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Eirstievidence of physics beyond SM
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% Still'torbermeasured
> Absolute mass scale
> Third underlying
oscillation (©,)
> CP violation ?

< BUT TODAY Neutrinos are
ENOUGH understood for
the current applications in
preparation
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KamLAND sees of neutrino oscillations of reactor antineutrinos @ 180 km

Confirmed by K2K & MINOS
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S VIAEA or

International Atomic Energy Agency
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Treziy of NoFProliigre on)(and additional protocole) :
accepted (=l % Jnazte |
cDIVErSIonNrem CivilEUEINCycles to Weapons Programs
"s:JP vigienziNEuRenriched U)
any: placesiierconiioliall around the world :
enri Jnmemr LAl gﬁ uclear fuel factories, power and research reactors, reprocessing

RIS, Storagerwasie:..
% Standard metho Jsed!
> mostly’ checks off input/ouput declarations
> sampling and analysisi (y-spectroscopy, isotopic content)
> no direct Pu inventery made at the production place

< Seeking for new tools to perform future controls on increasing number of
installations
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IAEA: Ste dard Technology

\ 'feguards zlfe er)r)lw By the IAEA to
I/ * LE lesstandicompleteness
ladebyiStates about the
eful usg*of their nuclear
eSS ana tnereby reducing
fel rJo eff nuclear weapons

Viany dierenis Eﬁ,FORMANT devices

> Non DestructiverAssay (NDA)

> Containment andl Surveillance (C/S):
Containment verification, Seals, Cameras
Destructive Analysis (DA)
Environmental Sampling (ES)

Already a device for monitoring power
output of research reactor.
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Whathv2couldl offer the Agency ?
o
NeutnnoesICEiESIDIRECT iniermation from nuclear fuel
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CQNTJNUOJ SiUnattendedMonitoring

\eutrinosican belised to monitor the thermal power

Eutines; r)ro\f desralreadyra =50 kg sensitivity to Pu content — in
progress |

BUT v-reactorma nitoring/addresses only a single step of the fuel
cycle
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A A Constraints
DESI gﬁias

1l foye)r ormr

EAS) Jj)ér‘ yiinspectors
not mmad as eutrl physicists

able

“Relocatable”

% Challenges’ -
> Integration of'detec ors into the Safeguards Regime
> Effort to Simplify the current Design while keeping detector performances
> Monitoring of research reactors : modest power
> Monitoring of Candu type reactors, Pebble bed modular reactors

IAEA wishes, dreams ?

» ground level detectors

» easy mounting

» sensitive to a “significant quantity” of Pu
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Dizllge) )= ! EA Physicists

‘ll
2 \Dacarrigar 2008

~ WMeeirie g iorevallalerpoiential applicability of
drune ﬁl‘lff/fu rtechnologies for safeguards
4 [IUI{IBSES

- [AEANNGVEINTechnologies Unit
> O 'mygj%\,r» frem US) Russia, France
% Ocione26:80), 20086
> Workshiop on antineutrino detection for safequards
applications

> |AEA Division of Trechnical Support / Novel
Trechnologies: Unit

> 19 Physicists from USA, Canada, Finland, Japan,
France, Brazil, Netherland, EU

< Final report : soon ?
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RELLINIERNEations Issued by the
- Workshop

N SSECOMINENCED rr'. he J} EA consider detection and

frontarlne) il Ity current Reé for safeguarding bulk-process

EEEI0NS s

s Eeom endedlthatthe IAEA shouldlalso consider antineutrino
Nulgliteige) g its Se ard approaches for power and
 fissile’ nventory m Pnitering of new and! next generation reactors

Z Jl1s recommen dedéat there sheuld be further

antineutrir and development (R&D) community,

including regularparticipation of IAEA safeguards departmental staff into
international meetings

<+ It issrecommended that IAEA safeguards departmental staff visit currently
deployed and planned neutrino detection installations for safeguards
applications

<+ It is recommended the IAEA work with experts to consider future reactor
designs, using existing simulation codes for reactor evolution and
detector response.
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neutrinos/MeV/fission

= At 1 f 0
J_IJ:):)JOrJ \(jl\' \/ “ :IIIIIIIII!IIII!IIII!IIII!IIII!IIII!IIII!IIII!IIII:
: 235 239py
released energy per 193.5 MeV 198.9 MeV
fission ' :
Mean 2.94 MeV 2.84 MeV 1 T
energy of v
v per fission | : : : i i :
> 1.8 MeV 1.92 1.45 O rers IINE IS S S

average inter. cross

: ~3210% cm? =~ 2.76 10% cm? i i _
section : : :

