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The definition of “fission”

Fission is the division of a cell (or body, population, or
species) into two or more parts and the regeneration of
those parts into separate cells (bodies, populations, or
species).

Binary fission produces two separate cells, populations,
species etc., whereas multiple fission produces more
than two cells, populations, species etc.
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The fission process
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The fission process
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The fission process
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B The Liquid-Drop Model (LDM)

R(®,¢) = Ro[l + Eaxm,@,cp)]
N

E=E‘,+ES+EC+EP=ELDM+EP

Ewf€) = E(e) + Efe) — E(0) — EL0)

Ec(e) — E(‘(O)(]' - 2/5 a%O)
E(e) = E0X1 + 2/5 42)

Fissility parameter: X = EC(O)/ZES(O), Bohr and Wheeler
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with:  E(0) = 0.71Z%A"

E(0) = 17.84%3
It follows: X~ Z2/A
X=1 <--> 22/A =50
Consequences:

> For X > 1 nucleus is unstable against fission

> Multipole expansion (A = 16): Eg; = 0.83 E¢(0) (1 -

YT

X)3
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With: E(0) = 0.71Z%/A"3 m % L
S Slc NS

ES(O) = 17.8A2/3 x=05 x=0.6 x=07

S

It follows: X~ Z2/A

X=1 <--> Z2/A =50
Consequences:
> For X > 1 nucleus is unstable against fission
> Multipole expansion (A = 16): Ez = 0.83 E¢(0) (1 - X)3

> Ground-state is spherical, symmetric fission
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The flission process
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The fission process
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“Macroscopic-microscopic” or “shell correction” (SCM)
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“Macroscopic-microscopic” or “shell correction” (SCM)
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SCM - consequences:
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SCM - consequences: 1000 ;
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The fission process

No theory here!l!
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No theory here!!!

But look at:

1ASS NUMBER ( x 102)

“"The Nuclear Fission Process”, Ed. C. Wagemans
Chapter VII, p. 227ff (1991)

YIELD (%6)
1S3

Recent papers:

GEF, K.-H. Schmidt, B. Jurado T

1073155 130 140 150

FREYA, R- vogt’ J. Randrup HEAVY FRA(?MENT MASS

M. Prakash, V.S. Ramaurthy et al., IAEA (1980)
J. Moreau, K. Heyde et al., “IX¢Journée d’Etudes
sur la Fission Nucléaire”(1980)
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Flission within the MM-RNR model
(Mulgi-icdal Rendom Nodk-Rupiura)

o= =

* Embedded spheroids
p/fm

® number of fission modes
¢ inner barrier height
¢ individual outer barrier heights

® mode-specific scission configurations
¢ fission-fragment deformation
¢ fission-fragment intrinsic excitation

U. Brosa, S. Grossmann and A. Miller, Physics Report 197 (1990) 167-262
SO, F.-J. Hambsch and F. Vives, NP A644 (1998) 289-305
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Flission within the MM-RNR model
(Mulgi-icdal Rendom Nodk-Rupiura)
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Flission within the MM-RNR model
(Mulgi-icdal Rendom Nodk-Rupiura)

-

S1 - standard I A

S3 - standard III
\SL - super long .

European
Commission




Flission within the MM-RNR model
(Mulgi-icdal Rendom Nodk-Rupiura)
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Flission within the MM-RNR model
(Mulgi-icdal Rendom Nodk-Rupiura)
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Fission “geometry”
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Fission observables

> Fission cross-section or fission probability

» Mass vyield distribution wl ]
= Pre-neutron emission Elﬂo_
= Post-neutron emission 5 100 i
= Cumulative yields, mass chain yields ) mf_ \ i

T TR T S TN T S N TN TN S S T S B
80 100 120 140 160

Fragment Mass

> (Total) kinetic energy distribution
> Element yields

» Angular distributions

> Fission modes ?
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Fission observables

> Fission isomers

Half-life
Partial half-lives: isomeric fission, back-decay to 15t minimum

Branching ratio

Fission barrier parameters:

Barrier height: E,, Eg, ... Eg(S1), Ez(S2), E5(SL)...
Transmission (curvature parameter): hw,, hwg
Super-deformed ground-state energy...

