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�arTlAbT
/H∆ I0ANGM∆N 2ND∆RGROUND ¯∆UTR0NO 9BS∆RVATORY pI2¯9( 0S A 3z JTON L0.U0D SC0NT0LLATOR

D∆T∆CTOR 0N A LABORATORY AT ;zzhM UND∆RGROUND% �N ∆wC∆LL∆NT ∆N∆RGY R∆SOLUT0ON AND A LARG∆ ffiDUC0AL
VOLUM∆ Of∆R ∆wC0T0NG OPPORTUN0T0∆S 8OR ADDR∆SS0NG MANY 0MPORTANT TOP0CS 0N N∆UTR0NO AND ASTROh
PART0CL∆ PHYS0CS% v0TH S0w Y∆ARS O8 DATAc TH∆ N∆UTR0NO MASS ORD∆R0NG CAN B∆ D∆T∆RM0N∆D AT A thflν
S0GN0ffiCANC∆ AND TH∆ N∆UTR0NO OSC0LLAT0ON PARAM∆T∆RS S0N3 �O3c dK3

3Oc AND 〉dK3
t3〉 CAN B∆ M∆ASUR∆D TO

A PR∆C0S0ON O8 z%7) OR B∆TT∆Rc BY D∆T∆CT0NG R∆ACTOR ANT0N∆UTR0NOS 8ROM TH∆ /A0SHAN AND xANGi0ANG
NUCL∆AR POW∆R PLANTS% v0TH T∆N Y∆ARS O8 DATAc N∆UTR0NOS 8ROM ALL PAST COR∆hCOLLAPS∆ SUP∆RNOVA∆
COULD B∆ OBS∆RV∆D AT A tν S0GN0ffiCANC∆s A LOW∆R L0M0T O8 TH∆ PROTON L08∆T0M∆c eσtfl· oztt Y∆ARS pnz)
]%k%(c CAN B∆ S∆T BY S∆ARCH0NG 8OR m ∼ mθE)s D∆T∆CT0ON O8 SOLAR N∆UTR0NOS WOULD SH∆D N∆W L0GHT
ON TH∆ SOLAR M∆TALL0C0TY PROBL∆M AND ∆wAM0N∆ TH∆ VACUUMhMATT∆R TRANS0T0ON R∆G0ON% � TYP0CAL
COR∆hCOLLAPS∆ SUP∆RNOVA AT A D0STANC∆ O8 oz JPC WOULD L∆AD TO ≡ fizzz 0NV∆RS∆hB∆TAhD∆CAY ∆V∆NTS
AND ≡ 3zzz ptzz( ALLh5AVOR N∆UTR0NOhPROTON p∆L∆CTRON( ∆LAST0C SCATT∆R0NG ∆V∆NTS 0N I2¯9% 4∆Oh
N∆UTR0NOS CAN B∆ D∆T∆CT∆D W0TH A RAT∆ O8 ≡ flzz ∆V∆NTS P∆R Y∆AR% ]ONSTRUCT0ON O8 TH∆ D∆T∆CTOR 0S
V∆RY CHALL∆NG0NG% -N TH0S R∆V0∆Wc W∆ SUMMAR0y∆ TH∆ ffiNAL D∆S0GN O8 TH∆ I2¯9 D∆T∆CTOR AND TH∆ J∆Y
qa, ACH0∆V∆M∆NTSc 8OLLOW0NG TH∆ ]ONC∆PTUAL ,∆S0GN q∆PORT 0N 3zofi b3[% �LL 3zh0NCH 1l/S HAV∆
B∆∆N PROCUR∆D AND T∆ST∆D% /H∆ AV∆RAG∆ PHOTON D∆T∆CT0ON ∆ffC0∆NCY 0S 3e%n) 8OR TH∆ oficzzz l]1
1l/S AND 3e%o) 8OR TH∆ ficzzz DYNOD∆ 1l/Sc H0GH∆R THAN TH∆ I2¯9 R∆.U0R∆M∆NT O8 3;)% /OG∆TH∆R
W0TH TH∆ / 3z M ATT∆NUAT0ON L∆NGTH O8 TH∆ L0.U0D SC0NT0LLATOR ACH0∆V∆D 0N A 3zhTON P0LOT PUR0ffiCAT0ON
T∆ST AND TH∆ / n7) TRANSPAR∆NCY O8 TH∆ ACRYL0C PAN∆Lc W∆ ∆wP∆CT A Y0∆LD O8 otflfi PHOTO∆L∆CTRONS P∆R
l∆u AND AN ∆f∆CT0V∆ R∆LAT0V∆ ∆N∆RGY R∆SOLUT0ON O8 tσz3)<

∫
>pl∆u( 0N S0MULAT0ONS bt[% /O MA0NTA0N

TH∆ H0GH P∆R8ORMANC∆c TH∆ UND∆RWAT∆R ∆L∆CTRON0CS 0S D∆S0GN∆D TO HAV∆ A LOSS RAT∆ . zσfi) 0N S0w Y∆ARS%
v0TH D∆GASS0NG M∆MBRAN∆S AND A M0CROhBUBBL∆ SYST∆Mc TH∆ RADON CONC∆NTRAT0ON 0N TH∆ tz JTON
WAT∆R POOL COULD B∆ LOW∆R∆D TO . zσzfi &.6Mt% �CRYL0C PAN∆LS O8 RAD0OPUR0TY . zσfi PPT 26/H
8OR TH∆ tfi%flhM D0AM∆T∆R L0.U0D SC0NT0LLATOR V∆SS∆L AR∆ PRODUC∆D W0TH A D∆D0CAT∆D PRODUCT0ON L0N∆%
/H∆ 3z JTON L0.U0D SC0NT0LLATOR W0LL B∆ PUR0ffi∆D ONS0T∆ W0TH �LUM0NA ffiLTRAT0ONc D0ST0LLAT0ONc WAT∆R
∆wTRACT0ONc AND GAS STR0PP0NG% /OG∆TH∆R W0TH OTH∆R LOW BACJGROUND HANDL0NGc S0NGL∆S 0N TH∆ ffiDUC0AL
VOLUM∆ CAN B∆ CONTROLL∆D TO ≡ oz gy% /H∆ I2¯9 ∆wP∆R0M∆NT ALSO 8∆ATUR∆S A DOUBL∆ CALOR0M∆T∆R
SYST∆M W0TH 3fic7zz th0NCH 1l/Sc A L0.U0D SC0NT0LLATOR T∆ST0NG 8AC0L0TY 9r-q-rc AND A N∆AR D∆T∆CTOR
/�9%

bONTdNTS
o -NTRODUCT0ON fl

Ω%Ω 9VERV0EW OF THE I2¯9 EXPER0MENT % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fl
Ω%™ I2¯9 EXPER0MENTAL S0TE % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % 7
Ω%t I2¯9 DETECTOR % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % ;
Ω%fl I2¯9 S0GNAL AND BACKGROUND % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % ;

Ω



3 1HxS0CS W0TH I2m9 oy
™%Ω ¯EUTR0NO MASS ORDER0NG % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % Ωz
™%™ 1REC0S0ON MEASUREMENT OF NEUTR0NO OSC0LLAT0ON PARAMETERS % % % % % % % % % % % % % % % % % Ωt
™%t ®UPERNOVA NEUTR0NOS AND TR0GGER STRATEGY % % % % % % % % % % % % % % % % % % % % % % % % % % Ωfl
™%fl ,0fUSE SUPERNOVA NEUTR0NO BACKGROUND % % % % % % % % % % % % % % % % % % % % % % % % % % % Ωfi

™%fl%Ω ,®¯& S0GNAL % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % Ω7
™%fl%™ &ACKGROUND REiECT0ON % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % Ω7
™%fl%t ,®¯& SENS0T0V0TY % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % Ω;

™%fi ®OLAR NEUTR0NOS % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % Ωe
™%fi%Ω lEASUREMENT OF e& SOLAR NEUTR0NOS % % % % % % % % % % % % % % % % % % % % % % % % % Ωn
™%fi%™ 1OTENT0AL OF MEASUR0NG nn AND s&E NEUTR0NOS % % % % % % % % % % % % % % % % % % % % ™z

™%7 �TMOSPHER0C NEUTR0NOS % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % ™Ω
™%; 4EONEUTR0NOS % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % ™™

™%;%Ω 1OTENT0AL OF GEONEUTR0NO MEASUREMENT 0N I2¯9 % % % % % % % % % % % % % % % % % % ™t
™%;%™ ’EfflNED CRUSTAL MODELS AND EXPECTED S0GNAL FOR I2¯9 % % % % % % % % % % % % % % % ™fl

™%e ¯UCLEON DECAYS % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % ™fi
™%n 9THER PHYS0CS % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % ™7

t ,dTdCTOR DdS0GN AND qa, 3s
t%Ω ,ETECTOR DES0GN OVERV0EW % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % ™;
t%™ •ENTRAL ,ETECTOR % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % ™e

t%™%Ω •ENTRAL ,ETECTOR SCHEME AND REQU0REMENTS % % % % % % % % % % % % % % % % % % % % % ™e
t%™%™ /HE k® CONTA0NER℃ �CRYL0C uESSEL % % % % % % % % % % % % % % % % % % % % % % % % % % ™n
t%™%t lA0N ®TRUCTURE % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % tz
t%™%fl /HE =0LL0NG: 9VER5OW: AND •0RCULAT0ON p=9•( SYSTEM % % % % % % % % % % % % % % % tz

t%t uETO DETECTOR % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % tz
t%t%Ω vATER •HERENKOV ,ETECTOR pv•,( % % % % % % % % % % % % % % % % % % % % % % % % % tz
t%t%™ /OP /RACKER p//( % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % t™

t%fl k0QU0D SC0NT0LLATOR % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % tfl
t%fl%Ω 1UR0fflCAT0ON SYSTEMS % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % tfi
t%fl%™ 9®-’-® % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % t;

t%fi ™zh0NCH 1l/ /EST AND -NSTRUMENTAT0ON % % % % % % % % % % % % % % % % % % % % % % % % % % % te
t%fi%Ω ™zh0NCH 1l/ /EST % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % tn
t%fi%™ ™zh0NCH 1l/ -NSTRUMENTAT0ON % % % % % % % % % % % % % % % % % % % % % % % % % % % % fl™

t%7 /HE LARGE 1l/ READOUT AND TR0GGER ELECTRON0CS % % % % % % % % % % % % % % % % % % % % % % % flt
t%; ®MALL 1l/ SYSTEM % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % flfi

t%;%Ω 9VERV0EW AND MOT0VAT0ON % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % flfi
t%;%™ th0NCH PHOTOMULT0PL0ERS PRODUCT0ON AND 0NSTRUMENTAT0ON % % % % % % % % % % % % % % fl7
t%;%t 2NDERWATER FRONThEND ELECTRON0CS % % % % % % % % % % % % % % % % % % % % % % % % % % fl7

t%e •AL0BRAT0ON % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fl;
t%e%Ω •AL0BRAT0ON SYSTEM DES0GN % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fle
t%e%™ •AL0BRAT0ON SOURCES AND PROGRAM % % % % % % % % % % % % % % % % % % % % % % % % % % fln
t%e%t �UX0L0ARY SYSTEMS % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fln

t%n ,ATA ACQU0S0T0ON AND DETECTOR CONTROL % % % % % % % % % % % % % % % % % % % % % % % % % % % % fiz
t%n%Ω ,ATA �CQU0S0T0ON ®YSTEM p,�+( % % % % % % % % % % % % % % % % % % % % % % % % % % % fiz
t%n%™ ,ETECTOR •ONTROL ®YSTEM p,•®( % % % % % % % % % % % % % % % % % % % % % % % % % % % fiΩ

t%Ωz 9ffi0NE SOFTWARE AND COMPUT0NG % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fiΩ
t%Ωz%Ω =RAMEWORK % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fiΩ
t%Ωz%™ ®0MULAT0ON % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fi™

™



t%Ωz%t ’ECONSTRUCT0ON % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fit
t%Ωz%fl 1ERFORMANCE OF ®0MULAT0ON AND ’ECONSTRUCT0ON % % % % % % % % % % % % % % % % % % % fit
t%Ωz%fi ,ATABASE AND ,+l % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fifl
t%Ωz%7 •OMPUT0NG % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fifi

t%ΩΩ kOW BACKGROUND CONTROL % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fifi
t%Ω™ /�9 % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % fi;

fl rUMMARx fin
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o -NTRODUCT0ON

o)o 9VdRV0dW OF THd I2m9 dwPdR0MdNT
/HE STANDARD THREEh5AVOR NEUTR0NO OSC0LLAT0ON PATTERN 0S WELL ESTABL0SHED AFTER THE OBSERVAT0ON OF THE
NEUTR0NO OSC0LLAT0ON 0N SOLAR: ATMOSPHER0C: ACCELERATOR AND REACTOR NEUTR0NO EXPER0MENTS% /WO 0NDEPENh
DENT NEUTR0NO MASS SPL0TT0NGS 〉dk3

tO〉 – 〉k3
t � k3

O〉 pOR 〉dk3
t3〉 – 〉k3

t � k3
3〉( AND dk3

3O – k3
3 � k3

O:
AND THREE NEUTR0NO M0X0NG ANGLES FROM THE 1ONTECORVOhlAK0h¯AKAGAWAh®AKATA p1l¯®( PARAMETR0ZAh
T0ON bfl: fi[ WERE MEASURED W0TH PREC0S0ONS AT A LEVEL OF FEW PERCENTS% `OWEVER: SEVERAL UNKNOWNS ST0LL
EX0ST AND W0LL BE THE FOCUS OF FUTURE NEUTR0NO OSC0LLAT0ON EXPER0MENTS% /HEY 0NCLUDE

˘ THE ¯EUTR0NO lASS 9RDER0NG p¯l9(:

˘ THE LEPTON0C •1hV0OLAT0NG PHASE γ 0N THE 1l¯® MATR0X:

˘ THE OCTANT OF THE M0X0NG ANGLE ε3t p0%E%: ε3t , ν<fl OR ε3t / ν<fl(%

/HE I0ANGMEN 2NDERGROUND ¯EUTR0NO 9BSERVATORY pI2¯9(: A ™z KTON MULT0hPURPOSE UNDERGROUND
L0QU0D SC0NT0LLATOR DETECTOR: WAS PROPOSED W0TH THE DETERM0NAT0ON OF THE NEUTR0NO MASS ORDER0NG AS A
PR0MARY PHYS0CS GOAL b7: ;: e: n[% /HE NEUTR0NO MASS ORDER0NG HAS ONLY TWO POSS0B0L0T0ES℃ THE NORMAL
ORDER0NG p¯9: kO , kt( AND THE 0NVERTED ORDER0NG p-9: kO / kt(% /HE RELAT0VELY LARGE VALUE OF εOt HAS
PROV0DED EXCELLENT OPPORTUN0T0ES TO RESOLVE THE ¯l9 0N VAR0OUS NEUTR0NO OSC0LLAT0ON EXPER0MENTS: WH0CH
0NCLUDE A MED0UM BASEL0NE p≡fiz KM( REACTOR ANT0NEUTR0NO mµd ∼ mµd OSC0LLAT0ON EXPER0MENT pI2¯9(:
LONGhBASEL0NE ACCELERATOR pANT0h(NEUTR0NO µβ ∼ µd OSC0LLAT0ON EXPER0MENTS p¯9µ� bΩz[ AND ,2¯ı bΩΩ[(:
AND ATMOSPHER0C pANT0h(NEUTR0NO OSC0LLAT0ON EXPER0MENTS p-¯9 bΩ™[: 1-¯42 bΩt[: 9’•� bΩfl[: ,2¯ı bΩΩ[
AND `YPERhJ bΩfi[(% /HE ACCELERATOR AND ATMOSPHER0C EXPER0MENTS RELY ON THE MATTER EfECT 0N NEUTR0NO
OSC0LLAT0ONS pTHE CHARGEhCURRENT 0NTERACT0ON BETWEEN pANT0h(µd AND ELECTRONS 0N THE MATTER(% I2¯9 0S
A UN0QUE EXPER0MENT DES0GNED TO 0DENT0FY THE ¯l9 US0NG THE OSC0LLAT0ON 0NTERPLAY BETWEEN dk3

tO AND
dk3

t3 bΩ7[% /HE ¯l9 SENS0T0V0TY OF I2¯9 HAS NO DEPENDENCE ON THE UNKNOWN •1hV0OLAT0NG PHASE AND
THE ε3t OCTANT: PLAY0NG A KEY ROLE WHEN COMB0NED W0TH OTHER NEUTR0NO EXPER0MENTS%

/HE REACTOR ANT0NEUTR0NO SURV0VAL PROBAB0L0TY 0N VACUUM CAN BE WR0TTEN AS

Nmµν◦mµν – Ω� S0N3 ™εOtpCOS3 εO3 S0N3dtO · S0N3 εO3 S0N3dt3(� COS5 εOt S0N3 ™εO3 S0N3d3O. pΩ(

WHERE dei – dk3
eiK<pflB( – pk3

e � k3
i(K<pflB(: 0N WH0CH k 0S THE BASEL0NE AND ı 0S THE ANT0NEUTR0NO

ENERGY% �T A BASEL0NE OF fit KM: I2¯9 W0LL S0MULTANEOUSLY MEASURE OSC0LLAT0ONS DR0VEN BY SMALL MASS
SPL0TT0NG pdk3

3O( AND LARGE MASS SPL0TT0NG pdk3
tO AND dk3

t3( AS SHOWN 0N =0G% Ω% /HE SMALL OSC0LLAT0ON
PEAKS 0N THE OSC0LLATED ANT0NEUTR0NO SPECTRUM CONTA0N THE ¯l9 0NFORMAT0ON% 1REC0SE MEASUREMENT OF
THE OSC0LLATED ANT0NEUTR0NO SPECTRUM 0S A KEY FOR I2¯9 TO DETERM0NE THE ¯l9% /H0S REQU0RES A ™z KTON
L0QU0D SC0NT0LLATOR DETECTOR W0TH AN UNPRECEDENTED RELAT0VE ENERGY RESOLUT0ON OF πd<B – t)<

|
B20S: W0TH

B20S BE0NG THE V0S0BLE ENERGY 0N THE DETECTOR 0N lEu%
&ES0DES THE NEUTR0NO MASS ORDER0NG: THE LARGE fflDUC0AL VOLUME AND THE EXCELLENT ENERGY RESOLUT0ON OF

I2¯9 OfER EXC0T0NG OPPORTUN0T0ES FOR ADDRESS0NG MANY 0MPORTANT TOP0CS 0N NEUTR0NO AND ASTROhPART0CLE
PHYS0CS%

/HE PREC0S0ON MEASUREMENT OF REACTOR ANT0NEUTR0NO SPECTRUM W0LL ALSO LEAD TO THE PREC0SE DETERM0h
NAT0ON OF THE NEUTR0NO OSC0LLAT0ON PARAMETERS S0N3 εO3: dk3

3O: AND 〉dk3
t3〉 AS 0LLUSTRATED 0N =0G% Ω% /HE

EXPECTED ACCURACY OF THESE MEASUREMENTS W0LL BE BETTER THAN z%7): WH0CH W0LL PLAY A CRUC0AL ROLE 0N THE
FUTURE UN0TAR0TY TEST OF THE 1l¯® MATR0X%

/HE I2¯9 DETECTOR 0S NOT L0M0TED TO DETECT ANT0NEUTR0NOS FROM THE REACTORS: BUT ALSO OBSERVE NEUh
TR0NOS6ANT0NEUTR0NOS FROM TERRESTR0AL AND EXTRAhTERRESTR0AL SOURCES: 0NCLUD0NG SUPERNOVA BURST NEUTR0NOS:
D0fUSE SUPERNOVA NEUTR0NO BACKGROUND: GEONEUTR0NOS: ATMOSPHER0C NEUTR0NOS: AND SOLAR NEUTR0NOS% =OR

fl



=0GURE Ω℃ /HE EXPECTED ANT0NEUTR0NO ENERGY SPECTRUM WE0GHTED BY -&, CROSShSECT0ON W0TH AND W0THOUT
OSC0LLAT0ON AT THE I2¯9 EXPER0MENT FOR NORMAL ORDER0NG AND 0NVERTED ORDER0NG ASSUM0NG ™zzz DAYS OF
DATAhTAK0NG% ,EPENDENCE ON THE FOUR OSC0LLAT0ON PARAMETERS 0S SHOWN%

EXAMPLE: A NEUTR0NO BURST FROM A TYP0CAL COREhCOLLAPSE SUPERNOVA AT A D0STANCE OF Ωz KPC pK0LOPARSEC (
WOULD LEAD TO ≡ fizzz 0NVERSEhBETAhDECAY EVENTS AND ≡ ™zzz ALLh5AVOR NEUTR0NOhPROTON ELAST0C SCATTERh
0NG EVENTS 0N I2¯9: WH0CH ARE OF CRUC0AL 0MPORTANCE FOR UNDERSTAND0NG THE MECHAN0SM OF SUPERNOVA
EXPLOS0ON AND FOR EXPLOR0NG NOVEL PHENOMENA SUCH AS COLLECT0VE NEUTR0NO OSC0LLAT0ONS% ,ETECT0ON OF Ω—™
NEUTR0NOS PER YEAR FROM ALL PAST COREhCOLLAPSE SUPERNOVA EXPLOS0ONS 0N THE V0S0BLE UN0VERSE CAN FURTHER
PROV0DE VALUABLE 0NFORMAT0ON ON THE COSM0C STARhFORMAT0ON RATE AND THE AVERAGE COREhCOLLAPSE NEUTR0NO
ENERGY SPECTRUM% �NT0NEUTR0NOS OR0G0NAT0NG FROM THE RAD0OACT0VE DECAY OF URAN0UM AND THOR0UM 0N
THE ıARTH CAN BE DETECTED 0N I2¯9 W0TH A RATE OF ≡ flzz EVENTS PER YEAR: S0GN0fflCANTLY 0MPROV0NG THE
STAT0ST0CS OF EX0ST0NG GEONEUTR0NO EVENT SAMPLES% �TMOSPHER0C NEUTR0NO EVENTS COLLECTED 0N I2¯9 CAN
PROV0DE 0NDEPENDENT 0NPUTS FOR DETERM0N0NG THE MASS ORDER0NG AND THE OCTANT OF THE ε3t M0X0NG ANGLE%
,ETECT0ON OF THE s&E AND e& SOLAR NEUTR0NO EVENTS AT I2¯9 WOULD SHED NEW L0GHT ON THE SOLAR METALh
L0C0TY PROBLEM AND EXAM0NE THE SPECTRAL TRANS0T0ON REG0ON BETWEEN THE VACUUM AND MATTERhDOM0NATED
NEUTR0NO OSC0LLAT0ONS%

