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The fission process

ENERGY ’ | The fission process is governed by the
= } T s  fission barrier.
, Neutron-induced fission on a nucleus (Z,N)
o~ | Transition states .
) Ciass II ’—\} sbove varir B goes through the formation of a compound
- ass
Class 1 —_——

nucleus (Z,N+1) with excitation energy:

S
states states ™

E* =S, +E,

S, is the neutron separation energy and E,
the kinetic energy in the center-of-mass.
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| When S, is higher than the barrier, fission
I occurs for any neutron energy (fissile
tB: 18- tBs tBs Y : isotope). Otherwise, there is a minimum
|
|
|
|
I
|
|
|
|
|
|
|

—— Spontaneous fission

DEFORMATION B neutron energy (uthreshold”) for which

Fig. 65. Fission barrier (solid line) résulting from shell corrections to the LDM barrier fission occurs (fertil e isot op E)

(dashed line). As in Fig. 54, the abscissa § gives only an indication of the magnitude of the
deformation but does not specify the type of deformation. For certain classes of nuclei,
for instance, those having neutron number N in the vicinity of 146, the fission barrier
presents two humps A4 and B, at deformation 3, and §,, respectively, where the shell-energy
corrections are positive. These two humps can be separated by a deep second well, at de-
formation §,, where the shell-energy correction is negative. This kind of barrier shape has
consequences (discussed in Sect. 5) for the understanding of the fission process.

Important observables on neutron-induced
fission:

 Differential cross-section

* Fission Fragment mass distribution

* Fission neutron multiplicity and spectra

* Total energy released

* Delayed neutrons

J. R. Huizenga e R. Vandenbosch, Nuclear Fission, Academic Press, 1973
C. Wagemans (editor), The Nuclear Fission Process, CRC Press, 1991
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Fissile and fertile isotopes
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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
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Quantities refer to yearly production in 1 GW, LW reactor

ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari




The Th/U fuel cycle J
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The actinides in nuclear waste
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At present, only solution to the high radiotoxicity nuclear waste is geological repositories

\

NTOF
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Geological repositories

600,000
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Year

With current reactors, it would be necessary to find a new geological
repository like Yucca Mountain every 20 years.
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New generation reactors

Once through

Uranium Resource
Utilization

E LIraniurm, )] Residual
i Transuranium Elements, High-Level
Uranium Resource and Long-Lived Fission Products Waste

Utilization

Existing reactors have
low burn-up
efficiency and
produce large amount
of radioactive waste.

In new generation
reactors at least part
part of the spent fuel
could be recycled.

e Higher burn-up efficiency and lower production of waste

e Greater safety and non-proliferation

\_ ¢ |ower costs and construction time

Advantages of IV Generation reactors (and Accelerator Driven Systems):

nTOF ICTP - IAEA, Trieste 2015
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The Generation IV forum

Generation IV System Acronvm

Gas-Cooled Fast Reactor System GFE. f{\ Tf;chnology RI(;?dmap
or Generation
Lead-Cooled Fast Reactor System LFR
Nuclear Energy Systems
IMolten Salt Reactor System MSER ——
Sodium-Cooled Fast Reactor System SFR
--

Supercritical-Water-Cooled Reactor System SCWR
Very-High-Temperature Reactor System VHTR

. L I n:l "__m

e 10 Nations Preparing Today for Tomorrow’s
Energy Needs
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Accelerator Driven Systems

Accelerator
(high-current, high-energy)

(1-f)

Electric Power
Generator

to érid

}

.,

e

Proton
beam

Spallation
target

Subcritical core
with FF and MA

N

Subcritical system in which
additional  neutrons are
supplied by a high-energy,
high-current accelerator.

Intrisecally safe

Mostly for nuclear waste
incineration

Possible use of the different
fuel cycles (Th/U)

R&D needs
Accelerator  with high-
current beam (several mA)
and high stability (few
interruptions per year)

Nuclear data on spallation
and on neutron-induced
reactions on FF and actinides

NTOF
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Reactor physics in Gen IV and ADS

The main innovation concerns the possibility to produce energy by burning the nuclear
waste with higher radiotoxicity (minor actinides) : Np, Am, Cm

Apart for 24°Cm, minor actinides
present a fission threshold around
MeV.

To burn-up minor actinides, fast
neutrons have to be used (E, > 1
MeV).

____________________ :
Data in the fast energy region are |

required with high accuracy, to
minimize uncertainties in i
calculations for reactor design and :
safety parameters. I

3-
- Neutron spectrum Neutro'n
- in fast reactors cross-sections
25~ (Gen IV e ADS) with threshold)
2 241
h o] Am
= 2] 239
- J c
1.5~ ‘ ‘
- 237
C
Fissile isotopes & 243Am
(without threshold)
En&i
. 1 MeV
E e L] || LA II
g P i
Nadon enenm o

&

IIIIIJ'IIIHI!IllIIIIlIlIlIIlIIIli
=
Figelon Groes weciion, ban

L

&

e

The development of Gen IV reactors fast reactors requires data on minor actinides
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Accuracy vs Precision

B B

It is better to be roughly right than .... precisely wrong !!

John Maynard Keynes

Control of systematic errors is fundamental in measurements of fission cross sections

nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari 13



Needs for new data on fission cross-sections

New and accurate nuclear data for U, Pu and Minor Actinides needed for:
* increasing fuel burn-up for all types of nuclear reactors (including existing)
« utilization of accumulated plutonium
* recycling of nuclear fuel (closed cycle)

* Transmutation of minor actinides in different types of nuclear power reactors and
accelerator-driven systems

I I sl 1 o The NEA High Priority
L Request List OECD «.

Muclear Fission Medical and

Data Lize =i P Reactor Industrial Intermediate Wwwneafr/htmlldbdatajhpl’

Energies

Standards Reactions TEd"mmg?Technnlogv Applications

|/

For many isotopes (in particular Minor Actinides), current evaluation of neutron
cross-sections (ENDF, JENDL, JEFF, BRONDL, etc...) are incomplete or discrepant
among themselves or with experimental data.

Clearly inadequate for the needs related to advanced nuclear technologies

Pressing need of new and accurate data on neutron-induced fission for several

isotopes, many of which of “short” half-life (tens or hundreds of years).
nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari
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http://www.nea.fr/html/dbdata/hprl/hprlmain.cgi
http://www.nea.fr/html/dbdata/hprl/hprlmain.cgi
http://www.nea.fr/html/dbdata/hprl/hprlmain.cgi?displaydoc=CHAPTER&num=1&paratitle=REQUIREMENTS FOR NUCLEAR DATA STANDARDS
http://www.nea.fr/html/dbdata/hprl/hprlmain.cgi?displaydoc=CHAPTER&num=3&paratitle=REQUIREMENTS FOR Fusion Technology
http://www.nea.fr/html/dbdata/hprl/hprlmain.cgi?displaydoc=CHAPTER&num=4&paratitle=Requirements for Fission Reactor Technology
http://www.nea.fr/html/dbdata/hprl/hprlmain.cgi?displaydoc=CHAPTER&num=5&paratitle=Requirements for Medical and Industrial Applications
http://www.nea.fr/html/dbdata/hprl/hprlmain.cgi?displaydoc=CHAPTER&num=6&paratitle=Requirements for Intermediate Energies
http://www.oecd.org/home/0,2605,en_2649_201185_1_1_1_1_1,00.html

Table 1. Summary Target Accuracies for Fast Reactors

On n-induced fission
cross sections,
necessary accuracy
better than 3 % for
most Pu isotopes and
Minor Actinides, in
the energy range
from a few keV to
several MeV.

