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Nuclear Scission by Ulrich Brosa (

Brosal model

@ Scission versus fission
e "Scission” denotes the "instant of rupture”
Introduction o do not discuss the complete process of fission
@ Multichannel fission
o several exit channels in fission

o Leaving the compound state, the nucleus may choose
between various paths to disintegrate.

@ Random neck rupture

o "rupture”: the neck breaks suddenly "when” the nucleus
stretches beyond the prescission shape

e "Random”: not decided "where” the neck breaks
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Nuclear shapes suitable for fission

Brosal model

(i) Shape representation = 3 essential degrees of freedom :

e stretching of the nucleus

e thinning of the neck

Nuclear shapes

o deformation to asymmetry

(ii) " A single sphere and two fragments”

e among allowed configurations

(iii) "Flatness of the neck”

e an independent variable



Shape parameters

Brosal model

@ Suitable set of shape parameters (degrees of freedom):

(L,r,z,c,s)
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Shape parameters

Brosal model

@ Semilength [ : elongation of the nucleus
@ r : radius of neck
@ z : position on neck where neck is thinnest /

itz e where shape is thickest if neck does not yet exist

@ c: curvature of neck P

@ s : position of centroid




Real flat neck representation (prescission shape)

Brosal model Shape function:
(T%—CQ)% ;<0< @
p(¢) =14 r+acleosh(ZHE) 1) ¢ << G

(FB—[2l—r—ra—(2)7 G<C<2-n

71 and 79 : radii of the spherical heads

Nuclear shapes

¢1 and (2 : transitional positions (where 3 parts of equation join)
a : extension of neck
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Embedded spheroids

Brosal model

@ When a nucleus scissions = decays into fragments
@ Newborn fragments are modelled as =

two spheroids in contact

(The strong surface tension quickly smooths all centers and edges.)
Nuclear shapes

o B T e e . S I SO I
L/fm
b) bZ

p/fm



Embedded spheroids

Brosal model

@ These spheroids:

@ major axes a; and as :

fixed by the total length 2/ and actual rupture point z,

Nuclear shapes

alzé(rl-l-zr) ) agzl—%(rl—kzr)

p/tm




Embedded spheroids

Brosal model

@ These spheroids :
@ minor axes by and by :

followed from the volume conservation

Nuclear shapes ) 3 Zr 5 ) 5 2l—r1 )
blzm/ p°d¢ , bQZE/ p2dc¢
Zr

—r1

p/fm




Embedded spheroids

Brosal model Appllcat ions

@ Embedded spheroids are to estimate:

o repulsion between the fragments

o energies of deformation

Nuclear shapes

fragments have immediately after formation

_? (1) .4_(11———-14—02———— 2:5 3|D

35

b, bZ

p/fm

im
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Fundamentals

Fundamentals of random neck rupture

Slaves of prescission shape:

@ mass yield Y(A)
@ neutron multiplicity 7
o total kinetic energy TKFE




Fundamentals of random neck rupture

Brosal model

Figure:

v YI%
@ mass yields Y(A) (dotted lines) :2 ‘:Z
L )f/\ o
and b] 1 150
Fundamentals @ neutron multiplicities 7 (solid 4 ]
lines) o / 8]
€]~ 100 150

number A

@ as functions of fragment mass C:)




Fundamentals of random neck rupture

Brosal model

Part(a):

supershort prescission shape and its v N
products 2 = .
L }/\é 4
Part(b): ol =
SR symmetric prescission shape 4 ]
2 / &
Part(c): [ 106 180
standard prescission shape C:>

Part(d): .
superasymmetrical prescission shape C:_\)




Fundamentals of random neck rupture

Brosal model

Total kinetic energy TKE

inverse measure of PV 5 16
prescission shape’s length 2 iy 8
Pt
b] 1 150

@ When rupture takes place =

Fundamentals

Coulomb repulsion accelerates

fragments

@ Fragments high kinetic energy

= short prescission shape

@ Fragments low kinetic energy

= long prescission shape




Fundamentals of random neck rupture

Brosal model

e Part (a, b)

Variance o2 of mass yield Y (A) v s 6]

measures = 2 s 8]
I Pt ’
b] 1 150

prescission shape's length

ERe— (Length of neck)

@ Random neck rupture :

produces different fragments

by chopping neck

at different positions




Fundamentals of random neck rupture

Brosal model
@ The larger the neck

= the more possibilities to chop
it,

and

Fundamentals = the larger variety of fragments

@ the most frequent rupture

= where the neck is thinnest




Fundamentals of random neck rupture

Brosal model

@ Part(d)
S CD

— ) M
k2 M 8
L3 C Pt
[ 10+ b] 1 150
.D‘".. .'.-
i
S — 70 120 170 A ¢ ]
. . . 5 % "
when prescission shape is asymmetric [ 106 150

= neck is shifted away from center

@ Consequently:

one light and one heavy fragment = C:_\)
a double-humped yield Y (A) .




Fundamentals of random neck rupture

Brosal model
@ Part(d, c, b)
. . _ y/%
With decreasing asymmetry : -V B o]
2 : 8]
b] 1 150

the two humps merge

= until a single bump remains

Fundamentals




Fundamentals of random neck rupture

Brosal model

@ Part(a, b)
(solid lines) v - 161
F2 ot 8

b] ) 150

A large average neutron multiplicity 7

is caused by :
a long prescission shape '

Fundamentals
"




Fundamentals of random neck rupture

Brosal model

@ Part(b)

symmetric” prescission shape : -V : ]
+2 M 81
ives rise to neutron multiplicity 7 i =
& P Y b] 1 \léo

= which increases steadily with
fragment mass number A

Fundamentals

@ Part(d)

"asymmetric” prescission shape :

causes a sawtooth




Fundamentals of random neck rupture

Brosal model

@ Random neck rupture

and

@ sawtooth shape of
neutron multiplicity v

Fundamentals

0 5 10 15 20 fm

v(A) ©
4 ,;* S J
3 I3

1 ooﬂ
2-+g dgm?“
N Rz e’ .x h
oba pl £

% 100 M0 120 130 140 150 160, .




Fundamentals of random neck rupture

Brosal model

@ Part(b)

some embedded spheroids

@ 2 and 2’ fragments

= neck is the thinnest

Fundamentals

= Part(a):

g - S—
maxima of yield Y(A) of ° 5 ° B Am 5
fragments production N v . ,g; 252Cf(sf) J
3

1 ooﬂ
A 1 M
1 o® o .x ’2
. "z = A

% 100 M0 120 130 140 150 160, .




Fundamentals of random neck rupture

Brosal model

@ 3 and 3’ fragments

= Part(a):

@ rupture rarely happens

(increased thickness of neck)

Fundamentals

o fragments are equal by mass

0 5 10 15 20 fm
but i T (A) b ©J
very different by deformation , 2 ,goc/ Cfsh =

i oo®
2 Lo M
Lo 134 .x by
el =X A
O . — T T T
% 100 M0 120 130 140 150 160, .