/HE I2¯9 DETECTOR PROV0DES SENS0T0V0TY TO PHYS0CS SEARCHES BEYOND THE ®TANDARD lODEL% �S EXAMh
PLES: WE H0GHL0GHT THE SEARCHES FOR PROTON DECAY V0A THE n∼ F) · mµ DECAY CHANNEL: NEUTR0NOS RESULT0NG
FROM DARKhMATTER ANN0H0LAT0ON 0N THE ®UN: V0OLAT0ON OF kORENTZ 0NVAR0ANCE V0A THE S0DEREAL MODULAT0ON
OF THE REACTOR NEUTR0NO EVENT RATE: AND THE EfECTS OF NONhSTANDARD NEUTR0NO 0NTERACT0ONS%

I2¯9 WAS fflRST CONCE0VED 0N ™zze b7: ;[% -T WAS APPROVED 0N ™zΩt AFTER ,AYA &AY bΩ;[: ,OUBLE
•HOOZ bΩe[: AND ’ı¯9 bΩn[ MEASURED AN UNEXPECTEDLY LARGE VALUE OF εOt: WH0CH MEANT THAT THE ¯l9
COULD BE DETERM0NED W0TH CURRENT TECHNOLOG0ES% /HE C0V0L CONSTRUCT0ON STARTED 0N ™zΩfi% /HE DETECTOR 0S
EXPECTED TO BE READY 0N ™z™™: AND DATAhTAK0NG 0S EXPECTED 0N ™z™t%

-N ™zΩe: THE /A0SHAN �NT0NEUTR0NO 9BSERVATORY p/�9: ALSO KNOWN AS I2¯9h/�9( WAS PROPOSED AS
A SATELL0TE EXPER0MENT OF I2¯9 TO MEASURE THE REACTOR ANT0NEUTR0NO SPECTRUM W0TH SUBhPERCENT ENERGY
RESOLUT0ON b™z[% ®0NCE ,AYA &AY b™Ω[: ,OUBLE •HOOZ b™™[: AND ’ı¯9 b™t[: AMONG OTHERS: HAVE FOUND
THAT THE MODEL PRED0CT0ON ON THE REACTOR ANT0NEUTR0NO SPECTRUM b™fl: ™fi[ HAS LARGE D0SCREPANC0ES W0TH
DATA: /�9 W0LL PROV0DE A REFERENCE SPECTRUM FOR I2¯9: AND ALSO PROV0DE A BENCHMARK MEASUREMENT
TO TEST NUCLEAR DATABASES% /�9 W0LL BE A TONhLEVEL L0QU0D SC0NT0LLATOR DETECTOR AT ≡ tz METERS FROM A

fi



REACTOR CORE OF THE /A0SHAN ¯UCLEAR 1OWER 1LANT p¯11(% -T 0S EXPECTED TO START OPERAT0ON AT A S0M0LAR
T0ME SCALE AS I2¯9%

/HE PHYS0CS POTENT0AL OF THE I2¯9 EXPER0MENT HAS BEEN EXPLORED 0N THE I2¯9 xELLOW &OOK bn[%
-N TH0S ART0CLE: WE W0LL REV0EW THE MAiOR GOALS W0TH UPDATED 0NPUTS AND 0MPROVED ANALYSES% ®0NCE THE
RELEASE OF THE •ONCEPTUAL ,ES0GN ’EPORT OF I2¯9 b™[: THE DETECTOR DES0GN HAS BEEN FURTHER OPT0M0ZED%
•HALLENGES REGARD0NG THE DETECTOR TECHNOLOG0ES HAVE BEEN SOLVED W0TH EXTENS0VE ’´,% /HE fflNAL DES0GN
OF THE I2¯9 DETECTOR AND KEY ’´, ACH0EVEMENTS W0LL BE SUMMAR0ZED 0N TH0S ART0CLE%

o)3 I2m9 dwPdR0MdNTAL S0Td
/HE I2¯9 EXPER0MENT 0S LOCATED 0N I0Ni0 TOWN: flt KM TO THE SOUTHWEST OF JA0P0NG C0TY: A COUNTYhLEVEL
C0TY 0N THE PREFECTUREhLEVEL C0TY I0ANGMEN 0N 4UANGDONG PROV0NCE: •H0NA% /HE GEOGRAPH0C LOCAT0ON 0S
ΩΩ™±tΩ?zfi“ ı AND ™™±z;?zfi“ ¯% /HE D0STANCES TO SEVERAL MEGAC0T0ES: 4UANGZHOU: ®HENZHEN: AND `ONG
JONG: ARE ALL AROUND ™zz KM%

�S SHOWN 0N =0G% ™: THE EXPER0MENTAL S0TE 0S AT EQUAL D0STANCES OF ≡ fit KM FROM THE xANGi0ANG ¯11
AND THE /A0SHAN ¯11: OPT0M0ZED TO HAVE THE BEST SENS0T0V0TY FOR DETERM0N0NG THE MASS ORDER0NG%

=0GURE ™℃ I2¯9 LOCAT0ON%

’EACTOR ANT0NEUTR0NO 0S THE PR0MARY NEUTR0NO SOURCE 0N THE I2¯9 DETECTOR% xANGi0ANG ¯11 HAS S0X
REACTOR CORES OF ™%n 4v64 EACH pTHERMAL POWER(% �LL CORES ARE THE SECONDhGENERAT0ON PRESSUR0ZED WATER
REACTORS •1’Ωzzz: WH0CH 0S A DER0VAT0VE OF =RAMATOME ltΩz% /HE D0STANCES BETWEEN ANY TWO CORES OF
THE xANGi0ANG ¯11 ARE BETWEEN en M AND ;t7 M% �LL S0X CORES ARE 0N OPERAT0ON% /A0SHAN ¯11 HAS TWO
CORES OF fl%7 4v64 EACH 0N OPERAT0ON% &OTH ARE TH0RDhGENERAT0ON PRESSUR0ZED WATER REACTORS ı1’% /HE
D0STANCE BETWEEN THE TWO CORES 0S ™fi™%fi M% 1OSS0BLY ANOTHER TWO CORES 0N THE /A0SHAN ¯11 W0LL BE BU0LT
0N THE FUTURE: BUT THE PLAN 0S UNCLEAR FOR NOW% /HE TOTAL THERMAL POWER OF THE xANGi0ANG AND /A0SHAN
¯11S 0S ™7%7 4v64%

/HE ,AYA &AY NUCLEAR COMPLEX 0S ™Ωfi KM AWAY FROM THE I2¯9 DETECTOR% -T 0NCLUDES THE ,AYA &AY
¯11: THE k0NG �O ¯11: AND THE k0NG �Oh-- ¯11 0N A SPREAD OF Ω%Ω KM: EACH W0TH ™ CORES OF ™%n 4v64%
/HE ,AYA &AY AND k0NG �O CORES ARE =RAMATOME ltΩz AND THE k0NG �Oh-- CORES ARE •1’Ωzzz% /HEY W0LL
CONTR0BUTE ABOUT 7%fl) OF THE REACTOR ANT0NEUTR0NO EVENTS 0N THE I2¯9 DETECTOR CONS0DER0NG OSC0LLAT0ON%
`U0ZHOU ¯11 0S UNDER CONSTRUCT0ON W0TH S0X ™%n 4v64 REACTOR CORES AND 0S EXPECTED TO BE READY AROUND
™z™fi% /HE PLAN OF kUFENG ¯11 0S UNCLEAR NOW% /HE `U0ZHOU S0TE 0S ™7fi KM AWAY FROM THE I2¯9
DETECTOR AND THE kUFENG S0TE 0S MORE THAN tzz KM AWAY% /HERE 0S NO OTHER ¯11 OR PLANNED ¯11 0N A
RAD0US OF fizz KM AROUND THE I2¯9 EXPER0MENTAL S0TE%
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/HE THERMAL POWER OF ALL CORES AND THE BASEL0NES pD0STANCES TO THE I2¯9 DETECTOR( ARE L0STED 0N
/AB% Ω% /HE D0STANCES FROM THE DETECTOR S0TE TO THE xANGi0ANG AND /A0SHAN CORES ARE SURVEYED W0TH
A 4LOBAL 1OS0T0ON0NG ®YSTEM p41®( TO A PREC0S0ON OF Ω METER% �LL THESE ¯11S ARE CONSTRUCTED AND
OPERATED BY THE •H0NA 4ENERAL ¯UCLEAR 1OWER 4ROUP p•4¯14(%

•ORES xIhΩ xIh™ xIht xIhfl xIhfi xIh7 /®hΩ /®h™ ,x& `y
1OWER p4v( ™%n ™%n ™%n ™%n ™%n ™%n fl%7 fl%7 Ω;%fl Ω;%fl
&ASEL0NEpKM( fi™%;fl fi™%e™ fi™%flΩ fi™%fln fi™%ΩΩ fi™%Ωn fi™%;; fi™%7fl ™Ωfi ™7fi

/ABLE Ω℃ ®UMMARY OF THE THERMAL POWER AND BASEL0NE TO THE I2¯9 DETECTOR FOR THE xANGi0ANG pxI(
AND /A0SHAN p/®( REACTOR CORES: AS WELL AS THE REMOTE REACTORS OF ,AYA &AY p,x&( AND `U0ZHOU p`y(%

,UE TO THE ABSENCE OF H0GH MOUNTA0NS 0N THE ALLOWED AREA WHERE THE SENS0T0V0TY TO THE MASS ORDER0NG
0S OPT0M0ZED: THE I2¯9 DETECTOR W0LL BE DEPLOYED 0N AN UNDERGROUND LABORATORY UNDER THE ,ASH0 H0LL%
•URRENTLY: THE EXPER0MENT HALL HAS BEEN EXCAVATED% /HE LOCAT0ON HAS BEEN SH0FTED BY ≡7z M TO THE
NORTHWEST OF THE OR0G0NALLY DES0GNED LOCAT0ON 0N ’EF% bn[% /HE ELEVAT0ON OF THE H0LL ABOVE THE DETECTOR 0S
™flz%7 M ABOVE SEA LEVEL% /HE DOME AND THE 5OOR OF THE UNDERGROUND EXPER0MENTAL HALL ARE AT hflzt%fi M
AND hfltz%fi M: RESPECT0VELY% /HE DETECTOR 0S LOCATED 0N A CYL0NDR0CAL P0T: W0TH THE DETECTOR CENTER AT
hflfi™%;fi M% /HEREFORE: THE VERT0CAL OVERBURDEN FOR THE DETECTOR CENTER 0S 7nt%tfi M pΩezz M%W%E(% /HE
EXPER0MENTAL HALL W0LL HAVE TWO ACCESSES℃ A fi7fl M DEEP VERT0CAL SHAFT AND A Ω™77 M LONG TUNNEL W0TH
A SLOPE OF fl™%fi)% /HE SURROUND0NG ROCK 0S GRAN0TE% /HE AVERAGE ROCK DENS0TY ALONG A 7fiz M BOREHOLE
NEAR THE EXPER0MENTAL HALL 0S MEASURED TO BE ™%7Ω G6CMt% /HE ACT0V0T0ES OF THE 3te2: 3t3/H: AND 5vJ 0N
THE ROCK AROUND THE EXPER0MENTAL HALL ARE MEASURED TO BE Ω™z: Ωz7: AND Ωt™z &Q6KG: RESPECT0VELY: W0TH
Ωz) UNCERTA0NT0ES% /HE MUON RATE AND AVERAGE ENERGY 0N THE I2¯9 DETECTOR ARE z%zzfl `Z6M3 AND ™z;
4Eu EST0MATED BY S0MULAT0ON: TAK0NG THE SURVEYED MOUNTA0N PROfflLE 0NTO ACCOUNT%

o)t I2m9 DdTdCTOR
/HE I2¯9 DETECTOR CONS0STS OF A •ENTRAL ,ETECTOR p•,(: A WATER •HERENKOV DETECTOR AND A /OP /RACKER
p//(% � SCHEMAT0C V0EW OF THE I2¯9 DETECTOR 0S SHOWN 0N =0G% t% /HE •, 0S A L0QU0D SC0NT0LLATOR pk®(
DETECTOR W0TH A DES0GNED EfECT0VE ENERGY RESOLUT0ON OF πd<B – t)<

√
BplEu(% -T CONTA0NS ™z KTON

k® 0N A SPHER0CAL ACRYL0C VESSEL: WH0CH 0S SUBMERGED 0N A WATER POOL% /HE ACRYL0C VESSEL 0S SUPPORTED
BY A STA0NLESS STEEL p®®( STRUCTURE V0A •ONNECT0NG &ARS% /HE •, 1HOTOMULT0PL0ER /UBES p1l/S( ARE
0NSTALLED ON THE 0NNER SURFACE OF THE ®® STRUCTURE% /HE WATER POOL 0S EQU0PPED W0TH 1l/S TO DETECT
THE •HERENKOV L0GHT FROM COSM0C MUONS: ACT0NG AS A VETO DETECTOR% •OMPENSAT0ON CO0LS ARE MOUNTED ON
THE ®® STRUCTURE TO SUPPRESS THE ıARTH?S MAGNET0C fflELD AND M0N0M0ZE 0TS 0MPACT ON THE PHOTOELECTRON
COLLECT0ON EffC0ENCY OF THE 1l/S% /HE •, AND THE WATER •HERENKOV DETECTOR ARE OPT0CALLY SEPARATED%
9N TOP OF THE WATER POOL: THERE 0S A PLAST0C SC0NT0LLATOR ARRAY: 0%E% /OP /RACKER: TO ACCURATELY MEASURE THE
MUON TRACKS% � CH0MNEY FOR CAL0BRAT0ON OPERAT0ONS CONNECTS THE •, TO THE OUTS0DE FROM THE TOP% /HE
CAL0BRAT0ON SYSTEMS ARE OPERATED 0N THE •AL0BRAT0ON `OUSE: ABOVE WH0CH A SPEC0AL RAD0OACT0V0TY SH0ELD0NG
AND A MUON DETECTOR ARE DES0GNED% ,ETA0LED DESCR0PT0ON OF THE DETECTOR CAN BE FOUND 0N ®EC% t%

o)fl I2m9 S0GNAL AND BACJGROUND
’EACTOR ANT0NEUTR0NOS CONST0TUTE THE PR0MARY S0GNAL 0N THE I2¯9 DETECTOR FOR DETERM0N0NG THE NEUTR0NO
MASS ORDER0NG AND FOR PREC0S0ON MEASUREMENTS OF THE NEUTR0NO OSC0LLAT0ON PARAMETERS% �LL REACTORS
CLOSE TO I2¯9 ARE COMMERC0AL L0GHThWATER REACTORS: WHERE fflSS0ONS OF FOUR 0SOTOPES 0N FUEL: 3tff2: 3te2:
3tn1U AND 35O1U: CONTR0BUTE / nnχ;) OF THE ANT0NEUTR0NOS% /HE ANT0NEUTR0NO 5UX 0S COMPOSED OF THESE
FOUR COMPONENTS WE0GHTED BY THE fflSS0ON RATE OF THE FOUR 0SOTOPES: τpBµ( –

)5
e EeRepBµ(: WHERE Ee
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=0GURE t℃ ®CHEMAT0C V0EW OF THE I2¯9 DETECTOR

0S THE fflSS0ON RATE AND RepBµ( 0S THE ANT0NEUTR0NO ENERGY SPECTRUM PER fflSS0ON FOR THE hhTH 0SOTOPE%
/HE fflSS0ON RATE CAN BE EVALUATED BASED ON THE REACTOR RUNN0NG 0NFORMAT0ON PROV0DED BY THE ¯11S:
0NCLUD0NG THE REACTOR THERMAL POWER: THE BURNhUP OF THE FUEL: THE fflSS0ON FRACT0ONS OF FOUR 0SOTOPES:
AND THE ENERGY RELEASED PER fflSS0ON% /HE ANT0NEUTR0NO SPECTRUM PER fflSS0ON HAS BEEN CALCULATED US0NG
TWO METHODS% 9NE 0S BASED ON THE SUMMAT0ON METHOD b™7: ™;: ™e[ WH0CH SUMS ALL THE ANT0NEUTR0NO
ENERGY SPECTRA CORRESPOND0NG TO THOUSANDS OF BETA DECAY BRANCHES FOR ABOUT Ωzzz 0SOTOPES 0N THE fflSS0ON
PRODUCTS: UT0L0Z0NG 0NFORMAT0ON 0N NUCLEAR DATABASES% /HE OTHER 0S THE BETA CONVERS0ON METHOD b™fl:
™fi: ™n: tz: tΩ: t™[ WH0CH CONVERTS THE MEASURED α ENERGY SPECTRA FROM THE 0ND0V0DUAL fflSS0ON 0SOTOPES
3tff2: 3tn1U: AND 35O1U TO THE CORRESPOND0NG ANT0NEUTR0NO ENERGY SPECTRA% /HE 3te2 SPECTRUM REL0ES
ON THE SUMMAT0ON METHOD AND CONTR0BUTES , Ωz) OF THE TOTAL EVENTS% ’ECENT fflND0NGS OF THE REACTOR
ANT0NEUTR0NO 5UX AND SPECTRUM ANOMAL0ES HAVE REVEALED UNCLEAR SYSTEMAT0C EfECTS 0N THE REACTOR 5UX
MODELS% /O PROV0DE A REL0ABLE REFERENCE ANT0NEUTR0NO SPECTRUM: THE I2¯9h/�9 EXPER0MENT WAS PROPOSED
AS A SATELL0TE EXPER0MENT OF I2¯9 TO MEASURE THE REACTOR ANT0NEUTR0NO SPECTRUM W0TH SUBhPERCENT ENERGY
RESOLUT0ON b™z[%

I2¯9 DETECTS ELECTRON ANT0NEUTR0NOS V0A 0NVERSE BETA DECAY p-&,( 0NTERACT0ONS: mµd·n∼ c)·m% /HE
c) QU0CKLY DEPOS0TS 0TS ENERGY AND ANN0H0LATES 0NTO TWO z%fiΩΩhlEu PHOTONS: WH0CH PROV0DES A PROMPT
S0GNAL% /HE PROMPT ENERGY CONTA0NS BOTH THE POS0TRON K0NET0C ENERGY Sdn AND THE ANN0H0LAT0ON ENERGY OF
™ · zχfiΩΩ lEu% /HE NEUTRON 0S MA0NLY CAPTURED ON PROTONS% �FTER APPROX0MATELY ™zz θr OF SCATTER0NG
0N THE DETECTOR: THE CAPTURE RELEASES A ™%™hlEu PHOTON: PROV0D0NG A DELAYED S0GNAL% � SET OF PREL0M0NARY
ANT0NEUTR0NO SELECT0ON CUTS 0S L0STED BELOW℃

˘ fflDUC0AL VOLUME CUT p , Ω;χ™ MŞ

˘ THE PROMPT ENERGY CUT z%; lEu , Bk , Ω™ lEuŞ

˘ THE DELAYED ENERGY CUT Ω%n lEu , Bc , ™%fi lEuŞ

e



˘ T0ME 0NTERVAL BETWEEN THE PROMPT AND DELAYED S0GNAL dS , Ωχz MSŞ

˘ THE PROMPThDELAYED D0STANCE CUT Qk�c , Ωχfi MŞ

˘ MUON VETO CR0TER0A℃

8 FOR MUONS TAGGED BY THE WATER •ERENKOV DETECTOR OR THE /OP /RACKER: VETO THE WHOLE k®
VOLUME FOR Ω%fi MSŞ

8 FOR WELLhTRACKED MUONS 0N THE •ENTRAL ,ETECTOR: VETO THE DETECTOR VOLUME W0TH0N A CYL0NDER OF
D0STANCE TO THE MUON TRACK Qc3β , t M AND W0TH0N T0ME TO THE PRECED0NG MUON Sc3β , Ωχ™ SŞ