Energy Range Current Target
Accuracy (%) | Accuracy (%)
inel 0.5+6.1 MeV 10 +20 2 +3
U238
capt 2.04 +24.8 keV 3+9 1.5 +2
- e —
Pu241 fiss | 454.eV +1.35 MeV 8+ 20 2+5 >
e — —
Pu239 capt 2.04 +498 keV 7 +15 4+7
e
/Bu—lﬂ'o/- fiss 0.498 +1.35 MeV 6 T
Pu242 fiss | 0.498+2.23 MeV 19 =21 3:5 ™
f~ Pu238 fiss 0.183 +1.35 MeV 17 315 //
AM232m—t—fiss— 674 ke\ =1 35 MeV 17 —3:4
— — e
_Am2dT | fiss | 2.23+6.07 MeV 9 T
-
Am?243 fiss 0.498 +6.07 MeV 12 3
| Cm244 fiss 0.498 +1.35 MeV 50 5
T Cm245—_| Fiss 67.4 +183 keV 47 —
—— —  ———
Fe56 Inel 0.498 +2.23 MeV 16 +25 3:6
Na23 inel 0.498 +1.35 MeV 28 4+10
Pb206 inel 1.35+2.23 MeV 14 3
Pb207 Inel 0.498 +1.35 MeV 11 3
inel 1.35+6.07 MeV 14 +50 3+6
5i28
capt 6.07 +19.6 MeV 53 6

[ Source: Aliberti, Palmiotti, Salvatores, NEMEA-4 workshop, Prague 2007




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 |V fast reactors and Accelerator Driven Systems)

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

Availability of accurate nuclear data (cross sections, decay constants branching ratios, etc.) is the
basis for precise ¢ B " = “—"fe extension) and
new generation r Need to measure fission cross section of actinides |jjed 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 |

I ) . .

| The overall list of requirements is rather long:
I * capture cross sections of 235238y, 237Np, 238-242p 241,242m,243Am, 244Cm I
e fission cross sections of 234U, 237Np, 238,240-242Pu’ 241,242m,243Am’ 242-246Cm |

nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari 16



Experimental challenges

41pu(n,f) (t,/,=14.4 years) 500 eV < E <2 MeV
* Data needed for SFR, GFR, LFR
* Current uncertainty: 10-20 % Target accuracy: 2-6 %

* Similar needs for *°Pu (t,,=6.5e3 years) and ***Pu (t,,,=3.75e5 years)

241Am, 242mAm, 244Cm, 24°Cm(n,f) En <2 MeV
* Data needed for SFR and ADS
* Current uncertainty: 10-40 % Target accuracy: 2-6 %

There is a strong need for more accurate measurements.

The various neutron facilities around the world can contribute to fulfill part of the
still open nuclear data requests.

However, the most difficult measurements require improvements on the
experimental methods and on neutron facilities (but there is still a question
whether some measurements will be feasible in the near future).

Some “impossible” measurements can at present be done with other methods
(surrogate).

nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari
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The neutron sources

Low-energy neutron beams:
* high fluxes available at nuclear reactors at thermal energy (25 meV)

* moderated neutrons produced with accelerators (see below)

Monoenergetic neutron sources:

typically based on p- or d-induced reaction

D(d,n), T(p,n), T(d,n), “Li(p,n), °Be(p,n), ec..., do,—_L_,*”/' n
MR S
based on low- and medium-energy accelerators (VdG, Pelletron, ...) -
3
accordable neutron energy (by changing energy of the primary beam) D (d.n)’H

neutron energies up to 20 MeV

/Time-of-flight facilities (ToF):
* wide energy spectrum, neutron energy determined from ToF

* choice of flight base trade-off between flux and energy resolution

\_ * Requires pulsed accelerator

nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari 18



Time-of-flight facilities J

Different types of neutron time-of-flight facilities

(p,n) and (d,n) reactions:
* Low and medium energy accelerator (pulsed)
* thick targets (for higher flux)

* moderated spectrum

High-intensity electron beams:

* neutron production though (y,n) reactions

GELINA (JRC-IRMM, Geel, Belgium)

* target made of high-Z material (and U, in
some cases)

* moderated spectra

Spallation neutron sources:
. based on hich Gov tons b LANSCE (USA)
ased on high-energy (GeV) protons beams n_TOF (CERN)
* Large blocks of heavy material J-PARC (Japan)
* Moderated spectrum GNEIS (Russia)

nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari
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Spallation neutron sources

Atomic Processes Spallation

-lonization

-Coulomb scattering uclear reactions within

the "primary" nucleus

A - reactions (intranuclear cascade,
< / K ~="" | preequilibrium, evaporation, etc...)
\ b : > A7 10 INC .
) # \Q. ! Need high-energy proton beams
~.......: . I T pml-cqllilibrium
A

Large volume spallation targets

ek o, <G ok Cscoie Neutrons produced by a series of nuclear

Plon-decay Ipo .
=t ‘
>\., i F. Goldenbaum, The Physics of Spallation Processes, 2003
\
60
Neutron production depends on: »
50
* atomic weight and density of the
material (high-Z material desired). Am.

* proton energy

Choice of target depends also on other

Number Neutrons/(proton x GeV)
8

20
factors (radiation resistance, costs,
etc...) 10
ol Lvovov v by v v v b v bowow v by owow bowow v by
0 0.5 1 1.5 2 25 3 35 4

proton energy (GeV)
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The Los Alamos Neutron Science Center (LANSCE) J

Based on the spallation of 800 MeV proton
beam on Tungsten targets

Use of the proton storage ring to
increase proton beam current (and
therefore, neutron flux)

Target-4 WNR
High-energy neutron research

Different target/moderator
assemblies allow measurements in a
wide energy range:
« W target with moderator for
low-energy measurements
e W target without moderator for
measurements up to 200 MeV

LANSCE Neutron Source Flux
§ 1
§ 104 \
=
O 16137 :
Target-2 _ 8 e
- Proton-induced reactions Lujan Center = jen .
- Single-pulse experiments (Sandia) Low-energy neutrons H:
- Lead Slowing-Down Spectrometer - Material science S N
- Nuclear science 1.7 : : X
1.6-5 184 103 1e2 1e-2 1.e00 101 1,602 1e03
Neutron Energy (MeV)
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Neutron flux available at LANL