Scission as a sequence of instabilities

Brosal model

@ Fission

3 instabilities for evolution:

Q Passing the barriers

o the first step of fission

© Shift instability

Scission

o Shortly behind the last barrier, the neck starts to appear.
o Shift instability arises, because for fission : nucleus has to
change from a spheroidal to a necked-in configuration
© Capillarity (Rayleigh) instability
o accomplishes what the shift instability prepares
o takes the dent where it is and deepens it until two

fragments appear 13/42
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Brosal model

Channels

Standard, superlong and supershort

Prescission shapes:

(® super-short
,‘—ﬂ?

1. LsM6tm r=52fm z =16fMm

2 s 2.8 00
3. 14.0 1.1 0.0
(©) standard

(=D

1. |l =11.7fm l-54lm z-zﬁlm
2. 14.0
3. 18.0 1: 03

@ super-long

(G==))

1. |l =1251tm r-d?fm z 10h1|
2. 16.1
3. 207 29 03
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Standard, superlong and supershort

Brosal model

Prescission shapes:

(® super-short
,‘—ﬂ?

@ Standard (part c)

o slightly asymmetric

1. LsM6tm r=52fm z =16fMm

" " 2. 1.5 28 0.0
e of "normal” length i 10 11 00
©) standard
Channels 1. l=17fm 1« -54 im z= 2& tm
2. 14.0
3. 18.0 1 I 03

@ super-long

(G==))

1. |l =1251tm r-d?fm z 10h1|
2. 16.1
3. 207 29 03
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Standard, superlong and supershort

Brosal model

Prescission shapes:

(® super-short
,‘—ﬂ?

@ Standard (part c)

o slightly asymmetric

1. LsM6tm r=52fm z =16fMm

” ” 3 X 2.8 oo
e of "normal” length Do o oo
(©) standard
@ Superlong (Part d)
e almost symmetric @
Channels
1. L =1.7fm l-54lm z—:ﬁlm
o longer than standard 2 uo
3. 18.0 1: 03

@ super-long

(G==))

1. |l =1251tm r-a?fm 1-10m
2. 16.1
3. 207 29 03
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Standard, superlong and supershort

Brosal model

Prescission shapes:

® super- shnrt
" _‘1?'

@ Standard (part c)

o slightly asymmetric

1. LsM6tm r=52fm z =16fMm

" ” 3 X 2.8 oo
e of "normal” length Do o oo
(©) standard
@ Superlong (Part d)
e almost symmetric @
Channels
1. L =1.7fm l-54lm z—:ﬁlm
o longer than standard 2 uo
3. 18.0 1: 03

° SuperShort (Part b) @ super-iong

e ——=%
e almost symmetric ((g))

e shorter than standard PimRsmoresrmoza 10 m
3. 20.7 29 03
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Standard, superlong and supershort

Brosal model

@ These differences in "mean” length are larger than those
caused by fluctuations,

Hence, we expect

Channels

@ separable components in exit-channel observables

16 /42



Channel graph

Brosal model

Channels traverse

"space of deformation”

The simplest set of coordinates:

(I,r,2)

@ semilength [
@ neck radius r

@ location of the dent 2




Channel graph

Brosal model

(I,r) projection

e Top right
@ standard channel (full line)
@ superlong channel (dashed)

@ supershort channel (dotted)

rooted in ground state gs




Channel graph

Brosal model

(I,7) projection

To initiate fission :

@ the nucleus lengthens
(I increases)

its radius r decreases

shortly after 27¢ min :
"the big loop”
necleus stretches
thins its neck

until just behind the
prescission shape at +

e two fragments appear
18/42



Channel graph

Brosal model

1. L=91tm r=71fm z=02Mm

2 102 66 o1
Vtm 3. 108 60 o1
2 ® super-‘shorl

1/fm
L l=N6IM r=52tm z=16Mm
25 2 s 28 00
3. 140 11 00
© standard
/J‘
/
J/ 1. 1=1M7tm re54im z=261Mm
/ 2. 14.0 40 16
3. 180 13 o8
@ super-long

11125t re57tm z=10Mm
2. 181 a2 01
3. 207 29 0.3 19 /42




Channel graph

Brosal model

Part(a)
@ evolution from gs to 2" min
Part (b)

@ deformation in supershort
fission channel

@ starting from bifurcation

e ending at prescission (+)
Part (c)

@ similar changes along standard channel

Part(d)

@ similar change along superlong channel

2520'

Q

1L L=91m 1,711m xxoznm
2 102
3. 108

® super-short

o

1i=nem v-szfm x-|ﬂlm
2. 18
3. 140 11 n.o

© standard

(=D

1 L=117tm r-sum x-zorm
2. 140 40
3. 180 1.3

@ super-long

ou

((~))
e —

| L=125m r-utm x-uum

161 o1
s. 20.7 n 0.3
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Channel graph

Brosal model

Symmetry and Asymmetry

@ z : position on the neck
where neck is thinnest

@ Symmetry : 2z =10




Channel graph

Brosal model

e (r,z) projection

i r/ftm




Channel graph

Brosal model
(r,z) projection :
@ gs : nearly symmetric g'
(minor deviations)

@ nucleus stays symmetric
until big loop

~~
o*-
@ 2~ 2.5 : asymmetry +4
becomes sizable
(
@ approach to scission : 12
asymmetry decreases again +
z/tm
- . it
2 =

20/ 42



Channel graph

Brosal model

(r,l) projection

superlong & supershort
channels

@ branching from standard
channel

@ at "bifurcation points’
(full circles)




Channel graph

Brosal model

(r,z) & (z,1) projections
@ trails of superlong &

supershort channels

Due to

little deviation from
symmetry (z = 0):

@ their lines coincide with
the axes




Channel graph

Brosal model

(Egs — Eges,1) projection

@ Potential energy contained
in the nucleus as it floats
through one of channels




Channel graph

Brosal model

(Egs — Eges,1) projection :

@ nucleus starts at gs with
energy 0 (normalized)

@ climbs the first barrier at
[ =~ 10(fm)

e falls into the 2"¢ min
@ rises to the second barrier

@ descends to scission




Channel graph

Brosal model

(Egs — Eges,1) projection

Standard channel

@ double-humped barrier

@ second minimum

20/ 42



Channel graph

Brosal model

(Egs — Eges,1) projection :

Superlong channel (2°2C'f)

@ barrier at [ ~ 14(fm)

@ higher than any of the
standard barriers




Channel graph

Brosal model

(Egs — Eges,1) projection

Supershort channel

@ barrier at [ ~ 12(fm)

@ higher than any of the
standard barriers

20/ 42



Channel graph

Brosal model

(Egs — Eges,1) projection

That’s why

@ standard channe
is much more used than

@ superlong channe

20/ 42



Channel graph

Brosal model

Role of
bifurcation points

@ divide the flux to

various prescission shapes

@ in corporation with barriers
decide the distribution of

exit-channel observables

20/ 42



Application of such diagrams

Brosal model

@ measure semilength [
@ measure asymmetry z

of various prescission shapes

With these data :

@ construct shapes with flat necks
o find the yield Y (A)

@ other exit-channel variables

Finally :

@ compare with experiments

21/42



Application of such diagrams

Brosal model

o Potential-energy calculations =

e prescission shapes

@ Prescission shapes =

o individual yields Y.(A)
o individual total kinetic energies TK E.(A)

o individual neutron multiplicities 7.(A)

@ subscript c labels various channels.

