Influence of fission fragment distributions on
prompt emission results of the Point-by-Point model

The exercise is done for:

the fissioning systems: 233U(n,f), 2°Pu(n,,,f) and 23>Cf(SF)
using the FF distributions: of IRMM and provided by the GEF code
and P.Talou (only for >>*Cf(SF))
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PbP calculations:

 at each A (covering the A range of FF distributions) three Z are taken as the
nearest integer values above and below the most probable charge Zp

« Zp is considered as Zucd corrected with the charge polarization AZ.

AZ(A) and RMS(A) are taken from A.C.Wahl (see Appendix 1)

« compound nucleus cross section of the inverse process of neutron evaporation from
fully accelerated FF o.(¢) from optical model calculations (SCAT2 code) with the
Becchetti-Greenlees potential.

* level density parameters: super-fluid model with shell corrections from the database
of Moller and Nix with parameterizations of the dumping and asymptotic level
dens. parameter proposed by Ignatiuk

* TXE partition from modeling at scission (as described in [1, 2])

FF distributions:

- experimental data for 23U(ny,f), 2*Pu(n,,,f), 23*Cf(SF) (as provided files CRP)
- Y(A,Z,TKE) of Talou for >2Cf(SF) (file CRP)

- Y(A,Z,TKE) of the GEF code for 233U(n,f), 2°Pu(n,,,f), 252C{(SF) (files CRP)

Colors in figures:

* PbP results: red and magenta (using experimental FF distributions),

blue (GEF distributions) and green (Talou distribution for 2>2C{(SF) — full syambols.
* Experimental data: black and gray (open and full symbols)
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PbP results of prompt emission using different Y(A,Z,TKE) are referring

to the following prompt emission quantities:

» average quantities as a function of A: prompt neutron multiplicity v(A),
Vpair(Ay), prompt y-ray energy Ey(A), Ev,,;(Ay) and prompt y-ray
multiplicity Ny(A)

> average quantities as a function of TKE: prompt neutron multiplicity
<v>(TKE), prompt y-ray energy <Ey>(TKE)

» prompt neutron multiplicity distribution P(v)

> total average PFNS

Appendices:
- plots of AZ and RMS (Wahl) used in calculations
- plots of single FF distributions (projections) and even-odd effect

Great part of PbP results for 22Cf(SF), 2**Pu(n,,,f) and >3U(n,,,f) obtained with the
experimental FF distributions were reported, see for instance: v(A) in [1, 3] and references
therein, Ey(A) and Ny(A) in Refs.[4 - 6], <v>(TKE) in Ref.[2], <Ey>(TKE) in Ref.[6],

P(v) in Ref.[7], PFNS during the CRP meetings.
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PbP results with the FF distributions of GEF
underestimate the experimental data and the
results obtained with the experimental

FF distributions and those of Talou.

This fact is due mainly to TKE(A) of GEF
that are higher than the experimental data,
especially in the case of 232Cf(SF) (see figs.
with FF single distributions in Appendix 2).
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7 underestimate other results and the experimental
1 data especially for heavy fragments.

8V79K

5 —_
252 Zeynalov %
Cf(SF) EXFOR Bowman 1963 USABRK
J A EXFOR Zakharova 1999 RUSKUR
> 4-PbP 3Z/A using NE PNPI
‘G ]—e—FF distrib. IRMM :v'v Budtz-Jorgensen, Knittefx
o ]—e— istri Kol
S o— FF d!str!b. PNPI ~ r'); Wahl R
S 3] FF distrib. Talou ,\:V\ v e S
€ °l—s—FFdistib. GEF  BRY & Nav, g A
[ 1 ’ : Vay 0,/
o A \{ Apw P
3 : 4 2
< 2 7] )( \“\ 4\", $ A'l
- 3 A LR
o D2 ‘.‘ /\ Q'_ﬂ"'
£ b N
2 v,‘z'o?"‘", ”’V ‘Q’ ‘o”
O 130 SR Weadd
s |V
0
80 90 100 110 120 130 140 150 160

A.Tudora, Nov.2013, CRP

170



Average prompt y-ray energy (MeV)
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<Ey> (MeV)

20C

10 T T T T U B L
| 252
] Cf(SF) < ( )
9- _ i E'Y> TKE
] m Nifenecker et al 1973 .
8 1 PbP results of <Ey>(TKE) for 252Cf(SF)
] 1 using three FF distributions are very
] ] close each other and describe well the
6- 1 experimental data of Nifenecker et al.
1 PbP calculations using: 1 6
] —®  FFdistrib. IRMM i
] FF distrib. Talou A\%illllll
—A— FF distrib. GEF code .
. ] \ -
4I""I""I""I""I""I""I""I"'I"-\:\ 235U(n f)
140 150 160 170 180 190 200 210 220 1 \ th?
TKE (MeV) ] e
3 ¢ ‘Biiig :
s _
A _ ]
PBP results of <Ey>(TKE) for 235U(n,,,f) @& 5 ™ Abinssonetal 1071 ﬁgﬂi ]
. . . . taken from Nifenecker et al. 1973 |
using the FF distributions of IRMM and _ Fig.12 iﬂ |
GEF are also close each other and describe 47 e Er distrib. IRMM (GAMMA-2) i
well the experimental data of Albinsson | % FFdistib. GEF code -
(CXCCpt the IOW TKE region). 9 3130' a '14110' B 'léO' - '1(130' B '1%0' - IléOI - IléOl -
TKE (MeV)

A.Tudora, Nov.2013, CRP



P(v)

P(v)

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05%/,

' —m—Diven et al., 1956 (<v, >=2.47)

A Franklyn 1978 SAFPEL (EXFOR):

(<v,>=2.415) ]
‘\, v Gwin USAORL 1984 (EXFOR) -

\\ Tl E
S ?