Isomeric fission fragment characteristics
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Flission reactions

> Spontaneous fission
> In general even-even isotopes (J*= 0)
» Isotropic angular distributions

» No beam time at accelerator or reactor required

> Photon-induced (or electromagnetic fission)
» Few transition states
> even-even target (J*= 0%)
» E1, E2(M1) -> J=1,K=0,1
-> Jv=2%(1%),K=0,1,2
» Transverse character of real photons: M = %1
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Flission reactions

> Neutron-induced fission

» Thermal energy (E, = 0.025 eV)
» Resolved resonance region (0.3 eV < E, < 2 keV)

» Fast-neutron energies (E, > 0.1 MeV)

Proton energy (MeV) Proton energy (MeV)

—_—
e

~ + 2 3 4 S5 452 3 4 S5 6
£ 30]@) ™ Ti(p,n) 1930 ug fem’]] | (D) [P "Li(p,n) 619 g 1 cn?
& 10

€ 2 i

@0

o 5-

=

X

c

L=/

o
o
4

o 1 2 3 4 50 1 2 3 4 5
Neutron energy (MeV) Neutron energy (MeV)
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Flission reactions

» Charged-particle induced fission
» Surrogate reactions to investigate fission of highly-active isotopes
> Population of isomeric states in the second (super-deformed) well

» Investigation at energies below the neutron separation energy
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How to “"measure” fission properties

> Fission fragment properties:

v Fragment mass and charge yields
- Radio-chemical methods

- Neutron activation with sub-sequent y-spectrometry

» Cumulative yields (fragments produced

after p-decay has set in)

» Mass chain yields (essentially stable

fission products)
> Not all elements chemically assessable

> Permits use of massive targets

m European
Commission



How to “"measure” fission properties

> Fission fragment properties:

v Fragment mass and charge yields
- Radio-chemical methods

- Neutron activation with sub-sequent y-spectrometry

> (neutron) activation of a target pellet, O(g)
> y-spectrometry during cooling periods, {At;}

» From known y-rays and decay probabilities (B, A;)

- cumulative and mass chain yield

> Radio-chemistry for At > oo
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How to “"measure” fission properties

> Fission fragment properties:
v Energy measurements
v Post-neutron mass and kinetic energy (before pg-decay)
v Pre-neutron fragment characteristics (@scission)
- Double energy technique

- Time-of-flight spectrometers

> Targets with thin actinide layers
> Deposits on thin support backings
> Minimize energy-loss and straggling
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Spectroscopic backings:

Polyimide foil (= 30 ng/cm?2)
Nickel (self-supporting, 250 nm)
Vacuum evaporation

Diameter up to 70 mm possible

234,236,238, 239py (JRC D.4 SN3S)

Non-spectroscopic backings

Thick backing (> 25 um)
Al, Ni, Ta,...
Molecular plating

232Th, 233-238y, 237Np, 239,241py (JRC D.4
SN3S)
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Mass and kinetic energy distributions

LOHENGRIN (NPP-PN1)

[Fission products |

[ Tar get position |

[Reactor wall|

®, =5-10"/cm?/s
f ] L=23m
Q, =3.510° sr
I AJAA = 400 - 1500
T E/AE = 100 - 1000
T ZIAZ < 40

E., <5.5 MeV-qle

v Recoil mass-separation: post-neutron characteristics
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Separator eguations

» Magnetic field deflection is given by

2
o qg(v xB)

I

mag

» Electric field deflection is given by

m_E
r

el
» Together the A/q and E, /q separation is
given by

2.2
m BT, E.

q T,k q 2

_ Erelq

n
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Characteristic spectrum

A=110 q=22 E=95 MeV

110/22/95 120/24/103.6

100/20/86.4 . ﬁ
90/18/77.7 @ % A
. o 115/23/99.3

S e 105/21/90.7

95/19/82 =
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Scan to obtain a single mass yield

> Ionic charge distribution at about mean energy

» Energy distribution at about mean ionic charge

0.010

0.008

I [cts/s/Mev;

0.006

0.004

I [cts/s/Mev]

0.002

0.000
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Needed corrections

Energy loss of the fragments in the target layer

Target loss through burn-up and sputtering
during heating

Minimization of sputtering by covering the
target with a 250 nm thick Ni-foil; creates
additional energy loss

Average total energy loss AE & 7 MeV

European
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Emean [MeV]

Mean fragment mass and kinetic energy
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Mass and kinetic energy distributions

> Double energy technique:

v" Based on the conservation of momentum

A,v, +A,v, =0
A, + A, = A

E, /E; = A; /A,

> Measured quantities are post-neutron emission
kinetic energies!

> In the following: A;*, A,*, E,*, ... denote pre-
neutron emission quantities.

