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Neutron cross sections
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The nuclear waste problem

Cm 242 | Cm 243 N 24 244,245Cm
1.5 Kg/yr

241Am:11.6 Kg/yr
243Am: 4.8 Kg/yr

239py: 125 Kg/yr

w4901, 405, .
sy ies )
Lt}

o l% @y <0

23’Np: 16 Kg/yr

Taone LLFP
wd01%3%0 ¥
Py 76.2 Kg/yr

LLFP Quantities refer to yearly production in 1 GW, LW reactor
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The Th/U fuel cycle J

Cm242 | Cm 243 Cm 245 | Cm 246

Pu 239
2411 10%a

n 5157 5144,
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Nuclear energy and the need of nuclear data — EU programs

Objectives of the nuclear industry/research in Europe:
* improve safety and efficiency of current reactors (LWR)

* develop a new generation of reactors (Gen IV fast reactors and Accelerator Driven Systems)

Strategic Research Agenda of the European Sustainable Nuclear Energy Technology Platform (SNETP)

Availability of accurate nuclear data (cross sectlons decay constants branchlng ratios, etc.) is the
basis for precise ¢/ e i “fe extension) and
new generation r Need to measure fission cross section of actinides jjjed analysis and

interpretation are (from Th to Cm) with half-life from a few years up. his is particularly
true for fuels containing minor actinides for their transmutation in fast spectra.

NEA/WPEC-26 (ISBN 978-92-64-99053-1)

UNCERTAINTY AND TARGET ACCURACY
ASSESSMENT FOR INNOVATIVE SYSTEMS USING
RECENT COVARIANCE DATA EVALUATIONS l

i . . .
| The overall list of requirements is rather long:
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The n_TOF facility at CERN |

Google

o N\ Jrs
[ s [ saine |
‘ s 2 o'

‘u“& S

o .
. IS
v —
. o \
fo, 7

Vs
e 4

A
3
7

o o4

(n_TOF is a spallation neutron\

source based on 20 GeV/c
protons from the CERN PS
hitting a Pb block (~360
neutrons per proton).

Bébgfep o Experimental area at 185 m

i 2 u now a second one at 20 m
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The real thing
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The spallation target(s)

Phase 1: 2001 - 2004

Phase 2: 2008 - today

V/n%

FIESTA 2014 — Santa Fe, NM,

USA, Sept. 8-12, 2014 N. Colonna — INFN Bari
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The n_TOF facility

Advantages of the PS proton beam: high energy, high peak current, low duty cycle.

10° == :3:::::: — Measured (Evaluated) [l Lo

Main feature: high instantaneous
neutron flux (10° n/pulse).

n
I

] =/ Simulated

..................................................................................

Neutrons/In(E )/7e12 protons

* very convenient for measurements of
radioactive isotopes (maximizes signal-to-
background ratio)

_______________________________________ * ideal facility for actinides (nuclear
R A A T —— technology)

-IIIIIIIi 1 IIII|,|,|j 1 IIIIIIIi 1 IIIIL|,|j 1 IlIIIIIi 1 IIIIIIIi 1 IIII|,L|j 1 IIIIIIIi 1 IIII|,|,|j 1 IIIIIIIi L
102 107 1 10 102 10* 10* 10° 10® 100 10®  10°
neutron energy [eV]

E_O_tl;e_r features of the neutron beam:
: * high resolution in energy (4E/E = 104 ................. study resonances

: * wide energy range (25 meV<E <1GeV) .................. measure fission from thermal to GeV

I low repetition rate (< 0.8 Hz) cccccooeeevvveereereera. no wrap-around
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The n_TOF measurements

Phase 1
(2001-2004)

Capture
151Sm

232Th

204,206,207,208 209R;
Pb, 29°Bi
24,25,26Mg
90,91,92,94,96 93
Zr, >°7r
186,187,18805

233,234U

237Np 240Pu 243Am
’ ’

Fission
233,234,235,236,238U
232Th 209Bi 237N p

241,243Am 245Cm
’

Phase 2
(2009-2012)

Capture
25Mg, 885r

58,60,62N i 63N i
’

54,56,57 Fe

236,238\ 241Am
7

Fission

240,242p

233U(n,y/f)

232Th’ 234U

23’Np (FF ang.distr.)