10 0 1 2 3 4 5 8 7 8 9 10
#int U 2100 192 32 Energy (MeV)
— o = X X =1.60
#int *°Pu 2017 145 2776
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Agupeltinerdetection
*' % Beta inverse process
PRVATED S €7 + N
% Jfhreshold @ 1.8 MeV

>

<E;> —1.49 —>2.94MeV
>

<N;>=5.98e1.92
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MEASURING NUCLEAR PLANT POWER OUTPUT
BY NEUTRINO DETECTION

Korovkin, 5. A. Kodanev,
Panashchenko, D. A. Sokolov,
Solov'yanov, N. D. Tverdovskif,

Yarichin, S. N. Ketov, V. I. Kopeikin,
Machulin, L. A, Mikaélyan, and V. V. Sinev
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Fig. 2. Neutron instrumentation reacings

for January-August 1986 (a) and average
daily reactor power based on data from
thermal measurements (b).
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Neutrinos oscillate...

Now a known effect :
- Prob(v.->v,) fnct of E, L

Kamland, PRL 90 (2003) 021802
2 a2k
T 1.0 s ‘m .......... e
Zg 0.8 .-."‘-. i
z A ILL il s
= 0.6 = Savannah River b +
Z O Bugey L, P
*  Rovno Vi
04+ e Goesgen 2 §
Kmsn?}-'_arsk w
0L ] Eﬂgﬂ‘: erde
KamLAND
| |

10° 10° 10* :
Distance to Reactor (m)
No more unknown between emission and

detection
Neutrino : a reliable tool
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INCACIONS NEULrNOS
T e
P articlephysiciststkiiows how to detect antineutrinos
A'detectors2/tonsitargeti@ 25 meters from the core
760000 nMeutnnosipe day
%~ Operaiediremotely.

2 Elel evolution (bLJfIJLJ
s

sactor operation:rirkg 22°Ulis burned & 0.2 kg 239-241Pu produced
Uland Puthaveraislightly different rate/spectrum neutrino emission
R
The neutrino'countrate is a simple function of the thermal power:

_ y : reactor constant
NV B }/(1 T k)Pth k : burn up dependent

<+ The neutrino energy spectrum is sensitive to the burnup

\/
0.0
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4 US effort
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Sandia
National
Laboratories

water/polyethylene shielding Muon veto paddles

0.2% wt. GdCl,
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Orts SANDS-Plastic scintillators

-

‘Severe Impertantiadvantages B —
OVEIRENESIhatIeplaces inia : ReactorOn
COMIMENCI2INEZCIOoN: f
‘environment

voiNen-flammable; non- T
andeus; and no 50 100 150

s 1 . : ! Interevent Time ( us)
ﬁm ty of liguid spillage

% Near complete
preassembly possible

*»* The device clearl
observes reactor 0 1 . Ot
0

antineutrinos, I.e. can 2 onor o oam et Nerm
monitor reactor state Dte

“+*R&D ongoing
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S Effort: SANDS-Water ko

isurement: Is GADZOOK Dead?

0.2% wt. GdCl,

100 cm
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Neutrino signature

= Positron - single cell
—} = Neutron - Bright ZnS
id organic
/“gmtmator v\ZnS(A@J) pulse in two adjacent cells

ith pul scintillator
/ m “shape winli | about ~10 ms after e*
~ discrimination loading

&gmente clgigciors
INew R&IDrermighly segmented detector W|th 6L|F ZnS(AQ)

Nor @uUenchir U‘

Background rejection )
> Fast neutrons > PSD 1
> Muons induced AL

Plastic
> . Scintillator

A way to ground level detectors ? Worst a try !!!

Gd containing layer
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496 v/day
120 m.w.e.

s Very well measured spectrum

% 2 extreme fixed fuel compositions
235J=0.66 239py=0.24 228U=0.08 241Pu=0.02
% 235=0.47 239py=0.37 228U=0.08 2¢'Pu=0.08

% Kolmogorov-Smirnov Test on Burn-up:
<*H,: the two "burn-up” induce identical spectra
“»—>Rate and shape: P, = 1.8 x 102
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Under assembly
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70 MW research reactor
@ Saclay
Position @ 5-6 m from core

~ 40 v evt/h

To be re-mounted

in dec. 2009

Feb. 2010 : reactor ON
March-Sept : OFF
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BEckarounds @ Osiris

