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Outline

(Anti)Neutrinos at a glance

Anti-Neutrinos from reactors and their detection

NPT, JAEA and anti-neutrinos
Neutron detection and search for “dark matter”

International collaborations and role of China



Neutrinos

e Second most abundant (known)
particle in Universe (after photon)

e Recently discovered to have tiny
but non-zero mass

e May hold key to “New Physics”,

* why we leave in world dominated by
matter (almost no anti-matter)

e Extremely hard to detect
(electrically neutral — only weak
interactions)

Neutrino flux at Earth (mostly from the sun):
6.5 x 1070 particles/cm?/sec



Neutrino Detection

e [nteract only via weak
Interactions

e Mean free path at 1 MeV is ~
106 km !

e Need very intense flux and
very large detectors

e Reactor produces
antineutrino flux ~ 1017m-—2s-1
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First observation in 1956 in a nuclear reactor
F. Reines (Nobel prize 1995):

“... the most tiny quantity of reality ever imagined
by a human being”

This reaction was used in 1956 observation » V. +p—oe +n

Still main reaction used to detect reactor (anti)-neutrinos



Neutrino Oscillations and role of reactors.

e Observation of neutrino oscillations

- U
(1998-2002) and subsequent measurements of \ ;
oscillation parameters — one of the biggest \\\Q /

discoveries in particle physics Vi
e Complementary to Higgs boson and other

physics pursued at LHC

e [ atest “big thing” (2012) — discovery of “B13 g /\ |
mixing angle” —- came from reactor neutrinos 2 08

e Perhaps our best hope for “New Physics” 3; 0.6

e One of the hottest topics in particle physics — 7;: 04 }
lots of development and investment, truly %1
international effort - |
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Antineutrino from nuclear reactor

O—» Neutron

O\‘ Electron

Gamma

.o Anti-neutrino
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Antineutrino kinetic energy (MeV)

® ~6 anti-v’'s per fission

e 1 GW reactor produces ~1.5 x 1029 anti-v's/sec

e Detection possible despite small cross section

e Impossible to shield!



Antineutrino Detectors
V.+p—oe +n

Electron antineutrino signature through inverse beta decay

211 keV
Prompt e* (1-8 MeV) Delayed n Gd-capture (8 MeV)

> i
¥ Time correlation: T30 us Space correlation: <1 m

=y ~ 8 MeV

o liquid regions antineutrino detector detector vessels
e A lot of detector development, liquid

and plastic scintillators, water
Cerenkov dopants to increase neutron _ :
cross-section (Gd, Cd etc), . - b
Gd-doped = i) Y

photodetectors scintillator (Gd-LS) : e

e Understanding of backgrounds,
improved modelling

e Cost reduction for Mton detectors —
remote reactor monitoring (focus on

water Cerenkov detectors)

“| inner acrylic target
| vessel

undoped scintillator (LS)

: . ) | outer acrylic vessel
mineral oil (MO) :

W4l | _ stainless steel vessel

1,000-10,000 events per day, 1-10% precision

of number of anti-v's —> # fissions —> fuel consumption ;
s
D:

#event /day = 730 x MW, x

Energy spectra of anti-v's are different for U and Pu



Truly international effort with China playing a key role

First 813 measurement in Day Bay
reactor in China
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Future plans:
JUNO, 20KkT scintillator detector

Other reactor neutrino experiments:
Double Chooz in France,
RENO in Korea, KamLAND in Japan
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Can antineutrinos help with nuclear arms control?

10



The IAEA “Safeguards” Regime monitors the flow of fissile
material through the nuclear fuel cycle in 170 countries

Generic fuel cycle

“l Ua“l

lk ung and Milkng

Natwral or
Low Erriched
Uk arvum

Uranium

.