—@— PbP calculation (ANE 2010)

—&— using Y(Z,A,TKE) GEF code

Number of prompt neutrons

0.40 3
0.35 4
0.301
0.25

0.20 ]

~-m-—-Holden 1988 USABNL 239Pu(n f)
th?

(<v,>=2.875 + - 0.009)
—e— Ann.Nucl.Energy 2010
(<vp> =2.8787)

—e— using the FF distrib. 1
of the GEF code .

(<vp> =2.756)

4
1 2 3 4 5 6 7

Number of prompt neutrons

P(v)

P(v) is very sensible to Y(A,Z,TKE).

Large differences in P(v) results are visible in
the case of 2°U(n,,,f) and 2**Pu(n,,f).

The differences are less pronounced in the case
of 232Cf(SF), the 3 results agree with exp. data

excepting v=2.

In the case of 2°Pu(n,,f) the P(v) result obtained
with the IRMM distrib. is in excellent agreement
with the experimental data.

0.35 -

0.30

252

Cf(SF)

i
S
. S

/ o
/ A
/ i /
/ : /
T ;

A

I I I I I
-l Vorobyev 2001 RUSLIN

A ,,,;;i -4 Balagna et al. (1973)
A
v

PbP results (“\é;.\ ]

using the FF distributions i

@ exp.IRMM (ANE 37 (2010))
Talou

--—-A---- GEF code

T T T T f =

/’// 7/77,{//
1

2

3 4 5 6 7 8
Number of prompt neutrons

A.Tudora, Nov.2013, CRP



Ratio to Maxwellian

Ratio to Maxwellian

Ratio to Maxwellain

Ratio to Maxwellain

1.6 m Komilov, Hambsch @ Starostov . ___ 3
21.43 A Bojkov ¥ Vorobiev . 235U(nth’f) E PFNS
g12 e 1 15y(n,,f) and 2Pu(n,,f) PFNS ob. with
104 ] .« o e . .
Wogd 3 the IRMM and GEF distributions are in
E ' ] L3
F0.6 7 good agreement with the exp.data of CRP.
0.4 using FF distrib. IRMM (Straede) ]
1
1.64 = Kornilov, Hambsch = .
51_43 A Baor ﬁfﬁff | #um, f) ] 2S2Cf(SF) PFNS ob. with Talou and GEF
" et (P“’jw ] distributions underestimate the Mannhart
data at high E (spectrum queue).
**Cf(SF)
20 12 | | | | 1 | 1 | 1 | 1 | 1 | 1 1
E (MeV) 1.0 % ]
! J ] ] Mannhart R L San 2 "."'.Hl.l | _:
>1.2 239Pu(n f) 1 c 08 1 A 1987, O 1989, @ 2011 IAEA = % ]
2 th S 0.6 —— FF distr.IRMM —
<1.0 Q ; ; ; ; t
0.8 Exp.data IAEA CRP 2011 12
E B Bojkov 8
O Lajtay '%
0.6 4 Starostov o
L — T T~ T T T T T y
1.2 —— FF distrib. GEF code 239
> Pu(n,.f)
=1.0
§ .
— 0.8 Exp.data IAEA CRP 2011 .
u B Bojkov
E 0.6 O Lajtay
' 4 Starostov
T T~ "~ T " 1T " T "~ T "~ T1T° E(MeV)

L L B B
0 1 2 3 4 5 6.7 8 9 10 11 12 13 14 15

E (MeV) A.Tudora, Nov.2013, CRP



Ratio 10 Viaxwelllan

Ratio to Maxwelllan

Ratio to Maxwellain

™

Ratio to Maxwellain

™
o
o
P

m Komilov, Hambsch ® Starostov
A Bojkov V¥ Vorobiev

Vv Wang O Kornilov' (Proniaev)
(@]

using FF distrib. IRMM (Straede)
el ! ! [ A |

} ————H } +—t
Kornilov, Hambsch 3 Starostov

[ ]
A Bojkov 4 Vorobiev
Vv Wang O  Kornilov (Proniaev)

Lajtay

using FF distrib. GEF code

0.01

0.1

E (MeV)

— FF distrib. IRMM

239

Pu(n,,.f)

1.384 MeV
I
o

o
(o]
L

O Lajtay

Exp.data IAEA CRP 2011
% % B Bojkov
& Starostov

T
239

1.401 MeV
'_\
o

o
(00]
-

=0
Exp.data IAEA CRP 2011
% B Bojkov

—— FF distrib. GEF code
Pu(n,.,f)

O Lajtay
¢ Starostov

E (MeV)

1

PFNS

PFNS of 235U(n,,,f) and 2°Pu(n,,,f)
obtained with the IRMM and GEF distrib.

describe very well the experimental data
of CRP in the low E region.

