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Evaluations only based

BRuyeéres-le-Chatel (BRC) Approach :

evaluations only based on models

with the TALYS code
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statistical model

a+A —C"— B+b
Ala,b)B

A

T, . T
T 2]+1 la,ja ™ Ipjp
Oob =12 L 7 X Wap
’ k : o (21,41) (2[4 +1 J a
“ I/la/]a,lb,]b ( ‘ )( A ) ICZ]: Tc,]c

OCN = Z‘Ta,b (Rappel : or = ocn + 0pg + 0py)
b
® %Tl]:ju ca=nb=p, - -*He < OMP+CCC OK < ® focus on this point

and b = ¢ < Kopecky-Uhl 4+ Brink-Axel or QRPA OK

® —>Ti —_f fission exit channel 7?7 <— ® focus on this pomt@

Strasb.25 Experimentalists - Evaluators workshop P. Romain Evaluations "3 la BRC"



Evaluations only based

BRuyeéres-le-Chatel (BRC) Approach :
evaluations only based
on phenomenological models

)
so we need experimental data
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Evaluations only based

Pb : resolution of SE for scattering stationnary states

H(A +1)[x)4*! = E[x)A*" avec : H(A+1) = H(A) + H(1)

Spherical Nuclei : Spherical optical Model

[X)AT = [p)); @ [0)4 et : H(A)|0)A = Eol0)* =
H(1)|g);; = (T(1) + Uope (1)) )5 = Elgp)y

problem symmetries ([H,[2] = 0 et [H,L.] = 0 =) Solutions, VI :
¢j(r,0) = & 120 (21 + 1)i'y, (r)Py(cos 0)

Deformed Nuclei : Coupled Channels, ([H,]?] = 0 et [H,],] = 0 =) Solutions, V] :

XA+ = (|9)®¥)); et : H(A)[¥]) = en|¥1)
H(l)(@)y@\w)/ = (T(1) + U (1) (Ig)y @I ¥)); = (B = en) )y ¥7));

A+ = - Ik M
/rklk/km ; kI jx lksk'”lk'%k 7k1k"’ M[

MIk mlk m’k

(71 [UUr)@|(1I);) # 0

ik lmy, lsgmsy ) kighy, )
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OMP - CCC

The scattering stationnary states can be written as :

1 .
[F) == Y R}, . () (jelim;, My, | M)
r . Ak ik
],k,Ik,]k,mjk,Mlk,m,k,msk
x (s, ms, |jimy, Yi'% Loy, ) |sgms, ) [KTMy, )

The Schrédinger equation solved for the scattering stationnary states, once projeted
onto the different states |, )|sms)|iliMy,)], will give rise to a system of coupled
equations as follows :

2 (L .
( a +M+%(udmg(r)+q_g))1{f,

T a2 72 ili i (r) *

2 .
FZ < 2 ]<111‘M[i ‘ (s,»ms‘. ‘ (l,‘mli | LI“’””’\lkmlk > |Sk‘rl’l5k> |kaMIk >]R£,lk/]‘k (1’)) =0
Kl ji

Here, the | exponent means "coupled to J", :
|y, ) |sems, ) [kIcMy, ) =

Yoo i GiLem My |TM) (s, m, |jim;, ) [Ty, )| sims, ) KT, )

sy m/kMIk
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OMP - CCC

This system of coupled equations can also be expressed in matrix form as :

J*

. G T

Ly jr 11

g ||
iliji Gil
J Vid
”/lnzjn Gnl

] us
Ghn

i

Rl/llljl 0
L

Ri:li:ji =|(0]. 3)
i 0
,0njn

where the diagonal part of the previous equation (1) is written as :

)T
Gi =

and the off-diagonal part (i # k) as :

T 2 .
Gl = 0 (i Cims, | | o, ) s, ) KM ) ),
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(udfﬂg(r) +e€ — E), (4)
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OMP - CCC

After multipole expansion of the projectile-target interaction potential. :

U= ¥ oo 001 00l

Ao, L

—Gf 5 0 () M s | G [ © Q71 © Q3] s, K,

Ao, L
(6)

I R T IR MY

AL my s g My, g i /le
X (jilymj My |JM) (lsmy ms, |jim;,)