8 FOR TAGGED: NONhTRACKABLE MUONS 0N THE •ENTRAL ,ETECTOR: VETO THE WHOLE k® VOLUME FOR Ω%™ S%

/HE DETECT0ON EffC0ENCY FOR EACH CUT 0S SHOWN 0N /AB% t% I2¯9 W0LL DETECT 7z -&,S6DAY W0TH THE ABOVE
SELECT0ON CR0TER0A%

/HE TWO MAiOR BACKGROUND SOURCES OF I2¯9 ARE NATURAL RAD0OACT0V0TY AND THE PRODUCTS OF COSM0C
MUONS% ¯ATURAL RAD0OACT0V0TY COMES FROM ALL MATER0ALS AND THE ENV0RONMENT% `UGE EfORTS ON MATER0AL
SCREEN0NG AND A CAREFUL ARRANGEMENT OF THE EXPER0MENTAL APPARATUS REDUCE THE S0NGLE EVENT RATE TO ABOUT
Ωz `Z 0N THE fflDUC0AL VOLUME% /HE ACC0DENTAL BACKGROUND DUE TO RAD0OACT0V0TY AND NEUTRONS 0S FURTHER
REDUCED BY APPLY0NG SELECT0ON CUTS US0NG THE ENERGY: T0ME AND SPACE S0GNATURES OF BOTH PROMPT AND DEh
LAYED S0GNALS% lOREOVER: Ot•p�:N(O79 REACT0ONS 0N THE L0QU0D SC0NT0LLATOR RESULT 0N CORRELATED BACKGROUND
EVENTS% =OR THE REACTOR ANT0NEUTR0NO PROGRAM: THE 26/H CONCENTRAT0ON 0S REQU0RED TO BE LOWER THAN
Ωz�Off G6G 0N THE L0QU0D SC0NT0LLATOR: WH0LE THE REQU0REMENT 0S Ωz�Os G6G FOR THE SOLAR NEUTR0NO DETECT0ON%
v0TH 7nt%tfi M pΩezz M%W%E( VERT0CAL OVERBURDEN: THE MUON 5UX 0N THE DETECTOR 0S z%zzfl `Z6M3% /HE
DOUBLE MUON VETO SYSTEMS: FORMED BY A /OP /RACKER SYSTEM AND A WATER •HERENKOV DETECTOR: ENSURE
A H0GH MUON TAGG0NG EffC0ENCY TO REiECT THE COSMOGEN0C BACKGROUNDS℃ nk06e`E AND FAST NEUTRON BACKh
GROUNDS% �N OPT0M0ZED VETO STRATEGY HAS BEEN DEVELOPED TO OBTA0N A , t) BACKGROUND TO S0GNAL RAT0O
FOR nk06e`E AND FAST NEUTRON BACKGROUNDS% /HE VETO STRATEGY UT0L0ZES THE CORRELAT0ON T0ME AND D0STANCE
TO THE PARENT MUON: THE MUON TRACK AND ENERGY DEPOS0T0ON: THE PULSE SHAPES AND THE ENERG0ES OF PROMPTh
DELAYED EVENT PA0RS% 4EONEUTR0NOS: PRODUCED BY 26/H 0N THE ıARTH: HAVE THE SAME S0GNATURES AS THE
REACTOR ANT0NEUTR0NOS% =EATURES OF THE ENERGY SPECTRUM SHAPES 0N THE REG0ON OF , t lEu HELP TO SEPARATE
THE GEONEUTR0NO COMPONENTS W0TH A FRACT0ON OF ≡ ™)% /HE RAT0O OF THE RES0DUAL BACKGROUNDS TO THE -&,
S0GNAL: 0NCLUD0NG GEONEUTR0NOS: ACC0DENTALS: nk06e`E: FAST NEUTRONS AND Ot•p�:N(O79 0S EST0MATED TO BE
ABOUT 7) US0NG THE SAME METHOD AS ’EF% bn[%

/HE I2¯9 DETECTOR REQU0RES AN ENERGY NONhL0NEAR0TY UNCERTA0NTY OF BETTER THAN Ω) AND A t)<
|
B

EfECT0VE ENERGY RESOLUT0ON TO DETERM0NE THE NEUTR0NO MASS ORDER0NG% /HE RELAT0ON BETWEEN THE TRUE
ENERGY AND THE DETECTED ENERGY 0S NONhL0NEAR DUE TO QUENCH0NG EfECTS AND •HERENKOV L0GHT EM0SS0ON%
/HE 1l/ 0NSTRUMENTAT0ON AND READOUT ELECTRON0CS MAY CONTR0BUTE ADD0T0ONAL NONhL0NEAR0TY FOR EACH
CHANNEL% uAR0OUS CAL0BRAT0ON SOURCES COVER0NG MOST OF THE -&, ENERGY RANGE W0LL BE DEPLOYED REGULARLY
TO CAL0BRATE THE ENERGY SCALE TO A SUBhPERCENT LEVEL bt[% /HE NOVEL DUAL CALOR0METRY W0TH ™zh0NCH AND
th0NCH 1l/S ENABLES A CLEAN DETERM0NAT0ON OF THE 0NSTRUMENTAL NONhL0NEAR0TY%

�S SHOWN 0N =0G% Ω: THE ¯l9 SENS0T0V0TY REL0ES ON THE D0fERENCE OF THE MULT0PLE SMALL OSC0LLAT0ON
PATTERN DR0VEN BY dk3

tO 0N NORMAL AND 0NVERTED MASS ORDER0NG CASES% 1REC0SE MEASUREMENT OF THE OSh
C0LLAT0ON PATTERN DR0VEN BY dk3

tO REQU0RES UNPRECEDENTED EfECT0VE ENERGY RESOLUT0ON% 9THERW0SE: THE
SMALL OSC0LLAT0ON PATTERN W0LL BE WASHED OUT% /HE UNPRECEDENTED ENERGY RESOLUT0ON PUTS STR0NGENT REh
QU0REMENTS ON THE TRANSPARENCY OF THE SC0NT0LLATOR AND THE DETECT0ON EffC0ENCY OF 1l/S% v0TH THE ’´,
ACH0EVEMENTS DESCR0BED 0N TH0S ART0CLE: A Y0ELD OF Ωtflfi P%E%6lEu AT THE DETECTOR CENTER 0S OBTA0NED 0N
S0MULAT0ONS BASED ON THE NOM0NAL DETECTOR PARAMETERS% /H0S CONTR0BUTES A STAT0ST0CAL TERM OF ™%;t) 0N
THE ENERGY RESOLUT0ON% /HE P%E% Y0ELD 0N THE DETECTOR 0S POS0T0ONhDEPENDENT% � MULT0hPOS0T0ONAL SOURCE
DEPLOYMENT CAL0BRAT0ON STRATEGY 0S DEVOLVED TO CORRECT THE NONhUN0FORM0TY% -N GENERAL: THE FRACT0ONAL
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ENERGY RESOLUT0ON FOR A V0S0BLE ENERGY B20S CAN BE WR0TTEN AS AN APPROX0MATE FORMULA
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WHERE THE U TERM 0S THE STAT0ST0CAL TERM DR0VEN BY PHOTOSTAT0ST0CS: THE a TERM 0S DOM0NATED BY THE POS0T0ON
NONhUN0FORM0TY: AND THE b TERM REPRESENTS THE CONTR0BUT0ON OF BACKGROUND NO0SES% =OR THE NEUTR0NO MASS
ORDER0NG DETERM0NAT0ON: 0T WAS FOUND THAT THE 0MPACT OF THE a TERM 0S Ω%7 T0MES LARGER THAN THAT OF THE
U TERM: AND THE 0MPACT OF THE b TERM 0S Ω%7 T0MES SMALLER THAN THAT OF THE U TERM bn[% /HEREFORE: AN
EfECT0VE ENERGY RESOLUT0ON CAN BE DEfflNED AS πE=<B – UE=<
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,ETA0LED STUD0ES ON THE EfECT0VE ENERGY RESOLUT0ON THAT COULD BE ACH0EVED W0TH THE I2¯9 DETECTOR
CAL0BRAT0ON STRATEGY CAN BE FOUND 0N ’EF% bt[: TAK0NG 0NTO ACCOUNT THE NONhUN0FORM0TY: VERTEX SMEAR0NG:
1l/ QUANTUM EffC0ENCY VAR0AT0ON AND CHARGE RESOLUT0ON: ENERGY NONL0NEAR0TY: AND 1l/ NO0SES: ETC% =OR
THE NOM0NAL SETUP: THE U TERM 0S ™%7Ω) pTHE ™%;t) MENT0ONED ABOVE CORRESPONDS TO THE STAT0ST0CS AT THE
DETECTOR CENTER WH0LE THE P%E% Y0ELD 0NCREASES W0TH RAD0US OF THE VERTEX(: THE a TERM 0S z%e™): AND THE b
TERM 0S Ω%™t)% /HUS: AN EfECT0VE ENERGY RESOLUT0ON OF tχz™)<

√
BplEu( 0S EXPECTED FOR THE I2¯9 l9

DETERM0NAT0ON 0N S0MULAT0ONS%
�S A MULT0PLEhPURPOSE DETECTOR: I2¯9 0S SENS0T0VE TO A RANGE OF NEUTR0NO SOURCES BEYOND THE REACTOR

ANT0NEUTR0NOS% /HE EXPECTED S0GNAL AND BACKGROUND EST0MATES FOR VAR0OUS RESEARCHES AND THE CORREh
SPOND0NG PHYS0CS POTENT0ALS W0LL BE REV0EWED 0N ®ECT0ON ™% /HE EXPECTED NEUTR0NO S0GNAL RATES AND MAiOR
BACKGROUND SOURCES ARE SUMMAR0ZED 0N /AB% ™% 9NLY THE l9 DETERM0NAT0ON REQU0RES A t) ENERGY RESOh
LUT0ON% /HE 〉dk3

t3〉 MEASUREMENT BENEfflTS MODERATELY FROM A H0GH ENERGY RESOLUT0ON% �LL OTHER STUD0ES
ARE NOT SENS0T0VE TO THE ENERGY RESOLUT0ON% ®OLAR NEUTR0NO STUD0ES REQU0RE A 26/H RAD0OPUR0TY OF THE
k® OF Ω· Ωz�Os G6G% ’EACTOR AND 4EONEUTR0NO STUD0ES REQU0RE Ω· Ωz�Off G6G AND OTHER STUD0ES ARE NOT
SENS0T0VE%

’ESEARCH ıXPECTED S0GNAL ıNERGY REG0ON lAiOR BACKGROUNDS
’EACTOR ANT0NEUTR0NO 7z -&,S6DAY z—Ω™ lEu ’AD0OACT0V0TY: COSM0C MUON
®UPERNOVA BURST fizzz -&,S AT Ωz KPC z—ez lEu ¯EGL0G0BLE

™tzz ELAST0C SCATTER0NG
,®¯& pW6O 1®,( ™—fl -&,S6YEAR Ωz—flz lEu �TMOSPHER0C µ
®OLAR NEUTR0NO HUNDREDS PER YEAR FOR e& z—Ω7 lEu ’AD0OACT0V0TY

�TMOSPHER0C NEUTR0NO HUNDREDS PER YEAR z%Ω—Ωzz 4Eu ¯EGL0G0BLE
4EONEUTR0NO ≡ flzz PER YEAR z—t lEu ’EACTOR µ

/ABLE ™℃ ®UMMARY OF DETECTABLE NEUTR0NO S0GNALS 0N THE I2¯9 EXPER0MENT AND THE EXPECTED S0GNAL RATES
AND MAiOR BACKGROUND SOURCES%

3 1HxS0CS W0TH I2m9

3)o mdUTR0NO MASS ORDdR0NG
I2¯9 DETERM0NES THE ¯l9 US0NG THE OSC0LLAT0ON 0NTERPLAY BETWEEN dk3

tO AND dk3
t3 AT A MED0UM

REACTOR BASEL0NE p≡fit KM(% /HE REACTOR ANT0NEUTR0NO SURV0VAL PROBAB0L0TY Nmµν◦mµν 0S SHOWN 0N ıQ% Ω%

Ωz



�LTHOUGH THE ¯l9 CAN BE DETERM0NED AS WELL W0TH LONGhBASEL0NE ACCELERATOR OR ATMOSPHER0C NEUTR0NO
EXPER0MENTS: I2¯9 0S UN0QUE S0NCE 0TS SENS0T0V0TY 0S BASED ON THE VACUUM OSC0LLAT0ONS WH0LE ACCELERAh
TOR AND ATMOSPHER0C EXPER0MENTS RELY ON THE ¯l9 DEPENDENCE OF MATTER EfECTS% /HE I2¯9 ¯l9
SENS0T0V0TY HAS NO DEPENDENCE ON THE UNKNOWN •1hV0OLAT0NG PHASE AND THE ε3t OCTANT: ADD0NG UN0QUE
0NFORMAT0ON WHEN COMB0NED W0TH OTHER NEUTR0NO EXPER0MENTS%

�T A BASEL0NE OF fit KM: I2¯9 W0LL S0MULTANEOUSLY MEASURE OSC0LLAT0ONS DR0VEN BY THE SMALL MASS
SPL0TT0NG pdk3

3O( AND THE LARGE MASS SPL0TT0NG pdk3
tO AND dk3

t3( AS SHOWN 0N =0G% Ω% /HE SMALL OSC0LLAT0ON
PEAKS 0N THE OSC0LLATED ANT0NEUTR0NO SPECTRUM CONTA0N THE ¯l9 0NFORMAT0ON% 1REC0SE MEASUREMENT OF
THE OSC0LLATED ANT0NEUTR0NO SPECTRUM 0S A KEY FOR I2¯9 TO DETERM0NE ¯l9% /H0S REQU0RES A ™z KTON
L0QU0D SC0NT0LLATOR DETECTOR W0TH AN UNPRECEDENTED EfECT0VE ENERGY RESOLUT0ON OF t)<

√
BplEu(%

I2¯9 DETECTS THE REACTOR ANT0NEUTR0NO S0GNAL V0A -&, REACT0ON: mµd · n ∼ c) · m% /HE REACTOR
ANT0NEUTR0NO 0NTERACTS W0TH A PROTON: CREAT0NG A POS0TRON pc)( AND A NEUTRON% /HE POS0TRON QU0CKLY
DEPOS0TS 0TS ENERGY AND ANN0H0LATES 0NTO TWO z%fiΩΩhlEu βhRAYS: WH0CH G0VES A PROMPT S0GNAL% /HE NEUTRON
SCATTERS 0N THE DETECTOR UNT0L THERMAL0ZAT0ON% -T 0S THEN CAPTURED ON A PROTON pnn)( OR CARBON pΩ)(
W0TH0N AN AVERAGE T0ME OF ≡ ™zz θS AND PRODUCES GAMMAS OF ™%™ lEu OR fl%nfi lEu% /HE CO0NC0DENCE OF
THE PROMPThDELAYED S0GNAL PA0R 0N SUCH A SHORT T0ME S0GN0fflCANTLY REDUCES BACKGROUNDS% /HE OBSERVABLE
NEUTR0NO ENERGY SPECTRUM CAN BE APPROX0MATELY OBTA0NED FROM THE PROMPT S0GNAL W0TH A SH0FT OF ≡
z%e lEu%

�CC0DENTAL CO0NC0DENCE BACKGROUND: e`E6nk0: FAST NEUTRONS AND Ot•p�: N(O79 REACT0ONS ARE THE MAiOR
BACKGROUNDS FOR THE REACTOR NEUTR0NO PROGRAM 0N I2¯9% � fflDUC0AL VOLUME CUT CAN S0GN0fflCANTLY REDUCE
THE ACC0DENTAL AND THE Ot•p�: N(O79 BACKGROUNDS% ıNERGY SELECT0ON: T0ME CO0NC0DENCE: AND VERTEX CORh
RELAT0ON OF THE PROMPT AND DELAYED S0GNALS ARE USED 0N THE ANT0NEUTR0NO SELECT0ON TO FURTHER SUPPRESS THE
ACC0DENTAL BACKGROUND% /O REiECT THE COSMOGEN0C BACKGROUNDS SUCH AS nk06e`E AND FAST NEUTRONS: MUON
VETO CUTS NEED TO BE OPT0M0ZED TO MAX0M0ZE THE DETECTOR L0VE T0ME AND M0N0M0ZE THE DEAD VOLUME LOSSES%
� SET OF PREL0M0NARY SELECT0ON CR0TER0A 0S STUD0ED 0N THE I2¯9 xELLOW &OOK bn[% /AB% t SUMMAR0ZES THE
EffC0ENC0ES OF THE SELECT0ON CUTS AND THE CORRESPOND0NG REDUCT0ONS FOR VAR0OUS BACKGROUNDS% I2¯9 W0LL
OBSERVE 7z -&, EVENTS PER DAY: W0TH ABOUT 7) BACKGROUND CONTAM0NAT0ON%

®ELECT0ON -&, EffC0ENCY -&, 4EOhµS �CC0DENTAL nk06e`E =AST m p�. m(
h h et Ω%fi h efl h h

=0DUC0AL VOLUME nΩ%e) ;7 Ω%fl ;; z%Ω z%zfi
ıNERGY CUT n;%e) flΩz
/0ME CUT nn%Ω) ;t Ω%t ;Ω
uERTEX CUT ne%;) Ω%Ω
lUON VETO et) 7z Ω%Ω z%n Ω%7
•OMB0NED ;t) 7z t%fifi

/ABLE t℃ /HE EffC0ENC0ES OF ANT0NEUTR0NO SELECT0ON CUTS: S0GNAL AND BACKGROUNDS RATES: TAKEN FROM ’EF% bn[%

/O OBTA0N THE ¯l9 SENS0T0V0TY: WE EMPLOY THE LEASThSQUARES METHOD AND CONSTRUCT A φ3 FUNCT0ON AS

φ3+d� –
G�vb∑

e8O

bLe � SepΩ·
)

j �ejδj([3
Le

·
∑

j

δ3j
π3j

. pfl(

WHERELe 0S THE NUMBER OF MEASURED NEUTR0NO EVENTS 0N THE hhTH ENERGY B0N: Se 0S THE PRED0CTED NUMBER OF
NEUTR0NO EVENTS W0TH OSC0LLAT0ONS: πj 0S A SYSTEMAT0C UNCERTA0NTY: δj 0S THE CORRESPOND0NG PULL PARAMETER:
AND �ej 0S THE FRACT0ON OF NEUTR0NO EVENT CONTR0BUT0ON OF THE ihTH PULL PARAMETER TO THE hhTH ENERGY B0N%
/HE CONS0DERED SYSTEMAT0C UNCERTA0NT0ES 0NCLUDE THE CORRELATED pABSOLUTE( REACTOR UNCERTA0NTY p™)(: THE
UNCORRELATED pRELAT0VE( REACTOR UNCERTA0NTY pzχe)(: THE BACKGROUND UNCERTA0NT0ES: THE SPECTRAL SHAPE
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UNCERTA0NTY pΩ)( AND THE NONhL0NEAR0TY UNCERTA0NTY% vE fflT THE SPECTRUM ASSUM0NG THE NORMAL ORDER0NG
OR 0NVERTED ORDER0NG W0TH THE CH0hSQUARED METHOD AND TAKE THE D0fERENCE OF THE M0N0MA AS A MEASURE
OF THE MED0AN ¯l9 SENS0T0V0TY% /HE D0SCR0M0NATOR OF THE ¯l9 CAN BE DEfflNED AS

dφ3h9 – 〉φ3M0Np¯9(� φ3M0Np-9(〉. pfi(

WHERE THE M0N0M0ZAT0ON PROCESS 0S 0MPLEMENTED FOR ALL THE RELEVANT NU0SANCE PARAMETERS 0NCLUD0NG OSC0Lh
LAT0ON PARAMETERS% v0TH THE 0NPUTS DESCR0BED ABOVE: WE OBTA0N dφ3 – Ωz: WH0CH SHOWS THE ¯l9 CAN
BE DETERM0NED W0TH A S0GN0fflCANCE OF tπ 0N 7 YEARS OF DATA TAK0NG bn[% ®EVERAL ANALYSES 0MPLEMENT0NG
D0fERENT APPROACHES HAVE Y0ELDED CONS0STENT RESULTS%

’ECENT RESULTS ON THE MEASUREMENT OF THE ANT0NEUTR0NO ENERGY SPECTRUM SHOW AN ANOMALY ON THE
SPECTRAL SHAPE: KNOWN AS THE fi—lEu BUMP% -N ADD0T0ON: fflNE STRUCTURE btt[ MAY EX0ST 0N THE ANT0NEUTR0NO
ENERGY SPECTRUM% /HESE fflND0NGS 0ND0CATE THAT THE UNCERTA0NTY 0N THE REACTOR ANT0NEUTR0NO 5UX MODEL
MAY BE UNDEREST0MATED% /HE /A0SHAN �NT0NEUTR0NO 9BSERVATORY p/�9( HAS BEEN PROPOSED TO PROV0DE
A PREC0SE MODELh0NDEPENDENT REFERENCE SPECTRUM FOR I2¯9 TO REDUCE THE 5UX UNCERTA0NTY b™z[% /HE
UNCERTA0NTY OF TH0S REFERENCE SPECTRUM 0S EST0MATED TO BE ≡ Ω) OVER MOST OF THE ENERGY REG0ON: TAK0NG
0NTO ACCOUNT THE STAT0ST0CS W0TH t YEARS OF DATA: ENERGY NONhL0NEAR0TY EfECT: ENERGY LEAKAGE 0N A SMALL
DETECTOR: AND fflSS0ON FRACT0ON UNCERTA0NT0ES WHEN PRED0CT0NG OTHER REACTOR CORES W0TH THE MEASUREMENT
OF ONLY ONE CORE%

•OMPARED TO THE ASSUMPT0ONS 0N THE xELLOW &OOK: SEVERAL CHANGES HAVE OCCURRED TO THE EXPER0MENTAL
0NPUTS%

˘ -T HAS BECOME CLEAR THAT TWO OF THE FOUR PLANNED /A0SHAN REACTOR CORES W0LL NOT BE BU0LT 0N THE
NEAR TERM% /H0S W0LL REDUCE THE TOTAL REACTOR POWER BY ABOUT ™fi): RESULT0NG 0N A REDUCT0ON OF
≡ ™%fi FOR dφ3 W0TH 7 YEARS? DATA%

˘ /HE LOCAT0ON OF THE I2¯9 EXPER0MENTAL HALL WAS SH0FTED BY ABOUT 7z M TO ADAPT TO THE UNDERh
GROUND GEOLOG0CAL COND0T0ONS% /HE COSM0C MUON 5UX 0N THE NEW EXPER0MENTAL HALL 0NCREASES BY
tz) DUE TO A REDUCT0ON OF THE VERT0CAL OVERBURDEN BY fie M% /HE CHANGES ON THE BASEL0NES AND THE
OVERBURDEN HAVE NEGAT0VE BUT NEGL0G0BLE 0MPACTS ON THE ¯l9 SENS0T0V0TY%

˘ &ACKGROUNDS FROM THE DETECTOR MATER0ALS ARE UNDER GOOD CONTROL AND ARE 0MPROVED W0TH RESPECT
TO THE OR0G0NAL EXPECTAT0ON% �CC0DENTAL BACKGROUNDS ARE REDUCED TO z%;6DAY FROM z%n6DAY%,ETA0LSS
ARE SHOWN 0N ®ECT0ON t%ΩΩ%