21/42



Application of such diagrams

Brosal model

@ To compare with measurements, we form superpositions:

= Zngc(A) (pc : channel probability)
TKE(A) = Z pe TKE(A) Ye(A)/Y (A)

ch Ue(A) Ye(A)/Y (A)

21/42



Application of such diagrams

Brosal model

@ To compare with measurements, we form superpositions:

= Zngc(A) (pc : channel probability)
TKE(A) = ch TKE:(A) Ye(A)/Y(A)

ch Ue(A) Ye(A)/Y (A)

For information reduction, without loss of accuracy :

1 (A—A.)? (A—Acn + Ac)?
Ye(A) = [exp(— ) +eap(————5—)]
(2#0%70)1/2 20124’0 20124&
—— A(Aen — A =
TKE:(A) = = (Aen — A) TKE,
Ac(Aen — Ac) — 0%,
A average mass , 012410 : mass variance , TKUE. : average total kinetic energy

ZC s GQA,c , TKE. : byproducts of random neck rupture
21 /42



Mean total kinetic energy (T'KF)

Brosal model

Standard channel

250_T KE/MeV - «\C;;\oe
@ splits into I and II 3 supershort .. Q, gf)’

@ stays close to overall 2004 standard I = @
4 73

TKFE systematics

(dash-dotted line) superlong

1E-’O-;/'A'i u cf [10]
Standard II ] 22 A1/3
100 ] cn cn

@ closeness to overall TKE 1100' ' '15100' ' I-g‘OO

systematics

@ the most abundant
channel in most actinides

22/42



Brosal model

Mean total kinetic energy (T'KF)

Supershort channel

@ gives naturally

too high kinetic energies
Superlong channel
e TKEs are too low
For light systems

@ convergence of superlong
TKE tooverall TKE
systematics

-
250 TREMeV - S
3 supershort .« qﬁ,‘-/’u
200— @
: 77 - ~“superlong
150-_ F ol
“3
100 Zé,

100 1500 —1900
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Mean mass number A of heavy fragments

Figure :

@ light fragment mean mass
number Ay, as a function
of AH

System size A,

o Ay + AL

150
1301

AL
8110] ©

supershort .-
25204, standardII

1 superlong,~* Z6Em _,278(110)

2135, 7 2520t
At 7 " J2%
standardl 275 ¢

2Mpy

70 T T T T T L) 1
70 90 M0 130 150 Ay
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Brosal model

Mean mass number A of heavy fragments

Standard channel

particularly standard II

@ remains nearly constant at

Superlong & supershort
channels

@ symmetrical fission

(ZH ~ ZL)

150
1301

AL
8110] ©

supershort .-
25204, standardII

1 superlong,~* Z6Em _,278(110)

2135, 7 2520t
At 7 " J2%
standardl 275 ¢

2Mpy

70 T T T T T L) 1
70 90 M0 130 150 Ay

23 /42



Channel probabilities P,

Brosal model

Supershort channel

o disappears for systems
smaller than A, =~ 250

‘ m@supershort
superlong Acn

© 20 280

Superlong channel

@ breaks up for systems 200
larger than A., ~ 260

Standard channel

@ exists everywhere

24 /42



Tree of nuclear fission

Brosal model

@ Cayley tree of nuclear fission

spherical ground state

NE

deformed ground state
15t standard barrier
2" minimum

ra B
superasymmetric barrier

supershort bifurcation
supershort barrier ¥

+

supershort prescission shape

superlong bifurcation
% 2"standard barrier
standard bifurcation

standard X X secondary

superlong barrier .
barriers

standardI L

R
standard IT .

- . superasymmetric
superlong prescissionshape prescissionshapes  prescission shape

—— — —

asymmetry

elongation ' 25 /42



Tree of nuclear fission

Brosal model

o : potential energy as minima prescission shapes
e : bifurcation points X : barriers
— : their connections

NE

spherical ground state %

deformed ground state
15t standard barrier
2" minimum

N\ . . N
superasymmetric barrier

supershort bifurcation
supershort barrier a(

+

supershort prescissionshape

superlong bifurcation
% 2"9standard barrier
standard bifurcation

standard X X secondary

superlong barrier .
barriers

standardl 4
standard I ’

. L superasymmetric

superlong prescissionshape  prescissionshapes  prescission shape

—_———— e -
asymmetry

elongation § 25 /42



Tree of nuclear fission

Brosal model

@ nucleus starts to fission from the deformed ground state

@ overcome barriers

@ pass bifurcation points

spherical ground state %

.

(deformed ground state)

(1! standard barrier)
2

" minimum

=S N
(superqsymmetric barrier)

(supershort bifurccmon)

supershort barrier ) (superlong bifurcuﬁon)
+ \X(Z"dstandord barrier)
supershort prescissionshape \(stondurd bifurcation
(superlong barrier)y[standard X X secondary J
4 barriers
standardl T+ 4
standard I

. s superasymmetric
superlong prescissionshape prescissionshapes  prescission shape

I-— —_—— e
| asymmetry

elongation § 25/42



Tree of nuclear fission

Brosal model

@ choose different channels

@ rupture at different prescssion shapes

spherical ground state %

NG

deformed ground state
15! standard barrier
2" minimum

ray - )
superasymmetric barrier

supershort bifurcation
supershort barrier )F

4
(supershort prescissionshope)

superlong bifurcation
% 2"%tandard barrier
standard bifurcation

superlong barrier ¥, standard X X secondary
barriers

standardl T+ ]

superasymmetric
prescission shape

! standard I
(superlong prescission shape) prescission shapes

—— —— — -

asymmetry

elongation § 25 /42



Brosal model

Tree of nuclear fission

@ downward motion : increase of semilength [

@ motion to right : growth of asymmetry z

spherical ground state %

deformed ground state >
1% standard barrier

2" minimum

-
superasymmetric barrier

supershort bifurcation
supershort barrier )F

+

supershort prescissionshape

superlong bifurcation
% 2"%standard barrier
standard bifurcation

standard X X secondary

superlong barrier )
barriers

standardl L

standard I .
S o superasymmetric
superlong prescissionshape prescissionshapes  prescission shape

| asymmetry
elongation 25 /42




Tree of nuclear fission

Brosal model

@ standard channel : slightly asymmetric

@ superlong & supershort channels : almost symmetric

spherical ground state

NE-

deformed ground state
15t standard barrier
2" minimum

N '
superasymmetric barrier

supershort bifurcation

supershort barrier >f superlong bifurcation

% 2"standard barrier
standard bifurcation

X secondary
barriers

(upershort prescissionshape)

superlongbarrier standard

standardl e
standard IT .
— ¥ . superasymmetric
(superlong prescission shope) prescissionshapes | prescission shape
——— -
r asymmetry

elongation y
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Computed ground states