X (ilmj, My, |JM) (xsimy, ms, [jem;, )

(i [ Yy, Wy, ) (sims; | QT Iskms ) (M, | Qfyy KMy, ). (7)

My
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GI* lek I; j 5i*1k+li+lkv/\ (1’)

o \/(Zli +1) (2% + 1)(2j; +1)(2jx + 1)
47t

(L] Qr) 1) (1ilk 00 AO) W (jiLijelis TAYW (il i) - (8)

vibrational model (one phonon (surfon) excitation A)

(I11Qp 1) — (0;011QM 1 Ik) = (=1)"Brd,.- 9

rotational symmetrical model

(Ii1Q¢r 1) — (IKI[DG|I'K') = V20" + 1(I'AKO|IK) Sy (10)
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OMP - CCC <+ which coupling scheme?

4+ _— 3+
4+
2+
2+
v K=2
o+
2+
0 —0* — o
Vib. model Rot. model Asym. Rot. model
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vibrationnal model

[y
=]
IS

E =14.6 MeV

vib

o(0) (mb/sr)

[y
<
[}

10 £ E
1E <
Bl 4+ 7
10 £ -+
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10 Ll b e b e e
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rotationnal model

[y
=]
IS

E =14.6 MeV

rot

o(0) (mb/sr)

[y
<
[}

10
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2
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Comparisons coeff. trans. and ocy vs coupling

ool T, Ta( DT 1T ™) 7 @1+1)
b jr=teles ! 1
08F Tl j=J-=l-s Wy,
g r o ’/”1/

o~ r S 0
2 0.7 T2 $‘ ........ 1
s I & ]
g g o6 $ E
= 8 I ]
= I ]
° - 0.5 -
o 5 1
Zr S 04F E
o g b
r € sk 1
i g0 ]
F S e e 0.2F .
g 0L 7
 Tan=Tgt3T#5T, ‘ e . i

ol o N ‘ - - .
107! 1 10 10 ? 10 2 . 10 ! 1
Energie Neutron (MeV) Energie Neutron (MeV)
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rotationnal models

24 '
103 Mg(n,nel) E
E =14.83 MeV
= n 1
_%10 2| (0+’2+’4+)gs+(2+’3+)v (rot-asym) ¥
g (0%,2°4"),, (rot-sym) 1
)
O L
1 P T T T S BT

col e e e
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Observables calculation

) I
S Matrix, oo, Ogg, 0R et T[]-

Schrodinger Eq. (SE) solved by Numerov Method.

SE solutions y,{t connected at r — 400:

At(R—I & R+ h: Upye = 0) with FL(r;) & G(r;) func- S Matrix :
tions related to Bessel spherical fonctions j; et ; :

Ot = OSE + OR
YA(r) = 1 { Q) — iF L)) =S, (Glr(r) + iFU(r)) }

, T
FO ent. FO Sor. T

Ij
a=(1j,14)

u="VvV +iw
Otot = %%%(1 - RE(S{\A))

_ 2]+1 ] \2
o5 = Y m—rr—|(1— Sy,
SE k2§ 25+1) 21A+1)‘( an)| or = (ocn+0pg) + 0opr

=z 2741 Cvel 2
& = 2L e T 5wl

T} =1-%s],1?
%
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Coupling scheme for some actinides

Coupling Scheme ; 982 7

1A 275
24 [ 7323
M T 601~
. Quad. y-band | Oct. band
249 ~ (K™ =0%) (K™=07)
1711 ~
103 ~ |
46,
o o
G. S. band
(K =7/2) 2y
G. S. band
(K™ =0%)
238U
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OMP - CCC optimisatio
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(n,xn), (n,f), (n,7) 238U cross sections modeling with TALYS

5 — — 4
] : 238
45 [ n+ 23]8U E 15 [ U 0
2, L texp. O, E [ BRC2024
2 Oponel = 02" ] s L ENDF/BVII E
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JEFF3.3
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Consistency between fission model parameters with other reactions

N

0.2

N
T

238U v ¢ }

—BRC2023

i
T

-rd chance *'U]

3
T

+2-nd chance **U

>
T

Cross Secti
s

Eission Cross Sections (barn)

=
T

1-rst chance *’U 7

b L L L L L L L L L N L
46 8 10 12 14 16 18 20 6 s 10
NeutronEnergy (MeV)

I I I
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Gamma Energy (MeV)

second chance n +238U
third chance n +238U
= test 238U, 27U fission parameters
first chance ¢y +238U
second chance ¢ +238U
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owards new modeis OT TISSIon modeling

If OMP modeling quite satisfactory
The idea is to calculate the exact trans-

what about fission channel modeling? mission coefficient of a given barrier,
starting with one of this type :

Until now, inverted parabolas have been
used as fission barriers.