(n,a)

335’59Ni

Phase 3
(just started)

Capture

Fission

(n, p) (n,a)

VnTNOF
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Experimental setups for fission J

Over the years, several systems have been used for detecting fission
fragments, with two different techniques.

Micromegas chamber

* low-noice, high-gain, radiation-hard detector

Parallel Plate Avalanche Counters (PPAC)
* Fission fragments detected in coincidence

* Very good rejection of a-background

* Low sensitivity to y-flash

* Position sensitive to measure angular distribution

nTOF FIESTA 2014 — Santa Fe, NM, USA, Sept. 8-12, 2014 N. Colonna — INFN Bari
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Measured fission reactions J

Cm 245
8500 a

a 536050
stg

y 175 133
o 350 o 21

Am 241

Am 243
7370 a

» 5205250,
shy 75 44
e7545

Pu 240 Pu 242
6563 a 3,750 10%a
w5168, 5124, wd 901, 4856,
¥y s sy s
:iﬂ.l;o.~£l‘ :vf 2 <0

Np 237

2,144 1052

U 233 3¢ U 235
1,592 - 105 a BV KoY 0,7200
« 4824, 4,783... 3 :
Ne 25;

v (42,97...); €
o 47 24530

04775470 ¢
Mg 28 B 3y 158 20 8 h i
o w95y « 0008 L)

In the two experimental campaigns,
measured capture and fission cross
sections for most long-lived
actinides (432 y and above).

R For some of them, measured FF
s 0. anysotropy as well.
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More to be measured J

Pu 238
87,74 a

U 233 U 234
1,592 - 10° a A KeeSE

a 4824, 4783... |2,455 - 10°
Ne 25;

W 2 047754750 ¢
v (42,97...); € Mg 28, e 3 (58 121
fv47:m530

o w950y < 0008

230Th

1,405-10"a

NTOF

Cm244 | Cm 245
18,10 a 8500 a

Pu 240
6563 a

w5168, 5124,

« 5405, 876 w5360 50M.
o : X 511% 133
3%‘; ,,"1'_' pot o 21M
Am 241 Am 243
4322 a 7370 a
o 5408 5800 » 5205529,
of;  B; 26 sty 7544

e7545
m 0Q7a

Pu 242
3,750 10%a
w4 501, 4056,
siyies )
L ]

el o <0

Second experimental area at
n_TOF will allow to measure
also some short-lived
actinides.
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ss section

Half-life: 1.59x10° y
Sample: 29 mg (/4)
Activity: 2.6 MBq (each sample)

Fission cross-section on 233U measured
in a single measurement from thermal
to 20 MeV, with 5 % accuracy, and
high resolution.

The #*U(n,f) cro
1.12 = n_TOF/ENDF/B-VIL.Q:" """ ™" :
C|---- n_TOFWJEFF-3.1 |i
115 — n_TOF/Guber 2000 |}
1.081 |
m -
9 -
R = BN R :
= 104
> C
g oo [ =
e B |
0.981
_LLLuLu]_I_lJJJlﬂJ_l_LLlLLUI_I_LULULLLLLLUJI_LLLuLHI_I_Luumm
10_2 10_1 1 10 102 103 104 105 106
Neutron Energy (eV)

PHYSICAL REVIEW C 80, 044604 (2009)
High-accuracy ~“f~n.measurement at the white-neutron source n_TOF from

A >(201 1) 47: 2 - omaray
°PJa/i2011-11005.,,

Bur. Phys. .
Dor 10.1140,

| ! 4
M. Calviani,'2" J. Pr. Regular Argioge TEE—— - Lisowski
P. Assimakopoulos,® e~ Experimeny] Physics P':'\‘ESEUROPEAN 3
F. Calvifio,'"* D. Can, ICAL JOournA L