TTTOM T T T TTmm T TITw T ITImT T TTT T OIm T I T I T OTT0m T 100

106

increases
decreases
(neutrons

104

102 WNR+PS

The “pulse stacking” mode,
using the proton storage ring,

neutron flux and
repetition rate
wrap-around  at

lower energy)

n/cm2/s/eV

10-2

AT [T NI A Ll 11 I 1111E

TTTTIT T 1T T TTITW T

20 tA WNR pulse stacking
4 uAWNR 1.8 us spacing
1 tAWNR 7.2 us spacing
4/13 pA 23.4 us spacing

10—4 EI O T A A 1 1 T A
10-2 1 10° 108 10°
neutron energy (eV)

nTOF ICTP - IAEA, Trieste 2015 N. Colonna —

INFN Bari 22




Lead Slowing Down Spectrometer J

/Fission cross section measurements\
for isotopes highly radioactive or
available in small quantities need
extremely high neutron flux

The solution is the “Lead Slowing
\Down Spectrometer” /

el N

ton Bedamn
/Neutrons interactions in Pb: only inelastic\
and elastic collisions (small capture cross-
sections)
In each interaction, little energy is lost
Neutrons are trapped inside Pb block At LANL, 800 MeV p on W,
\ / inside 1 m3 Pb cube

nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari 23



Lead Slowing Down Spectrometer

Simulations 10°
/5):??0,;' “"i\ 10"
. = 10° Time-
One =
” =t * proton g '° ere 9y
TR P k- relation
. 10"
/// / \\(\ / Tungsten Target ‘0:'
-100 cm -soem 0 50 cm 100cm ' 0"
10 100 1000 10000 100000
Time (ns)
LSDS @ LANL:
e 20 tons of high purity lead Properties:
e pulsed proton beam == pulsed neutron e  Some time-energy relation is retained, but
source in center relatively poor energy resolution
e Different channels in the lead assembly e  Trapped neutrons allows measurements
e  Fission chamber (with sample) inserted in on extremely small samples (ng)

the channels
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Neutron facilities in Japan and Russia

JAPAN
Reactors: JRR-3 (JAEA, 20MW), KURRI (Kyoto, 1MW)
Time-of-flight facilities:

* Kyoto: 30 MV Electron LINAC

* Tokio Institute of Technology: 3 MV Pelletron
* JAEA: 4 MV Pelletron

J-PARC (Japan Proton Accelerator Research Center):

MW power)

* Innovative high-intensity neutron beam facility based on 3 GeV proton beam (1

RUSSIA

Monoenergetic neutrons (VdG, IPPE, Obninsk);
Time-of-Flight facility at LU-50 electron accelerator (Sarov);
Lead slowing down spectrometer (Troitsk)

GNEIS (PNPI, S. Petersbourg)

nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari
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The n_TOF Collaboration

(~100 Researchers from 30 Institutes)

CERN

Technische Universitat Wien

Univ. of Camberra

IRMM EC-Joint Research Center, Geel
Charles Univ. (Prague)

IN2P3-Orsay, CEA-Saclay

Univ. of Athens, loannina, Demokritos
INFN Bari, Bologna, Catania, LNL, Trieste, ENEA — Bologna
BARC

Univ. of Tokio, JAEA

Univ. of Lodz

ITN Lisbon

IPPE-Obninsk, JINR-Dubna

IFIN — Bucarest

CIEMAT, Univ. of Valencia, Santiago de Compostela,
University of Cataluna, Sevilla, Granada

Austria
Australia

Belgium

Czech Republic

France
Greece
Italy
India
Japan
Poland
Portugal
Russia

Rumania

Spain

Univ. of Manchester, Univ. of York, Hearthfordshire, Univ. of Edinbourgh

UK



Neutron cross sections

120 |
Nuclear energy
(fission products & § -
100 Structural material) ﬂ“

3 3 Nuclear Astrophysics

M3 (stellar nucleosynthesi _'
| (stellar nucleosynthesis) - Advanced nuclear reactors
: (actinides)
60

B stable

40

proton number Z

0 20 40 60 80 100 120 140 160 180

neutron number N
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Time-of-flight technique

e
o
5!‘,.'.,.
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Spallation target
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The time-of-flight facility (n_TOF) at CERN

EAR2

20 m T

EAR1

[

20GeVic L
protons S |8

Spallation

Target

185 m

v

h

ICTP - IAEA, Trieste 2015
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The n_TOF facility at CERN J

1
—
[

flight path

fn_TOF is a spallation neutron\

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

Experimental area at 185 m

Qow a second one at 20 m)j

711 135.5 1394 1414 172.6 182.3 190.2
Interface
. Shutter ®=200 Fian
S ges
First S&V:gr?ér:g Coﬁﬁ'ﬁgFor =200 mm Al-Alloy
Collimator J \ Escape Lane
©=800 ®=600 I =400 | Bb=400
i Measuring
Valve Station
_ _ _ _ _ ©=400mm T | NN
Tube
Collimator
035m 702 134.9 145.4 178 1805 1825 g, 190 200
N—
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The spallation target(s)

Phase 1: 2001 — 2004

Phase 2: 2008 — today

o

ICTP - IAEA, Trieste 2015

N. Colonna — INFN Bari
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Some pictures J

Spallation target: block of Pb 80x80x40 cm?3

Moderator: 5 cm water (used also for neutron moderation, to
produce isolethargic flux)

200 m time-of-flight tunnel

Walls of iron and concrete for shielding n, v, L, etc...

Deflecting magnet for charged particles

Collimators (2 cm for capture, 6 cm for fission)

ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari 32













The real thing

nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari 36



The n_TOF facility

V.

The advange of n_TOF are a direct consequence of the characteristics of the PS
proton beam: high energy, high peak current, low duty cycle.

Capture collimator (18 mm)

10

o Main feature: high instantaneous
— H,0+"B

neutron flux (10° n/pulse).

T T TTTI
| IlIIII|

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

Neutron Flux (Ed®/dE/Pulse)

Dips due to aluminum
along the beam line

T T T T
L1 1 111l

* ideal for ideal for branching point
isotopes (Astrophysics) and actinides
(nuclear technology)

3

10°10" 1 10 10 10° 106 10° 10° 10" 10° 10°
Neutron energy (eV)

| |
| |
I« highresolution in energy (4E/E = 107) ................. study resonances :
: * wide energy range (25 meV<E <1GeV) ................... all data are collected at the same time |
| low repetition rate (< 0.8 HzZ) .....cceeeevcveeeeecenn, no wrap-around |
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n_TOF vs other facilities J

Average flux Instantaneous flux
R L L L DAL AL L L R R L B B LU B R 109 I L L LU B
1 O7 E| n_TOF (L=185m, 1=0.25 Hz) E O 1 08 n_TOF (L=185 m, 1=0.25 Hz)
0 E GELINA (L=30 m, =800 Hz) E 2 1 07 GELINA (L=30 m, {=800 Hz)
g 106 3 LANSGE-MLNSC (L=20 m, {=20 Hz) E a 1 06  LANSCEML(L=20m, (=20 Ho)
~ = s
g 10°¢ E NE 104
\ - -
w ) C ] 3 10°
x 10 E E m 102
===|= , « 10
10% = ElE= 1
C ] 1071
ool v v vl vl vl il vl 1 ) oo vl e v v vl ol an
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Innovative facility, allows to:
* measure radioactive isotopes (actinides)
 extend the resolved resonance region to higher energy
* measure fission up to very high energies (at least 500 MeV)

A second experimental area has recently been built at 20 m (flux x 30 !!)
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The n_TOF measurements

Phase 1 Phase 2 Phase 3

(2001-2004) (2009-2012) (2014-today)
Capture Capture Capture
151G m 25Mg, 88Sr 7l 5 EAR?2
232 . .