And transmission coefficients deduced B
from Hill-Wheeler formula :

1 O T I AR

T(E) = 1+ exp [ZH(BF;}E)]

(= WKB approximation for this type of
barriers)

using the Numerov's method @

Strasb.25 Experimentalists - Evaluators workshop P. Romain Evaluations "3 la BRC"



Numerov's method = Taylor expansion of u and v/ vs. r+h et r—h.

SE: (H-Eu(n=0 < u'(n—LVr-Eur=0 < u'(r)—glr)u(r)=0
Taylor Expansion of u at r+h and r—h :

u(r+h)=u(r)+h (r)+ % u () + gi!}u(s) (r+ %u(‘l) (r)

2 3
u(v—h):u(y)—hu/(v)+%u”(r)—%Tu( )(y) (4)( r)
4 4
and summing : u(r+h)+u(r—h):2u(7)+h2u”(r')+%11(4](r]
In the same way Taylor Expansion of 1/ at r+h and r—1

2
! ['7‘+/1):u”(r)+hu(3) (n+ hT u®) (r)

— @)= u! (r+ 1)+ [27 —h) =2 (r)
) I
/! (r—n)=u (r) 1114(3)( )+Tzz(4](/’)
and summing : zl(V+l1)+u(r—h):2n(r)+h2U”(r)+% (" (r+h)+u"" (r—h)—2u"" (r))
. 2
and finally : w(rh)+u(r—h)=2u(r)+h2 g (r)u(r)+ }ILZ (g(r+h)u(r+h)+g(r—h)u(r—h)—2g(r)u(r))

— (1Bt )utrim=(2+ 92500 )~ (1- gt utr—1)

= u(rth)=(1-"5g(r+h)) [(2+gh2g(r))u(r)— (1—%g(r—h))u(r—h)]

Cowell's method
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N eIl stmethodl="\Nimerov's method (+ modificd)

= (1—%g(r+h))u(r+h):<2+%hzg(y))u(r)—(l—%g(r—h))u(r—h) (11)
SE: (H-Eu(n=0 << u”(r)—%(V(r)—E)u(r):O ! (r)—g(r)u(r)=0
i
2

If no explicit need for u(r) at any integration point, it can be replace by &(r) = u(r) — 1’7“”(;‘) in (11), which will lead
to the Numerov's method :

102, w2
T (r)—zl(v—h)JrEu (r—h),

2
&(r+h) =u(r+h) — %n”(VJrh) =2f(r) +

2 2 2
equation that can be transformed into : &(r+h) = 2u(r) — Zhleu”(r) +2}1’7u”(r) + %u”(r)—g(r— 1), o become :

2
12’; W (1) —E(r — ) = 28(r) — E(r — ) + B2 (r). (12)

&E(r+h) =28(r)+

With o (r) = g(ru(r) : &(r) = u(r) — %u”(r) =u(r) — %g(r)u(r), and to deduce :
N —p—t) e a0 =g - —5) e,
— 458(r) 1- 178(r)
2,
and thus by posing : 1/(r) = h2u (r) = h/;‘%”ﬁ(r), ou V(r) =12 (r) = lng(r)(l + %g(r))é(r)
1= o)
12¢

Equation (12)becomes Numerov or Numerov meodified (J. Raynal) :

E(r+h)=28(r) —&(r—nh)+U(r) ou &(r+h) =22(r) = G(r—h)+V(r).