Enrschment

'

28

IAEA goal

Processing

Uranum
or

Mxed UranumyPunonum
Fuel Roas

Uk anwum Radkoamve
Waste

— detect diversion
of fissile material from peaceful
to military programs

Weapons production
Highly Enriched

l Uranium
Parts
Fabrication

Plutonium

'
Parts
FFabrication

oal of antineutrino measurements — track fissile
inventories in operating nuclear reactors



|AEA monitors ~220 reactors worldwide but never directly
measures in-core fissile content

i &l

Reprocessing

Onsite Fuel Storage ’/ ‘ \ Waste Repository
Reactor U Pu radwaste
1. Check input/output declarations 1. “Gross defect” detection 1. Check declarations
2. ltem accountancy 2. ltem accountancy 2. ltem accountancy
3. Containment and Surveillance 3. Containment and Surveillance

Concerns:

e Operators report Fuel Burnup and Power History
e No direct Pu Inventory (unless and until fuel is reprocessed)

12



Fissions/sec

Antineutrino from nuclear reactor

e As reactor fuel burns, the composition changes —> Burnup
e Antineutrino flux and energy spectrum change with time and composition

y M
NY ~ [1 + f M—:>] Py
e Any sudden change in core composition causes change in

antineutrino rate/spectrum —> can be detected

3 Detector of 1m3 @25 meters from a 3 GW PWR
120! § 5000 interactions/day expected
S 14000
100+
sor 12000 Refueling,
250 kg Pu
' — replaced by
" Pth = cst. fresh 235U
40+ 10000
- v from 235U
207 - v from 239Pu
8000 = Totalv rale

Weeks



|IAEA particular interest — Pu disposition

e A long-sought goal of managing Pu that has been declared
surplus to military needs.

e Purpose: convert it to a form that is much harder to recover
for use in a weapon

e Currently preferred method: manufacture MOX fuel (Pu/U)
and irradiate it in a reactor — “Spent Fuel Standard”, SFS

e Verifying SFS requires knowledge of fuel burnup * Burnup is strongly correlated with
for each assembly e Total neutron irradiation history

e Fission product concentrations
e Burnup measures energy extracted from fuel (or

o e Transmutation of heavy elements
number of fissions that have occurred) . Total antineutrino flux

14



Burnup monitoring

e “Conventional” burnup monitoring — thermo-hydraulic power monitor

ransaucers

Flowmeter

¥
Ultrasonic signal Path

e measure temperature difference and flow rate to infer power
e relatively intrusive (connection to sensitive plant systems)
e vulnerable to spoofing

e Alternative: measure integral antineutrino rate as a measure of fuel exposure

1.2e+5 - //
& /
£ /
S 1.0e+5 - /
= /
= o m———
"g 8.09"'4 -'»- v—tocvomv-—-’_' -
:, Refueling Fuel Cycle |
% 6.0e+4 outage n+1
@
D 40e+4 -
a4
.‘-3 Predicted Total Antineutrinos
2 2.0e+4 - ——— Reported Total Power

. Measured Total Antineutrinos

0.0  — e
01/2006 05/2006
Date
Date

05/2005 09/2005

- 300

200

- 100

Total Reactor Power (GWd)

Instantaneous Reactor Power (%)

Advantages:

e Non-intrusive, no connection to plant
systems

e Statistical precision

e Self-calibrating

e Highly tamper resistant, difficult to spoof

e “Continuity of knowledge”

Currently two-type of reactors under evaluation

¢ \Westinghouse PWR with partial MOX loading
(common in US)

e Fast breeder BN-600 with partial and full MOX
loading (Russian)

15



Reactor monitoring with antineutrinos — an emerging field

| Proto | In construction]

e
| SANDS | SanOnofre,US | 05tLS @20mwe Done

PS & Gd-H20

ANGRA Angra Brazil On Site R&D

NUCIFER Gd-LS Just Funded

“wams || Pesierii | proowe
! (- |\ ]

Slide by T. Lasserre, Applied Antineutrino Physics Conference, October 2012

Results from a pioneer SONGS experiment were reviewed at |IAEA Novel Technologies
meeting in Oct’'08 and found to demonstrate the potential for the approach.