Th 58'60'62NI,63NI Ge EARl
204,206,207,208pb’ 2093i 54,56,57|:e 171_'_ EAR1

m

24,25,26Mg 236,238U' 241Am

203,204T|  EAR2
90,9 1,92,94,96Zr 93Zr
’

186,187,188() rission e
187,188

240,242p *%Pu  EAR2
233,234

235U (n,y/f) “Np  EAR1&2
237N\ 240p,, 243
Np,“*Pu,***Am 232ThH 234y Reactions (n,cp)

’

Fission 23’Np (FF ang.distr.)

’Be(n,o.) EAR2

233,234,235,236,238U
(n,a) 335(n,a) EAR2

232Th' ZOQBi' 237Np 335 59Ni

241,243Am 245Cm
’
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The n_TOF experimental set-ups J

Experimental area located at 180 mt from spallation target

1791 1823 1902 191.8

Shutber aa=TTW} Interface
Secord Flanges
Collimator =200 rrem

E=scape Lane

Fescrwed
for the
Fem=nring Station

7S5 m

Walwe
=4 0 rrvem

Bdeasuring
Staticsr
Forward Shaclding

Beasuring
Station
Eock Shacldang

1E0 200
CLE9.A5Y

1726 175.85 177.85 1825
(175.5) (178 {182.15)

18625
(1859 TOF)

Silicon detectors (SiMon)
Micromegas detectors

Neutron flux 1'\\\\3\\\7\-@-

monitor
< Capture C¢D¢ liquid scintillator detectors
detectors Total Absorption Calorimeter (BaF,)

Fission lonization Chamber (FIC)
N

Fission detectors | Parallel Plate Avalanche Counters (PPAC)
Micromegas detectors
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The fission detectors

General concepts:
* Fission cross-sections are measured by detecting fission fragments
 Two methods: single fragment or coincidence
» Several choices of detectors

|
|
|
|
I * isotopes with well-known cross-sections (some are defined “standards”) |
|
L= U(n,f), 28U(n,f), 2%9Bi(n,f), 2Py, H(n,n) |

Ratio measurements minimize systematic uncertainties (in principle down to a
few percent)
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The reference reactions (cross-section standards)

Neutron cross-section “standards” are very important, since avoid need of absolute
measurements of neutron flux. Widely used to normalize cross-section data.

Some reactions have gained the status of “standards”, since their cross-sections in the
years have been determined very accurately.

Cross-section standards based on a large number of experimental data, and on
evaluations (specific committee are set-up to this purpose IAEA-CRP, NEA-WPEC, CSEWG)

Energy range

H(n,n) 1 keV — 20 MeV In fission measurements most common
235 239
3He(n,p) 25 3 meV — 50 keV references are #*>U or #*°Pu.
°Li(n,t) 25.3 meV -1 MeV Reference  samples are  measured
108(n, 1) 25.3 meV — 250 keV simultaneously (in the same detector) to:
C(n,n) up to 1.8 MeV * eliminates the need for many corrections
(see later)
Au(n,y) 25.3 meV and 0.2 — 2.5 MeV .. _
°*  minimizes uncertainties

235U(n,f)  25.3 meV and 0.15 eV — 200 MeV
238 (n,f) 2—-200 MeV

NN
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The fission chamber

Fission Chamber is the most common detector used for

3 N 1) fission cross-section measurements:
% f,,é * easy to build and operate
* high efficiency (close to 100 %)
Q,of-’“‘d » good background rejection capability
n
—>38 :
3 | g How does it work:

* two parallel electrodes, with gas in between (typically at
atmospheric pressure)

* Sample attached (or deposited) on one electrode
» Usually contains sample of interest + reference (23U, 238U,

)

e (Often used for neutron flux measurements and
monitoring

Only one fragment per event is detected, the second one is
absorbed in the backing
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Amplitude distribution in fission ionization chamber

Counts
I

8 235 n,f)

N
a
I

Alphas & Noise

235 Fission Fragments

15

10

Threshold
| N PRI PN , Ly i ) Ui A
0 50 100 150 200 250 300 350 400

Amplitude [mV]

For 23U, easy to reject a-
background, simply by chosing a
proper amplitude threshold.

02

Counts (dnidAlus)
o -

=4
=
o

[1]

Alphas 241Am(n’f) -

Fission Fragments (Ej=1 MeV)

/ T
» s @ o 100 120

Amplitute (Arb.Units)

For high-radioactivity sample, in
theory, still good separation FF
(see for example a 250 MBq ?**Am
target).

However, problems with detector
response and pile-up of signals.
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The fission experimental setups at n_TOF

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
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45



The n_TOF fission chamber (FIC) J

FAST INDUCTION COUNTER

Argon vessel (0.8 bar)

Feedthought

The detector is a stack of 16 ionization
chambers mounted along the beam
direction.

Electronics
front-end

Valve

Reference

Mounted together to allow the ke
simultaneous measurement of fission
cross sections for various isotopes:

Vacuum chamber

Window

e 13 chambers in the beam

* 3 chambers normal to beam Gas Ar (90%) + CF4 (10%)
Gas pressure 720 mbar
Electric field 600 V/cm

Developed by CERN, JINR Sample diameter 8 cm

(Dubna), IPPE (Obninsk) and INFN Sample thickness 4-450 pg/cm?
Backing thickness 100 um

Sample uniformity 5-10 %
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The Fission lonization Chamber at n_TOF J

FIC1 — sealed source 1SO2919 FIC2 — low activity isotopes
233,235,233 240,243pm 245Cm 235,233

Large samples and neutron beam (8 cm diameter collimator) for count-
rate optimization

Background from scattered neutrons measured with off-beam samples

Background from a-decay measured with beam off
nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari
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The MicroMegas detector J

Micromegas chamber

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

Aluminium stem ( (
for the support of b
the detectors

N
Support of
the detectors
(Aluminium)
»
22\

Mylar (6 nm) Aluminium (10 Angstrum)

Drift —p
electrode
Sample (23.55 mg of U-235)