˘ ’ECENT EfORTS 0N OPT0M0ZAT0ON OF THE ANT0NEUTR0NO SELECT0ON SHOW A POSS0B0L0TY TO M0N0M0ZE THE
DEAD T0ME AFTER THE MUON VETO% /HE L0VE T0ME FRACT0ON 0NCREASES FROM et) TO nt): PART0ALLY
COMPENSAT0NG FOR THE STAT0ST0CS LOSS DUE TO LESS REACTOR POWER%

˘ �LL ™zh0NCH 1l/S HAVE BEEN PROCURED AND TESTED% /HE AVERAGE PHOTON DETECT0ON EffC0ENCY FOR
1l/S 0N THE •ENTRAL ,ETECTOR 0S ™n%Ω): COMPAR0NG TO THE DES0GNED VALUE ™;) USED 0N ’EF% bn[%
lEANWH0LE: A MORE REAL0ST0C 1l/ AND L0QU0D SC0NT0LLATOR OPT0CAL MODEL HAS BEEN DEVELOPED W0TH
DED0CATED STUD0ES US0NG A ,AYA &AY DETECTOR btfl[: SHOW0NG A POSS0BLE PHOTOELECTRON Y0ELD 0NCREASE
AND THUS AN 0MPROVEMENT ON THE ENERGY RESOLUT0ON%

˘ -MPACTS OF THE ENERGY NONhL0NEAR0TY 0N THE MEASURED SPECTRUM HAVE BEEN FURTHER STUD0ED%

˘ •OMB0NED ANALYS0S OF THE /�9 AND I2¯9 DATA SHOWS THAT A MODERATE 0MPROVEMENT COULD BE
ACH0EVED COMPARED TO THE S0MPLE ASSUMPT0ON OF Ω) B0NhTOhB0N UNCERTA0NTY: WH0LE THE MODEL DEh
PENDENCE OF THE 0NPUT SPECTRUM btfi: t7[ CAN BE REMOVED%
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v0TH ALL THESE FACTORS TAKEN 0NTO ACCOUNT: THE ¯l9 SENS0T0V0TY 0S ALMOST THE SAME AS THAT 0N THE xELLOW
&OOK%

-N ADD0T0ON: AS SHOWN 0N ’EFS% bn: t;[: ELECTRON ANT0NEUTR0NO D0SAPPEARANCE AND MUON NEUTR0NO pANh
T0NEUTR0NO( APPEARANCE EXPER0MENTS W0LL PREFER A D0fERENT VALUE OF dk3

t3 WHEN THE WRONG ¯l9 HYPOTHh
ES0S 0S TESTED 0N A COMMON STAT0ST0CAL ANALYS0S OF THE OSC0LLAT0ON DATA% /HE CORRESPOND0NG TENS0ON PROV0DES
ADD0T0ONAL POWER TO EXCLUDE THE WRONG ¯l9 HYPOTHES0S AND GREATLY BOOSTS THE SENS0T0V0TY OF THE ¯h
l9 MEASUREMENT% �S A CONSEQUENCE: A COMB0NED ANALYS0S BETWEEN I2¯9 AND AN ACCELERATORhBASED OR
ATMOSPHER0ChBASED ¯l9 EXPER0MENT W0LL REACH MUCH BETTER SENS0T0V0TY THAN 0T MAY BE EXPECTED FROM
A S0MPLE SUM OF dφ3% /HE BOOSTED dφ3 DUE TO THE COMB0NAT0ON EfECT OF D0fERENT TYPES OF EXPER0MENTS
REL0ES ON THE PREC0S0ONS OF dk3

tO pOR dk3
t3( FROM 0ND0V0DUAL EXPER0MENTS% /HE DETERM0NAT0ON OF dk3

t3
W0TH A H0GH PREC0S0ON OF z%7) OR BETTER pSEE ®ECT0ON ™%™( 0N I2¯9 EXPER0MENT V0A REACTOR ANT0NEUTR0NOS
PROV0DES UN0QUE 0NFORMAT0ON 0N THE ¯l9 COMB0NED ANALYS0S% ıfORTS TOWARDS THE COMB0NED ANALYS0S OF
I2¯9·1-¯42·9’•� bte[ AND I2¯9·/™J·¯9µ� ARE ALSO ONhGO0NG%

3)3 1RdC0S0ON MdASURdMdNT OF NdUTR0NO OSC0LLAT0ON PARAMdTdRS
�S 0LLUSTRATED 0N =0G% Ω: I2¯9 W0LL BE THE fflRST EXPER0MENT TO OBSERVE THE EfECTS OF THE SOhCALLED SOLAR
AND ATMOSPHER0C OSC0LLAT0ONS S0MULTANEOUSLY% /HE FORMER: DR0VEN BY dk3

3O AND MODULATED BY S0N3 ™εO3:
CAUSE THE SLOW pLOW FREQUENCY( OSC0LLAT0ON THAT 0S RESPONS0BLE FOR THE BULK OF THE REACTOR ANT0NEUTR0NO
D0SAPPEARANCE% /HE LATTER: DR0VEN BY dk3

t3 AND MODULATED BY S0N3 ™εOt: CAUSE THE H0GHER FREQUENCY
OSC0LLAT0ONS R0D0NG ON TOP OF THE SLOWER ONE% lEASUR0NG THE OSC0LLATED REACTOR ANT0NEUTR0NO SPECTRUM
W0TH A RESOLUT0ON OF t) AT Ω lEu W0LL ENABLE DETERM0N0NG THESE fl PARAMETERS S0MULTANEOUSLY%

�N EST0MATE OF I2¯9?S SENS0T0V0TY TO THESE fl OSC0LLAT0ON PARAMETERS WAS PREV0OUSLY REPORTED 0N
’EF% bn[% � NEW STUDY 0S ONGO0NG THAT 0NCORPORATES SEVERAL 0MPORTANT UPDATES: NAMELY℃

˘ 2PDATED BASEL0NES AND COSMOGEN0C BACKGROUNDS THAT RE5ECT THE SL0GHT ADiUSTMENTS MADE TO THE
UNDERGROUND CAVERN?S POS0T0ON DUR0NG CONSTRUCT0ON%

˘ �N -&, CROSShSECT0ON THAT 0NCORPORATES ALL RAD0AT0VE CORRECT0ONS AND NEUTRON RECO0L EfECTS%

˘ � REACTOR ANT0NEUTR0NO SHAPE UNCERTA0NTY CONS0STENT W0TH THE EXPECTAT0ON FROM THE /�9 EXPER0h
MENT%

˘ � DATAhDR0VEN SC0NT0LLATOR NONhL0NEAR0TY MODEL 0NSP0RED FROM THE EXPER0ENCE 0N THE ,AYA &AY EXh
PER0MENT btn[%

˘ /HE UPDATED ENERGY RESOLUT0ON FROM ’EF% bt[%

˘ /HE USE OF I2¯9?S FULL lONTE •ARLO S0MULAT0ON TO MODEL DETECTOR RESPONSE EfECTS SUCH AS NONh
UN0FORM0T0ES AND LEAKAGE%

˘ /HE UPDATED REACTOR CONfflGURAT0ON OF /AB% Ω%

/HE SENS0T0V0TY TO THE OSC0LLAT0ON PARAMETERS 0S BE0NG 0NDEPENDENTLY EST0MATED BY SEVERAL METHODS
RELY0NG ON D0fERENT STAT0ST0CAL APPROACHES TO TREAT THE UNCERTA0NT0ES: SUCH AS PULL PARAMETERS AND COVAR0h
ANCE MATR0CES: ALL OF WH0CH Y0ELD CONS0STENT RESULTS% /HE fflNAL VALUES OF THE SENS0T0V0T0ES ARE ST0LL BE0NG
fflNAL0ZED AND W0LL BE THE FOCUS OF A SEPARATE PUBL0CAT0ON TO BE RELEASED SOON% vH0LE THE PREC0S0ON ON
S0N3 ™εOt W0LL NOT EXCEED THAT OF EX0ST0NG MEASUREMENTS bflz[: THE S0N3 ™εO3: dk3

3O: AND 〉dk3
t3〉 PARAMETERS

W0LL BE DETERM0NED TO zχ7) OR BETTER AFTER 7 YEARS OF EXPOSURE: GREATLY 0MPROV0NG OVER CURRENT EST0MATES%
I2¯9 0S CURRENTLY THE ONLY EXPER0MENT ON THE HOR0ZON THAT W0LL DETERM0NE SOME OF THESE PARAMETERS

W0TH SUCH H0GH PREC0S0ON% lOREOVER: 0TS UN0QUE APPROACH US0NG MED0UMhBASEL0NE REACTOR ANT0NEUTR0NO
OSC0LLAT0ONS W0LL FEATURE VERY D0fERENT SYSTEMAT0C UNCERTA0NT0ES TO THOSE OF OTHER EXPER0MENTS: MOST
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NOTABLY ACCELERATOR bΩfi: flΩ: fl™: flt[ AND SOLAR bflfl: flfi[ EXPER0MENTS% �S POWERFUL D0SCR0M0NATORS OF NEUTR0NO
MASSES AND M0X0NG MODELS: CONSTRA0NTS TO OTHER EXPER0MENTS: AND HANDLES TO PROBE THE thNEUTR0NO 5AVOR
PARAD0GM WELL BEYOND CURRENT L0M0TS: THESE EST0MATES W0LL THUS PROV0DE VERY VALUABLE 0NPUT TO THE
COMMUN0TY FOR THE FORESEEABLE FUTURE%

3)t rUPdRNOVA NdUTR0NOS AND TR0GGdR STRATdGx
¯EUTR0NOS ARE CRUC0AL PLAYERS DUR0NG ALL STAGES OF STELLAR COLLAPSE AND EXPLOS0ON% /HE DETECT0ON OF TWO
DOZEN NEUTR0NO EVENTS FROM ®UPERNOVA p®¯( Ωne;� 0N JAM0OKANDEh-- bfl7[: -RV0NEhl0CH0GANh&ROOKHAVEN bfl;[:
AND &AKSAN bfle[ EXPER0MENTS: HAS ESSENT0ALLY CONfflRMED THE SCENAR0O OF THE DELAYED NEUTR0NOhDR0VEN EXh
PLOS0ON MECHAN0SM FOR COREhCOLLAPSE ®¯E bfln: fiz: fiΩ: fi™: fit[% `OWEVER: W0TH THE POOR STAT0ST0CS FROM ®¯
Ωne;�: 0T 0S 0MPOSS0BLE TO DETERM0NE SUPERNOVA AND NEUTR0NO PARAMETERS: ALTHOUGH SOME H0NTS CAN BE
OBTA0NED pSEE: E%G%: ’EF% bfifl[: FOR AN OVERV0EW ON THE STAT0ST0CAL ANALYS0S OF NEUTR0NO DATA FROM ®¯ Ωne;�(%
=UTURE LARGE WATER •HERENKOV: L0QU0D SC0NT0LLATOR: AND L0QU0D ARGON T0ME PROiECT0ON CHAMBER NEUTR0NO
DETECTORS pE%G%: `YPERhJAM0OKANDE: I2¯9: AND ,2¯ı( ARE ALL ABLE TO REG0STER LARGE STAT0ST0CS OF ®¯
NEUTR0NOS AND HAVE GREAT POTENT0AL TO PROV0DE COMPLETE 5AVOR 0NFORMAT0ON ON ®¯ NEUTR0NOS% lEANWH0LE:
NUMER0CAL MODELS HAVE RECENTLY BEEN ADVANCED 0N BETTER PRED0CT0ONS OF THE MEASURABLE ®¯ NEUTR0NOS
FEATURES: SEE RECENT REV0EWS ’EFS% bfifi: fi7[%

/HEORET0CAL PRED0CT0ONS OF THE ®¯E NEUTR0NOhEM0SS0ON DEP0CT THREE MA0N PHASES: NAMELY THE SHOCKh
BREAKOUT BURST PHASE: POSThBOUNCE ACCRET0ON PHASE AND THE PROTOhNEUTRON STAR COOL0NG PHASE% -T 0S
H0GHLY DES0RABLE TO OBTA0N A CLEAR OBSERVAT0ON OF THESE D0SCR0M0NAT0VE PHASES THAT CORRESPOND TO THE
DYNAM0CAL EVOLUT0ON STAGES OF STELLAR COLLAPSE AND EXPLOS0ON% /HE TOTAL ENERGY: LUM0NOS0TY EVOLUT0ON:
SPECTRAL D0STR0BUT0ON: AND THE M0X OF D0fERENT 5AVORS OF THE ®¯ NEUTR0NOS CARRY THE 0NFORMAT0ON OF THE
HYDRODYNAM0C COND0T0ONS AND DYNAM0CAL PROCESSES: THE CHARACTER0ST0CS OF THE PROGEN0TOR STAR AND 0TS
COMPACT REMNANT% lOREOVER: BEFORE A MASS0VE STAR COLLAPSES AND FORMS AN ®¯: 0%E%: DUR0NG 0TS S0L0CON
BURN0NG: A S0GN0fflCANT NUMBER OF lEuhENERGY NEUTR0NOS CAN BE PRODUCED V0A THERMAL PROCESSES AND
NUCLEAR WEAK 0NTERACT0ONS% /HESE PREhSUPERNOVA NEUTR0NOS ARE ALSO USEFUL TO 0NVEST0GATE LATEhSTAGE STELLAR
EVOLUT0ON bfi;: fie[%

I2¯9: W0TH ™z KT k®: HAS EXCELLENT CAPAB0L0TY OF DETECT0NG ALL 5AVORS OF THE $pΩz lEu( POSTSHOCK
NEUTR0NOS% /HE MULT0CHANNEL DETECT0ON 0S MA0NLY V0A THE 0NVERSE BETA DECAY p-&,(: µd· n∼ c)·m: THE
ELAST0C NEUTR0NOhELECTRON SCATTER0NG pcı®(: µ · c� ∼ µ · c�: AND THE ELAST0C NEUTR0NOhPROTON SCATTER0NG
pnı®(: µ · n∼ µ · n% =OR A TYP0CAL GALACT0C D0STANCE OF Ωz KPC AND TYP0CAL ®¯ PARAMETERS: I2¯9 W0LL
REG0STER ≡fizzz -&, EVENTS: ≡tzz cı® EVENTS AND ≡™zzz nı® EVENTS% /HE CHARGEDhCURRENT p••( AND
NEUTRALhCURRENT p¯•( 0NTERACT0ONS OF NEUTR0NOS ON O3• NUCLE0 ARE OBSERVABLE AS WELL bfin[: AND THEY W0LL
REG0STER≡™zz EVENTS AND≡tzz EVENTS: RESPECT0VELY% /HE O3& AND O3¯ 0N THE fflNAL STATES OF •• 0NTERACT0ONS
ON O3• ARE α�hEM0TTERS W0TH A ™z%™ MS AND ΩΩ MS HALFhL0FE: RESPECT0VELY: LEAD0NG TO A PROMPThDELAYED
CO0NC0DENT S0GNAL% /HE V0S0BLE ENERGY SPECTRA CAUSED BY THE S0X MA0N REACT0ON CHANNELS ARE SHOWN 0N
=0G% fl% ¯OTE THAT THE AVA0LABLE NUMER0CAL MODELS 0N THE COMMUN0TY MAY PRED0CT QU0TE D0fERENT S0GNAL
STAT0ST0CS% /HE MODELS FROM THE 4ARCH0NG GROUP b7z[ AND IAPAN GROUP b7Ω[ PRED0CT $pfiK( -&, EVENTS
AT I2¯9% /HE ENERGY SPECTRA OF µd: µd: AND µv p0%E%: µβ: µν : AND µβ: µν ( ARE OF CRUC0AL 0MPORTANCE TO
UNDERSTAND THE M0CROSCOP0C PHYS0CS OF ®¯ EXPLOS0ONS% � UN0QUE STRENGTH OF I2¯9 0S THE POSS0B0L0TY
TO PROV0DE 5UX AND SPECTRAL 0NFORMAT0ON FOR THE µv 5AVORS BASED ON THE ¯• O3• AND nı® CHANNELS:
RESPECT0VELY: AS fflRST PO0NTED OUT 0N ’EF% b7™[% -N FACT: I2¯9 HAS THE CAPAB0L0TY TO PROV0DE 5UX AND
SPECTRAL 0NFORMAT0ON FOR ALL 5AVORS: AS DEMONSTRATED BY A MODELh0NDEPENDENT APPROACH b7t: 7fl[%

/HE $pΩ lEu( PREhSUPERNOVA NEUTR0NOS COULD PROV0DE A UN0QUE AND 0NDEPENDENT EARLY WARN0NG FOR
THE OPT0CAL OBSERVAT0ONS OF COREhCOLLAPSE ®¯E% �TTR0BUT0NG TO THE LOW DETECT0ON THRESHOLD$pΩzz KEu( b7fi[:
PREhSUPERNOVA NEUTR0NOS ARE DETECTABLE V0A THE -&, AND cı® CHANNELS% `OWEVER: THE cı® CHANNEL W0LL
SUfER FROM THE CONTAM0NAT0ONS BY NATURAL RAD0OACT0V0TY AND COSMOGEN0C PRODUCTS: WHEREAS THE -&,
CHANNEL 0S LESS AfECTED% /HEREFORE: THE PREhSUPERNOVA NEUTR0NOS CAN BE PROBED 0F THE ACCUMULATED
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=0GURE fl℃ /HE NEUTR0NO EVENT SPECTRA W0TH RESPECT TO THE V0S0BLE ENERGY Bc 0N THE I2¯9 DETECTOR FOR A
TYP0CAL ®¯ AT Ωz KPC% p-MAGE REMADE FROM ’EF% bn[(

-&, RATE S0GN0fflCANTLY EXCEEDS THE BACKGROUND LEVEL W0TH0N A CERTA0N T0ME W0NDOW% k0M0TED PO0NT0NG
0NFORMAT0ON BECOMES AVA0LABLE ONCE SUffC0ENT -&, EVENTS ARE ACCUMULATED b77[%

/HE I2¯9 FRONThENDhELECTRON0CS b7;[ W0LL FEATURE REALhT0ME WAVEFORM PROCESS0NG BY =14�S pCHARGE
RECONSTRUCT0ON AND T0MESTAMP TAGG0NG( AND A ™ 4& ,,’t MEMORY SHARED BY THREE 1l/S% /HE PROh
CESSED S0GNAL W0LL BE SENT TO THE DATA ACQU0S0T0ON p,�+( 0N TR0GGERLESS MODE: WH0LE THE RAW WAVEFORMS
W0LL BE SENT TO ,�+ ONCE VAL0DATED BY THE GLOBAL TR0GGER ELECTRON0CS% /H0S CONfflGURAT0ON L0M0TS THE
CHANCE OF DATA LOSS EVEN 0N THE FACE OF THE VERY H0GH EVENT RATE EXPECTED FOR A NEARBY SUPERNOVA: BEh
CAUSE THE SUPERNOVA S0GNALS CAN BE TEMPORAR0LY STORED 0N THE ™ 4& MEMORY% -T CAN COMPLETELY HANDLE
THE ®UPERNOVA EXPLOS0ON BEYOND z%fi KPC pMORE THAN ™ l EVENTS(% -F A ®UPERNOVA EXPLOS0ON 0S EVEN
CLOSER: THE WAVEFORM PROCESS0NG BY =14� MAY START TO HAVE DEAD T0ME AND THE MEMORY GETS OVER5OW%
=URTHERMORE: A DED0CATED MULT0hMESSENGER TR0GGER SYSTEM 0S UNDER DES0GN TO ACH0EVE AN ULTRAhLOW DEh
TECT0ON THRESHOLD OF $pΩz KEu(% /H0S SYSTEM W0LL ENABLE I2¯9 TO ACT AS A POWERFUL TRANS0ENT MACH0NE
FOR BROADhBAND MULT0hMESSENGER OBSERVAT0ON AND CONNECT TO THE GLOBAL NETWORK OF MULT0hMESSENGER OBh
SERVATOR0ES% I2¯9 CAN BE EXPECTED TO BECOME A MAiOR PLAYER 0N THE NEXThGENERAT0ON ®UPERNOVA ıARLY
vARN0NG ®YSTEM p®¯ıv®™%z( b7e[ FOR MULT0hMESSENGER ASTRONOMY%

¯O ®¯ NEUTR0NO BURST HAS BEEN OBSERVED S0NCE ®¯ Ωne;�: AND A RECENT ANALYS0S THAT COMB0NES SEVERAL
0NDEPENDENT STUD0ES Y0ELDS AN EXPECTED RATE OF Ωχ7t× zχfl7 COREhCOLLAPSE ®¯ PER CENTURY b7n[% /HE LARGE
NEUTR0NO DETECTORS L0KE ®UPERJh4D6I2¯96`YPERhJ6,2¯ı W0LL BE ONL0NE FOR SEVERAL DECADES: SO 0T
SEEMS L0KELY THAT WE W0LL OBTA0N A H0GHhSTAT0ST0CS MEASUREMENT OF THE NEUTR0NO S0GNAL FROM AT LEAST ONE
GALACT0C COREhCOLLAPSE ®¯ 0N THE NEXT FEW DECADES% /H0S W0LL NOT ONLY ENABLE A DEEP UNDERSTAND0NG OF THE
EXPLOS0ON MECHAN0SM: BUT ALSO PROBE THE 0NTR0NS0C PROPERT0ES OF THE NEUTR0NO THEMSELVES: E%G%: CONSTRA0N
THE ABSOLUTE SCALE OF NEUTR0NO MASSES b;z[% ®UPERNOVA NEUTR0NO EM0SS0ON 0S PRED0CTED TO BE VERY VAR0ABLE%
/HE DETECT0ON OF THE 0NTEGRATED S0GNAL FROM ALL PAST STELLAR COREhCOLLAPSE ®¯E: NAMELY THE D0fUSE ®¯
NEUTR0NO BACKGROUND: W0LL 0MPROVE UNDERSTAND0NG OF THE AVERAGE ®¯ NEUTR0NO S0GNAL AND THE UNDERLY0NG
COSMOLOGY: AS D0SCUSSED 0N THE FOLLOW0NG SECT0ON%