> Silicon detectors, ionization chambers, PPACs, ...
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Mass and kinetic energy distributions

> Double energy technique:

v" Based on the conservation of momentum

E. = A/A* E* + A_/A E, - (2 E*/A*)1/2 A v_ <cos§>
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Mass and kinetic energy distributions

> Double energy technique:

v" Based on the conservation of momentum

v' Prompt neutron emission

E; = A/A* E* + A /A E, - (2 E*/AX)1/2-p v <COS6>

E.=A/A*E*+ A /A E,

And if v neutrons emitted:

E.=A/A*¥E*+vA,/A E,
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Mass and kinetic energy distributions

> Double energy technique:

v" Based on the conservation of momentum

E; = A/A* E* + A /A E, - (2 E*/AX)1/2-p v <COS6>

E.=A/A*E*+ A /A E,

And if v neutrons emitted:

~ 20 keV
E.=A/A* E* +
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Mass and kinetic energy distributions

> Double energy technique:

v" Based on the conservation of momentum

E; = A/A* E* + A /A E, - (2 E*/AX)1/2-p v <COS6>

E.=A/A*E*+ A /A E,

And if v neutrons emitted:

~ 20 keV

E; + < 0.05 %

50 MeV < A,/A* E* < 100 MeV
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Mass and kinetic energy distributions

> Double energy technique:

E, = A/A*E*  withi=1,2

A = Acy Ej*/(E* + Ej*)  withij=1,2

A" = Acy A*/AE/(A*/A; E* + A*/A; E;*)

= Acn E;/ ((A*/A* Aj/A;) E* + E*)
A" =Acy Ex/((1 +§,5) Ey + E)) with: Aj*/A; Ay /A,
A=Ay E;/(E; + E, (1 +E,;,)) =1+E
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Mass and kinetic energy distributions

> Double energy technique:

Oth approximation: E;, = E;* and E, = E,*

determine A;* and A,* - u, and u, : provisional masses

neglecting prompt neutron emission

determination of energy loss AE;(A;, Z;, E;), i =1,2
pulse height defect PHD(A,, Z,, E;), i =1,2

Gives now new values for E; * and E,* - next iteration
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Mass and kinetic energy distributions

> Double energy technique:

1st approximation: E;* = E; + PHD, + AE,
and E,* = E, + PHD, + AE,

determine v, andv, - v; (A;, TKE;)

determination of energy loss and pulse height defect PHD

Gives now new values for E; *, A, * E,*, A,*... & next iteration
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Mass and kinetic energy distributions

> Double energy technique:

Prompt neutron emission

V234 (A) = V33 (A) (1 —%ﬁ) = V33 (A) (1 _% (1 V35 (A))) —

V233 (A)
% (\7235 (A) + V233 (A)) )
o V234 (A) (TKE(4)) —TKE
V234 (A’ TKE) = V234 (A) + Vo34 (A) + V234 (ACN _A) . Esep

Momentum transfer from incident neutron

- CM
Epre

FLAB
cos (6M) = 4 [1 — P2 (1 —cos? (9LAB))

ESM = ELAB £245) \/ApreAnEFL,i%BE%‘AB cos (0M4B) + ACEARA pr ELAP
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Mass and kinetic energy distributions

> Double energy technique:

Energy measurements with silicon detectors
v’ Typical sizes (area): 50 - 900 mm?
v Thickness typically 100 - 300 mm

v Very good energy resolution

v Large detectors normally not segmented

European
Commission




ENERGY (MeV)

NUMBER OF COUNTS

Pulse-height defect in Si-detectors
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Pouble-E with silicon detectors

> Double energy technique:

~2cm
n 1 E!
0 ||
27 ;
(a) Surf. Barr. :(b) Surf. Barr.

< Energy loss variation in dead layer 12%
< Energy loss variation in target layer 12%

< Geometrical efficiency: £ < 7%
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Mass and kinetic energy distributions

> Double energy technique:

(@) +1.0kv NEUTT;NIBEAM ANODE 1 (©)

oV : GRID 1 D

CATHODE

=
-1.5kV
FF,

ov

A,

+1.0kV ANODE 2

v Geometrical efficiency: : < 100%

v Emission angle 6 measured
v Angular dependent AE in target layer can be corrected

European
Commission




Tonization chambers

QA = —npe

Qs = (04 +060c)(1-0)”"

X
=) o,

Oy = —0c = 0a +0c

A. A. Adili, F.-J. Hambsch, R. Bencardino, SO et al., NIM A671 (2012) 103
A. Gook, F.-J. Hambsch, A. Oberstedt, SO, NIM A664 (2012) 289
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> Determination of the emission angle:

cos(6) Pa—ly

— v Anal DA
(X/D) Pa nalogue BAQ
PG
cos(0) = — Digital DAQ
() noe (X /D) 9

me{® w
Tooe — T . ooe
cos () = 2 & A%Gnd
T900 — TOO ° ]
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> The Frisch-grid inefficiency:

—Q, 1 I(b)[ - =-mesh -~ grid11mm
| [ \ 1 0 151 grid 11 2 mm 1
o ' T g 1 0‘;“-""*% G,=0.031 +0.003
A 8 10- \ \ g G [calc] =0.03
1 . "u‘
° g 05 ' ) \6n= 0.083£0.003
....................... P | , “' o, [calc] =0.09
e (@) IPVD ST A S
240 320 400 0.00 005 0.10 0.15 0.20
Sampling (10 ns/ch) O (Exp.)

d -
o (d,ra) = (1 + a/21 ((m2r2-a~2) — ln(27rr-a_l)))

Va— Vg S p+pp+05-r (p2 —4-1In p) R T

Anode-grid distance (d) 6

VG — VC o ad— ap — 05 - r (p2 — 4 . ]np) Cgr?dv:l/::egf:dclll[l]sg((rt;) 0.1)5
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> The Frisch-grid inefficiency:

—Q, 1 I(b)[ - =-mesh -~ grid11mm
| [ 7 ; 1 0 151 grid 11 2 mm 1
J ! : T g ] o-M=o.o11tw G, =0.031 £ 0.003
A 8 10 \ v G, [cale] =0.03
coG E ,"‘
5 05 XE G, = 00830003
....................... P | , “' o, [calc] =0.09
y ' | Il l(a)_ —r’,l ):'\i D | |
240 320 400 0.00 0.05 0.10 0.15 0.20
Sampling (10 ns/ch) O (Exp.)
(d,ra)= 1+ d B
old,ra) =
a/2n ((m2r?-a=2)—In(2ar-a~1))
2 < C < 4
p + pp + 0.5 - r (p2 I 4 * ln p) Grid-ca[]P;?)rc?:ldei;et;nce (D) Valugl(mm)
> Anode-grid distance (d) 6

a—ap—0.5-r(p?2—4-Inp) Crdwin s () 005
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Tonization chambers

> Selection of counting gas and electric field strength:

l T
’ canim -
10 ‘b—— ¢
' l
28 | — & F. (80-20) ]
E \ Ar-CF  (80-20)
=6 » N
3 \ \
4 " Ar-CF, 95.5)___| > ArCF,(90-10)_

Ar»CH‘ {90-10)

Ar

0 0.5 l 1.5 2 2.5 3 35
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Measuirement with a FGIC

> Signal treatment:

Signal (mV)

w N
S O
S O
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-100-
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.....
~—
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200
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Sampling (10 ns/ch)
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Measurement with a FGIC

> Fragment range (X/D) correction:

8% || —— SUMMING
St || —— GRID

(b)

02 00 02

cos(8,) Acos(e)

~y

X/D cos 0
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Measurement with a FGIC

> Energy loss correction in the target:

EE~170 . _ 2507
K (@) 5 2003
+ 160 | = 150]f
= e
§150 : .g) 100+
_ £ 200-
g Sampl lde%. [ 8
5 mple s = 100l3
a 130 Backing side P T (f 12
0 1 2 3 0.
1/cos(6)
o 0001 2UmH Es2Mev  (3)- |
€ 0.016][ ——Samplesside
- - Backing side
8 0.012-
£ 0.008
o
- 0.004 |
0. '

100 150 200 250
Pulse height (ch)
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Measurement with a FGIC

> Pulse-height defect correction:

LAB
ApostEpost n Apost

LLAB
PHD (Apost, Epeat’) =
9 st
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100 —
"3 -
= B
Z J
o]
o i
! ]
-
_
5 N
o
V8
a
10—

6 ] 63
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Measurement with a FGIC

> Pulse-height defect correction:

ELAB

o,

PHD (MeV)
=

w

80 100 120 140 160

Apost (U)

A A
post st t
PHD (Apost, Epost’) = a‘” + ‘;S
— _ 220——
(a) . (b) #*U(n,f)
’ 200-
1B
g 180-
= "l
. | v 160- .
Un,H | 0l E

80 100" 120 140 160
A (U)

> From reference measurement on 235U(ny,,f)
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Measurement with a FGIC

> Prompt neutron correction:

> Ref. [Mather]| ' (b) 3.2
=~ --=--Interpolation p—
M |t 3o =
X K& g
= . 28 O
< r{_‘.’_,-‘% ~—
el e 26|>
- ‘_%;'
e MUK . sl “U(n,f) [24
80 100 120 140 1600 1 2 3 4 5
A (u) Neutron energy (MeV)
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Measurement with a FGIC

> FINAL mass and energy distributions:

2204(@) Ui E20mev] - 1201 240(n,f)

S 100

|

1= eo-

4 S’

1 5 ol

o

80 100 120 140 160 80 100 120 140 160
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Measurement with a FGIC

> Prompt neutron correction (IMPORTANT):

4_ T T T
» E=0.8MeV
| * E=555MeV
3-
—~~
2+ a
SHENETE
1= |} seE
1 »'
obmlell
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Measurement with a FGIC

> Prompt neutron correction (IMPORTANT):

| Average (AV) Heavy (HE)
E.= 5.0 MeV

1 1

E=50MeV _ il

N X \ _..'-=5"5I!