A. Couture.?? J. Cox.
M. Embid-S N
E. Gonzilez-Ro eutron-

ind .
A. Herrera-Martin 0. < uced flSSlO

En < 20 Mev " cross-

secti B3y ¢
101 of 23U i the energy ran

Gf(233 U )/Gf(235 U

2.0 — :

15

— n_TOF
— ENDF-B7
— JEFF31

05 Shcherbakov

I | L | | L |
0.0, 5 6 7 8

log(E eV)
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The fission cross-section of 236U

T JEFF-3.1.1 and ENDF/B-VII.O e

~ 104+

0,1

0,011

{iVILO

{ it

0,001+

1E-4

Cross-section (b)

1E-5

f

JENDL-4

1E-6

1E-7

1E-8

1E-9

Ly ) Ly Ly Ly Ly Ly M Ly
t t t t t t t t t
1E-7 1E-6 1E-5 1E-4 0,001 0,01 0,1 1 10

Incident energy (MeV)

Resonances in ENDF and JEFF are from 235U !!
JENDL-4 is (mostly) correct

3 .
ndriamonje 2 onna” E Belloni,* I. E. Gopealvec |
P. Baumann,10 g Becvar onje.”J. Andrzejewsk; 6 p Assi Gongalves,! P, vy, 1 G. Aerts,'” 4

-1 . makopoulos.’ . . Alvarez 26
Albornoz,! P. Cennini 15 v o E. Berthoumjeuy 17 E Calvino. 12 poulos.” L. Audouin,® M. Bay arez,
L 3 . +, B Calvino,"2 D, Cano-Orr 5 - M. Barbagallo 3 .
hepel.' E. Chiaveri 2 G Cortes, '8 Cano-Ott R. Capote, 114 ¢ G- Badurek?

2 i A.C 19 C. Carrapico,! A Carp:i
~ C Domingo-Pardo,22 W, i 17 ggg:::m J. Cox, " M. Dahifors, 15 o Ewiﬁsi&mg:;’,\di "
24y Aan.” C G ML caki,

rais-Koelbl, 3 K pyii 4 C. Eleftheriadis, 23 ’
eroS2 F Guacis 170 W Furman E. Gonzgro, oo 50" " L Ferrant S A, Ferrarj 15

Half-life: 2.34x107 y

Sample: 21.4 mg (/4)

Activity: 13 kBq (each sample)
Contamination of 225U 0.05%

n_TOF data confirm results from !
I GELINA (C. Wagemans et al.). |

|
, Below a few keV, ENDF and JEFF:
I overestimate cross section (x100).

.
— T T T LI I T T T T T T 1T | T T T T T T
O
10" —e— n_TOF
B —— ENDF/B-VII.0 A
B - - - JENDL/AC-2008 13
C — - JEFF-3.1 N
T~ | JENDL-3.3 [¥/ A
102 :_ : =
\ -
107 =
-+ s .
I SIPREELL ]
B : 1 1 L1 1 | 1 1 1 L 1 11 1 | L L L 1 L I—
10* 10°

Neutron Energy (eV)

I

NTOF
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The %>’Np(n,f) reaction

Half-life: 2.14x10° y
Sample: 63 mg (/4)

} : \ A f!&qi b -_ l’l_TOF ]
i + AR Y — ENDF-B6

I JENDL33| -

— Tovesson

Activity: 0.41 MBq (each sample) S ]
T
25 T T T I T TTT T [ T T T T I T T T T I T T T T [ T T T T [ T I L J ‘c:)l
B A—a n_TOF (thid T T T L | T T T T T 1 171 I T T T T T 1 17T I T
~IENDLSS [
| — 3. 1.5
20, Furman (CE I ;
| «+ Auchampau |
. Plattard (FR I
£ 15F - |
= i Q 1.0F
o L i
o
10 pd r +—e n_TOF (This work)
5 L « Tovesson (USALAS 07) .
- b“‘ I « Furman (NTOFSUI 04)
0 5_ = Shcherbakov (RUSLIN 01)
— . Lisowski (USALASS8)
. I Meadows (USAANLS3)
- ' - «  Behrens (USALRLS2)
() bt 37 L | i
0.0 | 1|||11|OO ! | [ R BB A
F—_———_————d

I Below threshold, some corrections on current: 7 C. Paradel,.

