using the quasi-particle operators:

H' ~ > (e — /\)(a;zak + a;%al—c) —A D (ala}C + azag)

k>0 k>0
= ) [(e — )\)(u% — 'U,%) + 2Aukvk](a};ak + o%oz,;)
k>0
+ 3" 20 — Nugoy — Auf — v)](afol + azay)
k>0

n

then H' = Z Ek(a}t;ak + Oé;%a;‘g)
k>0

it 2(ep — Nugvg — Auf —vj) =0

with  Ep = (¢ — )\)(u% — v%) + 2Au vy



H = Y [(ep — N(uf —v7) + 2Auvy] (OéLOék- + O%OZE)

k>0
+ 3 [2€ex — Nugvy, — A — v (efal + azay)
k>0
0 = 2(e — Nupvp — A(u% - v%)
1 = u% -+ ’U]%




H = Y [(ep — N(uf —v7) + 2Auvy] (OéLOék- + O%OZE)

k>0
+ 3 [2€ex — Nugvy, — A — v (efal + azay)
k>0
ug = l 1 v — A
2\ e - N2+ a2
fug — l 1 — v — A
217 Ja -2+ a2
g Ek — (Ek — )\)(u% — ’U]%) —|— QA’LLk”Uk

V(e — N2+ A2



H =) Ek(a};ak + ozj—ﬁoz,;)
k>0

By = (g — N2+ A2

Ground state wave function:

OﬁHBCS) =0

< |IBCS) « || avap|0)

v>0

= _[ Vy (u,, —+ vy aial];)‘ O>
>0

n

IBCS) = ] (u,/ + v aia,;)
v>0

0)




Ground state wave function:

aHBCS) = 0

< 1BCS)y = ] (uv + v aial;)

v>0

0)

(note) <BC’S |alaV|BCS > = \fu,/|2 : occupation probability

(note) A2

Egcs = (BCS|H'|BCS) ~ 2 Y (ev — A)vg — =
v>0



Ground state wave function:

aHBCS) = 0

< 1BCS)y = ] (uv + v aial;)

v>0

0)
O> = exp (UV alaj%) O>
Uy

)
(pair condensed wave function)

ﬁ‘ Az0
)

H—IN—xt D 5 fia

(note) (1 4w a%t)

Uy




Gap equation

1 €, — A\
2 174
= —(14
<“” 2( ' E,,>
1 A
v2 = (1—6”’ ) s = /(e — \)2 + A2
2 £,

A = G(BCS|P|BCS)=G ) uyvy
v>0
G A
2 v>0 Loy
(Gap equation)
N=2Y 2 —2



1) Trivial solution: always exists

A =0

A = G Z Uy Vy
>0

1 (e < A)
O (Ey > A)

W) = TJ alallo)
>0

Occupation probability




G A v A=0
A = 5 = o
>0 Y =
<
O
S -
1) Trivial solution: always exists - N
o
A — O .g Vi‘ A+0
=
Q
Q
@
IG a/lo N —large

11) Superfluid solution

A # O = |

'vg <1 :%D <L

|IBCS) = |] (u,/—l—vyaia;)‘0> : 0 i i
>0 G

Number fluctuation Normal-Superfulid phase transition
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BCSy = [] (U/y + v alal];)

0)

v>0
BRI FROKENBE>TNS  |BCS) = %:ONk|Nk>
k

f=r=L. FEELIFIFELLRESN TS

(BCS|N|BCS) =2 Y v2=N

v>0

RFHEDPL-ZDESLY:

(AN)? = (BCS|N?|BCS) — N? =4 %" uzv;
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v>0
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