16



Example: NUCIFER Experiment

' P—— L Calibration pipe
% AN “.'.'.' e L,
N ' ! : - W

e Deployment at a research reactor
— Saclay Osiris (France)

e Detector at 7m from 70MW core

e ~700 anti-v events/day expected

e Funded, built, taking data 16 SPMT

Acrylic Buffer

1.6m

Target: Teflon
coated vessel
filled with 0.85m’
Gd loaded liquid
scintillator

7 diodes LI system

1.4m

17



NUCIFER Sensitivity to illicit Pu Retrievals
from nuclear reactor core

(5]

=
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Prob to see Pu retrival (%)
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More examples

Reactor thermal power

Core distance

Relative Flux
Detector active mass
Deployed Footprint
Overburden

v interaction rate *
efficiency = detection rate

m

3.4 GW

~25m

1.00

0.64 tons
6 m?

~25 m.w.e.

~ 4000/day * 10% =
~ 400/day

CANDU
estimates

~77T m

0.08
3.6 tons
10 m?

~18 m.w.e.

~2000/day *20% =
~ 400/day
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Other developments: Coherent Neutrino Scattering

* Neutrino elastic scattering from a nucleus as a whole vk @

e Relevant for v's of ~ MeV range (good match for reactor . /// 0
anti-v's) .\;k_____’é_/_“_““““

e A “Standard Model’process that yet to be observed \

e Main challenge: tiny energies from nuclear recall —> 4hoeon | -

—> very low thresholds (~1 keV)
¢ International R&D effort and competition to observe CS -
, , jonisation caused by nuclear
for the first time recoil is measured
e [mportant reward: cross section (probability of
interaction) is ~10 higher than “conventional” v-
Interaction — much smaller detectors can be used

—— T, =4MeV
Xenon — 6Mev

— 8 MeV

—
o
M

Yield (/keV )

-

T Illlllll I lllllH‘ T

10 MeV

Detector R&D, synergies with dark matter detection
focus on ultra-low thresholds

10
e Broad Energy Germanium detectors (BEGe)
¢ | ow temperature bolometers
¢ | iguid and gaseous noble gas detectors 10%
(e.g. LAr, HPAr, LXe, HPXe)

[ llll]ll

| I | I . I | I T - I | - | ] | -

70 80 90 100
Recoil Energy E (keVm)
20
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Neutron detection of SNM and it issues

e Non-sensitive to isotope composition ° e ©®

bUt prOV|deS Clear Slgﬂature Of WGPU n’ ® Helium 3 (He3) Neutron Detector
and HEU(90%)
e Relatively straightforward for WGPuU

but not for HEU
e ~60,000 n/sec per kg WGPu
e ~1n/sec per kg HEU

e Neutron time signatures "multiplicity”

e Shortage of He3, other techniques
needed

e Gamma background must be tackled

Can fundamental research help?

Instruments for direct detection of dark matter — most
sensitive neutron detectors

21



Dark Matter — we know It Is there.
We don’t know what Is made of.

Atoms

o Dark
4.9% Energy
68.3%
Dark =
Matter

26.8%

TODAY

Dark
Matter
63%

Neutrinos
10%

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

WIMP Wind
ey

December

¥locity

observed B

—
—
o .

Dark Matter direct detection:

Dark
Matter?

Distance

Leading candidate: Weakly Interacting Massive Particle — WIMP

Dark
Matter?

recoiling

hucleus

Detector



Direct Dark Matter Detection

WIMPs and Neutrons
scatter from the
Atomic Nucl&us

Photons and Electrons
scatter from the
Atomic Electrc_ms

o \WIMP interactions with matter are identical to neutron’s
e At issue: remove gamma background