(for these 2 hods : depend on"p ial" ¢(r) at ONLY ONE point!!!)
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Transmission through any kind of barrier

Compared to previous formulas
(2 inv. parab.) :

20
18 F B‘. Mori‘llon ((‘)uam‘um lu‘nnelin‘g of C‘anlal ‘) B 1 1 1
16 k| _ = — =3
,5 b E T]n T]n + JT
Z12f E 2 A B
=10 F E J"
= 8F E T]n — TA TB
Zer ] S VAR A
4F E A B
2 E E
0 L L L L L L L L L
0 01 02 03 34 0..5. 0.6 ‘ 07 08 09 1 with at resonance :
eformation (u. a.)
T T T T T T T
1 | Numerov Resolution < - 4T£TT£T
g —uT —
08 2 " L 7")2
'50.6 r ( A + B )
L i 4
=04 [ = Té X T]n T]n
+
0.2 - A B
0 L

1 | | | 1 |
15 175 20 225 25 275 30
Energie (MeV)

!
5 75 10 125
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Position-dependent collective inertia

When the collective inertia depends on position, the mass operator M(X) is a function
of position operator X, and does not commute impulse oprerator P. We are therefore
led to define the kinetic energy term as the following form :

1 Wwod, 1 .d
T=P——P=——(— —
2M(X) 2 (dx(m(x) )dx>

which leads to a Hamiltonian of the type :

o2 Rw(x) d

=— — + = — + V(x), 13
2m(x) dx? 2 m?2(x) dx V) (13)

with a first derivative term.

It is then no longer possible to use Cowell's and Numerov's (modified) numerical

methods. Nevertheless, at the beginning of the 2000s, V. |. Tselyaev succeeded in

generalizing athesed methods for this type of differential equation. :

y'(x) + g(x)y (x) +f(x)y(x) = 0.

Strasb.25 Experimentalists - Evaluators workshop P. Romain Evaluations "4 /a BRC"



Position-dependent collective inertia

1+ :!: TE) 7 =
B}
01 ]
0.01 | " 1
; x
0.001 "\ H
“*%.l |
8 10 12
coord. x (u.a.)
0.0001 h
5 6

Energie incidente (u.a.)
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Position-dependent collective inertia
Lr LoTEpN o = .
T(Ej

01 | .-’ ]

0.01 | ]

0.001 [ , .
H 2 0 2 4 6 8 10 12 14|
/ coord. x (u.a.)

0.0001 £l ! !

3 4 5 6
Energie incidente (u.a.)
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Position-dependent collective inertia

1 F

0.01 |

0.001

e

—

N

2 4 6

5

coord. x (u.la.)

8 10 12 14 |

6

0.0001

3
Energie incidente (u.a.)
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Position-dependent collective inertia

1+ :!: T(EN 7 =
T(Ej
01 ]
0.01 | ]
' 4
i 3
; 2
0.001 ! ]
i 1 ]
0
! -2 0 2 4 6 8 10 12 14 ;
! coord. x (u.a.)
0.0001 Ll L L
2 3 4 5 6
Energie incidente (u.a.)
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Position-dependent collective inertia

1 !
T(Ej
01}
0.01 |
' (x)
0.001 | | %
; IS
’,': 1'%1
H 2 0 2 4 6 8 10 12
! coord. x (u.a.)
0.0001 L - -
3 4 5 6

- Evaluators workshop P. Romain

Energie incidente (u.a.)
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Inverse Problem in Classical Mechanics

What can we learn from

experimental fission probabilities ?
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Fission barriers distributions = interest of surrogate reactions

Like in heavy ions fusion reactions

it is very interesting to study the energy derivative :

dPg,
- = Dy(E)

Dy (E) defines fission barriers distributions
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Surrogate Reactions for fission barriers?

AP,
Dy (E) = PP
Yooy
<B>= / f( E)dE

2“zAm (HE,n) ]

Fission Probability

< B > (MeV) | reaction S A 2\ m (HF,y) |
10 +242Am (exp.) 3
6.512 n,f ~ [ ]
- i L L L L L L L L L
% 56 58 6 62 64 66 68 7 72 174
E U T T T B
6.542 1.f 3
E
6.44 +0.11 SR £
; 2
SR = ( He, af) £
consistency K
between Entrance 5 .
Channels £ sess o6 5264 66 68 7 72 74
u Excitation Energy (MeV)
< B¥P >

completly exp.
using no model
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Surrogate Reactions for fission barriers?