. Tarrin | v

"
L. Tass
- szsan—GurPL And,

CERN Neutron Time-

)

1000

EW C 82, 034601 (2010)

=essddon of 24y 54 237

: N,
of-Flight (n_TOF, f:f)c:;:te; sured at the

: librari
| recen

- - Still needs confirmation !!

Controversial result, still being checked (not confirmed by other n_TOF datasets). [ LeNuwu2c s

rid je.”
1amonje,” J. Andrzejewsk; 8
- Calvianj 1415 Cano-O.6
A 5 Cano-O,
B Souture. 23 1 ¢y 23
mhtd»Segum. ;

1 TCIaote, 2 T LOpes B M L:) WETRErveno, !
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-Milazzo 4 ¢

P. Koehler, 31 E"Il('zssio

no.”" S. Ly 1c darganiec.
17 Kic J 3
U Mlccl CC,

S ey 14 ® A. Ferrar 19
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nides.* M. Krtiggg, 12 - SLYE Kippeler, 3
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240,242py(n,f) at n_TOF

See next talk:

Andrea Tsinganis (NTUA/CERN)

VnTNOF
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The 22*Am(n,f) at n_TOF

Half-life: 432y @ 14
Sample: 2.26 mg (/8) a
Activity: 35 MBq (each sample) o 20 oF
Contamination (undeclared): 22Pu and ?™Am & o e (1983)
- — JENDL-4.0/ ENDF/B-VILI
. . . - — ENDF/B-VIL0
Efficiency corrections not very accurate (due to 08r  EFFa12
high threshold). Normalized to Dabbs (1983), 3™ ol
resonance. = ﬂ
) .. 04— [ [
Small (but important) undeclared contamination - 1T i ﬁ[ﬂmﬂ
£ 230N 1 242m A L i s r 1 A/ 4 ~ 1
z [ LI E
° F JEFF-3.1 needs a major revision
B » n_TOF data E -
¥ — JENDL-4.0 = 1.2
— ENDF/B-VILI —
—— JEFF-3.1.2 = ot
4 © B - 1| —
- g T — ENDF/B-VILI
- 08~ — JENDL-4.0
_ QW 0l —— JEFF-3.1.2
| . i L LI L L1 L LI L1 L1 L LI IR L L1
S — b llalac T ittt
E.(eV) ) M. Mastromarco et al., in preparation V)

T —
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The 243Am(n,f) at low energy

o; (b)

NTOF

Half-life: 7370 y 2 f
Sample: 4.8 mg (/8) o
Activity: 4.4 MBq (each sample) e .
Contamination (declared): 2*1Am 2.5% - .
Contamination (undeclared): 23°Pu , 242™Am - R
M. Mastromarco et al., in preparation
10" ~
b | - i J
- #qi E = Kobayashi (1997)
i [ B
N L = Seeger (1970) "
— Tllllll 1 1 llIIlII 1 1 IIIIIII 1 1 1 .I-Tllllll
= n TOF 10" 1 10 10*
10" ~— JEFF-3.1.2 E, (eV)
n — JENDL-4.0 [— >

Eur. Phys. J. A (2011) 47: 160
DOI 10.1140/epja/i2011-11160-x

THE EUROPEAN
PHYSICAL JOURNAL A

Regular Article —

Experimental Physics

Measurement of the neutron-induced fission cross-section
of 23Am relative to 23°U from 0.5 to 20 MeV

F. Belloni', M. Calviani23, N. Colonna?, P. Mastinu2, P.M. Milazzo!-*, U. Abbondanno!, G. Aerts®, H. Alvarez®,
F. Alvarez-Velarde, S. Andnamon_]e J. Andrzejewski®,