Os]r]s. firl/ 1.2 104 ShI0F
0)if

OJMJ ONVIISZ 1. 102 BZeNilos:
C)rl

L ©On 0.9
kHz7

*10 cm Pb
*15 cm CH,
(2.5 boré + 10 + 2.5 boré)

* Muon veto

*10 cm Pb on wall facing the core
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M. Fallotet al. A : ;s
e SSimulation Effort in France

-

:,g'wﬁm Simulgtion ol the sp‘ew;;m evolution from all fission products

Evolution Code i

— Simul neutrino
—=e— Schreckenbach nu data

-
<
S

Isetepic
AbUndances

Neutrinos/fission/MeV
3
N

-
o
&

Integral Spectrum of e-and v,

» Good agreement with Schreckenbach data
= Towards a reliable absolute normalisation
» Good understanding of the errors
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> seen @ 75% CL
. -
> 4% false alarm

<+ 80 kg observed certainly

Prob of false alert (%)
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— M =55kg
— M= 80 kg
— M,,=105 kg
— My, =155 kg

»

L1 1 i 1
70
Prob to see Pu retrival (%)

80

90 100
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Japanese Effort: Kaska

(Efifle) thection‘rom Joyo ——

Mean 3.943
RMS 1.898

- Data
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% Positile Signd
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{Lcad Shields
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Light shield -+
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>
>
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>

M. Battiglieri et al.
Segmented plastic scintillator
Mylar-Gd foils

Developped in cooperation with
industry (Ansaldo)




N 9‘, chiallenges

> ,_pome Iel g@[ﬁpnt@d detectors
- S Vieresspphisticated ==more costly
~ Blejejeif rlsregrob Welo, shielding
> Worst 2 ry...
% Directienzalityas
> Already’somermeasurement (Chooz, Rovno)
> Modest precision = 20-30 °
> Use of Li-doped scintillators ?

< Compact detectors
» Coherent detectors : a good idea ? Not sure
> Not yet seen at lab level
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SDistant survey
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glandestine nuclear reactor

- =

ZhVpnitoaicountryawithout: cooperation?

_

| 5 \Jawmu rates

4 100 km'\’ P i t
450 events x X Xl —————|x
D 10 MW I Megaton water [ year
>
% Challenge: Megailion Scale water-based antineutrino
detectors |

< Prohibitive PMiI| cost

> Invent low-cost ‘wallpaper’ photodetectors

< Hope: discover and exploit coherent neutrino scattering
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@le survey

’ alvievanle (mon-nuclear) submarine
~ > =50000 m?
] Cour\t at 31 positions :
> Signal = (P, 7?? )/ R?
> liangulation

7 Detection ofi underground
clandestine reactor

Global survey

10 Mtons units
~ 1000 units in ocean

50 100 150 200 250 300 350
Longitude (deg)
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IiERmEINgewWer with neutrinos

P
N_=y P, x[1+k(1)]

IIIIII|I|I|I|I|IIIII|III|IIIIIII,\ N
Cd cylindrical
covers
: r\OffOIIJFE ( f‘—) JJQ JJ/) < Mble (1 mm thick)
Distilled
water
| 3He proportional
o | /
g

ore acclliate cal JJor: ieRNmIght be
SoesIble at research reactors HNERRERRRRR RN e

.4

920 mm sensitive

’ ' length

Y6 levelmeniterne

» In few days @ GWi; reactors

» System. errors complementary to
standard procedures

water/polyethylene shielding Muon veto paddies

Unique opportunity of cross
calibration of different cores

Which technique?

Liquid scintillator filled cells
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“Ihermal power : SANDS Data

B

-

Daily average

: fl‘ 1. 8 % relative uncertainty
AL L [ in thermal power estimate
il HIN (normalized to 30 day avg.)

i _...,,; —
™ |
1 L.L<,<.ll.,j::-h

1.1

Weekly average

3% relative uncertainty
in thermal power estimate
(normalized to 30 day avg.)
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Jonclusion

e‘ll

ANHENEEAPPIICALO! ﬂneu&trino
- AT PEZCEIlfonE artenliielreinionce controls of
nlonoraliisrziie

ANwerld wide efie

> [DISCUSSIENS \?T'D JAEA

> Already: s'qu”o,c-" studiedin different countries
% A challenging developments

> Sensitivity

> Directionality.

> Ground surface deployment

> But also small, simple, robust, easy to install...
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Neutrinos for Peace





