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MOTIVATION

BEFORE AFTER

e e

<E*>=12-15 MeV

<S5 = 6-8 hbar
The (correlated) fragment spin dlstrlbutlon

P(S.,S,) is sensitive to the fission mechanism

The fragment spin magnitudes and directions
can be probed by suitable photon measurements
Example: The fragment spin direction is = perpendicular

to the fission direction [Wilhelmy et al.] PRC5, 2041 (1972)
=> wriggling & bending modes dominate

Example: A modern Wilhelmy-type experiment can

L e PRC 106, 014609 (2022)
reveal the relative importance of twisting

Example: The relative role of wriggling & bending can

. . PRC 106,014609 (2022)
be determined by helicity-tagged photons

Such studies need accurate calculations of photon cascades

- in the context of event-by-event Monte-Carlo simulations FREYA, ...
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The emitted photon removes angular momentum

Before emission:
The (expectation value of the) angular momentum | l
is directed along the z direction:

NIJW) = I =z

After emission:

/
The (expectation value of the) angular momentum .l
is tilted relative to the z direction:

W|TIN") = J (@) = (I (8)cosg, J' (0)sing, J.(9))
Tilting angle X(0): tanyx = J, (0)/J.(9)
Approximation (“semi-classical”):
The mother state is maximally aligned along , J : N = |a; J, M = J>2
The daughter state is maximally aligned along- J'(®):  |N'(®)) = |o/; ], )y
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E1 photon emission
\/ J’=J-1: Stretched

Daughter sate: Angular distribution: Tilting: none

@A, = leil =171,  Pi@D~d, 0  Ji=0 = x =0
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E1 photon emission

J’=J-1: Stretched

Daughter sate: Angular distribution: Tilting: none
n 1 2 0 = —
@UNYEL = 5T = 1,7 1),  Pi(6) ~d}, (61) Jy=0 = x =0
J’=) o~ [L]ihld&hl @),
A I ANEL / i1 J+1
Daughter state: (@1 IN")] 3, = hco@D)a's T, T) — c1(81)e o3 T, T — 1) -
1
e o[
Angular distribution: Pi(@) ~ 50, 00 + 5, 01 i
T”ting: _3_(91) = —hl\/ 2]0()01, 12(91) = JC(Z) -+ (J — 1)6‘% => X (9 )
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E1 photon emission

J’=J-1: Stretched

Daughter sate: Angular distribution: Tilting: none

@INYEL, = T — 17 =1  P@)~di, @ I, =0 = x =0

1

J’=J . co ~ [J_JH] hdy , (61,
Daughter state: (@1 |N")]}, = hico@la’sJ,J) — c1(B)e” o3 J, ] — 1) |
~ 1
Angular distribution: Pi(®) ~ L b0 + Ld (61)? i [J+ 1] A @)
8 ' WOV 7 om0V T T G 1
T”ting: _3_(91) = —hl\/ 2]0()01, 12(91) = JC(Z) -+ (J — 1)6‘% => X (9 )

J’=J+1: Anti-stretched

Daughter state: (@)} 114 = c—(0)e s T+ 1,7 +1) —hico(@)esJ +1,J) +cy (0 o] + 1,7 — 1)

2 +177 1 T 1 :
~ 5772 | 4Zin 6D o~ o o | Mmdos 61) Cy ™~ d, i 1)

2J+3 QJI+3)IJT+1) Q2J+3)(J+1)
o 27 +1 , , (@74 1)d], 6 dl, (61)
Angular distribution:  Pi@1) ~ o= —d-y ,,(61) TrD+3) T U+Del+3)

T (01) = —hicolV2T + 2 + /AT +2¢4] J.O) =T +DE+IE+0T -2 => X 0)
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E1-E1 photon cascades

Jo

K1

Jo

(@1@a|f)y = > (J1Mi1pa|JoJo) (Jo Malpo|Jy My) d), 1, (61) €191 d),, 1, (62) €422 | Ty, My)

+1
+1

-1
-1
-1

+1

+1

-1
+1

-1

Jip1Jap2

If different AJ do not interfere: Jy — J1 = J» 7o
p1=+1 '

(@102 flnge = D (AWML |Jodo) d), 1 (61) €19
p1=-1
p2=+1 ’ .