Kapton pillar

Anode
Pad —»

< Plexiglas >

(active area ® = 10 cm) Micrc;mesh

i o, Qt%?ampla&d pos
2nd micro-bulk

with fissile sample deposit
(®=8cm)

1st micro-bulk

with U-235 deposit

(@ =10 cm)

peek material

, 12.5 um of Kapton window (® = 15 cm)

<
Aluminium flange

*SS = Stanless Steel

nTOF ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari 48



The coincidence method (PPAC)

Parallel Plate Avalanche Counters:

* both fission fragments detected, in
coincidence

* very good rejection of alpha
background

* fast timing (0.5 ns resolution)

* require very thin samples and very
thin backing

Measured isotopes at n_TOF:

o 235y, 238 (standard of measurement)

o 233,234y, 232Th (Th/U fuel cycle)

» 237Np (transmutation and Gen |V fast reactors)

e 209Bj, natpp (spallation target)
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The n_TOF

data acquisition system

High instantaneous neutron flux == high probability of pile-up

between signals

Standard DAQ methods are inadequate

n_TOF DAQ entirely based on Flash ADC
e Upto 1 GSample/s (500 MHz bandwidth), 16 MB

buffer memory

e Software Zero suppression
e Commercially available in compact_PCl standard

(from Acqiris and ETEP)

o

o

)
[

FADC channel
2
I

50—

"y Flash™ & relativistic particles
/ Run: 1911 event: 1

7a | eV | 2 5| MeV 1 -'Jl MeV |

Offline signhal reconstruction for time and
charge information

e Simple algorithm for a single signal
e Fitting procedure for pile-up events

ST L 1
500 1000 1's00 2’000 2'so0 3'000 3's00 4'000
Time [ns]
NTOF icTp

- IAEA, Trieste 2015 N. Colonna — INFN Bari
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Data analysis




Time-of-flight reconstruction

z F <240
s L Y flash |
5 250 2220
2 - 8]
s L 2 200
$ 200— E_
2 [ @ 180
s L — E
< 150 fission fragments §_160
: I
100— 120
C 100
50— 80
- " 60 : :
v vy by e TP T b b b b Iy —“,,i,,,,,,i,,,i‘,,,,,
09 5000 10000 15000 20000 25000 30000 35000 40000 22800 23000 23200 23400 23600 23800 24000
Time (ns) Time (ns)
- . mMaxinuum acquisition time
neutron and g—flash formation (80ms)
|
|
. . . ! .
Trigger g—flash detection neutrons detection ! Trigger
. i . . . |
P P I |
! 1
| 1
P P ! !
! next 1
i i i i i : event :
: i : : : ! |
- - - T
I
tpg to t, t, Cax! tpg
1 1 1 |
I I I
| - = T, |
I I I Y |
! - ! - :
i TOF |
! I
I |
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Calibration of neutron energy in ToF measurements

The neutron energy (at low energy) is determined from the time-of-flight according to:

722977 . I_ ; L = flight path length

— ToF = time of flight
TOF — Tc T.=correction term

J

The “time-start” (or physical reference t,)
for the time-of-flight is typically given by a
“prompt flash” (y-rays, high-energy
charged particles, etc...).

/

cm)

In moderated neutron beams, L does not
coincide with the geometric distance from
neutron source, since neutrons travel some
distance inside the target/moderator.

10 4

Average moderation distance (

Tet1  1e+2  1e+3  1e+d  fle+5 The “moderation distance” v-t depends on
Neutron energy (V) the neutron energy (t=moderation time).

Necessary to calibratate the neutron energy with respect to energy standards
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Time-to-energy calibration and Resolution Function

Capture yield

__________________ “Puy) : 2S(n,y)
I . x107 | — T 110;_ T T T ] (10— . : — %107 T T T T
| “To calibrate” the neutron: i 4 § | sl 1&{ ] vsr
:energy from the time-of-flight1 | fx T AT ] 1T 1
. " I I [ | | 1 ,i H
1 means to find the “effective : L v ] Jﬁ %& Tost B Josp, {;f’ '
. . - . 1 . 1 : 1 | Fa ety %
: fllght path Iength" (geometrlcal +1= ;";ﬁgf 6::%%?—-:; h&é]j.xs ' z‘fﬂlrﬁ{ajs ng*l* T O T s oo
| moderation distance) : A S e R e —
I . 1 o4t i 4 B ] L &
i To this purpose, resonances & °7 ;\ 1 Ylb | ;ﬁ T hoo
| H osr | T ez 1 4 L I‘k ‘I\ 2 L i )
' with well known energy have: ! e ﬂ{ 1 ;%}y{fhj‘;x A
, to be used. T L I I
- o o e e o e o e o e e o e e e . I * 7 8 64 8 &8 &7 &8 9180 ‘ 500 I 520 I 540 o 800 I 820 I 840
o Neutron Energy (eV) Neutron Energy (keV)
- When analysing resonances, it is extremely
~ 56
- T important to take into account the
i —— NoRF “resolution function” of the neutron
beam (as well as Doppler broadening).
Resolution function: neutron energy
distribution for a given time-of-flight
ST RN S PR Can be determined from simulations of
Neutron energy (keV) the spallation process
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Signal pile-up

1
1

1

Q (ADC channel)

20 |
00 |

N ) 0
o o O o o

@
o O

40 1
20 |1

00 |

T IR B L | . i

20 40 60 80
Time (nsec)

Ci
100

Two signals close in time give pile-up.

If not minimized, pile-up may result in
loss of events (one signal instead of

two)
.

LOSS OF EFFICIENCY

/Pile—up probability function of count-rate. It\

depends on:
* sample thickness and cross-section
* neutron flux
e detector time-response

Even in ratio measurements, a correction is
needed (pile-up may be different for sample

@d reference, if different count-rate). /

Problem minimized by using Flash ADC
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The problem of dead-time

When the detector or electronics or SignalsIN Signals OUT

DAQ is busy processing an event, if a | Detection system >

new one occurs it is LOST \/ \[ \/
— At —

P n
<« »

LOSS OF EFFICIENCY

The number of events lost depends on: C C_measured count-rate
* countrate (C,) R — = Cy true count-rate
* dead-time (At) 1—Cm - At AT dead-time

In traditional data acquisition systems, the dead-time is typically of the order of us
(or hundreds of us). In new systems, based on Flash ADC, much smaller (tens of ns).

As for pile-up, the dead-time may be different for sample and reference

(different count-rates) . A correction needs to be applied !!
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Background due to wrap-around

o
N

Wrap-around neutrons

: Low energy neutrons from one pulse I
' may arrive at the fission detector at | |
! 'the same time as high energy!
' neutrons from the next pulse. |

'PuIse overlap causes background

(|mportant for some samples):
: * high fission cross-section at low |
| energy results in a large number of I
|
|

events contaminating the high-:
energy part I

Two possibility:

* measurements with filters (to cut low-energy neutrons)
* increase the spacing between pulses (see n_TOF)
* determine the background with “threshold” isotopes (like 238U)

NTOF
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Measurements of fission cross

section: the ratio method

\
) AX sample being investigated

E, neutron energy

R\

/ counsai J
- (E ): CAX(En)_BAX(En
e DE,)-N,, -e-cf
N 1 k‘

Atoms/barn
of the sample

‘Other correction

Efficiency  factors (dead-time, ...)