252C{(SF): all PFNS results are in good
agreement with the Mannhart data at low E.

Cf(SF)
12 ] T T L T T LI | b 1
1.0 i
0.8

1 Mannhart
0.6 — FF distr.IRMM A 1987, O 1989, @ 2011 IAEA
1.2 t ———+++H ———++H

-+ —t+—+—+—+++H . :

1.0 g = I;@Wm —— . ~ep—)
1 = . ,
0.8 t N

1 FF distrib. TALOU
0.6 -
1.2

1.0

0.8

1 ——FF distrib. GEF code
0.6

0.01 0.1 1 10
E(MeV)

A.Tudora, Nov.2013, CRP



Short comments / conclusions:

The pronounced differences between the TKE(A) distributions are reflected in:

- the large differences in PFNS at high E (queue) especially in the case of 2>2Cf(SF)
for which the TKE(A) distribution of GEF exhibits pronounced differences
compared to experimental TKE(A) data. The TKE(A) data of Talou also differ from
experimental data but the differences are less pronounced compared to GEF.

- the close <v>(TKE) results obtained with all distributions for the 3 studied systems
and also the close <Ey>(TKE) results.

The differences appearing in v ;. (A), v(A), Ey (A), Ey,,;(A) and Ny(A) are due
mainly to TKE(A) and less to Z distributions. The average prompt neutron
multiplicity as a function of A 1s more sensitive to FF distributions than average
prompt y-ray quantities as a function of A.

P(v) remains the most sensitive quantity to FF distributions.
P(v) results obtained with the three FF distributions (experimental data, GEF and
Talou) differ for all studied fissioning nuclei.

The agreement with experimental data of all studied prompt emission quantities.is
visibly better in the case of experimental FF distributions.

A.Tudora, Nov.2013, CRP
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Even-odd Z effect : periodicity of 5 mass units

The effect is pronounced in the case of 23°U(ny,,f)
and almost vanished in the case of 2>2C{(SF).

| Confirming that the e-o effect is diminishing

10 with the increase of the fissility parameter.
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The even-odd effect is diminished for heavy
fissioning nuclei (high fissility parameter XF).

It is very visible in the exp.Y(Z) of 2>>U(n,,,f) and
almost invisible in the exp.data of 22Cf(SF).

Y (Z) of GEF exhibit large even-odd effects, in
very good agreement only with the experimental
Y(Z) of 25U(n,,f), being more pronounced than

z exp data in the case of 239Pu(nt ,f) and 2>2C{(SF).
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Appendix 2

To have a quantitative measure of the even-odd staggering of Y(Z) it is convenient
to define o according to C.Wagemans, “The Nuclear Fission Process” CRC Press

1991, Ch 8 (F.Gonnenwein) eq.(35) page 410: § = (Ye —YO) /(Ye +YO)

235U(ny,) IRMM 2010 IRMM St. GEF

d 0.12891 0.12828 0.23658
Ye/Yo 1.297 1.294 1.619
239Pu(n,,f) IRMM Surin GEF

d 0.03239 0.03299 0.15865
Ye/Yo 1.067 1.068 1.377
252Cf(SF) IRMM Talou GEF

o 0.02564 0.05767 0.10644
Ye/Yo 1.053 1.012 1.238

The even-odd effect is much more pronounced in the case of GEF distributions
compared to the experimental data and the distrib. of Talou (for which the
ct is almost vanished)




25 T T T
{ IRMM 10 —@— —O—

Appendix 2

1 IRMM St. —®— —O—

o0 GEF —®— oy

Y (Ze) full symbols
Y (Z.0) open symbols
exp.data (black, gray), GEF (blue), Talou (red)

Y (%)

35

Z
20 T 7 20.,....,..d.d.,....,....,....,...,....,..
. even odd . even o e 'S 252
{IRMM —@— —0— {IRMM —@— —0— ﬂ‘\ !\ Cf(SF)
1 Surin —®— —O— 1 Talou —&— —o— f/\ /“\\
1GEF —m— —o— 1GEF —m— —0— * | |

15 154

A.Tudora, Nov.2013, CRP



n S @
o o o

Prompt neutron multiplicity
— —
o o

o
o

0.0 H+-+—+—~++—+—+————————
26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66

3.0

o
ol

N
o

=
o

Prompt neutron multiplicity
|_\
(&)

o
o

0-0 | T T T T T T T T T T T T T T T T T T T
28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66

“*u(n,.f)

o1
(=X
T -

® O o

3ZIA, AZ, RMS Wahl

4

th

v

L1
\
OX

PbP 3Z/A,

L 2 )

FF d

FF d

AZ, RM
strib IR
strib GE

/
Vel

S Wahl
MM
~F cod

%

Z

Prompt neutron multiplicity

Appendix 2

Z-even-odd effect in prompt neutron
multiplicity as a function of Z
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