e State-of-the-art dark matter instruments — most sensitive neutron detectors

23



Dark Matter LXe detector

Shielding ....................................... E
mesh top _ GXe I =
D ] R10 10 [ = T T S PITTTITTITOPTTITIOTITTY [ SR T A— e YO 35
mesh N [ — ST N 0
étdrm = LXe E i | _ 'Electrorlm Recoil .-
c n y-ray event: high S2/S1| oy
o O
3 ¢ V 23
- > 8;-
drift -
h’%
: 2 | | WIMP event: low S2/S1 P - Cs (Gamma source)
v CathOde ...................................................................... - 1.5} Nucléa_r Re‘c”oil‘ , . AmBe (neutron SOUI’CG) |
AP S————————————— , oL ! ,
el V| o+ 5. % = # 3
PMT t,, electron recoil energy (keV)
- 30 cm
° ' 1t vel) f
< e A highly competitive (and collaborative!) fielo
NaLCTI), CaI(Th, Xe e Many different technologies
Wy — e | Arand LXe
I 2533 ’W e Gaseous detectors
detector PR S 2 phase Xe e Semi-conductors
Ge, Si |
N e Bolometers
— e Scintillators and scintillating bolometers

HPGe detector

Unexplored opportunity for SNM detection 54



PandaX — A direct dark matter detection
experiment in China

CHINA

INping wunnels \/\/
7 _-r'*"‘ '"‘;"'_‘“"*‘1-_, E N
1 d_‘-‘-_-- J

Yunnan Province

Two-phase LXe position sensitive detector
1 ton of LXe CJPL Underground Laboratory

Sichuan province




Concluding Remarks

e Antineutrino detectors have unigque abilities to non-intrusively monitor reactor
operational status, power and fissile content in real-time;

e Several detectors, built specifically for safeguard applications, have demonstrated
robustness of this technique at operating power reactors. Several more are
planned;

e Implementation in safeguards regime can be aided by further input from IAEA on
the needs at specific reactors;

e Promising technological breakthroughs are possible leading to more compact
detectors and/or ability to detect less powerful reactors at a greater distance;

e Novel technologies developed for direct dark matter detection can increase
sensitivity and reliability of SNM detection;

¢ |ncreased international cooperation in particle physics in the last ~25 years have
led to profound fundamental discoveries and enhanced detector capabilities
which can be used in arms control;

e China has played an increasingly important role in both fundamental research
(neutrino physics, dark matter) and instrumentation development;

e Closer cooperation between Fundamental Research and Arms Control
communities is important in addressing verification challenges:;

20



BACKUP
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8 “identical”, 3-zone detectors
no position reconstruction, no fiducial cut needed

<+— calibration

3 x 20 tons target
mass at far site

" =
- -

B _Lig dEcmunator hall

target mass:

detector mass:

nhntncancnre-

photomultipliers

-

l.;-'a "

20t per detector

~ 110t
102 DM Te

paya pay. roweriul reactor by mountains

Daya Bay nuclear power
complex (Guangdong,
China)

At 2.9 GW per reactor,

the complex produces
~3x102T anti-v’'s per sec
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= A
Hidden nuclear Reactors &7

A possibility to monitor a country without cooperation?

Neutrino rate:

100 km)’ P 1 ot
450 events x X X|——— | x
D 10 MW 1 Megaton water 1 year

Challenge: Mega Ton Scale water-based antineutrino detectors
= (Gadzook
= Prohibitive cost - Invent low-cost photodetectors, ...

Beyond |AEA mandates

Th. Lasserre - AAP 2012




rfu

saclay

o Arxiv:1011.3850 - Summary & Conclusions o

= Futuristic option of using very large neutrino detectors to detect
clandestine nuclear reactors. Development not unrealistic within the next 30
years, not taking into account financial constraints

= Detector modules of 138,000 tons, fitting inside an oil supertanker, and
using liquid scintillator technology

= Assess the detectability of clandestine reactor at any Earth location

= We modeled the non-neutrino background evolution as a function of the
detector’s operating depth
= Detectors could also be deployed at depths ranging from 0. 5 km to 2 km
= A 300 MW reactor could be detected after 6 months with a single detector
located 300 km away, operating at a depth greater than 1,500 m
= A 50 MW reactor could be detected after 1 year with S detector modules a
at 200 km

= A few 138,000 ton neutrino detectors have the capability localize clandes-
tine reactors from across borders.

< =

T. Lasserre - |AEA - 14/9/2011
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