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STATISTICAL MODEL

MODEL BASES

Statistical Model hypothesis
Channel definition

Conservation equations

HAUSER-FESHBACH EXPRESSION

Simplest situation : spinless particles

Angle integrated cross section

Angular distributions

WIDTH FLUCTUATION CONCEPT

Principle

Theoretical approach
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MODEL BASES

Statistical Model hypothesis

- A compound Nucleus has been created

- Continuum of CN levels
- Independence between entrance and outgoing channels

Channel definition

a+A—>(CN)>b+B

Incident channel o = ( l 20 S ’_fA s Moy Ty )

with : la = projectile orbltal angular momentum
s, = projectile intrinsic spin and parity

_>

I A>T o= target spin and parity

Outgoing channel p = (lb, b B’nb’ Tg)

Conservation equations
Total energy : Ea + E AS Eb + EB

Total momentum : ffa + f)) A" f))b + l_))B |
| T .
p TS

TSy,

Total angul tum:1, +1 +3 =1, +
ota anguarmomenum.A la sa*B

Total parity : 1, n, (-1)la =Ty, Tg (-1)lb
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HAUSER-FESHBACH EXPRESSION

Simplest situation : spinless particles

See Hodgson, Nuclear reactions and nuclear structure, Clarendon Press Oxford (1971) p 284.

Consider a reaction from a initial channel o to a final channel 3
without any spin consideration

2
Diffusion theory — GaB = f—i <‘80L[3 - SGB‘ ) (1)
o

2
Optical Model Potential = SOLB and Ta =1 - Isaal

=>Compound nucleus formation cross section e

Independence hypothesis — GG-B =0

Ty

Reciprocity theorem + (1) + (2) = PB —
21q

— Hauser-Feshbach formula
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WIDTH FLUCTUATION CONCEPT

Principle

HF too simple because the independence hypothesis not completely

true, especially for low projectile energy. Corrections must be addec
to HF formula. ;

Theoretical approach (1/2)
Breit-Wigner formula for one isolated resonance of spin J in the CN
T Fa I B
=~ Cap= 75 2 12
kCX (E'Eo) +"4'r

where E is the resonance energy and I'= X I'; , the width
of all CN resonances with spin J. l

Averaging BW formula over an energy interval and all CN resonances
with spin J in this intervall gives

see Lane and Lynn, Proc.Phys. Soc. 70 (1957) 557.

where D is the mean resonance spacing
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WIDTH FLUCTUATION CONCEPT
Theoretical approach (2/2)

It can be shown that

Formal expression for WKF

We introduce the ratio of T. coeff. appearing in HF formula and
obtain
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MODEL INGREDIENTS

LEVEL DENSITIES

See specific lecture

PARTICLE TRANSMISSION COEFFICIENTS

Single channel transmission coefficients

Effective transmission coefficients

GAMMA TRANSMISSION COEFFICIENTS

Gamma ray transmission coefficients
Gamma ray strength functions
Gamma ray selection rules

Renormalisation procedure

FISSION TRANSMISSION COEFFICIENTS

The _ﬁssidn model
Transition states concept
Multiple humped barriers
Class II states
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PARTICLES TRANSMISSION COEFFICIENTS-

Single channel transmission coefficients

—> Given by "good" optical model potentials

In principle one OMP per type of emitted particle

Effective transmission coefficients

If the compound nucleus decays to a residual nucleus, such that
the excitation energy of the residual nucleus is high enough, it is
impossible to take separatly into account each residual nucleus
level concerned by a given decay channel b.

= Summation over all residual levels found in a given energy bin
of the channel transmission coefficients

( " Jb> f p(E, Ig, ) 5.(b) Ty . dE

where p is the residual nucleus level density
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GAMMA TRANSMISSION COEFFICIENTS

See Chrien, Neutron radiative capture, Pergamon Press (1984).
RIPL handbook, IAEA Vienna (http://www-nds.iaea.or.at/ripl)), chapter 6.

Gamma ray transmission coefficients

21 +1

Given by Tx'(ey ) =2m f(x,1) £,

where x1 = multipolarity, €, = gamma ray energy and
f(x,1) = strength function

Gamma ray strength functions
Many models for f(x,l) available
® Weisskopf model = f(x,]) = constant

@ Brink-Axel model = f(x,l) = standart Lorentzian

G. £ 3-21 T 2
f(x,)) =K 0~y 0 G, 1 ., E, free parameters
xl 000

(872 — Eo2 )2 + eyz FOZ

@ Kopecky-Uhl model = generalized Lorentzian for E1 (dominant)