C

ratio(E, )= B

AX

(D(En)'NAX'SAX'CfAX (D(En)'stsu '8235U'Cf235U

C 235 _ B 235

C., —B

X AX

. N 235 € 235 '

ratio(E ) =

C235U_stsu NAX'EAX'

Cf235u In the ratio, the neutron
flux cancels out
cfAX
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“How to” in fission measurements

| 6,("X,E, )=ratio(E, )-5,(**U,E, )|

\ Standard cross-section used as
reference (from evaluated data file)

Measured quantity
Calculated quantity:

<=~ (areal density, efficiency,
dead-time, anysotropy, ...)

235 ‘€ 235 'Cf 235

ratio(E, )=

Things to remember about the use of 23°U (or 23°Pu) as reference samples:
» reference samples typically mounted inside the same chamber for same efficiency
* all samples with the same area to avoid correction for the flux interception
* if possible, same thickness, to minimize efficiency corrections (g)
* approximately same count-rate, to minimize dead-time correction (cf)

* need to correct for anysotropy in angular distribution of fission fragments (particularly
important at high energy). Included in the factor cf.
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Source of uncertainties

e areal density and uniformity of samples

* presence of contaminants in the sample

* background rejection and/or subtraction (in particular c-background)
» efficiency and dead-time corrections

* wrap-around neutrons (not at n_TOF)

Ideally one needs (apart for a good quality neutron beam):
* samples with adequate mass, purity and uniformity
 fast detectors
* accurate knowledge of detection efficiency

NTOF
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The problem of the 23°U reference

Energy range 2 [n_ToF
£ CENDF/B-VILO

3He(n,p) 25.3 meV — 50 keV - £

5Li(n,t) 25.3 meV — 1 MeV 5

10B(n, 1) 25.3 meV — 250 keV re

Au(n,y) 25.3 meV and 0.2 — 2.5 MeV 3

235U(n,f) 25.3 meV and 0.15 — 200 MeV 107

238(n, f) 2 —200 MeV

!
a\ !
% 108 :— II'.I Ie'|'M||
c i I'II /
Q | i
"E | |II ) I.'Jlt'r
@ - "l Li(n,o) I .
= | A In the Resolved Resonance Region
£ / T ”’M\"' the ratio method cannot be applied
.;i‘ B \W wa#”« WMMWH' )
w | Use the neutron flux determined
IIIII| 1 IIIIIII| 11 IIIIII| 1 IIIIIII| 11 IIIIII| 1 IIIII||| 1 |||||||| L L With 6Li(n’t) Or 10B(n’a) reactions
10" 1 10 10 10° 10* 10° 10° .
Neutron Energy (eV) (smooth cross sections)
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Possible sources of background

Several sources of background may affect the measurements of fission cross-sections:

ElECIIONIC NOISE .eevveeectiee ettt
a-particle from radioactive decay of samples ...............

I runs with no beam
SPONtANEOUS TISSION ..occvereiciiie e e

=] 001 T T=Y ol A T=10 1 d g0) 1 L PO U O PR

neutrons scattered from the detector and surrounding material ...... sample outside beam
Wrap-around NEULIONS .......ccceeeeeveeseeeeneeesseeessreeeneeennnee.._ Measured wifth filters
resolution function ........ccecceeeeeevvvecceccvecce et eneenn.. Simulations (mainly)

It is preferable to try and minimize all possibile sources of background, to increase
signal-to-background ratio and minimize uncertainty on background subtraction:

* high neutron flux (to minimize ambient background and natural radioactivity)

* minimize mass of the detector and surrounding material (for neutron scattering)
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Uncertainty analysis

When extracting the fission cross-sections with ratio method, uncertainties related to:
* mass of the sample and of the reference typically, 1 %

* presence of other isotopes (contaminants) in the samples depends on the sample

e background subtraction depends on the sample
e wrap-around neutrons depends on the facility
» efficiency and dead-time corrections depends on detector

* neutron beam attenuation depends on set-up

* evaluated cross-sections used as reference typically, 1-3 %

In addition, other possible sources of uncertainty are:
* sample non-uniformity (combined with beam non-uniformity)

* misallignhement between sample and reference (don’t intercept the same neutron flux)
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Measured fission reactions J

U 233
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In the two experimental campaigns,
measured capture and fission cross
sections for most long-lived
actinides (432 y and above).

For some of them, measured FF
anysotropy as well.

NnTOF
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More to be measured J

o AT o 530

230Th

44785, |2,455 10"
¥ (4297, ) 6

Pu 238
8774 a

v?b. 7] oL
v 180 v QA0

U 234
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NG 28 By 158 0
o e 9% 0y« D006
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4
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w4901, 4358,

Second experimental area at
n_TOF will allow to measure
also some short-lived

NnTOF

actinides.
1,405-10"a
wiMx3vo (¥
w8 e
w737 a0
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The 233U(n,f) cross section

1.12F —— n_TOF/ENDF/B-VILQ}" """ : Half-life: 1.59x10° y
- | ---- n_TOFMJEFF-3.1 |t Sample: 29 mg (/4)
1-1E] — n_ToF/Guber 2000 |: Activity: 2.6 MBq (each sample)
1.08F N
3 oah Fission cross-section on 233U measured
s ¢ : in a single measurement from thermal
S 1.04F to 20 MeV, with 5 % accuracy, and high
= C resolution.
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The fission cross-section of 236U

100+

JEFF-3.1.1 and ENDF/B-VII.0

— JENDL-4.0
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Resonances in ENDF and JEFF are from 235U !!
JENDL-4 is (mostly) correct
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Half-life: 2.34x107 y
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= —— n_TOF

o —— ENDF/B-VII.O a
- - - - JENDL/AC-2008 ]
- — . JEFF-3.1 N
e~ | JENDL-3.3 | ¥/
‘—._\ |
=t =
- . T .
I -SSP by i
B ll 1 L Ll 1 { 1 L 1 L L 1 11 I L 1 1 1 L I_

10* 10°

Neutron Energy (eV)
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The 23’Np(n,f) reaction

Half-life: 2.14x106 y i

Sample: 63 mg (/4) i Np/
Activity: 0.41 MBq (each sample) —

g}
25IIIIIIIII'IIII|IIIIIIIII|IIII|I|L A?\ol ENDF/B_V”