Brosal model

Shape Nuceus [(fm) r(fm) z(fm) c(im) s(m) E,(MeV)  ES (MeV)
#°po 73 73 0.0 72 00 1644.4 1645.2
arameters
P At 73 73 0.2 -72 01 1659.2 1659.3
“Ra 7.4 75 0.1 -72 01 1724.4 1725.2
(l7 T, z,¢, 5) #'Ra 73 75 0.1 -72 0l 17353 1736.2
HOA¢ 838 7.2 11 -82  0S 1728.8 1730.2
Ipc 9.0 72 1.0 -81 03 17356 1736.7
@ Ground state Zac 9.0 7.1 0.5 -78 02 1740.9 1741.8
H =2Th 9.1 7.1 03 -75 01 1765.9 1766.7
energies
g py 9.1 12 0.0 -80 0.0 1771.6 1772.0
Et & E¢ By 9.1 7.1 0.6 -77 02 1789.6 1790.4
gs *Np 9.1 7.1 0.7 -78 02 1775.0 1776.0
Z5Np 9.1 7.1 0.6 -74 02 1787.6 1788.7
Np 9.2 71 0.5 -76 02 1806.5 1807.0
v @ accuracy of Hopy 92 72 0.1 -79 01 1787.3 1788.4
avies - ’ “py 9.1 7.1 0.2 -72 01 1800.3 1801.3
Strutinsky's Wpy 91 71 03  -72 01 18127 1813.5
*py 9.0 71 0.0 -73 00 1824.5 1825.0
method ;
'Am 9.0 7.1 02 66 0.1 1810.2 1811.3
*Am 9.0 7.1 0.0 -64 00 1829.5 1829.9
*Am 9.0 7.1 03 -66 0.1 1841.0 1841.3
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Computed ground states

Brosal model

@ transition from spherical to deformed gs :

not too far from 298 Pbyog : [~ 7.3 to [ ~ 9.0

Nucleus  [(fm) r(fm) z(fm) c(fm) s(fm) E, (MeV)  Eg (MeV)

Wy (73) 13 00 72 00 1644.4 1645.2
At 73 7.3 0.2 -72 01 1659.2 1659.3
#Ra 74 7.5 0.1 -72 01 17244 1725.2
#Ra 73 7.5 0.1 -72 01 17353 1736.2
oAC 8.8 7.2 1.1 -82 0S5 1728.8 1730.2
2Ac 9.0 72 1.0 -81 03 1735.6 1736.7
EAc 9.0 7.1 0.5 -78 02 1740.9 1741.8
*Th 9.1 7.1 0.3 -75 01 1765.9 1766.7
#3py 9.1 1.2 0.0 -80 00 1771.6 1772.0
Tales 26y 91| 71 es 17 02 17896 1790.4
Np 9.1 7.1 0.7 -78 02 1775.0 1776.0
»Np 9.1 7.1 0.6 -74 02 1787.6 1788.7
Np 9.2 7.1 0.5 -16 0.2 1806.5 1807.0
#opy 9.2 72 0.1 -19 01 1787.3 1788.4
#py 9.1 7.1 0.2 -712 01 1800.3 1801.3
*%py 9.1 7.1 0.3 -72 01 1812.7 18135
*2py 9.0 71 0.0 -73 0.0 1824.5 1825.0 26 /42



Computed ground states

Brosal model

@ transition from spherical to deformed gs :

not too far from 29° Pbygg : | ~ 7.3 to [ ~ 9.0

Pb

AN
(Number of Neutrons)

@ doubly magic spherical
nucleus

126

@ the heaviest stable
element

Tables

@ no other isotopes with
Z > 82 are stable

=Fission
=Proton
=Neutron
mStable Nuclide
Unknown

6 14 z‘a ;u 82 z
(Number of Protons)
26 /42



Stanndard barriers By,

Brosal model

@ All nuclei listed: Nudews  [(fm)  r(im)  z(fm) c(im) s(im)  B,(MeV) B (MeV)
*po 124 42 3.1 47 -12  238(2nd) 244
At 126 39 26 60 -15  208(2nd) 198
a double-humped
p “*Ra 12 5.2 31 14 -04  8.1(2nd) 6.5%0.5
sta ndard ba rrier “'Ra 12 54 29 09 -04 74(2nd) 80
Ac 13 53 31 08 -04 78(2nd) 8.0
Hae 1.3 53 29 1.0 -03  7.3(2nd) 73
Ac 113 54 28 06 -04 75(nd) 72
T 1.2 54 29 05  -04  72(2nd) 6.2+0.2 (2nd)
@ higher barrier Bpa 13 S4 28 08 04 76(ad)  61(1s)
oy 1.3 5.0 3.0 18 -09 67 (nd) 5.6+0.2 (Ist)
H N 16 52 29 L1 -06  65(2nd) 55%0.2 (Ist)
IS presented “Np 112 53 3.2 08 05 6.6 (2nd) 5.8+0.2 (Ist)
“*Np 1.3 5.3 32 09  -06 7.3 (2nd) 59402 (Ist)
i 116 5.3 2.8 L0 -05  64(2nd) 5.5+0.2 (Ist)
Hpy 1.2 5.3 3.2 08 =06 7.0 (2nd) 5.6+0.2 (Ist)
Am 14 53 32 08  ~0.5 7.2 (2nd) 6.5+0.2 (Ist)
Tables ®Am 14 53 3.2 08 —05  74(2nd)  59=0.2(Ist)
*Am 13 54 3.0 08  -0.5 68 (2nd) 5.920.2 (Ist)
*Cm 105 63 0.3 -35 00 6.6 (Ist) 5.8+0.4 (Ist)
Mmoo 104 65 0.5 =30 02 6.7 (Ist) 58+0.2 (Ist)
Cm 102 6.5 0.3 -19 00 65 (lst) 5.7=0.2 (Ist)
=ef 10.1 6.6 0.0 -22 00 69 (lst) 5.3 (Ist)
s 104 65 0.5 -2.2 0.0 75(1st)
Fm 103 6.6 0.4 -28 0.1 7.4 (lst)
**Fm 104 65 05 -23 0.1 68 (lst)
*Fm 10.6 6.5 0.4 -18 0.1 7.3 (1st)
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Stanndard barriers By,

