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T-odd (but not TRI-violating!) angular correlations in neutron-induced

ternary fission: both effects ∼ 10−3

P. Jesinger et al., Nucl. Instr. Meth. Phys. Res. A. 440 618 (2000): T-effect

F. Goennenwein et al., Phys. Lett. B. 652 13 (2007): R-effect
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dσ

dΩfdΩα
=

σ0
(4π)2

+. . .+ σT
(

nα
[

ns × nf

])

︸ ︷︷ ︸

T-effect (2000)

+ σR
(

nα
[

ns × nf

]) (

nαnf

)

︸ ︷︷ ︸

R-effect (2007)

+. . .



P-odd and P-even angular correlations in neutron-induced binary fission

6
x

�
�
�

�
�
�

�
�
�
�

���
y

�
z

�
�

�
�
�
�

�
�

�
�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

x����

neutron

��
��

�

light
fragment

&%
'$

-

heavy
fragment

-� spf

6
x

�
�
�

�
�
�
�

�
�
�
���
y

�
z

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�
�

�
�

�
�
�
�

�
�

x����

neutron

��
��

�

light
fragment

&%
'$

-

heavy
fragment

6

�

k

spf

dσ

dΩf
=
σ0
4π

+ . . .+ σPV
(

nfns
)

︸ ︷︷ ︸

P-odd

+ σLR
(

nf [nk × ns]
)

︸ ︷︷ ︸

P-even

+ . . .
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d ∼ E

-

V̂ = −Ed̂ = −eEr → Ψ(r) ≃ Ψ1s(r)+Ψ2p0(r)
〈Ψ2p0|V̂ |Ψ1s〉

E1s − E2p
︸ ︷︷ ︸

α < 0

, E1s < E2p

Ψ1s(r) ∼ e
−
r
aY00(n) ∼ e

−
r
a , Ψ2p0(r) ∼ r e

−
r
2aY10(n) ∼ r e

−
r
2a cos θ
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Ψ(r) ≃ Ψ1s(r)− |α|Ψ2p0(r)



eikr ≃ Ψ
(n)
s → Ψ

(f)
s + αPVΨ

(f)
p
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eikr = Ψ
(n)
s +Ψ

(n)
p + . . . → Ψ

(f)
s +Ψ

(f)
p + . . .
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Hyperspherical harmonics for three (free) particles:
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ρα

ρf

lα

lf

lf+lα=L, J1+J2=F, L+ F = J

ρf = ρ sinϑ, ρα = ρ cosϑ,

Ψ
(+)
λt

(ρf ,ρα) = R
(+)
N (ρ)ϕλt(ϑ,nf ,nα)

λt = (lf , lα, N, L, F ),

N = 2n+ lf + lα, n = 0,1,2, . . .

ϕλt(ϑ,nf ,nα) =
∑

µf

CJMLµFf i
NΦ

lf lα
NLµ(ϑ,nf ,nα)

∑

M1M2

C
Ff
J1M1J2M2

ψJ1M1
ψJ2M2

Φ
lf lα
NLµ(ϑ,nf ,nα) ∼ (sinϑ)lf(cosϑ)lαP

lf+
1
2
lα+

1
2

n (cos 2ϑ)×

×
∑

mfmα

C
Lµ
lfmf lαmα

Ylfmf
(nf)Ylαmα(nα)



Three (interacting) particles:

zα-particle
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ρα

ρf

lα

lf

ρf ∼ r2 − r1 , ρα ∼ r3 −
A1r1 +A2r2

A1 +A2

V̂ = V̂12 + V̂13 + V̂23 , V̂ij =
ZiZje

2

|ri − rj|

lf and lα are not conserved!

λn = (ln, jn, J,M) → λt = (lf , lα, N, L, F )

Ψ
(+)
λn

(ρf ,ρα) =
∑

λt

R
(+)
λnλt

(ρ)ϕλt(ϑ,nf ,nα) →

→
∑

λt

S(λn → λt)R
(+)
N (ρ)ϕλt(ϑ,nf ,nα) ≡

∑

λt

S(λn → λt)Ψ
(+)
λt

(ρf ,ρα)



System of coupled radial equations for neutron and ternary fission

channels:












d2

dz2
+

5

z

d

dz
−
N(N +4)

z2
+1




RλnLFlf lαN

(z)−

−
∑

l′f l
′
αN

′

〈ϕlf lαNLF |
2V̂

h̄2k2t

|ϕl′f l
′
αN

′LF 〉R
λnLF
l′f l

′
αN

′(z)−
2Wλn

λt
(z)

h̄2k2t

Rλn(z) = 0,






d2

dz2
+

2

z

d

dz
−
l(l+1)

z2
+1




Rλn(z)−

∑

lf lαN

2Wλn
λt

(z)

h̄2k2n
RλnLFlf lαN

(z) = 0,

where z = ktρ and z = knr, with a boundary condition:

Rλn(z) = h
(−)
l (z) + SJ(λn → λn)h

(+)
l (z).



Summary

1. Angular correlations in ternary fission are due to superposition (mixing)

of the exit wave functions with opposite parities.

2. Coulomb repulsion of fragments and light charged particle (α-particle)

seems provide the needed mixing.

3. It would be interesting to find a more simple three-bode system with

Coulomb repulsion to test this hypothesis.
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s-wave neutron + nucleus (spin I) ⇒ compound nucleus J = I ±
1

2

Generally:

dσ

dΩfdΩα
=

dσ

dΩfdΩα
︸ ︷︷ ︸

J = I − 1/2

+
dσ

dΩfdΩα
︸ ︷︷ ︸

J = I +1/2

+
dσ

dΩfdΩα
︸ ︷︷ ︸

J = I ± 1/2, J ′ = I ∓ 1/2
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s-wave neutron, p1(s) — neutron polarization
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Polarization of fissioning compound nucleus with spin J = I ±
1

2
:

p1(J) =







−
1

3
p1(s), J = I −

1

2

2I +3

3(2I +1)
p1(s), J = I +

1

2
.