£, F(S,Y ,T) I (87=0,T)
f(E, 1) = Kg; 6,1, - +0.7
(e2-E}) +¢ 2,1 E 3
Y 0 Y v? 0
o 2 2 -2
where F(SY )= — (SY +4n” T )
E,’
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FISSION TRANSMISSION COEFFICIENTS

Gamma rays selection rules

T, T
y decay from initial CN level J. ' to final CN level Je f

For gammarayEA:|J, -4 |<J.<J. + X and T = (-1);L T,

For gammaray MA : |J, -X|<J, <J.+ ]} and = (-I)M-1

Renormalisation procedure

Gamma tr. coeff. renormalised using experimental measurements
for excitation energy close to B_

(FY0>exp = (rYO) ¢ Fequired

= renormalisation factor = ratio of 27w

<r'}’ 0 > exp

0

with

J +A

DI Zf T (8)p(B &, 3, ) 1, 3,0, 1) de
Jom XA J—IJ A

in which the function f is 0 or 1 to force compliance with selection-
rules, and the Ji » T, Sum is over the CN levels that can be formed |

with s-wave incident neutrons. Also, D0 is the mean spacing of
the s-wave resonances.

S.Hilaire MOD. ING. CEA - Bruyéres-le-Chatel '



FISSION TRANSMISSION COEFFICIENTS

See Michaudon, Nuclear Fission and Neutron-Induced Fission Cross Sections, Pergamon Press (1981)

Transition states concept

continuum T.S

discrete T.S

Energy (MeV)

r
elongation

Fission Transmission coefficient

Fission tr. coeff. for a given state (E, J,n) of the CN

E+B

n

T (B, 4, 1) =X Ty, (B-Ep + f P(E, J, 1) Ty gy (E-€) de

E

s
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FISSION TRANSMISSION COEFFICIENTS

Multiple humped barriers

— -

Energy (arb. units)

=
+
v~

=1
Class II States

marer s | LN

C

swesers 111NN

— -
deformation

Fission transmission coefficient for two barriers
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FISSION TRANSMISSION COEFFICIENTS

Class 11 states

Energy (MeV)

Class 11 states

-/

0 Penetrability 1

Deformation

Tos=F 37

S.Hilaire ' MOD. ING. CEA - Bruyéres-le-Chatel



WIDTH
FLUCTUATION

CORRECTIONS




WIDTH FLUCTUATION CORRECTIONS

THE VARIOUS METHODS

HRTW

Dresner - Moldauer integral

GOE triple integral

PARTICULAR CHANNELS

Continuum channels
Gamma channels

Fission channels

GOE OR MOLDAUER?

S.Hilaire
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THE VARIOUS METHODS

HRTW (see Hofimann et al, Z. Phys. A 297 (1980) 153 and references therein.)

Based on independence hypothesis

Ta Tb Va Vb
20w YT 5y (13w (WaeD)
C

c C

From unitarity (i.e. T. =2 o_, ) one obtains
a p Tab
v 2
a
>V

C )
= If W_ is known, the V_’s are deduced by iterations of the type

T,=V, +(W_-1)

c

H

Parametrisation of W , from Random S-matrix analysis

5 T-T\%( 1T |3
W.=1+ +87 | =2 2
' 1+TaF ? Tc % Tc
| 4T 1+ T,
2 .
L A z Tc 2 Tc 2 Tc
with T=-< and F=—= —C
{‘_, T, {+.3T
2T,
c .
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THE VARIOUS METHODS

Dresner - Moldauer (See Moldauer, Nucl. Phys. A344 (1980) 185.)

Direct calculation of W <I‘> assumin
g
(Ta)(Ty)

that the reduced widths F/ < F> follow a y? distribution with

distribution with v degrees of freedom.

= W, given by a simple integral

Parametrisation of v :
— v =1 for Dresner

— v deduced from Random S-matrix analysis for Moldauer

Va( Ta )=1.78 + Ta]'212 -0.78 ) exp(- 0.228 ZTC
C

W_. calculated using Gauss-Laguerre points and weights

ab
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PARTICULAR CHANNELS

Continuum channels

Problem : T . = integral = >>1

HRTW

Define R = number of levels (corresponding to T)

DefineT =T . /R
ave eff
Use Tave in HRTW method

Multiply results by R

Moldauer

Definev. =R wW(T
ave

ave )

Use T___in Moldauer integral with v___as exponent
ave ave

GOE
Two situations (see Verbaarschot, Ann. Phys. 168 (1986) 368.)