3)fl ,0fUSd SUPdRNOVA NdUTR0NO BACJGROUND
vH0LE COREhCOLLAPSE ®UPERNOVAE p®¯E( 0N OUR OWN GALAXY ARE RARE EVENTS: THEY FREQUENTLY OCCUR THROUGHh
OUT THE V0S0BLE 2N0VERSE: SEND0NG BURSTS OF NEUTR0NOS 0N THE D0RECT0ON OF THE ıARTH% /HEY ALL CONTR0BUTE
TO A LOW BACKGROUND 5UX OF LOWhENERGY NEUTR0NOS: THE SOhCALLED ,0fUSE ®UPERNOVA ¯EUTR0NO &ACKGROUND
p,®¯&( ON THE LEVEL OF ≡ Ωzµ CM�3S�O pE%G% b;Ω[(% -TS EXACT 5UX AND SPECTRUM BEAR 0NFORMAT0ON ON

Ωfi



THE REDhSH0FT DEPENDENT SUPERNOVA RATE: AVERAGE ®¯ NEUTR0NO ENERGY SPECTRUM AND THE FRACT0ON OF BLACK
HOLE FORMAT0ON 0N COREhCOLLAPSE ®¯E%

I2¯9 0S 0N AN EXCELLENT POS0T0ON TO DETECT THE mµd COMPONENT OF THE ,®¯& 5UX% ,EPEND0NG ON
THE ,®¯& MODEL: WE EXPECT ABOUT ™�fl -&, EVENTS PER YEAR 0N THE ENERGY RANGE ABOVE THE REACTOR
mµd S0GNAL% 40VEN THE H0GH L0GHT Y0ELD: THE DELAYED S0GNAL FROM NEUTRON CAPTURE ON HYDROGEN 0N THE k®
OfERS A VERY EffC0ENT TAG FOR BACKGROUND REDUCT0ON: WH0LE PULSEhSHAPE D0SCR0M0NAT0ON HELPS TO SUPPRESS
THE BACKGROUND FROM ATMOSPHER0ChNEUTR0NO ¯• 0NTERACT0ONS% /H0S W0LL PROV0DE I2¯9 W0TH A ,®¯&
SENS0T0V0TY COMPET0T0VE TO THE CURRENT ®UPERhJAM0OKANDE·4ADOL0N0UM PHASE%

3)fl)o ,rm& S0GNAL

/HE ENERGY SPECTRUM OF ,®¯& EVENTS 0N I2¯9 0S G0VEN BY

DMµ

DBµ

– Mk · πµpBµ(· b
∑ ′

v

DMpB →
µ(

DB →
µ

· DB
→
µ

DBµ

·QR¯pt(·
�����
Ds
Dt

����� Dt. p7(

WHERE Mk – ;χΩ7· ΩztO<pΩz KTON( 0S THE NUMBER OF PROTONS 0N THE I2¯9 TARGET: πµpBµ( 0S THE ENERGYh
DEPENDENT CROSShSECT0ON FOR THE -&, REACT0ON b;™[: AND THE LAST TERM REPRESENTS THE D0fERENT0AL ,®¯&
5UX% -T 0S COMPUTED V0A A L0NEhOFhS0GHT 0NTEGRAL OF THE AVERAGE ®¯ NEUTR0NO SPECTRUM AG

AC�
�
pWE0GHTED BY

AN 0N0T0AL MASS FUNCT0ON(: MULT0PL0ED BY THE COREhCOLLAPSE ®¯ RATE QR¯pt( THAT EVOLVES OVER THE COSM0C
H0STORY% /O TAKE 0NTO ACCOUNT THE EfECTS OF COSM0C EXPANS0ON: B →

µ DENOTES THE NEUTR0NO ENERGY AT EM0SS0ON:
WH0LE Bµ – B →

µ<pΩ · t( 0S THE REDhSH0FTED NEUTR0NO ENERGY UPON DETECT0ON% /HE TERM 〉 AsAx 〉 ACCOUNTS FOR
THE EXPANS0ON H0STORY OF THE 2N0VERSE AND RELATES t TO THE COSM0C T0ME s%

=OR THE SAKE OF S0MPL0C0TY: WE ASSUME THE UNDERLY0NG ®¯ NEUTR0NO SPECTRA TO FOLLOW A lAXWELLh
&OLTZMANN D0STR0BUT0ON% /HE EXPECTED ,®¯& RATE AND SPECTRA LARGELY DEPEND ON THE EXPECTED MEAN
ENERGY OBµ〈% /HE LEFT PANEL OF =0G% fi D0SPLAYS AN EXEMPLARY EVENT SPECTRUM FOR OBµ〈 – Ωfi lEu% ıVENT
NUMBERS ARE PLOTTED AS A FUNCT0ON OF THE DETECTED PROMPT p0%E% POS0TRON( EVENT ENERGY AND FOR Ωz YEARS OF
OBSERVAT0ON 0N A Ω;hKTON fflDUC0AL VOLUME pSEE BELOW(% /AB% fl D0SPLAYS THE EXPECTED RANGE OF THE ,®¯&
EVENT RATE DEPEND0NG ON THE AVERAGE OBµ〈%

3)fl)3 &ACJGROUND RdidCT0ON

� VAR0ETY OF BACKGROUNDS BESETS THE ,®¯& S0GNAL% /HE TERRESTR0AL 5UX OF mµd?S FROM REACTORS AND ATMOh
SPHER0C NEUTR0NOS CAUSES AN 0RREDUC0BLE BACKGROUND AND REDUCES THE ,®¯& OBSERVAT0ON W0NDOW TO THE
RANGE OF ABOUT Ωz TO tzlEu%

®ECONDLY: COSM0C MUONS ARE PENETRAT0NG THE DETECTOR% -N SPALLAT0ON PROCESSES: THESE MUONS W0LL
GENERATE α<mhEM0TT0NG 0SOTOPES pMA0NLY nk0( 0N THE TARGET MATER0AL AS WELL AS FAST NEUTRONS WHEN PASS0NG
THROUGH THE ROCK SURROUND0NG THE DETECTOR% &OTH CAN M0M0C THE -&, S0GNATURE BUT ARE EfECT0VELY REDUCED
BY A CO0NC0DENCE VETO 0N THE WAKE OF A THROUGHhGO0NG MUON AND A fflDUC0AL VOLUME CUT: RESPECT0VELY%

/HE MOST CR0T0CAL BACKGROUND FOR THE ,®¯& SEARCH 0N k® DETECTORS 0S CREATED BY NEUTRALhCURRENT p¯•(
0NTERACT0ONS OF ATMOSPHER0C NEUTR0NOS W0TH O3• b;t: ;fl[: WHERE THE EM0SS0ON OF ONE NEUTRON TOGETHER W0TH
A PROMPT ENERGY DEPOS0T CAN M0M0C THE S0GNATURE OF -&, S0GNALS% /O CALCULATE THE EXCLUS0VE fflNALhSTATE
D0STR0BUT0ON OF ¯• EVENTS: BOTH THE TOTAL CROSShSECT0ONS AND RES0DUAL NUCLE0?S DEEXC0TAT0ON PROCESSES HAVE
TO BE REGARDED% =OR TH0S: THE NEUTR0NO 0NTERACT0ON GENERATOR 4ı¯-ı AND THE NUCLEAR DEEXC0TAT0ON TOOL
/�kx® HAVE BEEN USED b;fi[% /HE CORRESPOND0NG EVENT RATES 0N THE OBSERVAT0ON W0NDOW ARE L0STED 0N THE
fflRST COLUMN OF /AB% fl% /HE ¯• BACKGROUND RATE SURPASSES THE ,®¯& S0GNAL BY MORE THAN ONE ORDER OF
MAGN0TUDE% /H0S 0S TRUE FOR THE WHOLE SPECTRAL RANGE DEP0CTED 0N =0G% fi%

`OWEVER: THE 0NTR0NS0C PULSEhSHAPE D0SCR0M0NAT0ON p1®,( CAPAB0L0T0ES OF L0QU0D SC0NT0LLATORS CAN BE
USED TO SUPPRESS THE ¯• BACKGROUND TO AN ACCEPTABLE LEVEL% `ERE: WE ASSUME THE 1®, EffC0ENC0ES AS
0N THE I2¯9 PHYS0CS PAPER b;7[: WHERE fiz) OF THE ,®¯& S0GNAL AND Ω%Ω) OF THE ¯• BACKGROUND W0LL
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=0GURE fi℃ 1ROMPT pc)( ENERGY SPECTRA FOR THE ,®¯& S0GNAL pOBµ〈 – Ωfi lEu( AND BACKGROUNDS AS
EXPECTED FOR I2¯9% h:es� �FTER BAS0C SELECT0ON CUTS: THE BACKGROUND FROM ATMOSPHER0ChNEUTR0NO ¯•
REACT0ONS DOM0NATES OVER THE WHOLE RANGE OF THE OBSERVAT0ON W0NDOW FROM Ωz TO tzlEu% nufgs� vHEN
APPLY0NG PULSE SHAPE D0SCR0M0NAT0ON: ATMOSPHER0C NEUTR0NO ¯• AND FAST NEUTRON BACKGROUNDS ARE GREATLY
REDUCED% /HE ,®¯& S0GNAL DOM0NATES 0N THE RANGE FROM ΩΩ TO ≡™™lEu%

SURV0VE AFTER THE 1®, SELECT0ON% /HE EfECT OF THE 1®, ON THE S0GNAL AND BACKGROUND RATES 0NS0DE THE
OBSERVAT0ON W0NDOW CAN BE APPREC0ATED 0N THE SECOND COLUMN OF /AB% fl% WHERE A S0GNALhTOhBACKGROUND
RAT0O � Ω 0S ACH0EVED FOR ALL ,®¯& MODELS CONS0DERED% /HE CORRESPOND0NG PROMPT ENERGY SPECTRA ARE
SHOWN 0N THE R0GHT PANEL OF =0G% fi% /HE ,®¯& S0GNAL DOM0NATES 0N THE RANGE FROM ΩΩ TO ≡™™lEu%
¯OTE THAT THE RES0DUAL ATMOSPHER0C ¯• BACKGROUND RATE MAY BE CONSTRA0NED uL Rust BY MEASUR0NG THE
RAD0OACT0VE DECAYS OF fflNALhSTATE NUCLE0: BR0NG0NG DOWN THE UNCERTA0NTY ON THE BACKGROUND RATE TO A Ωz)
LEVEL b;;[%

3)fl)t ,rm& SdNS0T0V0Tx

vE DETERM0NE THE SENS0T0V0TY OF I2¯9 FOR A POS0T0VE ,®¯& DETECT0ON BASED ON AN EVENT COUNT0NG
ANALYS0S 0NS0DE THE OBSERVAT0ON W0NDOW p0%E% NEGLECT0NG SPECTRAL 0NFORMAT0ON(% /HE CORRESPOND0NG EVENT

’ATE PER Ω;z KTON. YRS
®OURCE W6O 1®, W6 1®,
,®¯& S0GNAL OBmµν〈 – Ω™ lEu Ωt ;

OBmµν〈 – Ωfi lEu ™t Ω™
OBmµν〈 – Ωe lEu tt Ω7
OBmµν〈 – ™Ω lEu tn Ωn

&ACKGROUND ’EACTOR mµd?S z%t z%Ωt
�TMOSPHER0C •• Ω%t z%;
�TMOSPHER0C ¯• 7·Ωz3 7%™
=AST NEUTRONS ΩΩ z%Ωfl

/ABLE fl℃ ®0GNAL AND BACKGROUND RATES 0N THE OBSERVAT0ON W0NDOW pΩz�tzlEu(: ASSUM0NG AN EXPOSURE OF
Ω;z KTON. YRS% /HE fflRST COLUMN SHOWS RAW EVENT RATES: THE SECOND THE RES0DUAL RATES AFTER BACKGROUND
REiECT0ON BY PULSE SHAPE D0SCR0M0NAT0ON p1®,(%

Ω;
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=0GURE 7℃ ®ENS0T0V0TY TO THE ,®¯& S0GNAL VS% EXPOSURE: DEPEND0NG ON MEAN SPECTRAL ENERGY AND BACKh
GROUND UNCERTA0NTY FOR WH0CH ™z) pΩz)( 0S ASSUMED FOR SOL0D pDASHED( L0NES%

NUMBERS FOR Ωz YEARS OF DATA TAK0NG ARE SUMMAR0ZED 0N THE SECOND COLUMN OF /AB% fl% =0G% 7 0LLUSTRATES
THE SENS0T0V0TY AS A FUNCT0ON OF EXPOSURE% /HE SENS0T0V0TY DEPENDS ON THE UNCERTA0NTY OF THE BACKGROUND
RATE ASSUMED FOR THE ANALYS0S% vE EXPECT A LEVEL OF Ωz) BASED ON DELAYED TAGG0NG pSEE ABOVE( BUT SHOW
AS WELL A MORE CONSERVAT0VE ™z)% ®ENS0T0V0TY DEPENDS AS WELL GREATLY ON THE MEAN SPECTRAL ENERGY OBmµν〈
AND SUCH EVENT RATE OF THE ,®¯& S0GNAL% =OR OBmµν〈 � Ωfi lEu: I2¯9 CAN BE EXPECTED TO PROV0DE tπ
EV0DENCE OF THE ,®¯& S0GNAL AFTER Ωz YEARS%

3)fi rOLAR NdUTR0NOS
®OLAR NEUTR0NOS ARE PRODUCED 0N THERMONUCLEAR FUS0ON REACT0ONS 0N THE SOLAR CORE AND HAVE PLAYED A
S0GN0fflCANT ROLE 0N THE DEVELOPMENT OF NEUTR0NO PHYS0CS AND ASTROPHYS0CS% /HEY REPRESENT A NATURAL
SOURCE OF NEUTR0NOS W0TH THE ENERGY SPECTRUM EXTEND0NG UP TO ABOUT Ω7lEu% /HEY CAN REVEAL D0RECT
0NFORMAT0ON ABOUT THE SOLAR CORE AND CAN BE EXPLO0TED TO STUDY FUNDAMENTAL NEUTR0NO PROPERT0ES AND
NEUTR0NO 0NTERACT0ONS W0TH MATTER%

-N THE LAST DECADE: SUBSTANT0AL EXPER0MENTAL PROGRESSES HAVE BEEN MADE BY &OREX0NO AND ®UPERh
JAM0OKANDE V0A H0GH PREC0S0ON REALhT0ME SPECTROSCOPY OF SOLAR NEUTR0NOS BASED ON THE ELAST0C SCATTERh
0NG pı®( Of ELECTRONS% /HE ENERGY DEPENDENCE OF THE ELECTRON NEUTR0NO SURV0VAL PROBAB0L0TY Ndd MEASURED
FOR nn: s&E: ncn: AND e& NEUTR0NOS AT &OREX0NO b;e[ 0S COMPAT0BLE W0TH THE TRANS0T0ON FROM THE SOhCALLED
VACUUM TO THE MATTERhDOM0NATED REG0ON PRED0CTED BY THE l®v MECHAN0SM b;n: ez[% lOST RECENTLY:
&OREX0NO OBSERVED SOLAR NEUTR0NOS FROM THE •ARBONh¯0TROGENh9XYGEN p•¯9( FUS0ON CYCLE beΩ[% /HE
WORLD?S LARGEST SAMPLE OF e& SOLAR NEUTR0NOS COLLECTED AT ®UPERhJ MADE 0T POSS0BLE TO STUDY 0N DETA0L THE
SPECTRAL D0STORT0ON 0N THE TRANS0T0ON REG0ON OF Ndd: TO CONSTRA0N THE NEUTR0NO OSC0LLAT0ON PARAMETERS SUCH
AS THE M0X0NG ANGLE εO3 AND THE MASShSQUARED D0fERENCE dk3

3O: AND TO MEASURE THE DAYhN0GHT ASYMMETRY
OF THE e& NEUTR0NO 0NTERACT0ON RATE bflfi: e™[% � M0LD 0NCONS0STENCY 0S FOUND BETWEEN THE VALUE OF dk3

3O
REPORTED BY SOLAR NEUTR0NO EXPER0MENTS AND THE JAMk�¯, EXPER0MENT%

/HERE ARE ST0LL SEVERAL OPEN QUEST0ONS 0N SOLAR NEUTR0NOS% =0RSTLY: 0N NEUTR0NO OSC0LLAT0ON PHYS0CS: THE
TRANS0T0ON REG0ON OF Ndd 0S NOT FULLY EXPLORED S0NCE 0T 0S D0ffCULT TO REACH AN ANALYS0S THRESHOLD FOR ı®
ELECTRONS TO LESS THAN t pt%fi( lEu 0N &OREX0NO p®UPERhJ(% /HE EXACT SHAPE OF THE TRANS0T0ON REG0ON 0S
NOT ONLY SENS0T0VE TO dk3

3O VALUE: BUT CAN ALSO BE USED TO TEST NEW PHYS0CS: SUCH AS THE NONhSTANDARD
0NTERACT0ONS: THE EX0STENCE OF STER0LE NEUTR0NOS: ETC bet[% -N ADD0T0ON: FUTURE H0GH PREC0S0ON MEASUREMENTS
OF S0N3 εO3 AND dk3

3O BASED ON SOLAR NEUTR0NOS CAN BE USED TO TEST THE CONS0STENCY OF THE STANDARD THREE
NEUTR0NO FRAMEWORK AND TO PROBE NEW PHYS0CS BEYOND THE ®TANDARD lODEL% 9N THE OTHER HAND: SOLAR

Ωe



PHYS0CS: AND ESPEC0ALLY THE QUEST0ON OF SOLAR METALL0C0TY: W0LL PROfflT FROM MORE PREC0SE 5UX MEASUREMENTS
OF ALL NEUTR0NO COMPONENTS bn: efl[% `OWEVER: ANY 0MPROVEMENT OF THE 5UX MEASUREMENT NEEDS S0GN0fflCANT
EfORTS 0N THE DETECTOR DES0GN: CONSTRUCT0ON: AND DATA ANALYS0S%

/HE I2¯9 EXPER0MENT: US0NG A &OREX0NOhTYPE L0QU0D SC0NT0LLATOR DETECTOR BUT W0TH A MUCH LARGER MASS
COMPARABLE TO THE ®UPERhJ WATER •HERENKOV DETECTOR: HAS THE POTENT0AL TO MAKE S0GN0fflCANT CONTR0BUT0ONS
TO THE UNDERSTAND0NG OF SOLAR NEUTR0NOS% -N0T0AL D0SCUSS0ONS ON s&E AND e& NEUTR0NOS WERE REPORTED 0N
THE xELLOW &OOK bn[% /HE FEAS0B0L0TY AND PHYS0CS POTENT0ALS OF DETECT0NG e& NEUTR0NOS HAVE BEEN FURTHER
EXPLORED befi[% -N TH0S SECT0ON: WE W0LL SUMMAR0ZE THE RECENT e& NEUTR0NO STUD0ES AND D0SCUSS BR0E5Y
THE DETECT0ON OF s&E AND nn NEUTR0NOS% ®ENS0T0V0TY TO THE ncn AND •¯9 SOLAR NEUTR0NOS 0S H0NDERED BY
THE PRODUCT0ON OF OO• COSMOGEN0C BACKGROUND: S0NCE THE I2¯9 OVERBURDEN 0S RELAT0VELY SHALLOW: FOR
EXAMPLE: COMPAR0NG TO THE 4RAN ®ASSO UNDERGROUND LABORATORY WHERE &OREX0NO 0S LOCATED%

3)fi)o ldASURdMdNT OF e& SOLAR NdUTR0NOS

=OR I2¯9 AS AN k® DETECTOR: THE PR0MARY DETECT0ON CHANNEL FOR SOLAR NEUTR0NOS 0S THE ELAST0C SCATTER0NG
Of ELECTRONS% /HE BACKGROUND CONS0STS OF THE 0NTR0NS0C NATURAL RAD0OACT0V0TY 0N k®: GAMMA RAYS FROM
EXTERNAL DETECTOR MATER0ALS: AND UNSTABLE 0SOTOPES PRODUCED BY COSM0C RAY MUONS PASS0NG THROUGH
THE DETECTOR% v0TH SUffC0ENT SH0ELD0NG: THE EXTERNAL BACKGROUND W0TH ENERG0ES LARGER THAN ™ lEu 0S
SUPPRESSED TO A NEGL0G0BLE LEVEL% /H0S PERM0TS THE REDUCT0ON OF THE ANALYS0S THRESHOLD TO ™ lEu 0N A
SPHER0CAL fflDUC0AL VOLUME W0TH A RAD0US OF Ωt M% `OWEVER: THE THRESHOLD CAN NOT BE REDUCED FURTHER
DUE TO NUMEROUS COSMOGEN0C OO• DECAYS: MORE THAN Ωz:zzz PER DAY 0N THE k®% �BOVE THE 3ve/L DECAY
SPECTRUM: THE fflDUC0AL VOLUME 0S FURTHER ENLARGED% lUONh0NDUCED BACKGROUNDS ARE WELL SUPPRESSED BY
CYL0NDR0CAL VOLUME VETO CUTS ALONG ALL MUON TRACKS: AND SPHER0CAL VOLUME VETO CUTS AROUND SPALLAT0ON
NEUTRON CAND0DATES% �SSUM0NG A Ωz�Os G6G LEVEL FOR THE 0NTR0NS0C 3te2 AND 3t3/H CONTAM0NAT0ON: THE
S0GNAL AND BACKGROUND SPECTRA ARE SHOWN 0N =0G% ;% -N TEN YEARS OF DATA TAK0NG: AFTER ALL CUTS ARE APPL0ED:
ABOUT 7z:zzz S0GNAL EVENTS AND tz:zzz BACKGROUND EVENTS ARE EXPECTED 0N THE ENERGY RANGE ABOVE ™ lEu%
,ETA0LS ARE REPORTED 0N ’EF% befi[%
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=0GURE ;℃ kEFT℃ S0GNAL AND BACKGROUND SPECTRA ABOVE ™lEu EXPECTED 0N I2¯9 0N Ωz YEARS AFTER
THE SELECT0ON CUTS% /HE ENERGYhDEPENDENT fflDUC0AL VOLUMES ACCOUNT FOR THE D0SCONT0NU0T0ES AT t lEu
AND fi lEu% ’0GHT℃ THE EXPECTED PREC0S0ON OF S0N3 εO3 AND dk3