dP(E

Dy(E) = T4
l}['ED (E)E
<B>= ‘_j'D/-f(E)dE

< B®*? > (MeV) | Bjgrnholm
& Lynn
6.44 +0.11 6.5+0.2
598 £0.11 6.14+0.3
6.15+0.11 6.4+03
I
< B*P >

completly exp.
using no model
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Fission Barrier Distribution (MeV™)
s = = = = = = =
s 8 8 8 &8 - 8 R &5 &

S
o

P. Romain

T T T T T T
23pa from derivative of ]
G. Kessedjian
and M. Petit

CENBG data

243
Cm

1 L 1 L L L L L L
54 56 58 6 62 64 66 68 7

Excitation Energy (MeV)

Evaluations "4 /la BRC"




Surrogate Reactions for fission barriers?

aPr(E) o J ED¢(E)dE

e e T e

Consistency of < B > values relatively to different
Entrance Channels

Can we go a step further, and reconstruct a barrier shape?

this means solving the Inverse Problem
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Inverse Problem in Classical Mechanics

Let's start by discussing the problem of classical mechanics posed and solved in
1826 by Niels Henrik Abel (1802-1829), namely :

How to reconstruct the shape of a toboggan, knowing the total time of
descent (frictionless) for a given starting height (without intial velocity) ?

Strasb.25 Experimentalists - Evaluators workshop P. Romain Evaluations "3 la BRC"



Inverse Problem in Classical Mechanics formal

Energy conservation (assuming m = 2)
dx\ 2
— V(x) =E.
(dt) + Vi)
From this equation, the time of descent can be deduced :

0 dx
wlE) = /x(o> VE- V()

Setting u = V(x) and defining the inverse function of V as x = W(u), we
obtain then with the change of variables :

E W' (u)du

E==) VEa
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Inverse Problem in Classical Mechanics :

Abel Transform formal

E W' (u)du

o VE—u’

In this equation appears what is named now the Abel Transform :

Let A the linear operator defined for every continuous real function f on [0,b],

by :

T(E) = —

vyelob - Af) = [ FE o Af(0) —o.

0 VY—X
(This can be generalized to the fractionnal integration cases more precisely

1
here : semi-integration A =17 ).

(E) = o [ (E— BB

() JEo
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Inverse Problem in Classical Mechanics :

Abel Transform formal

One of the Abel Transform property is the following :

el AUANG) =7 [

Indeed :

AlA /\/fz/fz—x

which gives using Fubini Theorem :

anw = ([ ot e

and using the idententity : fy % =7
z)(z—Xx

we obtain then : A(Af)(y) = 7Tfoyf
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Inverse Problem in Classical Mechanics :

Abel Transform formal

Now coming back to the Classical Mechanics problem posed by Abel we get :

EW' (u)du 7 ,
A ﬁ = —AW'(E).

Applying a second Abel transform we get :

T(E) = —

E
AT(E) = —A2W/(E) = -7t /0 W/ (u)du = —W(E).
from which :
W(E) = f%AT(E)

We are now able to calculate W, and in fact the potential V from the T
function.
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Inverse Problem in Quantum Mechanics

Initially O. Klein and R. Rydberg (1931,1932)
defined a method for the construction of potential energy curves
for diatomic molecules

Later J.A. Wheeler (1976)
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Inverse Problem in Quantum Mechanics formal

If we consider the action integral :

_ /7:21/%[V(x) — Eldx

used in the WKB approximation for the calculation of the potential barrier
penetration coefficient :

T(E) = paw <= S(E) = 3Log(g5 — 1)

Applying the Abel transform to — = \/ 2hm d(E> :

A(_ W d n /B ds( E’ E’
2m dE 2m VE' —E

Strasb.25 Experimentalists - Evaluators workshop P. Romain Evaluations "3 la BRC"



Inverse Problem in Quantum Mechanics formal

2m ~dE - '\ 2m JE dE’ F—E
_ _27B fxz 1 dx dE’
7w JE Jx; 2 V(X) E' VE'—E
S ( fB 1 dE ) d
7T JX1 E V(X) E’ VE'—E
— X2
= fx1 dx
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B dS(E') 4E/