Brosal model

o Inl |ghter nuclei: Nudews  [(fm)  r(im) z(fm) c(fm) s(im)  B,(MeV) B (MeV)
Wp (124 ) 42 3l 47 12 [ 238(:nd)) 244
A 16 | 39 2.6 60 -15 | 208(2nd)| 198
second hump , (1)
“Ra n2 | s2 3.1 14 -04 | 81(nd 65%0.5
. * 0 (2nd) 0
d ominates “'Ra 112 54 29 09  -04 | 7.4(20d) 8.0
Ac 13 | 53 31 08 -04 | 78(2nd) | 8.0
f“Ac 1.3 53 29 1.0 -03 | 7.3(2nd) 73
located at larger ac 13 | 54 28 0.6 —04 | 75(00) | 72
HTh 1.2 54 29 05 -04 | 7.2(2nd) 6.2+0.2 (2nd)
values of [ pg 13 | 54 28 08 04 | 76(nd) | 61(st)
oy 1.3 5.0 3.0 18 —09 | 67(nd) 5.6+0.2 (Ist)
“*Np 16 | 52 29 L1 -06 | 65(2nd) 55%0.2 (Ist)
“Np 112 53 3.2 0.8  —05 | 6.6(2nd) 5.8+0.2 (Ist)
. | h . | . “*Np 1.3 5.3 32 09  -06 | 7.3(2nd) 59402 (Ist)
n heavier nucier: Py 116 5.3 2.8 L0 -05 | 64(nd) 5.5+0.2 (Ist)
Hpy 12 | 33 32 0.8 -0.6 | 7.0(2nd) 5.620.2 (Ist)
first hump “amo | w4 | 53 52 08 -05 | 72 | 6520208
Tables *Am na | 53 32 08 —05 | 74(nd) | 59+0.2(Ist)
H *Am 113 ) 54 3.0 08 —05 \_68(2nd) ) 59=0.2(ist)
dominates LY \of nd) J
*Cm 10.5 ) 63 0.3 -35 00 (6.6 (1st) 5.8+0.4 (Ist)
Mem o | 104 | 65 0.5 =30 02 | 6.7(1st) 58+0.2 (Ist)
o . . . -1 .0 7202
located at smaller : cm | 102 | 65 03 19 0 6.5 (Ist) 57202 (Ist)
=ef 10.1 6.6 0.0 -22 0.0 | 6.9 (1st) 5.3 (Ist)
values of [ Eg 104 | 65 05 -22 01 | 7508
Fm 103 6.6 0.4 -28 0.1 | 7.4 (1st)
**Fm 104 | 65 0.5 -23 0.1 | 68 (lst)

Fm \106_J 65 0.4 -18 0.0 \73st) J 27 /42



Superlong barriers By

Brosal model
with mass number
increase:

@ superlong barrier
shifts to larger
values of [

o (opposite to

standard barrier)

Tables

Nucleus 7{(fm) r(fm) z(fm) c(fm) s(fm) B} (MeV) B (MeV)
wpy (114 51 00 19 00 216 213
OAL 14 | 51 0.1 13 00 188 172
Ra 122 | 52 04 -05 00 126 6.7=0.5
“'Ra 1.8 [ 52 0.1 -0.1 00 13.0 9.0
Ac 121 | 53 0.2 00 00 116 92
TAc 11.8 5.2 0.2 -01 00 112 8.4-8.5
ac 118 5.2 0.6 -03 00 122 9.2
1 127 | 56 0.0 00 00 11.8 8.5-8.7
py 126 | 55 13 -17 00 116 9.0
#y 124 | 55 0.7 -13 00 10.9

*Np 126 | 55 1.0 -18 00 9.7 6.8
*Np 125 | 35 0.7 -18 00 10.4 7.4
*Np 124 5.5 05 -09 01 10.2 8.2
py 125 | 55 1.0 -12 02 9.0 7602
Hpy 25| 55 06 -12 00 9.2

*Am 25| 35 07 -14 00 9.0 8702
*Am 125 55 1.0 -08 0.0 8.7 84202
*Am 25| 36 0.7 -07 0.0 8.7 8502
*em 1.5 55 1.0 -13 0.0 75 8004
*Cm ns | 35 09 -09 01 8.0 8.1+02
et N\ 26/ 55 0.0 06 00 75
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Brosal model

@ Superlong channel Nudew  [(fm) r(fm) z(m) c(fm) s(m) BL(MeV) B (MeV)
#po 114 5.1 0.0 19 00 21.6 213
is " broken" AL 4 5101 13 00 188 172
*Ra 122 52 04 -05 00 12,6 6.7x0.5
. h | . *'Ra 118 5.2 0.1 -01 00 13.0 9.0
In heavy nuciel Ac 121 53 0.2 00 00 116 92
256 ’z’Ac 1.8 52 0.2 -0 00 11.2 8.4-85
A 118 52 0.6 -03 00 122 92
(such as **°F'm) <
Th 127 56 0.0 00 00 1.8 8.5-8.7
*pa 126 55 13 -17 00 116 9.0
*u 124 55 07 -13 00 10.9
*Np 126 5.5 L0 -18 00 9.7 6.8
*Np 125 55 0.7 -1.8 00 10.4 74
*Np 124 S5 0.5 -09 0.1 102 8.2
py 25 55 L0 -12 02 9.0 7.6+0.2
5 55 0.6 -12 00 9.2
Tables 25 55 07 -14 00 9.0 87202
s 55 1.0 -08 00 8.7 8402
15 56 07 -07 00 8.7 85%02
s 55 1.0 -13 00 7.5 80404
s 55 09 -09 01 8.0 8.1£0.2
126 55 0.0 06 00 75
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Supershort barriers B,

Brosal model

(] Supershort Channel Nucleus  Barrier I(fm) r(fm) z(fm) c(fm) s(fm) B'(MeV)

e supershort 12.6 38 0.0 1.1 0.0 6.6
. standard (2nd) 12.0 55 2.8 0.6 =03 57
does not exist
SEs supershort 124 44 0.1 10.8 00 5.2
standard 2nd) 118 5.5 2.6 09 -03 54
n |Ight nuclei *Fm supershort 1n7 52 0.1 6.5 0.0 3.8
standard 2nd) 120 55 2.8 04 03 44
**Fm supershort 1.7 5.2 0.0 6.5 0.0 32
standard (2nd) 120 55 27 0.6 -0.4 4.0
"Fm supershort 17053 0.1 5.8 0.0 2.9
standard (2nd) 122 54 29 07 05 41
*Md supershort 11.8 51 0.0 75 0.0 29
standard (2nd) 123 5.4 29 07 -05 31
*OMd supershort 117 52 0.0 6.5 0.0 24
standard 2nd) 120 55 2.9 05 -04 32
**No supershort 118 5.1 0.0 73 0.0 29
standard (2nd) 11.9 5.6 23 0.6 -03 2.7
*104]  supershort 115 55 0.1 4.5 0.0 1.4
Tables standard (2nd) 124 5.4 29 0.5 ~0.5 12
*21108]  supershort 125 54 0.2 43 00  -26
standard (2nd) 129 55 23 08 -06 =20
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Supershort barriers B,

Brosal model

o Su pershort barriers Nucleus  Barrier lm)  r(fm)  z(m)  c(fm) s(im) B'(MeV)
e supershort 126 38 0.0 111 0.0
are "lower" than sundard 2nd) ) 120 55 28 06 -03
Ry supershort 124 44 0.1 10.8 0.0

standard (2nd) | 11.8 55 26 0.9 -0.3

Standard ba rriers **Fm supershort 117 52 0.1 6.5 0.0
standard (2nd) ) 120 5.5 2.8 04 -03
s
Fm supershort 1.7 52 0.0 6.5 0.0
(exce pt for 252 Cf) sandard 2nd) 120 55 27 06 04
Fm supershort 1.7 53 0.1 5.8 0.0
standard (2nd) 122 54 29 07 =05
*Md  supershort 18 51 0.0 75 0.0 29
standard (2nd) 12.3 54 29 0.7 -0.5 3.1
“Md supershort 117 52 0.0 6.5 0.0 2.4
standard (2nd) 120 5.5 29 05 04 32
**No supershort 11.8 5.1 0.0 73 0.0 29
standard (2nd) 119 56 23 06 03 27
*1104]  supershort 115 55 0.1 4.5 0.0 1.4
Tables standard (2nd) 124 5.4 29 05 -05 12
2(108]  supershort 125 54 0.2 43 00 -26
standard (20d) 129 55 23 08 -06 -20