3O US0NG e& SOLAR NEUTR0NOS AND REACTOR
ANT0NEUTR0NOS AT I2¯9% &OTH PLOTS ARE TAKEN FROM ’EF% befi[

¯EUTR0NO OSC0LLAT0ON PHYS0CS WOULD BENEfflT FROM A LARGE LOWhTHRESHOLD ı® SAMPLE OF e& NEUTR0NOS% =OR
EXAMPLE: I2¯9 CAN SET A STAT0ST0CAL L0M0T FOR REiECT0NG THE ABSENCE OF AN UPTURN 0N THE Ndd TRANS0T0ON
REG0ON OF fiπ 0F dk3

3O – ;χfi · Ωz�ff Eu3% /AK0NG SYSTEMAT0C UNCERTA0NT0ES 0NTO CONS0DERAT0ON: A ≡tπ
SENS0T0V0TY 0S ACH0EVABLE% lOREOVER: THE EXPECTED PREC0S0ON OF THE DAYhN0GHT ASYMMETRY MEASUREMENT
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0S z%n): SL0GHTLY BETTER THAN THE MOST RECENT RESULT pΩ%Ω)( OF ®UPERhJ be™[% -N THE STANDARD NEUTR0NO
OSC0LLAT0ON FRAMEWORK: A iO0NT fflT OF THE ı® REACT0ON RATE: THE SPECTRAL D0STORT0ON: THE DAYhN0GHT ASYMMETRY
ENABLES A S0MULTANEOUS DETERM0NAT0ON OF S0N3 εO3 AND dk3

3O: AS SHOWN 0N =0G% ;% `ERE: THE ARR0VAL 5UX OF
e& NEUTR0NOS 0S CONSTRA0NED TO pfi%™fi×z%™z(·Ωz7 CM�3S�O ACCORD0NG TO THE ¯• MEASUREMENT OF ®¯9 bflfl[:
AND THE 5UX OF ecn NEUTR0NOS 0S fflXED TO e%™fi·Ωzt CM�3S�O be7[% /HE e& NEUTR0NO SPECTRUM AND 0TS
UNCERTA0NTY ARE TAKEN FROM ’EF% be;[% -N THE fflTT0NG RESULTS: THE PREC0S0ON OF S0N3 εO3 0S L0M0TED BY THE
NEUTR0NO 5UX UNCERTA0NTY 0N THE ®¯9 MEASUREMENT% �LTHOUGH L0M0TED BY THE STAT0ST0CAL UNCERTA0NTY OF
THE DAYhN0GHT ASYMMETRY MEASUREMENT: THE dk3

3O PREC0S0ON 0S S0M0LAR TO THE SOLAR GLOBAL fflTT0NG RESULTS
0N ’EF% bee[%

-N ADD0T0ON TO THE ı® CHANNEL: THE POSS0BLE •• AND ¯• CHANNELS BETWEEN NEUTR0NOS AND CARBON
NUCLE0 HAVE BEEN EXPLORED 0N ’EFS% ben: nz: nΩ[% /HE PR0MARY CHANNELS AND THE EXPECTED EVENT NUMBERS
FOR A ™zz KT. YEAR EXPOSURE ARE L0STED 0N /AB% fi% /HE REACT0ONS BETWEEN NEUTR0NOS AND O3• NUCLE0 CAN
NOT HAPPEN DUE TO H0GH ENERGY THRESHOLDS% /HE Ω%Ω) NATURAL ABUNDANCE OF Ot• MAKES 0T POSS0BLE TO
MEASURE THE e& NEUTR0NO 5UX V0A BOTH THE •• AND ¯• CHANNELS% /HERE ARE n·Ωztv Ot• NUCLE0 0N A ™z KT
k®% 2S0NG THE CROSShSECT0ONS 0N ’EF% bnΩ[: ABOUT 7:zzz •• S0GNALS AND t:zzz ¯• S0GNALS ARE EXPECTED 0N
Ωz YEARS OF DATAhTAK0NG%

-N THE •• REACT0ON: THE ELECTRON CARR0ES MOST OF THE NEUTR0NO ENERGY: BUT 0T SHOULD BE SEPARATED
EffC0ENTLY FROM THE ı® ELECTRONS% =OR REACT0ON t 0N /AB% fi: THE •• ELECTRONS COULD BE D0ST0NGU0SHED
BY TAGG0NG THE SUBSEQUENT Ot¯ DECAYS% -N THE ¯• REACT0ON: ALL NEUTR0NO 5AVORS HAVE THE SAME CROSS
SECT0ON% =OR REACT0ON fi: THE t%7efi lEu β?S FROM THE DEhEXC0TAT0ON OF Ot•− COULD FORM A SMALL PEAK ON
THE ı® ELECTRON SPECTRUM% &ENEfflT0NG FROM THE EXCELLENT ENERGY RESOLUT0ON: THE AREA OF THE β PEAK CAN
BE OBTA0NED FROM A iO0NT fflTT0NG W0TH THE CONT0NUOUS SPECTRUM OF ı® ELECTRONS% /HE SENS0T0V0TY WOULD
FURTHER PROfflT FROM THE EfORTS OF D0SCR0M0NAT0NG β AND c� 0N ’EF% bn™[% ,ETA0LED STUD0ES W0LL BE REPORTED
LATER%

/YPE ’EACT0ON /HRESHOLD =0NAL PRODUCTS e& ecn
Ω ı® µ · c� ∼ µ · c� z c� t·Ωzff 7flz
™ •• µd ·O3 •∼ c� ·O3 ¯ Ω7%e lEu c� z z%flΩ
t •• µd ·Ot •∼ c� ·Ot ¯ ™%™ lEu c� AND Ot¯ DECAY t;7e Ωfl
fl ¯• µ ·O3 •∼ µ ·O3 •− pΩ)( Ωfi%Ω lEu β z%™ fi
fi ¯• µ ·Ot •∼ µ ·Ot •− pt3

�( t%7efi lEu β tΩ7fi Ωt%fi

/ABLE fi℃ ’EACT0ONS V0A ı®: ••: AND ¯• CHANNELS FOR e& AND ecn SOLAR NEUTR0NOS 0N I2¯9% /HE STAT0ST0CS
CORRESPOND TO A ™zz KT. YEAR EXPOSURE AND A Ωzz) DETECT0ON EffC0ENCY%

3)fi)3 1OTdNT0AL OF MdASUR0NG nn AND s&d NdUTR0NOS

/HE •OMPTONhL0KE EDGE p77fi KEu( OF THE CONT0NUOUS SPECTRUM OF SCATTERED ELECTRONS DUE TO s&E SOh
LAR NEUTR0NOS 0S A VERY D0ST0NCT FEATURE OF THE ENERGY SPECTRUM% •OMB0NED W0TH THE UNPRECEDENTED
ENERGY RESOLUT0ON OF I2¯9: 0T SHOULD BE POSS0BLE TO DETECT s&E SOLAR NEUTR0NOS CONS0DER0NG A W0DE
RANGE OF BACKGROUND LEVELS% v0TH THE OPT0MAL ASSUMPT0ON OF 3te2 AND 3t3/H CONCENTRAT0ONS 0N ’EF% bn[:
0%E%: Ωz�Os G6G 0N SECULAR EQU0L0BR0UM: THESE CONTAM0NAT0ONS CAN BE DETERM0NED V0A EAS0LY DETECTABLE
FAST 3O513O3(&063O513O3(1O CO0NC0DENCES: RESPECT0VELY% =ROM THE EXPER0ENCE OF &OREX0NO beΩ[: 3Ov1O AND
3Ov1B63Ov&0 0SOTOPES THAT ARE PART OF THE 3te2 CHA0N COULD HAVE ADD0T0ONAL SOURCES AND BREAK THE SECULAR
EQU0L0BR0UM% =OR 3Ov1O: 0T 0S POSS0BLE TO 0DENT0FY SUCH �?S ON AN EVENThBYhEVENT BAS0S W0TH H0GH EffC0ENCY
AND PUR0TY bn™[% -N ADD0T0ON: 3Ov1O HAS A L0FET0ME OF ™zz DAYS AND THUS 0TS CONTAM0NAT0ON CAN BE S0GN0Fh
0CANTLY REDUCED OVER THE WHOLE I2¯9 L0FET0ME% `OWEVER: THE CONTAM0NAT0ON OF 3Ov&0 p+ – ΩΩ7zlEu:
σ – ;%™t DAYS(: SUPPORTED BY THE LONGhL0VED 3Ov1B p+ – 7t KEu: σ – t™%™ YEARS( CAN BE D0SENTANGLED
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ONLY V0A A SPECTRAL fflT OF THE DATA 0TSELF% ®0M0LARLY DANGEROUS BACKGROUND 0S effJR p+ – 7e; KEu: σ –
Ωfi%fl YEARS( THAT 0S PRESENT 0N THE A0R% ıVEN THOUGH 0TS ELECTRON SPECTRUM 0S CORRELATED W0TH s&E NEUh
TR0NO SPECTRUM: effJR CONTAM0NAT0ON CAN BE CONSTRA0NED V0A 0TS RARE DECAY BRANCH pz%flt)( PROV0D0NG
FAST CO0NC0DENCES bnt[% ,UE TO THESE POSS0BLE BACKGROUNDS: EXCEED0NG THE ™%;) PREC0S0ON OF THE 5UX
MEASUREMENT OF s&E NEUTR0NOS ACH0EVED 0N &OREX0NO 1HASEh-- b;e[ W0LL BE CHALLENG0NG AND NEEDS FURTHER
STUD0ES% /HE MEASUREMENT OF s&E NEUTR0NO 5UX CAN BE USEFUL FOR SOLV0NG THE ŘMETALL0C0TY PROBLEM“ 0N
SOLAR PHYS0CS: SEARCH0NG FOR NEUTR0NO MAGNET0C MOMENT bnfl[ AND 5AVORhD0AGONAL NONhSTANDARD NEUTR0NO
0NTERACT0ONS bnfi[% -DEAS ON SEARCH0NG FOR THE s&E NEUTR0NO 5UX T0ME VAR0AT0ONS AT D0fERENT FREQUENC0ES
HAVE ALSO BEEN PRESENTED bn7[%

lEASUREMENT OF THE nn NEUTR0NOS W0TH THE H0GHEST 5UX AND LOWEST ENERGY p, fl™z KEu( 0S CHALLENG0NG
DUE TO THE 0RREDUC0BLE BACKGROUND FROM O5• p+ – Ωfi7 KEu: σ – e™;z YEARS(% ıVEN 0N THE 0DEAL CASE OF
I2¯9 ACH0EV0NG THE RAD0OhPUR0TY OF &OREX0NO 1HASEh-: THE nn NEUTR0NO S0GNAL WOULD BE THE DOM0NAT0NG
PART OF THE SPECTRUM ONLY 0N A NARROW 0NTERVAL BETWEEN Ω7z TO ™tz KEu% �DD0T0ONAL COMPL0CAT0ONS AR0SE
FROM THE RANDOM P0LEhUP OF O5• W0TH 0TSELF OR W0TH OTHER BACKGROUNDS bn;[% /HE ENERGY RESOLUT0ON AT LOW
ENERG0ES WOULD ALSO BE AfECTED BY THE RELAT0VELY H0GH DARK NO0SE OF THE ™zh0NCH 1l/S% �LL THESE EfECTS
W0LL NEED CAREFUL STUD0ES% &OREX0NO HAS MEASURED THE nn NEUTR0NO 5UX W0TH ABOUT Ωz) PREC0S0ON b;e[%
� MORE PREC0SE nn MEASUREMENT WOULD 0MPROVE THE COMPAR0SON BETWEEN THE SOLAR PHOTON AND NEUTR0NO
LUM0NOS0T0ES AND WOULD HELP TO EXAM0NE THE ENERGY DEPENDENCE OF NEUTR0NO OSC0LLAT0ON 0N THE VACUUMh
DOM0NATED REG0ON%

3)7 �TMOSPHdR0C NdUTR0NOS
�TMOSPHER0C NEUTR0NOS ARE A VERY 0MPORTANT SOURCE FOR STUDY0NG NEUTR0NO OSC0LLAT0ON PHYS0CS% -N Ωnne:
THE ®UPERhJAM0OKANDE EXPER0MENT REPORTED THE fflRST EV0DENCE OF NEUTR0NO OSC0LLAT0ON BASED ON A ZEN0THh
ANGLE DEPENDENT DEfflC0T OF ATMOSPHER0C MUON NEUTR0NOS bne[% �TMOSPHER0C NEUTR0NOS OR0G0NATE FROM THE
DECAYS OF ν AND F PRODUCED 0N EXTENS0VE A0R SHOWERS 0N0T0ATED BY THE 0NTERACT0ON OF COSM0C RAYS W0TH THE
ıARTH?S ATMOSPHERE bnn: Ωzz[% ®0NCE THE ıARTH 0S MOSTLY TRANSPARENT TO NEUTR0NOS BELOW THE 1Eu ENERGY
SCALE: AN ATMOSPHER0C NEUTR0NO DETECTOR 0S ABLE TO SEE NEUTR0NOS COM0NG FROM ALL D0RECT0ONS% /HEY HAVE A
BROAD RANGE 0N BASEL0NE pΩfi KM ≡ Ωtzzz KM( AND ENERGY pz%Ω 4Eu ≡ Ωz /Eu( AND CONTA0N NEUTR0NOS AND
ANT0NEUTR0NOS OF ALL 5AVORS% /HE l0KHEYEVh®M0RNOVhvOLFENSTE0N pl®v( MATTER EfECT b;n: ez[ ACT0NG ON
NEUTR0NOS PASS0NG THROUGH THE ıARTH W0LL PLAY A KEY ROLE 0N DETERM0N0NG THE ¯EUTR0NO lASS 9RDER0NG
p¯l9(% -T 0S WORTHWH0LE TO STRESS THAT THE I2¯9 ¯l9 SENS0T0V0TY FROM ATMOSPHER0C NEUTR0NOS 0S
COMPLEMENTARY TO THAT FROM THE I2¯9 REACTOR NEUTR0NO RESULTS% ®0NCE THE BEST fflT OCCURS AT D0fERENT
VALUES OF 〉dk3

tO〉 FOR THE WRONGhORDER0NG HYPOTHES0S: THE COMB0NED SENS0T0V0TY FROM ATMOSPHER0C AND
REACTOR NEUTR0NOS W0LL EXCEED THE PURELY STAT0ST0CAL COMB0NAT0ON OF THE0R STANDhALONE SENS0T0V0T0ES bt;: te[%

-N ’EF% bn[: WE HAVE 0NVEST0GATED ATMOSPHER0C NEUTR0NOS 0N I2¯9 AND D0SCUSSED THE0R CONTR0BUT0ONS
TO THE ¯l9% -N TERMS OF THE RECONSTRUCT0ON POTENT0AL OF THE I2¯9 DETECTOR: WE CONSERVAT0VELY USE
THE ATMOSPHER0C µβ AND mµβ EVENTS W0TH THE TRACK LENGTH Kβ LARGER THAN fi M AND Ω± ANGULAR RESOLUT0ON%
/HESE EVENTS HAVE BEEN CLASS0fflED 0NTO THE FULLY CONTA0NED p=•( µβhL0KE: =• mµβhL0KE: PART0ALLY CONTA0NED
p1•( µβhL0KE AND 1• mµβhL0KE SAMPLES 0N TERMS OF THE θ∗ TRACK AND THE STAT0ST0CAL CHARGE SEPARAT0ON% 9UR
NUMER0CAL RESULTS HAVE SHOWN THAT THE I2¯9?S ¯l9 SENS0T0V0TY CAN REACH z%nπ FOR A ™zz KTONhYEARS
EXPOSURE AND S0N3 ε3t – zχfi% -N ADD0T0ON: AN OPT0M0ST0C SENS0T0V0TY MAY REACH Ω%eπ FOR ΩzhYEAR DATA
BASED ON THE FOLLOW0NG REASONABLE ASSUMPT0ONS% =0RSTLY: THE µd<mµd •• EVENTS CAN BE 0DENT0fflED AND
RECONSTRUCTED VERY WELL 0F THE c∗ V0S0BLE ENERGY Bd

20S / Ω 4Eu AND THE V0S0BLE ENERGY OF ACCOMPANY0NG
HADRONS 0S SMALLER THAN Bd

20S% ®ECONDLY: WE EXTEND THE SELECT0ON COND0T0ON Kβ / fiM TO Kβ / tM FOR THE
µβ<mµβ •• EVENTS% =0NALLY: THE CHARGED LEPTON D0RECT0ON W0LL BE REPLACED BY THE NEUTR0NO D0RECT0ON W0TH
A Ωz± ANGULAR RESOLUT0ON% � COMB0NED ¯l9 SENS0T0V0TY W0TH BOTH ATMOSPHER0C AND REACTOR NEUTR0NOS 0N
I2¯9 W0LL BE EVALUATED%

-N ’EF% bΩzΩ[: I2¯9?S PERFORMANCE 0N RECONSTRUCT0NG THE ATMOSPHER0C NEUTR0NO SPECTRUM HAS BEEN
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EVALUATED% � lONTE •ARLO SAMPLE OF THE ATMOSPHER0C NEUTR0NOS HAS BEEN GENERATED: THE S0MULATED
SPECTRUM HAS BEEN RECONSTRUCTED BETWEEN Ωzz lEu AND Ωz 4Eu: SHOW0NG A GREAT POTENT0AL OF THE
DETECTOR 0N THE ATMOSPHER0C LOW ENERGY REG0ON% /HE D0fERENT H0T T0ME PATTERNS CAUSED BY fflNALhSTATE
ELECTRONS AND MUONS ALLOW D0SCR0M0NAT0NG THE 5AVOR OF THE PR0MARY µd AND µβ NEUTR0NOS% /O RECONSTRUCT
THE T0ME PATTERN OF EVENTS: THE S0GNALS OF th0NCH 1l/S HAVE BEEN USED: WH0CH W0LL BE OPERATED 0N D0G0TAL
MODE DUE TO THE0R SMALL AREA% =URTHERMORE: THE /RANS0T /0ME ®PREAD p//®( OF th0NCH 1l/S 0S OF THE
ORDER OF THE NANOSECOND: WH0LE THE ™zh0NCH 1l/S ONE 0S LARGER: FOR MOST OF THEM% &Y USE OF A PROBAB0L0ST0C
UNFOLD0NG METHOD: WE HAVE RECONSTRUCTED SEPARATELY THE PR0MARY µd AND µβ SPECTRA AS SHOWN 0N =0G% e%
/O REMOVE LOWhQUAL0TY EVENTS: PREL0M0NARY CUTS HAVE BEEN APPL0ED TO THE NEUTR0NO SAMPLE% � CUT ON
THE 0NTERACT0ON VERTEX POS0T0ON 0S APPL0ED: TO REMOVE EVENTS THAT RELEASE THE0R ENERGY NEAR THE EDGE OF
THE ACRYL0C VESSEL% =URTHERMORE: AN ADD0T0ONAL CUT ON THE TOTAL NUMBER OF H0TS SEEN BY THE WATER POOL
VETO 1l/S HAS BEEN USED 0N THE ANALYS0S TO D0SCARD 1• EVENTS AND SUPPRESS THE ATMOSPHER0C MUON
BACKGROUND% /HE RESULT0NG µd AND µβ POPULAT0ONS HAVE BEEN PASSED THROUGH THE ANALYS0S PROCEDURE%
/HE TOTAL UNCERTA0NTY ON THE ATMOSPHER0C NEUTR0NO SPECTRUM RECONSTRUCT0ON 0S EVALUATED 0N EACH ENERGY
B0N: 0NCLUD0NG BOTH CONTR0BUT0ONS FROM STAT0ST0CS AND SYSTEMAT0C EfECTS: AND 0T 0S REPORTED 0N =0G% e%
/HE EfECTS FROM OSC0LLAT0ON PARAMETERS AND CROSShSECT0ON UNCERTA0NT0ES: SAMPLE SELECT0ON AND UNFOLD0NG
PROCEDURE HAVE BEEN 0NCLUDED 0N EST0MAT0NG THE SYSTEMAT0CS% /HE TOTAL UNCERTA0NTY RANGES BETWEEN Ωz)
AND ™fi): W0TH THE BEST PERFORMANCE OBTA0NED AT AROUND Ω 4Eu%
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eνJUNO - This work (5 yrs) 
eνSuper-Kamiokande 2016 

eνjus 1995 eFr
 Flux (w/o osc.)eνHKKM14 
 Flux (w/ osc.)eνHKKM14 

=0GURE e℃ �TMOSPHER0C NEUTR0NO ENERGY SPECTRA RECONSTRUCTED BY THE I2¯9 DETECTOR FOR µβ pBLUE COLOR(
AND µd pRED COLOR(: COMPARED W0TH PRESENT ®UPERhJAM0OKANDE bΩz™[ AND =RaEiUS bΩzt[ MEASUREMENTS 0N
THE SAME ENERGY REG0ON% /HE `JJlΩfl bΩzfl[ MODEL PRED0CT0ONS ARE ALSO REPORTED: BOTH AT THE SOURCE
AND 0NCLUD0NG OSC0LLAT0ON EfECTS% /HE 5UXES ARE MULT0PL0ED BY B3 TO G0VE A BETTER P0CTURE%