L. Audouin?, G Badurek!?, M. Barbagallo®, P. Baumann”.

F. Becvai'2, E. Belthoumleux F. Cal\lno13 D. (all&OttS R. Capote“ 5 C. ('alrlaplco16 P. C‘enruru3 V. Chepell R

E. Chiaveri®, G. Cortes'?, A. Coutule18 J. Cox'®, M. Dahlfors®, S. Dd\ld“ 1. Dillmann®, C. DommgcyPaldo
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B. Haas?®. R. Hdtht“ M. Hul9 A. Herrera- l\[cutmu3 M. Igashira®, E. Jerichal®, F. Kippeler?, Y. Kadi®,

10
Neutron energy (MeV)

FIESTA 2014 — Santa Fe, NM, USA, Sept. 8-12, 2014

N. Colonna — INFN Bari 21



The 2%°Cm(n,f) reaction

i 245 ’ —

Half-life: 8500 y (18.1y)
____________ B pekerownd — sample: 1.71 mg (/4)
Activity: 87 MBq (each sample)
Contamination (declared): 2%*Cm 6.6%

Very large a background (0.1 GBq)

Counts

High thresholds necessary (large uncertainty in
efficiency corrections). Only cross section shape
with good accuracy (3%).

100 150 200 8 20
Pulse Height (ch.) o L v |
2100_—
. . - ENDF/B-VII.O
For absolute cross section, need to normalize - Y Browne 1978
w“ ” - » Diamond 1968
to “recommended value” at thermal energy. 200 e Halperin 1970
New data = Benjamin 1972
1 0, B Gavrilov 1976
However, large uncertainty (30%) on thermal 3 . Gavrllov 1976
data. - Hulet 1957
Used two recent measurements of the thermal 1800 [—
cross section (ILL and SCK-Mol) that agree -
. - lIlIlllIlIlIlIlIlIlIlIlIIIlIlIlIlIIIlIlIlIlIIIlII
Wlthln 5%. 17((11.(())249 0.02495 0.025 0.02505 0.0251 0.02515 0.0252 0.02525 0.0253 0.02535 0.0254

Neutron Energy (eV)
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The fission cross section of 2°Cm

1.5 - Half-life: 8500 y
140 + o n_TOF/(JENDL/AC-2008) Sample: 1.71 mg
- 0 = n_TOF/ENDF/B-VILO) Act|V|ty:. 87 MBq (each sample)
1.3 Contamination (declared): 2%*Cm 6.6% (18.1y)
Hll
125 + + ~
% 110 1%, ® AT T~ Below 30 eV, two (very old) measurements
pos - 7 ™ \ . . . o
= A - : 0 o exist, showing large discrepancies.
o 1%‘ -'\ H,r* _ﬁq.\ g larg ¢
S 09l S o ? _- Above 30 MeV, only one measurement
X . B with neutrons from a nuclear test.
- vuclear explosion From thermal energy to 30 eV a revision of
0.6 - neutron source . .
- .l 'Y | | | | the evaluations is needed.
0.5 C_1 | | | | 1 | | 1 | 1 | | | |
0 20 40 60 80 100 | Above 30 eV, n_TOF confirm previous data

Neutron Energy (eV)

and evaluations.

PHYSICAL REVIEW C 85, 034616 (2012)

Neutron-induced fission cross section of 2**Cm: New results from data taken

at the time-of-flight facility n_TOF

M. Calviani,">* M. H. Meaze.>" N. Colonna.? J. Praena.* U. Abbondanno.® G. Aerts.® H. Alvarez.” F. Alvarez-Velarde.®
S. Andriamonje,>® J. Andrzejewski,” P. Assimakopoulos,'®* L. Audouin,'" G. Badurek,'?> M. Barbagallo,? P. Baumann,'?
F. Be¢vii,'* F. Belloni,>® B. Berthier,!" E. Berthoumieux.® F. Calvifio,"® D. Cano-Ott,'® R. Capote,*!” C. Carrapigo.,>'®
P. Cennini.? V. Chepel.!® E. Chiaveri.> G. Cortes,"> A. Couture,'® J. Cox.' M. Dahlfors,> S. David,'" I. Dillmann,?

C . Dominea Parda 2L 1Neidi 61 Nucan 7 ¢ Diofiberdadic 22 M Doabid Soonea S 1 Loccont UL A Doceaci2

NTOF
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235U(n,f) between 10 and 30 keV

——— Simulation (Fluka+MCNP)
MGAS (**u)
PTB

al., Eur. Phys. J A 49 (2013) 156).