29 /42



Supershort barriers B,

Brosal model

o Lower than both 15t and 2% standard barriers

Nucleus  Barri 1 (fm) fm) z(fm) c(fm) s(fm) B'(MeV
Nuews I(im) r(fm)  z(im) c(im) s(m)  BL(MeV) et (dm) rlfm) e(m) c(fm) sfm) B'(Mev)
e supershort 12.6 38 0.0 11 0.0
=t 10.1 6.6 0.0 -22 0.0 6.9 (1st) standard (2nd)  12.0 5.5 2.8 0.6 =03
WEg 104 6.5 0.5 22 0.1 *Es supershort 124 44 0.1 10.8 00
" sandard (2nd)f| 118 55 26 09 -03
E oy
o 18'3 6.6 04 28 (:'1 Fm | supershort nros2 0.1 6.5 0.0
fmo 10465 0.5 -23 01 sandard (2nd) | 120 55 28 04 -03
Fm 0.6 65 04 -18 01 BFm | supershort 17 52 00 6.5 0.0
25 . ~ standard (20d) [ 120 55 27 06 -04
“"m }8; ?i 23 723 8‘1] *Fm | supershort w153 ol S8 00
g b 2 . : standard (20d) [ 122 54 29 07 -05
Mo 106 68 04 -41 0.1 M3 | superhort | 118 S 00 5 00
20 < an standard (2nd) [ 123 54 29 07 -05
(104 105 68 03 42 01 “Md | spershort [ 117 52 00 65 00
1108] 10.6 6.8 03 4.1 0.1 standard (2nd) | 12.0 55 29 0.5 -0.4
TS #*No supershort 118 51 0.0 73 0.0 29
standard (2nd) [ 119 56 23 06 -03 | 27
#104] | supershort 1.5 55 0.1 45
standard (2nd) | 124 54 29 05
1108] | supershort 125 54 0.2 43

\_standard (2nd)/ 12.9 5.5 23 0.8
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Prescission shapes

Brosal model

Energy of descent F.s

Nucleus (” Channel \ fEm)  r(fm) z(fm)  c(m)  s(m) ((Ei, (MeV)) pl(%)
A standard 152 15 21 24 -17 | -156 0.8
. superlong 175 15 05 125 o1 | -63 92
od |ffe rence between A | standard 156 15 18 -1s 58 46
superlong 182 22 00 72 0.0 69 54
. I . f #Th standard [ 155 1.5 02 202 -16 9.6 292
standard 11 163 15 03 134 -16 88 69.6
pOtentla energles o superlong 194 21 00 54 00 72 12
" " =y standard [ 15415 03 25  -13 | 127 169
standard 11 164 15 13 160 -14 148 8.0
g roun d state superlong 12 18 00 52 0.0 152 0.1
Py standard 1 158 15 06 210 -LL 16.8 2.2
standard 11 166 15 03 172 -17 | 187 7.8
an d superlong A4 19 00 44 00 | 21
=t supershort 143 15 00 312 0.0 124
" . " standard | 166 LS -04 185 -12 [ 236 85
preSC|SS|on sha pe standard 11 175 15 08 183  -14 2.1 620
standard 111 77
superasymmetric | 182 1.5 42 0 -17 183 05
superlong 200 26 03 25 -01 | 278 13
*Es supershort “9 15 01 234 -02 19.0 13
. standard 72 15 03 123 -13 | 243 87
Tables Table : .
Fm | supershort 150 15 02 24 -01 | 25 50
standard 172 15 02 11 -13 | 266 50
Fm | supershort 1“9 15 00 181 00 | 247 )
. . . standard 176 15 02 112 -14 | 285 2
4 d |ﬂ:e rent n UC|e| W|th “2[108) | supershort 174 15 0.3 8.1 -02 61.7
standard 21 17 08 57 -17 \_er9 )

different channels
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Prescission shapes

Brosal model

@ Channel probabilities P¢

Nucleus  Channel I{fm) r(fm} z(fm) e(fm) s(fm) E,, (MeV) pi(%)

At standard 152 15 21 24 -17  -156 0.8
superlong 17.5 15 0.5 12.5 0.1 -6.3 99.2

Ac standard 15.6 1.5 1.1 1.8 -15 58 46
superlong 182 22 0.0 7.2 0.0 6.9 54

#:Th standard [ 155 15 02 202 -16 9.6 292
standard I1 16.3 15 0.3 13.4 -16 8.8 69.6
superlong 19.4 21 0.0 5.4 0.0 7.2 1.2

2y standard 154 15 03 25 -13 127 16.9
standard IT 16.4 13 1.3 16.0 -14 14.8 83.0
superlong 212 18 0.0 5.2 0.0 152 01

*py standard 1 15.8 15 0.6 21.0 -1.1 16.8 262

Tables standard 11 16.6 13 0.3 17.2 -1.7 18.7 73.8

superlong 214 19 0.0 4.4 0.0 231

R supershort 43 15 00 312 0.0 124
standard 1 16.6 L5 -0.4 18.5 -1.2 23.6
standard I 175 15 08 183  -14 29.1

standard 11T
superasymmetric 18.2 L5 4.2 12.0 -1.7 18.3
superlong 21.0 2.6 0.3 2.5 -0.1 2778




superlong & supershort barriers

RN Why superlong’s probability (Py)

@ dominates for light nuclei

@ diminishes with increasing A.,

Why supershort’s probability (Pss)

@ never able to push standard into forgetfulness

Answer
@ height of barriers 100 Pc standcrd @
it , " ' T
10 ‘ HM§SUpershort
10" superlong

2000 20 26031,42



superlong & supershort barriers

Brosal model

For simplicity imagine

@ only two fission channels
@ one bifurcation point

@ several barriers

Barriers

31/42



superlong & supershort barriers

Brosal model Situation (l)
@ The highest barriers of channels lie behind bifurcation

@ = channels have separate highest barriers

Pc standard @
T y

Barriers
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superlong & supershort barriers

Brosal model Situation (l)

@ superlong - standard bifurcation

e applies to nuclei lighter than 252C'f

Barriers

31/42



superlong & supershort barriers

superlong and standard channels

Brosal model

@ first standard
barrier is low

o after
bifurcation
(close to the
274 min)

@ high second
standard and
superlong
barriers

Barriers
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superlong & supershort barriers

Brosal model Situation (ll)