-
e
.....
T

80

100 120 140 160
A (u)
pre
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Mass yield (%)
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Mass and kinetic energy distributions

v Double-energy technique well developed

v Use of Frisch-grid ionization chambers best for

fragment spectrometry
v High geometrical efficiency

v Good grip on energy-loss corrections

V Depend on prompt fission neutron data!!!
V Mass resolution AA > 3, depends also on target

properties

European
Commission




Mass and kinetic energy distributions

> Double velocity technique:

> Direct access to pre-neutron characteristics

> Assumption: v;* = v, (isotropic PFN emission)

A* =v;/(v, + Vv;) Ay

> > Pre-neutron kinetic energies and TKE
> Mass resolution limited because of PFN emission

> AA X 1.3 u
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Mass and kinetic energy distributions

> Double velocity — double energy technique:

> Direct access to pre-neutron characteristics

> Assumption: v;* = v, (isotropic PFN emission)
A* =v;/(v, + V;) Ay

> Post-neutron characteristics simultaneously
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Mass and kinetic energy distributions

> Double velocity — double energy technique:
> {A;*, A} > v(A*, TKE)

> Indirect measurement of PFN multiplicity

» Independent method

> All correlations with fragment characteristics

assessable
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Mass and kinetic energy distributions

> Double velocity — double energy technique:

> realized 2v-2E spectrometers:

v COSI FAN TUTTE (ILL, Grenoble)
D;or = 1070 mm, 2 MCP as time pick-off
energy measurement with IC (thin entrance)
highest mass resolution AA < 0.7 u
very low geometrical efficiency, O(10-°)
only used in a single v-E version

nuclear charge yields, Y(2Z)
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Mass and kinetic energy distributions

> Double velocity — double energy technique:

> Realized 2v-2E spectrometers:

v SPIDER (LANL)
D;or = 750 mm, 2 MCP as time pick-off
energy measurement with IC (SiN window)
post-neutron mass resolution A A< 2 u
geometrical efficiency, ©O(103)

Y(A) results from single v-E measurement
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Mass and kinetic energy distributions

> Double velocity — double energy technique:

D;or = 500 mm, MCP + PIPS as time pick-off

> realized 2v-2E spectrometers:

v VERDI(JRC IRMM)

energy measurement with PIPS (NTD-Si)
full 2v-2E version operational
pre-neutron mass resolution AA X 2 u
geometrical efficiency, ©(10-2)

Y(A*,A; v) results
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> Double velocity — double energy technique:

> VERDI (JRC IRMM)

g Backing side Deposit side “ 11.0
U D 0.5°
Electrostatic mirror

D DS.So

|: \ :|OO
[K Sample []550

—
i er [

9.5°
o]
Q 53.3 cm 52.9 cm g 11.0
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> Double velocity — double energy technique:

> VERDI (JRC IRMM)

Yield (%u)

10 = 3 7= —e— England and Rider
= 2 C —=&— Hambsch
C - C —— Deposit side
- % 6 C ?’ —— Backing side
1= > C — Sum
E S
L a
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E 3
—e— Hambsch =
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10-3 TR TR TR NN NN SO TR NN NN SA A NN SAN S SN | C | > f | .
80 100 120 140 160 180 0 20 100 120 140 160 -
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> Double velocity — double energy technique:

> VERDI (JRC IRMM)
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Mass and kinetic energy distributions

> Double velocity — double energy technique:

v Superior mass resolution

v No a-priory knowledge about prompt neutron

emission required

v Independent method to obtain prompt

neutron multiplicity data

= Low geometrical efficiency
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How to “"measure” fission properties

> Different measurement techniques
- Recoil mass separation
- Double energy technique
- Double velocity + double energy measurement
- Activation analysis by means of y-spectrometry

- Radio-chemical methods

» Choice of silicon detectors or Frisch-grid
ionization chambers depends on the

particular measurement environment
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Thank you very much
for Your attention
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