The flux calculated on the basis of the 23>U(n,f)
cross section found systematically lower than
- “expected” in the 10-30 keV range (M. Barbagallo et

Evaluated

Neutron Flux (E dd®/dE/Pulse)

_ s
104_ ’ i

SN Y A N A =

Courtesy of P. Schillebeecks

B Weston
B ENDF/B-VII.1

e potentially

week ending

16 NOVEMBER 2012

Several evidences of a problem in the 23°U(n,f) cross section between 10 and 30 keV
Need to investigate it further (a new measurement is planned at n_TOF)

5000 10000 15000 20000 25000

Neutron energy / eV

, USA
50, USA

DSS sections are
and JENDL-4.0

are observed

)
s 1.00 .
c
K]
§ 3
g
S
0.95
2 } \' bt
5 6 7 8 9 10 20
Incident energy (keV)

3‘0 L 40 500

| among other measurements [14—18]. Neutron flux at
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238y /235U(n,f) ratio up to 1 GeV

The 238U/235U cross section ratio has been

Opus) / Oqus)

0.8

0.6

Perfect agreement between n_TOF ratio and ENDF-B/VII.1 (up to 200 MeV)

0.4

0.2

o, % o °d Me3 20 d 1 ) [ J V-
T il ”eCted and
S ctors and

ithin 3%.

= Shcherbakov
=  Lisowski
—— ENDF

All n_TOF ¢ 0 Ll Lol ! Lo L, PPrag N
order to 107 10° £ o0 I T
238y /235y N n (€ )v S e
1 T T T T T
1 10 100 1000
E (MeV)
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Angular distribution of FF

Fission Fragment angular distribution important to:
* obtain information on the state of the nucleus at saddle point (spin, parity, ...) and on the
fission dynamics
 calculate more reliable detection efficiency, thus improving accuracy of cross sections.

The effect on the cross section is particularly important for coincidence technique (PPAC,
due to backing the angular acceptance is limited to 65°)

IIIIIIIIIINIIII]IIIIIIIIIIINIIIIIYIIIIIIIIIII_
Neutron beam : Perpendicular setup
Tilted setup
0.6

PPAC0 PPAC1 z /

fficiency

/

i,

Illll\J'IIl'IIIlIII

11 L1 11 | L1 11 | L1 11 | 1111 ] L1 11 | 111
00 01 02 03 04 05 06 07 08 09 1
cos O
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Angular anisotropy in 232Th fission reaction

(n,n’f)
~ 1 =
S SF t (n,2n’f) i)
§’ - n,f) {1 b
= 2.5 j0.8
& | }
= 2:_ : jO.G
1.5 #‘V W' . o
- —0.4
1:—* } % :
0 55_ +: = W(0°)/W(90°) (This work) {0_2
L — o, (ENDF/B-VIL1) |
n N L L | paal N

e
10°  En(ewn)10

Measured anisotropy from fission threshold to 1 GeV !!!
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The second experimental area at n_TOF
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Main features of EAR 2

Higher fluence, by a factor of 25,

The huge gain in signal-to-
background ratio in EAR2 allows to

ross sections of
es as low as a

1x10° [ T T T T T T
i EAR”E%&? relative to EARL.
| The shorter flight path implies a
| factor of 10 smaller time-of-flight.
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238py (87.7 y), 2*1Pu(14.1y), 2**Cm (18.1y)

232 (70y) - cross section and FF angular distribution

230Th (available in small amount)

Fission measurements foreseen in EAR2:
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Conclusions

There is need of accurate new data on neutron-induced fission cross-sections
for advanced nuclear technology.

Since 2001, n_TOF@CERN has provided an important contribution to the
field, with several measurements on long-lived actinides.

Results obtained so far can help improve current evaluated databases and
models of fission reactions.

A second experimental area at 20 m has just been built and is now being
commissioned.

It will open new perspectives for frontier measurements on short-lived
radionuclides.
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WORK IN PROGRESS
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