@ before bifurcation, one highest barrier for both channels

@ after bifurcation, lower secondary barriers

Barriers

31/42



superlong & supershort barriers

Brosal model Situation (ll)
@ supershort - standard bifurcation

e applies to nuclei heavier than 252C'f

@ spherical ground state
o.Pe  standard
10 duingy™; deformed ground state ra3
1%t standard barrier superasymmetric barrier

2" minimum

. supershort bifurcation

supershort barrier superlong bifurcation

' 2"9standard barrier
standard bifurcation|

standard X X secondary
barriers

supershort prescissionshape

superlong barrier

Barriers

standardl F

standard II .
- s superasymmetric
superlong prescissionshape  prescissionshapes  prescission shape

{-_asymmetry

elongation §
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superlong & supershort barriers

Brosal model Situation (ll)

@ all nuclei fissioning via supershort channel
climb supershort barrier

@ all standard fissioners
overcome second standard barrier

spherical ground state

deformed ground stat
1% standard barrier

2"9minimum

supershort barrier )

6upershort prescission shap;a)

one highest barrier for both channels

NE

N Ny
superasymmetric barrier

supershort bifurcation
superlong bifurcation
2"9standard barrier

Barriers

superlong barrier Y standard X X secondary
! < barriers
standardl -+ e

standard IT

L o superasymmetric
superlong prescissionshape | prescissionshapes | prescission shape
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superlong & supershort barriers

Brosal model Situation (i)
@ behind bifurcation, the highest barriers of channels
Situation (ii)
@ before bifurcation, one highest barrier for both channels
That’s why :

@ superlong and standard channels can displace each other

@ supershort and standard channels must coexist

Pc  standard @

Barriers 10 0 mm mm !j "
) g §
10 J supershort
10'1‘ superlong Acn

2000 240 280 o



superlong barrier By; over standard barrier B

Brosal model Barrier-height differences

o : computational results e : measured data

By -Bg;/MeV
r 6

Ra f\ Th
/ b\ A
! Ac .c/\, |
/ /o'\/\\/‘ P
4 AN
/ J Np Am
Barriers O
210 220 230 24% i
Pf—o’/ el
At L
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superlong barrier By; over standard barrier B

Brosal model

@ For lighter nuclei

P, is higher = By is lower
@ by increasing mass

P, becomes larger = B, becomes smaller

P @ le‘Bst/ MeV
10° TR Ra/5.Th [ ©
—2 J )
10 y / o A
/ supershort / Ac \ I
Barriers IO-L sUpErlOng Acn / .[/.JV‘ -2
200 260 280 / 2%
! Np Am [
210 220 230 240 | 0
Pf—o’/ M2
o At | 32/42




standard barrier B,; over supershort barrier By,

Brosal model

@ Table : arranged according to increasing differences

@ As the differences grow  Nucdews  [B.(2nd) - B_]' (MeV) 2 (%)

®20f -0.9 0

@ supershort probabilities  *°[194] -0 0
P, increase ~No -0.2 5
Md 0.2 12

il =N 0.2 13

>*Fm 0.6 =10

5Fm 0.8 50

*'Md 0.8 58

Em 1.2 ~73

Barriers
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standard barrier B,; over supershort barrier By,

Brosal model

@ Table : arranged according to increasing mass number A

Nucleus (Bst(2nd) — Bss) Pss (%)
e 220 p 0.9 0
100 255 o 0.2 13
5 ' : 256 o, 0.6 10
10 ‘ 258 n7,, 0.2 5
M»% supershort
10-1. superlong Acn o - 50
| >-perons 259 0rq 0.2 12
200 240 Zéo 259 ooy 12 73
. 260104 0.2 0
Barriers 260 prg 0.8 58
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Standard splitting (Standard I and II)

Brosal model

@ Fission yields of plutonium isotopes
over the plane of fragment mass number A and TKE

Y /counts

Y /counts

e ,.,l
ru,zfu m Ui
ik ul1 s
/ ¢, NN
Wi it unl, "

w 'u‘w ,‘M/ i

140 160
TKE/MeV TKE/Mev 200 160 A
0 Y /counts 238 Puy(sf) 30 Y /counts
40
Standard i 30 ,

20 Ui
/ lf H “

10 “t

'1 "4 'M"ll .

140 440 120
TKE/MeV 3442




Brosal model

Standard

50 Y /counts 236Pu(sf)
40
30 { Standard I1 Standard I

20
10

TKE/MeV

Y /counts

TKE/MeV

@ Standard I : around A ~ 135 and TKFE ~
@ Standard II : around A ~

Standard splitting (Standard I and II)

190M eV
142 and TKE ~ 175MeV

Y /counts

l
o’ A
o ""I;'h

TKE/MeV 200 160

Y /counts

’! il f

» ’“ "' ”’r’n
0 ' ! /l'l}y;,.
140 160

TKE/MeV

240Py(sf)




Standard splitting (Standard I and II)

Brosal model Standard I prescission shape:

@ less asymmetric and shorter than standard I

@ make fragments with less deformation

Nucleus  Channel I(fm)  r(fm) z(fm) c(im) s(fm) E,, (MeV) p:(%)
UAL standard 152 15 21 124 -L7 -156 0.8
superlong 175 15 05 125 0.1 -6.3 92
ZAc standard 156 15 L1 118 -15 5.8 46
superlong 18.2 22 0.0 72 0.0 6.9 54
BTy standard [ 155 15 02 ) 202 -16 9.6 292
standard 163 ) 15 03 ) 134  -16 8.8 69.6
Superiong 9 21 0.0 54 0.0 72 12
=y standard | 154 ) 15 03 | 225 -13 127 16.9
standard 11 16.4 15 1.3 16.0 -14 14.8 83.0
S ; 18 0.0 5.2 0.0 152 0.1
Py standard | 158 15 06 210 -11 16.8 2.2
Standard standard 11 166 15 03 172 -17 187 738
superlong 214 19 0.0 44 0.0 231
=t supershort 43 L5 00 312 0.0 124
standard 66 LS -04 185  -12 23.6 8.5
standard I 175 1S 08 183 -14 29.1 62.0
standard III 217
superasymmetric 18.2 1S 42 12.0 -1.7 18.3 0.5

superlong 210 2.6 03 25 0.1 27.8 1.3 34 /42



Standard splitting (Standard I and II)

Brosal model

@ behind 2% standard barrier : standard bifurcation

@ behind bifurcation : low "standard secondary barriers” -
situation (ii)

spherical ground state

NE

deformed ground state
1%t standard barrier
2" minimum

7N N
superasymmetric barrier
supershort bifurcation
superlong bifurcation
%( 2"standard barrier )
standard bifurcation
superlong barrier Y standard X X secondary J

supershort barrier )f

supershort prescissionshape

4 barriers

standardl T €
standard IT .
- o superasymmetric

superlong prescissionshape  prescissionshapes  prescission shape

Standard

—— . ol
asymmetry

elongation y 3442



Standard splitting (Standard I and II)

Brosal model

e Geometric and energetic characteristics of standard I/II in
Pu isotopes

—~

stIl  stl
Lps — Eqep /MeV
1R
o .