= x5 (E) — x1 (E) = ®(E) concrete
VE_E “

I IE E —a7

T(E)
i dg)’E(ZLOg(T(lE) -1))
(dT(E)/dE)
_ 1 T2(E)
2% r
(T(E) )
D(E
= 3% T
where we used : dZ—(EE) = D(E) and defined B=< B >= ijg aE which

finally gives :

1 [ B D(E) dE’
“2(E) ~n(E) = n@./g TEVL—T(E)] VE _E
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Inverse Problem in Quantum Mechanics concrete

1 /¥ B DE dE'

(E) —x(E) = E\/;IE T(E’)[1(77)‘(E’)] JEE

There the advantage is that we know the barrier height B=< B >= %.
Thickness :

®(E) = x(E)—x(E)

OK, but not sufficient to define completely a potential barrier shape, how to go
further?
Need to use a second equation :

Y(E) = ¢(x1(E), x2(E))

Assuming symmetrical barrier with respect to a line x = x¢

Y(E) =xp +x1 = 2x

which leads to :
x(E) = 3[¥(E)—®(E)]

0(E) = ;[¥(E)+®(E)]
The potential is known close to a x( translation.
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Multihumped Potential Barrier Reconstruction formal

In the same way, using the same tricks, potential well can be reconstruct with :
N(E) = f;lz %[E —V(x)ldx = [ pdx
= Bohr — Sommerfeld = Weyl = WKB

= (m(E)+1/2)n
AGVEE)

_ 2 /K pE dN(E -1/2
= Vol e (E— EN) 124

x(E) —x1(E)
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Multihumped Potential Barrier Reconstruction :

[m2 aNE)y _ o = AN(E)  gE

| 3 —aF : Voin a5 = x)(E) — x1 (E) = ®(E) concrete

Now (harmonic approximation) if we set E ~ (n(E) + 1/2)%iw then we get :

n(E)+1/2~ % ~ @ from which :

dN(E) m

dE hw
here Vi, and T btained using D(E) = L)
ere Vi, and hiw were obtained using D(E) = ~57~
which allows to access at the peaks energy position and to get
part of the spectrum (E, energies) inside the potential well and finally :

hw

hw = El 7E0 and Vmin :Eof 7
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Multihumped Potential Barrier Reconstruction formal

2 rE  dN(E _
() -n(®) = 2V, G-
— i 1 _dE
= 25 Iy, o v
= @(F)

In the Semiclassical Quantum theory the inverse of the potential is proportional
to the half-derivative of the eigenvalues counting function N(E)

Always assuming symmetrical barrier with respect to a line x = x|

‘Y(E) =Xy +x1 =2x9
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Surrogate Reactions for fission barriers?

| AN
1072 | /.
A / &
107 / N
% //
10
10 /_fission prob. calc.
. through pot. bar.
0™ yd below (blue)
pd
-12
10 25 . 30 . 35 4‘0 ‘45 . 50 . 55
40 B
30 |
20 F pot. bar. ref. 4
10 - : P obtained by
0L ‘ ‘ ‘ ‘ ‘ ; Numerov meth
0 2 4 6 8 10 12
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urrogate ctions for fission barriers?

N | pas—
10° | /.
\ /.
107 /
] /
10 //
10 // Iculated fission probabilit
o /, sdered as
10 .l measured fission probability
12|
10 25 . 30 . 35 4‘0 ‘45 . 50 . 55
40 B
30 - q
20 q (
potential barrier of reference
10 - reconstructed potential barrier B V(X) obtalned
0 e solving Invers

0 2 4 6 8 10 12
Problem
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HOW to reconstruct "true" fission barriers? 77

(I)(E) = Xz(E) — X1 (E)

hump well
U 2 U
(I’(E) \/ ;lm fE TENI-T(EN] \/% (I’(E) - 2\/ gm fme 7% \/ZE—E/

—hw =E1 — E

"ED(E)dE
B=<B>= {/.D(E)LE «— D) =B

= Vinin = Eo — 5

Here was assumed ¥(E) = x1(E) + x2(E) = cte only for symmetrical barrlers =
second equation needed :

¥(E) = ¢(x1(E), x2(E))
E)Qu¥(E) = x1(E), x2(E)
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