Z (J2M21/1,2|J1M1> d}tth(eg) ez“2¢2|J2,M2) ‘
p2=-—1
(= =) : (J=1,0-1)— (J—2,J-2),

+1
+1

+1

-1

(=,0) : (J=1,J-1) = (J=1,J-2) + (J—1,J—1) = (J—1, J—1), 7o
(—4) : (J=1,0=1) = (J,J=2) + (J=1,J—1) = (J, J—1) + (J—=1,J—1) = (J, J);
0,—) : (,J-1) = (J=1,J=2)+ (J,T=1) > (J—=1,J—1) + (J,J) = (J—1, T 1),
0,0) : (J,J=1) = (J,J=2) + (J,J=1) = (J, T=1) + (J, J—1) = (J, J)
+ (L) = (J, J=1) + (J,J) = (J, J),
0,4) : (L, J=1) = (J+1,J=2) + (J,J=1) = (J+1,J—1) + (J, J—1) = (J+1,J)

+1

-1
+1

-1
+1

-1

+ (L) = (J+1,T=1) + (J,J) = (J+1,T) + (J,J) = (J+1, J+1); o
(+,—) : (J+1,J-1) = (J,J-2)+ (J+1,J-1) = (J,J-1)+ (J+1,J-1) — (J,J)

+(J+L,J) > (J,J-)+ (J+1,J) = (J,J)+ (J+1,J+1) = (J,J),
(+,0) : (J+L,J-1)— (J+1,J-2)+ (J+1,J-1) = (J+1,J-1) + (J+1,J—1) = (J+1,J)

+ (J+1,J) = (J+1,T-1) 4+ (J+1,J) = (J+1,J) + (J+1,J) = (J+1,J+1)

+1

+1

-1
+1

-1

+(J+1,J4+1) = (J+1L,J) + (J+1,J+1) = (J+1,J+1), Jo
(+,+) : (J+1,J-1) = (J+2,J-2)+ (J+2,J-1) = (J+2,J-1) + (J+2,J—1) = (J+2,J)

+(J+1,J) = (J+2,J-1) + (J+1,J) = (J+2,J) + (J+1,J) = (J+2,J+1)

+ (J+1,J+1) = (J+2,J) + (J+1,J+1) = (J+2,J+1) + (J+1,J+1) = (J+2, T +2).

+1
+1

-1
+1

-1
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E1-E1: Angular distribution of the second photon, dN,/dw,

Angular distribution P,(6,)
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/Vl Opening angle
\‘//12

' cos Y12 = @1 - @3 = cos By cos B, + sin b sin 6, cos Pip

\’\/\’\'\,Yz Distribution: Py () = /d26)1d26)26(1ﬁ12 — V)P (@1, @2)
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Correlated emission (exact):

Py (cosra) =

P (costhra) =
Pt (costpra) =
P (costpa) =
P (costpra) =
Py (cos ) =

Pf{ (cost12) =

Pféo(cos P12) = %Pg ~3

Pt (costpi2) = 5Py + Shihy

Jgrgen Randrup

Opening angle

cos Y12 = @1 - @3 = cos By cos B, + sin b sin 6, cos Pip

pistribution: Py (3) = / 261d%@28(Yr12 — YIPL(@1, 2)

Independent emission:
P;(cos 6;) = O p. (cosb,), i=1,2

lP() + §h1h2P1 + %Pg, (cos 0s) Z “n (C(zj) ()2) L
Lp, + th;mpl 1 2JJ 3P2, P&,ndep(zbm) = 2ZZZL+ Py (cos 912)