X2 3
s A
\ N

L g
b

[N}
T

Standard

&
T

o
T

- st 34 /42



Standard splitting (Standard I and II)

Brosal model

@ Top-right: standard I ruptures at a shorter semilength [

r/fm
6
stII  st1 stT  stII
2
o/
M - T
B 2 o” o 12 1
Eby — By [MeV
Tk
X 2 w Y 10 ’\12 1 U/Am
() 597U N /2 N S i W S
[ \
I |
2l 236Pu,_,-|r
238py
Standard 2k \
240])“
6 f 212py,
s
st 34 /42




Standard splitting (Standard I and 1)

Brosal model

@ Top-left: standard I ruptures with a smaller asymmetry z

sphericalground state

deformed ground state
1% standard barrier
2"minimum

superasymmetric barrier

supershort bifurcation

supershort barrier X superlong bifurcation

nd st st
supershort prescissionshal X 2"standard barrier
P P slonshape standard bifurcation|
superlong barrier X gecondary Ufm
standardI >+ P
standard IT 5 "
I h rescission shapes superasymmetric
superlong prescissionshape | p! P prescission shape Lo — Eay /MeV
s
X 12 A I/fm ) 12 1w Hm
ob/u g i - i L
elongation ' T A\

i

6py ——T)

2k
Standard F \ 238py
s
240P“
-6 242py
rys

L st1 34/42



Standard splitting (Standard I and 1)

Brosal model

sphericalground state

deformed ground state
1% standard barrier
2"minimum

supershort prescissionshape

superlong barrier

superlong prescissionshape

elongation §

Standard

supershort barrier)ﬁ

@ Bumps in potential energy : secondary standard barriers

superasymmetric barrier 0

supershort bifurcation
superlong bifurcation
X _2"standard barrier
standard bifurcation|

X secondary -4
barriers

standardT
standard I

+
prescission shapes et Al -6

prescission shape

asymmetry.

By — By [MeV

X W YEm
'S ;

i
h 3

34 /42



Standard splitting (Standard I and II)

Brosal model

@ From light to heavy isotopes : barriers decrease

@ Along standard I : barriers even disappear

b By — Eay [MeV
] =
P i im r 0 (2 1 1/fm
0 ~/ L I% 1 H ! 1 ! f i l1 1 1 1 1 ]
A ! ] ! i
Y A\
236 ]
-2t | Pu—7
- 238py
-L -
i st 1T 20py A
Standard '6 | 242Pu p
.8 L
L st

34/42



Strutinsky's approach

Brosal model

@ To reveal fission channels :

e compute potential energy of deformed nuclei Eg.¢

e as a function of shape coordinates

Standard
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Strutinsky's approach

Brosal model

@ To reveal fission channels :

e compute potential energy of deformed nuclei Eg.

e as a function of shape coordinates

@ Strutinsky's approach :

o the potential energy is composed of :

e a "liquid-drop” part and a "shell” part
Standard ° Edef = Eiq + Eshen

@ Myers-Swiatecki model : 1liquid-drop part Ej
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Magic numbers of fission

Brosal model

@ Powerful shell effects are fundamental for :

e formation of exit channels in nuclear fission

@ Shell effects are caused by :

o significant gaps

@ gap existence = magic numbers existence
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Magic numbers of fission

Brosal model

@ Magic numbers of fission :

properties of "fissioning nuclei"

Channel Protons Neutrons
supershort 100 - 108 166
standard 90— 104

superlong 88— 94

@ dash : a magic range
@ arrow : transition

@ neutron magic numbers or range :
not clear in standard and superlong channels
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Neutron magic number of supershort channel

Brosal model

Channel Protons Neutrons

supershort 100 - 108 166
standard 90 - 104
superlong 88—94

/‘T—_\',' :
2 —HB— 1 l/fm 1B

@ Figure: neutron single-particle spectrum ¢, as
a function of elongation [

37/42



Neutron magic number of supershort channel

Brosal model Two large gaps :

@ above the 82" level at moderate deformations
(164 neutrons fit it)

@ above the 837 level at larger stretching
(166 neutrons fit it)

% Utm B .




ron magic number of supershort channel

Brosal model

at semilength [ ~ 15(fm) : supershort channel ruptures

Nucleus  Channel I(fm)y  r(fm) z(fm) c(fm) s5(fm)
hie] supershort 43 1S 00 312 0.0
standard I 16.6 L5 -04 185 -12
standard II 175 1.5 08 183 -14
standard 111
superasymmetric 182 15 4.2 120 -1.7
superlong 21.0 2.6 03 25 —-0.1
*Es supershort 149 1.5 01 234 =02
standard 17.2 15 03 12.3 -13
ésFm supershort 15.0 ) 1.5 02 24  -01
Standard 172 1.5 0.2 12.1 -13
*Fm supershort 14.9 15 00 181 0.0
standard 17.6 15 02 12 -14
2[108)  supershort 174 15 03 8.1 -02
standard n7 17 08 57 -17
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Neutron magic number of supershort channel

Brosal model

@ at semilength [ ~ 12.5(fm) :
liquid-drop energies are so adverse
= shell cannot induce scission

= 166 : correct neutron magic number of supershort channel

m,’ B
12 —F— 14 |/fm 1B 37/42




Proton magic number of supershort channel

Brosal model

Channel Protons Neutrons e —— v.,..
supershort ~ (100-108) 166 FvraYl P

standard 90— 104

superlon 88— 94

@ not a definite gap

@ a broad zone of level R
thining

@ a magic range : 12 13 14 I/i‘m 15
100 — 108
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Proton magic number of standard channel

Brosal model

@ Proton magic number : wide range of 90 — 104

@ Universality of standard channel

through many preactinides and all actinides

superlong

Channel Protons Neutrons
supershort 100 - 108 166
standard

88— 94
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Proton magic number of superlong channel

Brosal model

Liquid-drop energies :

Two gaps

© at 88 protons @ not adverse to hinder nucleus
@ at 94 protons from breaking
Channel Protons Neutrons €y L2 !
supershort 100 - 108 166 MeV [ | linetype | my;

standard 90 - 104

superlong 88— 94

1] 2

7 §+++++++ 7/2
+++++]| 92

e ——|11/2

2 G ey | ‘
B 16 17 18 19 20 21 lUfm
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Magic numbers of fission

Brosal model

Associate

@ magic numbers of fissioning nucleus 2
Q
@ magic numbers of fragments c, s, 20, 28, 50, 82, 126) § 2
z —
Supershort neutron magic number 166 % 3
al223
@ almost the sum 82 + 82 S|H 1t
EISRB
________________ Ay | =
Lower standard magic number 90
= o
@ constructed as 40 + 50 T -g T E
S| 2% &
________________ Sl 3
oA N

Superlong magic number :

@ no symmetric decomposition of 88 or 94



Magic numbers of fission

Brosal model

Magic numbers of fission :

w
=1
@ sum of magic numbers of fragments =
g |8
+ Z =
@ some nucleons for the neck
AEEE:
=1
=
] o)
For superlong channel & § B
@ number of nucleons added
=
so large that TSI LT %‘]
. - ElcE<
@ the argument looses its credibility S| &¢ g
Sla83
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your attention!

Brosal model
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