3)s 4dONdUTR0NOS
4EONEUTR0NOS: ANT0NEUTR0NOS FROM THE DECAYS OF LONGhL0VED RAD0OACT0VE ELEMENTS 0NS0DE THE ıARTH: ARE A
UN0QUE TOOL TO STUDY OUR PLANET: PART0CULARLY 0TS RAD0OGEN0C POWER: AND BR0NG 0NS0GHTS 0NTO 0TS FORMAT0ON
AND CHEM0CAL COMPOS0T0ON% /HE 0NVERSE BETA DECAY ON PROTONS W0TH Ω%elEu THRESHOLD MAKES 0T POSS0BLE
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TO MEASURE GEONEUTR0NOS FROM THE 3te2 AND 3t3/H DECAY CHA0NS% 9NLY TWO EXPER0MENTS HAVE MEASURED
GEONEUTR0NOS SO FAR℃ JAMk�¯, bΩzfi: Ωz7: Ωz;: Ωze: Ωzn[ AND &OREX0NO bΩΩz: ΩΩΩ: ΩΩ™: ΩΩt[% &OTH
EXPER0MENTS REACHED A PREC0S0ON OF ABOUT Ω7hΩe): DETECT0NG 0N TOTAL Ω7eχe)37τt�37τff EVENTS 0N JAMk�¯, bΩzn[
AND fi™χ7)nτ5�eτ7 pSTAT()3τs�3τO pSYS( EVENTS 0N &OREX0NO bΩΩt[% &OTH EXPER0MENTS DO NOT HAVE SUffC0ENT SENS0T0V0TY
TO DETERM0NE THE /H62 RAT0O: A PARAMETER 0MPORTANT FOR UNDERSTAND0NG THE ıARTH?S FORMAT0ON: W0TH
GOOD ACCURACY%

/O FAC0L0TATE THE COMPAR0SON AMONG EXPER0MENTS: THE NORMAL0ZED mµd GEONEUTR0NO S0GNAL RATE 0S EXh
PRESSED 0N /ERRESTR0AL ¯EUTR0NO 2N0TS p/¯2(O% � TOTAL S0GNAL OF fl;χz)eτ5�sτs pSTAT(

)3τ5
�Oτn pSYS( /¯2 0S MEAh

SURED BY &OREX0NO bΩΩt[% /HE NULLhHYPOTHES0S OF A MANTLE S0GNAL 0S EXCLUDED AT nn) •%k% /HE EST0MATED
ıARTH RAD0OGEN0C POWER FROM 2 AND /H 0S tΩχ;)O5τ5�nτ3 /v% &OREX0NO SETS T0GHT UPPER L0M0TS ON THE POWER
OF A GEOREACTOR HYPOTHES0SED bΩΩfl: ΩΩfi: ΩΩ7: ΩΩ;[ TO BE PRESENT 0NS0DE THE ıARTH% JAMk�¯, MEAh
SURED bΩzn[ GEONEUTR0NO S0GNAL OF t™χΩ)ffτv

�ffτv/¯2 AND EST0MATED THE ıARTH RAD0OGEN0C POWER FROM 2 AND
/H AS Ω™χfl)5τn�5τn/v% •ONTRARY TO &OREX0NO: JAMk�¯, PREFERS THE GEOLOG0CAL MODELS W0TH A LOWER CONh
CENTRAT0ON OF HEAThPRODUC0NG ELEMENTS 0N THE ıARTH: WH0CH BR0NGS A WEAK D0SCREPANCY BETWEEN THE TWO
RESULTS%

� NEXThGENERAT0ON EXPER0MENT L0KE I2¯9 0S NEEDED TO PROV0DE MORE PREC0SE RESULTS CONCERN0NG THE
ıARTH?S RAD0OGEN0C POWER AND TO FULLY EXPLO0T GEONEUTR0NOS 0N ORDER TO UNDERSTAND THE NATURAL RAD0OACT0Vh
0TY OF OUR PLANET% v0TH 0TS DETECTOR BE0NG AT LEAST ™z T0MES LARGER THAN THE EX0ST0NG DETECTORS: I2¯9 W0LL
iO0N THE FAM0LY OF GEONEUTR0NO EXPER0MENTS AND REPRESENT A FANTAST0C OPPORTUN0TY TO MEASURE GEONEUTR0h
NOS% v0TH0N THE fflRST YEAR OF RUNN0NG: I2¯9 W0LL RECORD MORE GEONEUTR0NO EVENTS THAN ALL OTHER DETECTORS
W0LL HAVE ACCUMULATED TO THAT T0ME% -N THE FOLLOW0NG: WE PRED0CT THE S0GNAL AND THE PREC0S0ON LEVEL OF
I2¯9 AND 0NTRODUCE A LOCAL REfflNED GEOLOG0CAL MODEL% /HESE MODELS PROV0DE A POSS0B0L0TY OF EXTRACT0NG
THE MANTLE COMPONENT%

3)s)o 1OTdNT0AL OF GdONdUTR0NO MdASURdMdNT 0N I2m9

/HE I2¯9 DETECTOR W0LL PROV0DE AN EXC0T0NG OPPORTUN0TY TO OBTA0N A H0GH STAT0ST0CS MEASUREMENT OF
GEONEUTR0NOS% /HE EXPECTED S0GNAL AND BACKGROUND RATES: CORRESPOND0NG SYSTEMAT0C UNCERTA0NT0ES: AND
THE I2¯9 SENS0T0V0TY TO GEONEUTR0NOS ARE PUBL0SHED 0N bΩΩe: n[%

/HE EXPECTED GEONEUTR0NO S0GNAL DEPENDS ON 2 AND /H ABUNDANCES AND D0STR0BUT0ON 0N THE ıARTH%
/HE PUBL0SHED I2¯9 SENS0T0V0TY STUD0ES bΩΩe: n[ CONS0DER A GLOBAL COMPOS0T0ON OF THE ıARTH AS DESCR0BED
0N ’EF% bΩΩn[: LEAD0NG TO AN EXPECTED S0GNAL 0N I2¯9 OF tnχ;)7τff�ffτ3 /¯2 p≡flzz GEONEUTR0NOS PER YEAR(% /HE
fizz KM RANGE OF THE CRUST AROUND I2¯9 CONTR0BUTES MORE THAN fiz) TO THE TOTAL S0GNAL bΩΩn[% /HUS: LOCAL
REfflNED GEOLOG0CAL MODELS ARE NEEDED FOR A PREC0SE EST0MAT0ON OF THE CRUSTAL S0GNAL AND: CONSEQUENTLY:
FOR D0SENTANGLEMENT OF THE MANTLE S0GNAL% ®UCH AN EfORT 0S ALSO A GOOD OPPORTUN0TY FOR GEOLOG0STS AND
PART0CLE PHYS0C0STS TO WORK TOGETHER AND TEST OUR PRED0CT0ONS OF THE PLANET?S 0NTER0OR%

/HE MA0N CHALLENGE FOR THE I2¯9 GEONEUTR0NO MEASUREMENT 0S THE LARGE REACTOR ANT0NEUTR0NO BACKh
GROUND% -N ADD0T0ON: THERE ARE OTHER NONhANT0NEUTR0NO BACKGROUNDS RELEVANT FOR GEONEUTR0NO DETECT0ON:
L0KE COSM0C MUONS: COSMOGEN0C nk0he`E: FAST NEUTRONS:Ot•p�. m(O79 REACT0ONS: AND ACC0DENTAL CO0NC0h
DENCES% /HE EXPECTED ENERGY SPECTRUM 0S SHOWN 0N =0G% npA(%

/HE POTENT0AL OF THE I2¯9 GEONEUTR0NO MEASUREMENT WAS EST0MATED BY TWO METHODS CONS0DER0NG
THE SAME MUON VETO pΩ;) EXPOSURE LOSS(: -&, SELECT0ON pez) EffC0ENCY(: AND DETECTOR RESPONSE pt) AT
ΩlEu ENERGY RESOLUT0ON(% 9NE 0S BASED ON THE GENERAT0ON OF THOUSANDS OF PSEUDOhEXPER0MENTS: 0N WH0CH
THE RATE OF EACH SPECTRAL COMPONENT 0S RANDOMLY EXTRACTED FROM THE 4AUSS0AN D0STR0BUT0ONS RE5ECT0NG
THE UNCERTA0NTY OF RATE PRED0CT0ONS bn[Ş EACH PSEUDOhEXPER0MENT 0S THEN fflT US0NG A LOGhL0KEL0HOOD METHOD
AND CONSTRA0N0NG THE NONhANT0NEUTR0NO BACKGROUNDS% /HE OTHER METHOD 0S US0NG THE �S0MOV DATA SET:
WH0CH EMPLOYS THE φ3 fflT METHOD TO QUANT0TAT0VELY ASSESS THE POTENT0AL OF GEONEUTR0NO MEASUREMENTS 0N

�9N∆ /¯2 CORR∆SPONDS TO o ∆V∆NT D∆T∆CT∆D W0TH A D∆T∆CTOR O8 ozz) D∆T∆CT0ON ∆ffC0∆NCYc CONTA0N0NG oz13 TARG∆T PROTONS
pROUGHLY o JTON O8 L0.U0D SC0NT0LLATOR( 0N o Y∆AR%
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=0GURE n℃ pA( /HE ENERGY SPECTRA OF PROMPT -&, CAND0DATES FROM GEONEUTR0NOS pRED(: REACTOR ANT0NEUTR0h
NOS pORANGE(: AND OTHER NONhANT0NEUTR0NO BACKGROUNDS pACC0DENTAL 0N BLUE: nk0he`E 0N GREEN:Ot•p�. m(O79
0N SMALL MAGENTA( FOR ONE YEAR OF DATAhTAK0NG AFTER THE SELECT0ON CUTS bn[% pB( /HE EXPECTED Ωπ UNCERh
TA0NTY FOR GEONEUTR0NO MEASUREMENT 0N I2¯9 W0TH A fflXED CHONDR0T0C /H62 RAT0O AS A FUNCT0ON OF L0VE
T0ME bΩΩe[%

I2¯9 bΩΩe[% /HE THEORET0CAL SPECTRAL SHAPES ARE USED FOR GEONEUTR0NOS bΩ™z[% /HE fflRST METHOD D0D NOT
CONS0DER THE SHAPE UNCERTA0NTY OF SPECTRAL COMPONENTS: WH0LE THE SECOND ONE D0D% /HE TWO METHODS
GAVE COMPAT0BLE RESULTS% �FTER Ω: t: fi: AND Ωz YEARS: THE fflRST pSECOND( METHOD EST0MATED THE PREC0S0ON
OF GEONEUTR0NO MEASUREMENT W0TH A fflXED CHONDR0T0C MASS /H62 – t%n 0N THE fflT AS Ω;pΩt(): Ωzpe():
ep7(): AND 7pfi()% /HE RESULTS OF THE SECOND METHOD ARE SHOWN 0N =0G% npB(% �FTER SEVERAL YEARS OF
MEASUREMENTS: I2¯9 ALSO HAS THE POTENT0AL TO CONSTRA0N THE /H62 RAT0O 0N THE OBSERVED GEONEUTR0NO
S0GNAL bΩΩe: n[%

3)s)3 qdfflNdD CRUSTAL MODdLS AND dwPdCTdD S0GNAL FOR I2m9

/HE FACT THAT GEONEUTR0NOS S0GNAL PRODUCED BY 2 AND /H 0N THE CONT0NENTAL CRUST W0TH0N ≡Ωzz KM OF
THE DETECTOR EQUALS THE WHOLE MANTLE S0GNAL bΩΩn[ 0LLUSTRATES THE 0MPORTANCE OF REfflNED GEOLOG0CAL MODELS
AROUND I2¯9% -NVOLV0NG THE ADVANCED KNOWhHOW OF THE GEOPHYS0CAL AND GEOCHEM0CAL COMMUN0T0ES: THE
®OUTH •H0NA &LOCK SURROUND0NG I2¯9 CAN BE CHARACTER0ZED 0N TERMS OF DENS0TY: CRUSTAL LAYERS TH0CKNESS:
AND CHEM0CAL COMPOS0T0ON%

/HE I2k9• pI2¯9 kOCAL •RUST( bΩ™Ω[ AND 4-4I p49•ı -NVERS0ON FOR 4EONEUTR0NOS AT I2¯9( bΩ™™[
MODELS PROV0DE 0NFORMAT0ON ABOUT THE TH0CKNESS AND DENS0TY OF THE UPPER: M0DDLE: AND LOWER CRUST
AROUND I2¯9% I2k9•: A th, COMPREHENS0VE H0GHhRESOLUT0ON CRUSTAL MODEL AROUND I2¯9: USES SE0SM0C
AMB0ENT NO0SE TOMOGRAPHY bΩ™t[ 0N THE 0NPUT AND COVERS AN AREA OF Ωz± · Ωz± AROUND THE DETECTOR% =OR
THE ®OUTH •H0NA BLOCK: THE CRUSTAL STRUCTURE 0S PRETTY UN0FORM% ¯O S0GN0fflCANT LARGEhSCALE VELOC0TY AND
DENS0TY ANOMAL0ES ARE FOUND 0N THE I2k9• MODEL% /HE DENS0TY UNCERTA0NTY 0S LESS THAN THAT OF THE
GLOBAL CRUSTAL MODEL% �CCORD0NG TO 4-4I: A 7± · fl± REfflNED GEOPHYS0CAL MODEL OBTA0NED BY A &AYES0AN
0NVERS0ON OF GRAV0METR0C DATA OF 49•ı SATELL0TE p4RAV0TY fflELD AND STEADYĂjİSTATE 9CEAN •0RCULAT0ON
ıXPLORER(: THE OVERALL TH0CKNESS UNCERTA0NT0ES OF UPPER: M0DDLE: AND LOWER CRUSTAL LAYERS ARE ™): t): AND
Ω): RESPECT0VELY bΩ™™[%

9N THE BAS0S OF COMP0LED 2 AND /H ABUNDANCES DATA FROM OVER tzzz ROCK SAMPLES: THE I2k9• MODEL
SUGGESTS THAT THE LOCAL UPPER pM0DDLE AND LOWER( CRUST HAS H0GHER pLOWER( AVERAGE 2 AND /H ABUNDANCES
THAN THE GLOBAL AVERAGE% /HE EST0MATED CRUSTAL GEONEUTR0NO S0GNAL BY I2k9• 0S pteχt × flχe(/¯2: TO
BE COMPARED W0TH p™eχ™)ffτ3

�5τff( /¯2 bΩΩn[ BASED ON A GLOBAL CRUSTAL MODEL bΩ™fl[% /HE S0GN0fflCANT 0NCREASE
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OF THE S0GNAL 0S MA0NLY THE CONSEQUENCE OF THE UPPER CRUST OF ®OUTH •H0NA &LOCK THAT 0S R0CHER 0N 2 AND
/H THAN THE GLOBAL AVERAGE%

3)e mUCLdON DdCAxS
/HE BARYON NUMBER > V0OLAT0ON 0S ONE OF THREE BAS0C 0NGRED0ENTS TO EXPLA0N THE OBSERVED COSMOLOG0CAL
MATTERhANT0MATTER ASYMMETRY bΩ™fi[% /HE BARYON NUMBER 0S NECESSAR0LY V0OLATED 0N THE 4RAND 2N0fflED
/HEOR0ES p42/S( bΩ™7: Ω™;[: WH0CH CAN UN0FY THE STRONG: WEAK: AND ELECTROMAGNET0C 0NTERACT0ONS 0NTO A
S0NGLE UNDERLY0NG FORCE AT A SCALE OF LETR → ™· ΩzO7 4Eu% � GENERAL PRED0CT0ON OF THE 42/S 0S NUCLEON
DECAY% `OWEVER: NO EXPER0MENTAL EV0DENCE TO DATE FOR THE PROTON DECAY OR >hV0OLAT0NG NEUTRON DECAY
HAS BEEN FOUND% v0TH A ™z KTON k® DETECTOR: I2¯9 0S EXPECTED TO HAVE A GOOD PERFORMANCE ON THE
NUCLEON DECAY SEARCH: ESPEC0ALLY ON THE CHANNEL OF n∼ mµF) bΩ™e: n[% /H0S DECAY MODE D0SPLAYS A CLEAR
THREEhFOLD CO0NC0DENCE FEATURE 0N T0ME: A PROMPT S0GNAL FROM THE F) K0NET0C ENERGY: A SHORT DELAYED
S0GNAL pσ – Ω™χte NS( FROM 0TS DECAY DAUGHTERS: AND A LONGhDELAYED S0GNAL pσ – ™χ™ θS( FROM THE fflNAL
l0CHEL ELECTRON%

/HE I2¯9 POTENT0AL ON n ∼ mµF) US0NG THE I2¯9 lONTE •ARLO pl•( S0MULAT0ON FRAMEWORK bΩ™n[
AND CONS0DER0NG THE DETECTOR PERFORMANCES 0N DETA0L% 4ENERAT0ONS OF n∼ mµF) AND ATMOSPHER0C NEUTR0NO
BACKGROUNDS RELY ON 4ı¯-ı t%z bΩtz[% vE MOD0fflED THE 4ı¯-ı CODE TO TAKE 0NTO ACCOUNT THE fflNAL STATE
0NTERACT0ON AND THE RES0DUAL NUCLEUS DEhEXC0TAT0ONS% /HE T0MEhCORRELATED TR0PLE CO0NC0DENCE PERM0TS
THE I2¯9 DETECTOR TO EfECT0VELY 0DENT0FY THE n ∼ mµF) S0GNALS AND TO REiECT ATMOSPHER0C NEUTR0NO
BACKGROUNDS% /HE PR0MARY PRODUCT0ON F) AND 0TS DECAY DAUGHTERS W0LL LEAVE TWO DEPOS0T0ON S0GNALS 0N
THE H0ThT0ME SPECTRUM AFTER /9= CORRECT0ON% /HERE W0LL BE A P0LEhUP OF S0GNALS DUE TO THE SHORT L0FET0ME
OF F)% v0TH THE HELP OF THE th0NCH 1l/ SYSTEM p//® Ω%fi NS( OF I2¯9: WE CAN OBSERVE TH0S P0LEhUP
SHAPE 0N THE H0T T0ME SPECTRUM: AS SHOWN 0N =0G% Ωz% ,UE TO TH0S FEATURE: THE UPR0S0NG T0ME OF n∼ mµF)

SHOULD BE LARGER THAN THAT OF ATMOSPHER0C NEUTR0NOS bΩtΩ[% =URTHERMORE: THE SELECT0ON OF n∼ mµF) CAN
BE 0MPROVED W0TH THE HELP OF MULT0hPULSE fflTT0NG bΩt™[: 0N WH0CH WE CAN RECONSTRUCT BOTH S0GNALS: AND
GET THE CORRELATED T0ME D0fERENCE AND THE ENERGY DEPOS0T0ON OF EACH S0GNAL: AS SHOWN 0N THE R0GHT PANEL
OF =0G% Ωz%
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=0GURE Ωz℃ kEFT℃ � SAMPLE OF H0T T0ME D0STR0BUT0ON AFTER /9= CORRECT0ON% � DOUBLE S0GNAL P0LEhUP SHAPE
SHOULD BE OBSERVED% /HE TH0RD S0GNAL 0N AROUND fizz NS COMES FROM THE l0CHEL ELECT0ON% ’0GHT℃ � SAMPLE
OF lULT0hPULSE fflTT0NG% /HE T0ME D0fERENCE OF BOTH S0GNAL 0S ΩΩ NS%

&EYOND THE T0M0NG ANALYS0S: ADD0T0ONAL SELECT0ON CR0TER0A HAVE BEEN CONS0DERED US0NG V0S0BLE ENERGY:
fflDUC0AL VOLUME: MUON VETO: THE l0CHEL ELECTRON: AND NEUTRON CAPTURE% 2S0NG ALL THESE CR0TER0A: tΩ)
n ∼ mµF) REMA0NED WH0LE ONLY z%t BACKGROUNDS SURV0VED 0N TEN YEARS% �CCORD0NG TO THE =ELDMANh
•OUS0NS APPROACH bΩtt[: THE PREL0M0NARY SENS0T0V0TY OF n ∼ mµF) OF I2¯9 0S EST0MATED AS eχtfl · Ωztt
YEARS pnz) •%k%( FOR I2¯9 Ωz YEARS RUNN0NG% -N ADD0T0ON TO n ∼ mµF): OTHER NUCLEON DECAY MODES:
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SUCH AS m ∼ tµ AND n ∼ θ)θ)θ� ARE BE0NG 0NVEST0GATEDŞ 0T 0S EXPECTED THAT I2¯9 W0LL G0VE MORE
STR0NGENT L0M0TS ON THESE DECAY CHANNELS 0N THE FUTURE%

3)n 9THdR PHxS0CS
I2¯9 HAS THE POTENT0AL TO ADDRESS A W0DE RANGE OF OPEN QUEST0ONS 0N THE fflELDS OF PART0CLE PHYS0CS:
NUCLEAR PHYS0CS: ASTROPHYS0CS AND COSMOLOGY BES0DES THE TOP0CS COVERED 0N THE PREV0OUS PARTS% -N TH0S
SUBSECT0ON: WE SHALL EXPLORE SEVERAL NEW D0RECT0ONS: WH0CH ARE OF FUNDAMENTAL 0MPORTANCE 0N THE fflELD OF
PART0CLE PHYS0CS AND COSMOLOGY%

˘ /EST0NG THE lAiORANA NATURE OF THE NEUTR0NO 0S ONE OF THE MOST 0MPORTANT TASKS 0N THE fflELD OF
PART0CLE PHYS0CS AND NUCLEAR PHYS0CS% /HE ONLY REAL0ST0C WAY TO PROBE TH0S 0S THE SEARCH FOR THE
NEUTR0NOLESS DOUBLE BETA pzµαα( DECAY ,