J-1, 2J% — 5J+3
5Po — Shih T
20 = ghihe=—5=P1 + 70 J(2J+1)

J2+J -1 L (2J— 1)(J2+J 3)
1 3
1 3 hihy P,
210 + ghiha J(J+1)2 PL— 0 J(J+1)2 2

J2+J -1 (2J-1)(2J3 + J? — 5J — 3)
1Py +3hiho————P — & Py,
R TR A | J(T+1)3 2

2J3 +5J%+2J -3 2J-12J3+J?2—7J+3
1p _ 3 P, — L Py;
210 = ghihs (2J+3)(J+1)3J ~ ' 402743 (J+1)3 2

J2(J+2) J2(J+2)(2J—1)[4J?% + 8J — 5]
1Py — 3hihy=——2lP + L
200 T s e T T (T3 (2132 Y

hihgJ[2J°+10J+3] | | J(2J—1) 247345 4] —1]
B(J+1)2(J+2)(2J+3)" ' O (J+1)3(2J+1)(2J+3)2 2
J? J?  (2J-1)?
P+ 2 P,
T2 P T O 27+3)2 2
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E1-E1: Opening angle distribution Py,(w,)
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- very good
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E2-E2: Angular distribution of the second photon , dN,/dw,

1
A A _J—]_ 5 . .
(Wiws|f) = = J—-H] d3 1, (01) €91 d5 , (62) €%92| T —3, T —3)

1

J > )1 > )3 Ty a i |

[ 2 J-3
| J+1J-1

} d5 1, (1) €91 d5 5, (62) €292 T —3, T —4)

5[J—5 4

—fn 5\? ~ .
B@n) = (5) [l@nanln)—Pdor = = |5 B, (02 + 77— b, 62
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E2-E2: Angular distribution of the second photon , dN,/dw,

J -> J-1->J-3

@ = () [1enealn - do

(12| f) =

J > J-1 -> J-2

Pz__(‘i’Z) =

Jprgen Randrup

(W1wa|f)——

o [6(7-2)d8 5, (07

+(J3 -

rJ—1 .
B J—+1] A1 1, (01) €' d3 p,(62) *'%|T =3, J = 3)
[ 2 2 5 % 7
~ Jr ﬁ] d%,hl(el) e? ¢1dih2(92) e¥2|J—3,J—3)
2 J-3 . Z.
I+t J—l] di py(01) €791 d5 1,(0) €*%2| T =3, T —4)
1 = !JQ d2 h2(02) + ﬁdl,hZ(ez)
rJ—113 [J—2]3 . _
= 55l [557] #ntn e dtoneis-2,r-2
J—112[2]2 . .
~ [FH] [B] #nton e dagon oo,
— 2 %_3(']_2) : 2 2ip1 72 5 7_
J+1) _J(J_l)] da n,(01) €790 dj 1, (02) [T —2, T —2)
— 2 % J_4 2 2i¢1 2 P2 _ _
T51) gy Bt A8 €1 2,7 73)
[ 2 ]3[2(27-5)]® z. Z.
R EESY [J((J—l))] 5 5 (01) €91 d ,(02) 92| 2, T ~4)
1
= 20% — 117 + 30)d} , (62)° +2(J* + 27 — 9, (62)* | oo
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E2: Angular distribution of the second photon
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E2: Angular distribution of the second photon

dN.,/d6,
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E2-E2: Opening angle distribution Py,(w,)
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Semi-classical treatment of photon cascades in nuclei

The mother state is maximally aligned along <N J | N >

The daughter state is maximally aligned along <N’| J |[!N’ > i

E1 cascades:
Excellent for angular distributions
Very good for angular correlations

E2 cascades:
Reasonable for angular distributions
Excellent for angular correlations

Easy to implement into simulation codes (and fast)
May be useful when using photon angular correlations
to learn about fission fragment angular momenta
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