- XT weak = use T, _ and multiply by R at the end

- 2T >> 1 = use asymptotic developmentin 1 /2T
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PARTICULAR CHANNELS

Gamma channels

Problem : great number of channels with very weak TY
—> individual treatment impossible

HRTW
No difficulty : use of global Tv

Moldauer
Approximation for calculation of the product over ¢ € y

GOE
Same approximation as for Moldauer

1-T, A
H .....__....__.L._._c._)_...._____=exp -(2h+ R +h,)

ceT \'/(1+Tc7‘1)(1+Tc}‘2)

Vi
\

¥
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PARTICULAR CHANNELS

Fission channels -
Problem : great number of channels giving T, >>1
—> individual treatment impossible

Same solution as for continuum channels

= number of fission channels required

= limit in integral over transition states

E+B_
T (B J: 1) = X Ty (E-Eg) + f P(E, J, 1) Typyy (E-) de
E

5

Ng. (E, J, ) = previous expression with T ,,, =1

Generalisation for two barriers

- Calculate T, (Tg)and N, (Ng) = T, and Ty

T, T __ T,
- Calculate global Ty = # and T, = _* B
; e
A B At 1y
T T, T
| f aTs
= global N, = — = R
Tfis A" B B A
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GOE OR MOLDAUER

Problem : GOE triple integral = important computation time
Moldauer simple integral = relatively fast

MO GoE = OMoldauer)/C (70)

2.5 T FTTTTT T T iIIJIII T ;_ T T IIIIll] T T T lllill 1_;0.4
- 302
- 1k 0
p'-;' TE --0.2
: 1E 3 -0.4
A I ¥ T llllTI: T T lillll: l: T Illlll: T T Illr]l: 1_3
-= . IF ]
s 1 c i Ek
= 1B F .
S C - -1
7 ) C Jk N
= 05F El= "0
'g 0: | | lIIIlIl 1 ® ) [ —: 1 /] ||ll]|| i I IIIIIII E
g - T ]]llllf T H Illllll :: T T 1IIIII| T T ]llllll i: 0.5
K15F On,ini [_ 1o
w 1F 1L N
2k i .
50.5: El: .
C L] 1 Lyl 3 C 1 Lo sl 1 Lol L
0_ T T IIIM ldl T I!TIII} :_ T T IIIIIII T H lilEiIl T 6
1.5% olgauer _;:_ £4
1B n,c_el 3f ]
0.5F &GOl ER
- Hauser-Feshbac =i ]
0 -2 ] 1 |||f11|-1 I L.t 1 ()7 | -2 I |“r—'r||1|l-1 1 Lol 1—0
10 10 1 10 10 1
Neutron Energy (MeV)

= GOE = Moldauer = Moldauer prefered
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APPLICATIONS




A A
— :+zn5__m
d |l
:+zh§_,m (+NZ2)ga| = b A A
— Aznmv_.m
i L A e I Y AN S
" Y
7)) —] ! K X
(I+N‘1-2) 4 # LIS —
M :-zamv_.m
S
Y
AZJINV Aﬁ._-znwle A ‘IonN .QEQUV Auvwhﬁ.ﬁv Aﬂlzan

(1+N‘Z) (N'Z)

.4 A/\\I\n‘ (T-ND)

uieyo uonoeada e jo uoneasnjq

SNOILILVOI'TddV



APPLICATIONS

Width fluctuation correction effects

(barns)

J llillll

I
|

u—
=]

..
~u
. L
o -
h Q.

Cross Sections

[ IIIlIll

(n,y)
| — with fluctuations
| seesecsse without fluctuations
10 -3 L L .Jl...l-z L ilj_L...i-l . ! T S T A
10 10 10 1
Neutron Energy (MeV)

— elastic enhancement
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APPLICATIONS

Pre-equilibrium model effects

piniImInImI no pre-eQUilibrium componeﬂt
4

T ] T 1 E T T ] J'l T T T [ I T T7T | T T T I | T T T T
3_
14 »Nb
|
. o ]
2+ fl % * | n,2n
7~ SILLLIE N
£ ' * 0“.‘. o ‘.
s . SN +'—?L G '
i O X ¢ 5 Tn3n|
2 0.9 o’ g $ T
et 0.8 :f!
o 0.7 2. .
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N ] bt -
wn " bl -
S 034 : 3 .
5 : E O3
0.2 : * -
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0 5 10 15 20 25 30
Neu

tron Energy (MeV

= key role above =~ 10 MeV
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CONCLUSION

The statistical nuclear reactions model is widely employed
to analyse and predict nuclear data.

—> quite simple to implement

=> yields a lot of informations (observable or not)

Problem : good choice of all the ingredients ?

optical model potential = part. trans. coeff.
= direct interaction component

level densities = govern channels competition

width fluctuation treatment = crucial for low energies

pre-equilibrium treatment = crucial for high energies

Remaining problems :

fission yields ( generally systematics )

class two states treatment
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