L - n_TOF {this T T T T E W | T T 1] T | I T T T T T rrr l T T T T T rrr | / ..““
— JENDLAS] ’ g
201 s Furman ECE 1'5_— _
| + Auchampau, I ]
- Plattard (FR i i 8
£ 15 - .
E o i WAL B fpidyit T — n TOF ]
= | & 1.0r MR e, - ENDE-B6
© S 1 N | JENDL33| -
10~ Z - «—e n_TOF (This work) 1 F-3.1.1 — Tovesson
5 L «  Tovesson (USALAS 07) N
- b“‘ L + Furman (NTOFSUI 04) i . \
0.5 «  Shcherbakov (RUSLIN 01) i 5
— . Lisowski (USALASS8)
- Meadows (USAANLS3) 1 J(E eV)
r = Behrens (USALRLS82) 5 4
L 1 1 | O T | ll 1 1 1 1 11 11
0.0 100 1000
1 EWC82.034601 (2010,
- . Ry | f234 23
! Below threshold, some corrections on current I T cn . . CERNNeutron Time-of. prigp -1 *"Np measured af
I |'b 1 D. T’:r'r{:dlelr‘:'ml“' TﬁSSaI)—GOT.zL Abdanin > & (anOF) fﬂcﬂitv ¢
ibrari . . . .
: rocen Controversial result, still being checked (not confirmed by other n_TOF datasets). ¢ Ly c g
1amonje.” I Andreiowers s
o 0 5 Calviani, 415 t"J‘e'.;;:()k’ 6
b= Still needs confirmation !! 52 A Cottune - (o O
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The 2*Am(n,f) at n_TOF

Half-life: 432 y

10 = “
1= \r

B — ENDF/B-VIIL1 !
10" —JENDL-4.0

- JEFF 3.2 is now similar to other libraries

‘ ik
10—2 | IIIIII| | | IIIIII| | IIIIII| |

10" 1 10 10? 10°
E, (eV)
1 : Am242n; 0.0';2% sm_led - .;IJ;.}\-;).J‘L’J.O %:::: [
P L
E, (eV)

NnTOF
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The 2*Am(n,f) at n_TOF

» n_TOF data
SAMMY fit
— JENDL-4.0
— JEFF-3.1.2

3 14— S 3sf
L © -
o] B —
= 12 30—
L = C —
- B - n_TOF -
6 1L u Dabbs (1983) 2
B —— JENDL-4.0 / ENDF/B-VILI -
08l — ENDEF/B-VILO 20E
T —— JEFF-3.1.2 e
0.6 ﬂ W -
L 10—
- 1 !1 EHT] Ir TTT ﬂ C
04 . ..
] ¢ % A major revision from JEFF-3.1 to JEFF-3.2
2L . L | Now JEFF is much closer to n_TOF results
—_ [ T F
2 -
~~ 1= 0
© o 0 14
- w
B n n_TOF data E
— JENDL-4.0 12
— ENDF/B-VIIL 1 5
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M. Mastromarco et al., in preparation

ICTP - IAEA, Trieste 2015

N. Colonna — INFN Bari

71



The 23Am(n,f) at low energy

Half-life: 7370 y

o] -
Sample: 4.8 mg (/8) g
Activity: 4.4 MBq (each sample) 1=
Contamination (declared): 2*Am 2.5% C
Contamination (undeclared): 23°Pu , 242™Am i
L . "an |..-"'
JEFF 3.2 same cross section as JENDL-4 - )
ENDF/B-VII.1 differs in the first small ol
- .
resonance - #% i: - Kobayashi (1997)
B %ﬁﬁ -
= [ » = Seeger (1970)
b"_ I~ _IIIIIII 1 1 IIIIII| 1 1 IIIIIII 1 1 1 IJIIIII 1 1 I'lIIIII
| 107 1 10 107 10° 10*
E, (eV
= n_TOF - - (eV)
10" — JEFF-3.1.2
— JENDL-4.0
= ENDF/B-VII.1
102 —
10° 10* 10°
E, (eV)
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The 2%°Cm(n,f) reaction

t245 ’ —_—

Half-life: 8500 y (18.1y)
__________ B packaround —— | Sample: 1.71 mg (/4)

Activity: 87 MBq (each sample)
Contamination (declared): 24Cm 6.6%

104

103
£ i Very large o background (0.1 GBq) i
102 . . o]
i High thresholds necessary (large uncertainty in |
Lol I efficiency corrections). Only cross section shape i
| | | | withgood accuracy (3%). ]
100 oM S S

2200

=
[
100 150 200 3
Pulse Height (ch.) o

2100

: ) - ENDF/B-VILO
For absolute cross section, need to normalize - v  Browne 1978
- ' Di d 1968
to “recommended value” at thermal energy. oo < Halperin 1970
o = Benjamin 1972
However, large uncertainty (30%) on thermal - Gavrilov 1976
1900 — Zhuravlev 1975
data. C Hulet 1957
Used two recent measurements of the thermal 1800 [—
cross section (ILL and SCK-Mol) that agree .
. . o 1700IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Wlthln SA). 0.0249 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 2%°Cm(n,f) reaction

'y
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Neutron Energy (eV)

Half-life: 8500 y

Sample: 1.71 mg

Activity: 87 MBq (each sample)
Contamination (declared): 24Cm 6.6% (18.1y)

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.5 H. Alvarez.” F. Alvarez-Velarde.®
S. Andriamonje.2® J. Andrzejewski.” P. Assimakopoulos.'® L. Audouin,"" G. Badurek.'? M. Barbagallo.® P. Baumann,'?
E. Beévai,"* E. Belloni.>® B. Berthier.!! E. Berthoumicux.® F. Calvifio."® D. Cano-Ott.'® R. Capote.*!” C. Carrapico>!®
P. Cennini.? V. Chepel.'” E. Chiaveri.” G. Cortes.'> A. Couture.'” J. Cox.'” M. Dahlfors.? S. David.'" I. Dillmann,*
CoDaminga Parda LA DEdi O 1 Duan 7 C Rlefbesiadic 22 M Laabid Socuea Sl Lacont A a2

NTOF

ICTP - IAEA, Trieste 2015

Below 30 eV, two (very old) measurements
exist, showing large discrepancies.

Above 30 MeV, only one measurement
with neutrons from a nuclear test.

can provide similar results as a nuclear explosion (but with fewer side effects ...)

From thermal energy to 30 eV a revision of
the evaluations is needed.

Above 30 eV, n_TOF confirm previous data
and evaluations.
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235U(n,f) between 10 and 30 keV

— Simulation (Fluka+MCNP)
MGAS (**u)

L . PTB

Evaluated

Neutron Flux (E d®/dE/Pulse)

IA

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

115 Courtesy of P. Schillebeecks € potentlally
B Weston
® ENDF/B-VII.1
; = 110}
ST - 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)

“ .-
[] g1 E
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0SS sections are
and JENDL-4.0
are observed

.Lagong other measurements [14—18]. Neutron flux at
501
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The 238/235Y(n,f) cross section ratio

-

T L 2. L5 | T LA B R L | T T Lt

0.8

0.6

<n_TOF>
Shcherbakov
»  Lisowski
—— ENDF/B-VII.1
- INCL++/GEMINI++

0.4

0.2

S ? 7 (n,f) cross section ratio

"lllIllllIllllllll

2l 1 a1l

6 7 8
10 107 g oy 10

[
(=)
b=

JEFF 3.2 needs a revision on this important ratio

PHYSICAL REVIEW C 00, 004600 (2015)

High-accuracy determination of the 23U/ 235U fission cross section ratio up to & 1 GeV
at n_TOF at CERN

C. Paradela,'2 M. Calviani,® D. Tarrio,'* E. Leal-Cidoncha,! L. S. Leong, > L. Tassan-Got.” C. Le Nacvurij L. Duran,!
N. Colonna.”* L. Audouin,” M. Mastromarco,” S. Lo Meo.® A. Ventura,” G. Aerts,'” §. Altstadt,'! H. Alvarez,'
E Alvarez-Velarde,'? S. Andriamonje,'” J. Andrzejewski,'* G. Badurek.'* M. Barbagallo,” P. Baumann,'® V. Bécares, 2

E Be¢var,!® E Belloni.? B. Berthier,” E. Berthoumieux,'” I. Billowes,!” V. Boccone.? D. Bosnar,!® M. Brugger," E. Calvific
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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°)

IfllI\IW{I!IIIITI{II!IIWTI{!IIIIITIIIIII
Neutron beam : Perpendicular setup
Tilted setup
0.6

PPACO PPAC 1
FF1 % _—

fficiency

/

i

Lol | \I‘LIlIJIJ\I‘\ILIJII\IILIIIJ\II\
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)
— T T T T T ||I|| T T T T TTTT T T T ||||1 ——
) L I | I '] o)
S 3F g (n,2n’f) 1 =
= f n,f) S -
=25 —10.8
S i
= 2 0.6
- ! ; ]
1.5F #‘*M WL . -
N —0.4
1:—,i R :
0 55_ +: = W(0°)/W(90°) (This work) i0.2
s — o, (ENDF/B-VIL1) ]
0:- 1 i {5 Lo i

il .
10° En {E\n‘lﬂ

Measured anisotropy from fission threshold to 1 GeV !!!

o
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Simultaneous measurement of capture and fission cross section

+ Measured
— ENDF/B-VII

g
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The second experimental area at n_TOF
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The main features of EAR 2

Flux in EAR2 25 times larger than in EAR1.

The shorter flight path implies a factor of 10
smaller time-of-flight.

107

EAR1 neutron flux

EAR2 neutron flux (preliminary)

10°

:Global gain relative to EAR1: 250 times in

dn/dInE (neutrons/pulse)

10° 11 neutron rate (thus in signal/background ratio |
- . :_for radioactive isotopes!) :
4l 1000 4 ' ' ' | | ]
107 : 24%pu(n,f)
- 1 100 f EAR-1} ]
il Gl vl 1 owd ol 3........| ol E.).......| é......d o é....... . a-particles —— EAR-2
10%10" 1 10 10* 10° 10* 10° 10° 10" 10° 10" 10 7 |
neutron energy (eV) 1_3 e ;

E Fission fragments
S 014 ]
The huge signal-to-background £ 001 ;
ratio in EAR2 allows to measure 5 g
radioactive isotopes with half © 1E3; | T, 1
lives as low as a few years. 1E-4 | ﬂ '\\ ]
esiLL SR | i1 -

0 50 100 150 200 250

Amplitude (ADC channels)
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240py(n,f) in EAR2@n_TOF

See poster from A. Stomatopoulos

ICTP - IAEA, Trieste 2015 N. Colonna — INFN Bari

87



The experimental program in EAR2

The EAR2 will allow to:
* measure samples of very small mass (<1 mg)
* measure short-lived radioisotopes (down to a few years)
e collect data on a much shorter time scale
* measure (n,charged particle) reactions with thin samples

Fission measurements foreseen in EAR2:

238py (87.7 ), 2*1Pu(14.1 y), 2**Cm (18.1y)
2321 (70 y) - cross section and FF angular distribution

230Th (available in small amount)

Other measurements in EAR2:
(n,p) and (n,a) cross sections on 7Be, 2°Mg, 2°Al
Capture cross section of 7°Se, 24°Cm
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The surrogate method

Neutron-induced reaction 23’U(n,f) Surrogate reaction 233U(o,0!’)
(very difficult to measure) (easier to measure)
a'
238u* \:.\
P
237y (6.7 d) 238 238
n 2> o
-8 e

r,rmE JTTGC“" wesed T, FCJM[E JTTGC}“E J, )

ex

L‘C"'. Z
J ™
Calculated Calculated

: Surrogate reaction: reaction induced by light charged particles, leading |

I to the same Compound Nucleus of the neutron-induced reaction.
|
| Fission cross section extracted from a combination of experimental

I
I
I observation and modeling. :
I I
I
I

I Advantage: can be used for very difficult measurements. Warning: relies

'Lon model calculations (need to check limitations).
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The surrogate method

R s B P

~ — T T T T
I _JlAn’l(ILf} 1 '42Cm(n.f) i
243Am(3He,t)43C :
7 5| 23Am(3He,0)?*2Am T m(°He,t)***Cm IEEEI
— 1.5 | T 7
o) ;
|3 it . _
T — ENDFBVI| | Vorotnikov et al
- f --- JEFF-3.1/A | 1¢ ' | -
L. ¥ — ENDFB-VII
| JENDL-3.3 . JENDL.-3 3
0.5F ¢ I -1t - .
jr * CENBG : -~ JEFF-3.1/A
-]; + -
0 .‘. 1 1 | 1 | 1 | 1 1 ] | L | ] | 1

|
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Neutron Energy [MeV]

B. Jurado et al., Int. Conf. Nucl. Data and Tech. 2007 DOI: 10.1051/ndata:07357
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Open questions

More reactions should be studied
with the surrogate method:

EIHIHIIIII _i

i 23Am(*He,d)***Cm — ENDFB-VII -
¢+ Fomushkin et al.
i = Fursov et al.
-- JENDL-3.3
0.5r .- JEFE-3.1/A
e CENBG i

244Cm(n’f) 243Am(3He,p)245Cm

ol v 1 v 1
0 05 1 15 2 25 3 35 4 45 5 5.

Neutron Energy [MeV|]

N T
5 6 6.5

B. Jurado et al., Int. Conf. Nucl. Data and Tech. 2007 DOI: 10.1051/ndata:07357
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Conclusions

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

Large effort in various neutron facilities around the world aimed at measuring
fission (cross-section, neutron multiplicity, fragment mass distribution,
delayed neutrons, etc...).

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

A second experimental area at 20 m has recently been built: higher flux (x30)
and lower time-of-flight allows for a better signal-to-background ratio (x300).

It will open new perspectives for frontier measurements on short-lived
radionuclides, in particular minor actinides
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WORK IN PROGRESS

[ Thank you }