UM ∼ ,
U)3M · ™c� bΩtfl[: 0N WH0CH THE HALFhL0FE 0S POSS0BLY

REACHABLE BASED ON THE EfECT0VE NEUTR0NO MASS k�� CONSTRA0NED BY THE MASS SPL0TT0NG MEASUREh
MENTS 0N NEUTR0NO OSC0LLAT0ON: 0F 0T 0S MED0ATED BY L0GHT ACT0VE lAiORANA NEUTR0NOS% ıXPER0MENTAL
STUD0ES OF THE zµαα DECAYS US0NG s74E: Ot7wE OR Otv/E HAVE BEEN CARR0ED OUT 0N THE PAST YEARS: AND
THE LOWER L0M0TS ON THE zµαα HALFhL0FE HAVE REACHED THE LEVELS OF Ωz3ff TO Ωz37 YR bΩtfl[: CORRESPOND0NG
TO AN EfECT0VE NEUTR0NO MASS k�� OF p7z − − − tzz( MEu DEPEND0NG ON THE VALUES OF NUCLEAR MATR0X
ELEMENTS% ¯EXThGENERAT0ON TONhSCALE zµαα DECAY EXPER0MENTS W0LL 0MPROVE THE HALFhL0FE SENS0T0V0TY
TO THE LEVELS OF Ωz3s TO Ωz3e YR bΩtfi: Ωt7[: COVER0NG THE k�� RANGE OF pΩz − − − fiz( MEu FOR THE
0NVERTED MASS ORDER0NG%
`OWEVER: THE PARAMETER SPACE FOR THE NORMAL MASS ORDER0NG 0S BEYOND THE SENS0T0V0TY OF NEXTh
GENERAT0ON EXPER0MENTS% ®U0TABLE EXPER0MENTAL STRATEG0ES ARE ST0LL UNDER DEVELOPMENT% /HE I2¯9
EXPER0MENT HAS GREAT POTENT0AL TO BE UPGRADED TO A zµαα PHASE bΩt;[ AFTER THE PR0MARY GOAL OF THE
NEUTR0NO MASS ORDER0NG 0S ACCOMPL0SHED% I2¯9?S SENS0T0V0TY REACHES THE MEu SCALE% 1REL0M0NARY
STUD0ES HAVE SHOWN THAT: W0TH0N fi YEARS THEk�� SENS0T0V0TY COULD REACH pfi − − − Ω™( MEu W0TH fiz TONS
OF fflDUC0AL Ot7wE bΩte[: AND p™χt − − − 7χz( MEu W0TH flzz TONS OF fflDUC0AL Otv/E bΩtn[: RESPECT0VELY% /HE
EfECT0VE ENERGY RESOLUT0ON NEAR THE P VALUES 0S AT THE LEVEL OF ™)% /HE S0GN0fflCANT BACKGROUNDS AR0SE
FROM e& SOLAR NEUTR0NOS: TWOhNEUTR0NO DOUBLE BETA DECAYS: NATURAL RAD0OACT0V0TY: AND COSMOGEN0C
RAD0ONUCL0DES% -T 0S SHOWN 0N ’EF% bΩte[ THAT THE BACKGROUND 0NDEX COULD BE COMPARABLE TO THE NEXT
GENERAT0ON L0QU0D wEON EXPER0MENT% � MORE CAREFUL EVALUAT0ON OF THE EXPECTED BACKGROUND LEVELS
0S REQU0RED AND THE 0NVEST0GAT0ON OF 0SOTOPE DOP0NG AND BACKGROUND REDUCT0ON 0S ST0LL ONhGO0NG%
=0NALLY: ONE SHOULD EMPHAS0ZE THE 0MPORTANCE FOR FUTURE zµαα DECAY EXPER0MENTS TO REACH THE
SENS0T0V0TY OF k�� AROUND Ω MEu% ®UCH A MEASUREMENT CAN NOT ONLY PROBE THE lAiORANA NATURE
OF NEUTR0NOS AND LEPTON NUMBER V0OLAT0ON: BUT ALSO DETERM0NE THE L0GHTEST NEUTR0NO MASS: fflX THE
NEUTR0NO MASS SPECTRUM AND PLACE RESTR0CT0VE CONSTRA0NTS ON ONE OF TWO lAiORANA •1 PHASES%
�LL OF THESE GO BEYOND THE EXPECTED SENS0T0V0T0ES OF FUTURE α DECAY EXPER0MENTS bΩflz: ΩflΩ[ AND
COSMOLOG0CAL OBSERVAT0ONS bΩfl™[%

˘ /HE EX0STENCE OF ,ARK lATTER p,l( HAS BEEN WELL CONfflRMED 0N THE SCALES OF THE GALAX0ES: GALAXY
CLUSTERS AND COSMOLOG0CAL D0STANCE% `OWEVER: THE PART0CLE NATURE OF ,l 0S ST0LL AN OPEN PROBLEM
0N THE fflELD OF PART0CLE PHYS0CS AND COSMOLOGY% ¯EUTR0NOS PRODUCED FROM THE ANN0H0LAT0ON OR DECAYS
OF ,l 0NS0DE THE ®UN OR 4ALACT0C •ENTRE ARE A PROM0S0NG 0ND0RECT S0GNATURE OF ,l: AND HAVE BEEN
SEARCHED FOR 0N LARGE NEUTR0NO DETECTORS: SUCH AS ®UPERhJAM0OKANDE bΩflt[ AND -CE•UBE bΩflfl[% ®ENh
S0T0V0TY STUD0ES ON THE NEUTR0NO S0GNALS FROM THE ,l ANN0H0LAT0ON 0NS0DE THE ®UN HAVE BEEN OBTA0NED
FOR I2¯9 US0NG ELECTRON NEUTR0NOS bΩflfi[ AND MUON NEUTR0NOS bn[% v0TH0N TEN YEARS OF DATA TAK0NG:
SENS0T0V0T0ES FOR THE SP0Nh0NDEPENDENT CROSShSECT0ON CAN REACH THE LEVEL OF pΩz�5O − − − Ωz�53( CM3 FOR
BOTH ELECTRON AND MUON NEUTR0NO CHANNELS% /HESE SENS0T0V0TY LEVELS W0LL BE RELEVANT FOR THE ,l
MASS SMALLER THAN Ωz 4Eu% 9N THE OTHER HAND: I2¯9 CAN PROV0DE A SENS0T0V0TY AT THE LEVEL OF
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pΩz�tn − − − Ωz�5v( CM3 FOR ,lhNUCLEON SP0NhDEPENDENT CROSS SECT0ON bn: Ωflfi[: WH0CH W0LL SURPASS THE
EX0ST0NG L0M0TS FOR L0GHT ,l PART0CLES%
1UTAT0VE PR0MORD0AL BLACK HOLES p1&`( ARE A V0ABLE CAND0DATE FOR THE COLD ,l bΩfl7[: AND DETECTABLE
0N THE MASS RANGE OF pΩzOff − − − ΩzO7( G V0A NEUTR0NOS AND ANT0NEUTR0NOS THAT ARE EM0TTED AS PART OF
THE `AWK0NG RAD0AT0ON bΩfl;[% � SEARCH FOR 1&` V0A LOW ENERGY ANT0NEUTR0NOS bΩfle[ HAS BEEN CARR0ED
OUT US0NG ®UPERhJAM0OKANDE DATA bΩfln[% I2¯9 CAN 0MPROVE THE CURRENT L0M0T ON 1&` ABUNDANCE
BY ONE ORDER OF MAGN0TUDE bΩfiz[ BECAUSE OF 0TS EXCELLENT NEUTRON TAGG0NG AND BACKGROUND REDUCT0ON
TECHN0QUES%

˘ k0GHT STER0LE NEUTR0NOS bΩfiΩ[: NONhUN0TAR0TY OF THE NEUTR0NO M0X0NG MATR0X bΩfi™[ AND NONhSTANDARD
NEUTR0NO 0NTERACT0ONS bΩfit[ ARE REPRESENTAT0VE NEWhPHYS0CS SCENAR0OS BEYOND THE STANDARD THREE
NEUTR0NO OSC0LLAT0ON FRAMEWORK% I2¯9 CAN SEARCH FOR L0GHT STER0LE NEUTR0NOS 0N SEVERAL SENS0T0VE
OSC0LLAT0ON CHANNELS% 1REC0SE REACTOR ANT0NEUTR0NO MEASUREMENTS OF THE I2¯9 DETECTOR CAN SET
SEVERE L0M0TS ON L0GHT STER0LE NEUTR0NOS FOR A dk3 RANGE OF pΩz�ff − − − Ωz�t( Eu3 bn[% lOREOVER: THE
I2¯9h/�9 DETECTOR W0LL BE ABLE TO TEST THE REACTOR ANT0NEUTR0NO ANOMALY AND SEARCH FOR L0GHT
STER0LE NEUTR0NOS AT THE Eu SCALE b™z[% 1REC0S0ON MEASUREMENT OF OSC0LLAT0ON PARAMETERS AT I2¯9:
0N PART0CULAR FOR THE M0X0NG ANGLE εO3: 0S CRUC0AL 0N THE GLOBAL EfORT OF LEPTON0C UN0TAR0TY TESTS bn:
Ωfifl[% =0NALLY D0fERENT COMPLET0VE L0M0TS FOR NEW PHYS0CS BEYOND THREEh5AVOR OSC0LLAT0ONS CAN BE
OBTA0NED W0TH THE H0GHhPREC0S0ON OSC0LLAT0ON MEASUREMENTS OF REACTOR ANT0NEUTR0NOS bΩfifi: Ωfi7[: SOLAR
NEUTR0NOS bΩfi;[: ATMOSPHER0C NEUTR0NOS bΩfie: Ωfin[ AND SUPERNOVA NEUTR0NOS bΩ7z[%

˘ kARGE NEUTR0NO DETECTORS ALSO ARE EXCELLENT TOOLS TO OBSERVE EXOT0C PART0CLES PRODUCED 0N COSM0ChRAY
0NTERACT0ONS OR THE EARLY 2N0VERSE% /HE MAGNET0C MONOPOLE WAS fflRST PRED0CTED BY ,0RAC 0N ΩntΩ:
AND 0S A GENERAL PRED0CT0ON OF THE 4RAND 2N0fflED /HEOR0ES bΩ7Ω[% ®EARCHES FOR S0GNALS OF MAGNET0C
MONOPOLES HAVE BEEN PERFORMED BY MANY EXPER0MENTS: SUCH AS l�•’9 bΩ7™[: ®OUDANh™ bΩ7t[
AND ¯9µ� bΩ7fl[% +hBALLS bΩ7fi[ ARE PRED0CTED AS NONhTOPOLOG0CAL SOL0TONS 0N THEOR0ES W0TH A GLOBAL
TpΩ( SYMMETRY AND A COMPLEX SCALAR fflELD: WH0CH CAN ACT AS A V0ABLE CAND0DATE OF ,l bΩ77[% /HEY
HAVE BEEN SEARCHED FOR BY SEVERAL EXPER0MENTS: 0NCLUD0NG ®UPERhJAM0OKANDE bΩ7;[: &AKSAN bΩ7e[
AND -CE•UBE bΩ7n[% ®TRANGE +UARK lATTER p®+l( bΩ;z[ W0TH APPROX0MATELY EQUAL NUMBERS OF UP:
DOWN AND STRANGE QUARKS 0S PRED0CTED AS THE GROUND STATE OF QUANTUM CHROMODYNAM0CS% ®TABLE
®+l OBiECTS W0TH MASSES LARGER THAN ΩzOv 4Eu ARE KNOWN AS NUCLEAR0TES bΩ;Ω[% ®EARCHES FOR
NUCLEAR0TES HAVE BEEN CARR0ED OUT 0N l�•’9 bΩ;™[: ®k-l bΩ;t[: AND �¯/�’ı® bΩ;fl[: W0TH NO
EXPER0MENTAL EV0DENCE% �LL THESE EXOT0C PART0CLES CAN BE SEARCHED FOR US0NG THE I2¯9 DETECTOR
W0TH RATHER S0M0LAR DETECT0ON STRATEG0ES% /AK0NG THE NUCLEAR0TES FOR 0NSTANCE: 0T HAS BEEN SHOWN
THAT THE SENS0T0V0TY CAN BE 0MPROVED BY ONE ORDER OF MAGN0TUDE FOR THE MASSES OF NUCLEAR0TES
BETWEEN ΩzOt 4Eu AND ΩzOff 4Eu bΩ;fi[%

lANY MORE EXC0T0NG TOP0CS 0N I2¯9 W0TH LEAD0NG SENS0T0V0T0ES OR UN0QUE FEATURES M0GHT BE ADDED
TO THE L0ST: G0VEN THE LARGE TARGET MASS: LOW BACKGROUND: LOW ENERGY THRESHOLD AND EXCELLENT ENERGY
RESOLUT0ON OF THE DETECTOR%

t ,dTdCTOR DdS0GN AND qa,

t)o ,dTdCTOR DdS0GN OVdRV0dW
/HE I2¯9 DETECTOR SYSTEM 0NCLUDES A ™z KTON L0QU0D SC0NT0LLATOR pk®( DETECTOR: A WATER •HERENKOV
DETECTOR 0N WH0CH THE L0QU0D SC0NT0LLATOR DETECTOR 0S SUBMERGED: AND A PLAST0C SC0NT0LLATOR ARRAY ON TOP OF
THEM% � SCHEMAT0C V0EW OF THE DETECTOR 0S SHOWN 0N =0G% t%
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/HE ™z KTON k® 0S CONTA0NED 0N A SPHER0CAL ACRYL0C VESSEL W0TH AN 0NNER D0AMETER OF tfi%fl M% /HE lA0N
®TRUCTURE: 0NCLUD0NG A SPHER0CAL STA0NLESS STEEL STRUCTURE AND 0TS BEAR0NG: SUPPORTS THE ACRYL0C VESSEL V0A
finz CONNECT0NG BARS% /HE L0GHT EM0TTED BY THE k® 0S WATCHED BY Ω;:7Ω™ ™zh0NCH 1l/S pREFERRED TO AS
ŘLARGE 1l/“( AND ™fi:7zz th0NCH 1l/S pREFERRED TO AS ŘSMALL 1l/“(: WH0CH ARE 0NSTALLED ON THE 0NNER
SURFACE OF THE lA0N ®TRUCTURE% /HE PHOTOCATHODE COVERAGE 0S ;fi%™) FOR THE ™zh0NCH 1l/S AND ™%;)
FOR THE th0NCH 1l/S% �LL 1l/S HAVE BEEN TESTED% /HE AVERAGE PHOTON DETECT0ON EffC0ENCY 0S ™n%Ω)
FOR LARGE 1l/S 0N THE •ENTRAL ,ETECTOR AND / ™fl) FOR SMALL 1l/S% /HE LARGE 1l/S FEATURE SPEC0AL
PROTECT0ON 0N CASE OF 0MPLOS0ON% /HE ENT0RE k® DETECTOR 0S SUBMERGED 0N A CYL0NDR0CAL WATER POOL% �
WATER BUfER OF Ω%fl™ M TH0CKNESS BETWEEN THE ACRYL0C VESSEL AND THE 1l/ SURFACE PROTECTS THE k® FROM
THE 1l/ GLASS?S RAD0OACT0V0TY% /HE WATER BUfER 0S CONNECTED W0TH THE OUTER WATER •HERENKOV DETECTOR
BUT 0S OPT0CALLY SEPARATED% � CH0MNEY FOR CAL0BRAT0ON OPERAT0ONS 0S CONNECTED TO THE TOP OF THE ACRYL0C
VESSEL% ®PEC0AL RAD0OACT0V0TY SH0ELD0NG AND A MUON DETECTOR W0LL COVER THE CH0MNEY AND THE CAL0BRAT0ON
SYSTEM ON THE TOP%

/HE k® HAS A S0M0LAR REC0PE AS THE ,AYA &AY k® BUT W0THOUT GADOL0N0UM LOAD0NG% k0NEAR ALKYLBENZENE
pk�&(: A STRA0GHT ALKYL CHA0N OF Ωz—Ωt CARBONS ATTACHED TO A BENZENE R0NG: 0S USED AS THE DETECT0ON
MED0UM DUE TO 0TS EXCELLENT TRANSPARENCY: H0GH 5ASH PO0NT: LOW CHEM0CAL REACT0V0TY: AND GOOD L0GHT
Y0ELD% /HE I2¯9 k® W0LL CONTA0N ™%fi G6k ™:fihD0PHENYLOXAZOLE p119( AS THE 5UOR AND t MG6k PhB0Sh
pOhMETHYLSTYRYL(hBENZENE pB0Shl®&( AS THE WAVELENGTH SH0FTER% /HE COMPOS0T0ON HAS BEEN OPT0M0ZED 0N
DED0CATED STUD0ES W0TH A ,AYA &AY DETECTOR btfl: Ω;7[% /HE k® W0LL BE PUR0fflED BEFORE fflLL0NG TO 0MPROVE
0TS RAD0OPUR0TY AND TRANSPARENCY: WH0CH 0S CRUC0AL FOR SUCH A G0GANT0C DETECTOR% � P0LOT PLANT TEST SHOWS
THAT THE k® ATTENUAT0ON LENGTH CAN REACH / ™z M% •OMB0NED W0TH THE 1l/ DETECT0ON EffC0ENCY AND
OTHER DETECTOR PARAMETERS: A Y0ELD OF Ωtflfi PHOTOELECTRONS PER lEu 0S OBTA0NED 0N S0MULAT0ONS% /HE
TARGETED k® RAD0OPUR0TY OF I2¯9 0S Ωz�Os G6G FOR 26/H6J%

/HE WATER POOL HAS A D0AMETER OF flt%fi M AND A HE0GHT OF flfl M: PROV0D0NG SUffC0ENT BUfER 0N ALL
D0RECT0ONS TO PROTECT THE k® FROM THE SURROUND0NG ROCK RAD0OACT0V0TY% /HE WATER POOL 0S EQU0PPED W0TH
™:flzz ™zh0NCH 1l/S: MOUNTED ON THE lA0N ®TRUCTURE: ACT0NG AS A •HERENKOV DETECTOR FOR THE COSM0C
MUONS% /HE MUON DETECT0ON EffC0ENCY 0S EXPECTED TO BE nn%e): S0M0LAR TO THAT OF THE ,AYA &AY WATER
•HERENKOV DETECTOR% •OMPENSAT0ON CO0LS ARE 0NSTALLED ON THE lA0N ®TRUCTURE TO PROTECT THE 1l/S FROM
THE ıARTH MAGNET0C fflELD%

9N TOP OF THE WATER POOL: A MUON TRACKER W0LL BE 0NSTALLED TO MEASURE THE MUON D0RECT0ONS% 1LAST0C
SC0NT0LLATOR STR0PS DECOMM0SS0ONED FROM THE /ARGET /RACKER OF THE 91ı’� EXPER0MENT bΩ;;[ W0LL BE
REUSED AS THE I2¯9 /OP /RACKER p//(% /HE // 0S COMPOSED OF 7™ WALLS W0TH A SENS0T0VE AREA OF 7%;·7%;
M3 EACH% ’AD0OACT0V0TY FROM THE SURROUND0NG ROCK W0LL 0NDUCE VERY H0GH NO0SE RATES 0N THE PLAST0C
SC0NT0LLATOR STR0PS% /HESE ACC0DENTAL BACKGROUNDS W0LL BE SUPPRESSED W0TH A MULT0hLAYER DES0GN W0TH AT
LEAST THREE XhY LAYERS% /HE // COVERS MORE THAN ™fi) OF THE AREA OF THE TOP SURFACE OF THE WATER POOL%

40VEN THE G0GANT0C S0ZE AND UNPRECEDENTED ENERGY RESOLUT0ON REQU0REMENT: CONSTRUCT0ON OF THE I2¯9
DETECTOR 0S VERY CHALLENG0NG 0N MECHAN0CS: k® RAD0OPUR0TY AND TRANSPARENCY: 1l/ PHOTON DETECT0ON
EffC0ENCY: REL0AB0L0TY OF ELECTRON0CS: ETC% -N THE FOLLOW0NG SECT0ONS: WE W0LL DESCR0BE THE DES0GN AND ’´,
ACH0EVEMENTS%

t)3 bdNTRAL ,dTdCTOR
t)3)o bdNTRAL ,dTdCTOR SCHdMd AND RdQU0RdMdNTS

/HE ™z KTON L0QU0D SC0NT0LLATOR DETECTOR: REFERRED TO AS THE •ENTRAL ,ETECTOR p•,(: 0S ONE OF THE MOST
CHALLENG0NG PARTS OF I2¯9: ESPEC0ALLY 0N MECHAN0CS: G0VEN 0TS HUGE S0ZE% /HE k® W0LL BE CONTA0NED 0N
A SPHER0CAL �CRYL0C uESSEL W0TH AN 0NNER D0AMETER OF tfi%fl M AND A TH0CKNESS OF Ω™z MM% /HE �CRYL0C
uESSEL W0LL BE SUPPORTED BY A SPHER0CAL STA0NLESS STEEL SHELL STRUCTURE W0TH AN 0NNER D0AMETER OF flz%Ω M
V0A finz •ONNECT0NG &ARS% /HE SHELL STRUCTURE S0TS ON A BEAR0NG CONS0ST0NG OF tz PA0RS OF ®UPPORT0NG

™e



kEGS: MADE OF STA0NLESS STEEL TRUSS STRUCTURES AND ROOTED ON THE CONCRETE 5OOR OF THE vATER 1OOL% /HE
SHELL STRUCTURE AND 0TS BEAR0NG 0S CALLED THE lA0N ®TRUCTURE AND 0S SHOWN 0N =0G% ΩΩ% � TOTAL OF Ω;:7Ω™
™zh0NCH AND ™fi:7zz th0NCH 1l/S ARE 0NSTALLED ON THE lA0N ®TRUCTURE AND PO0NT 0NWARD TO DETECT THE
SC0NT0LLAT0ON L0GHT% �NOTHER ™:flzz ™zh0NCH 1l/S OF THE WATER •HERENKOV DETECTOR ARE ALSO 0NSTALLED ON
THE lA0N ®TRUCTURE AND PO0NT OUTWARD TO DETECT THE WATER •HERENKOV L0GHT% /HE •, AND THE WATER
•HERENKOV DETECTOR ARE OPT0CALLY SEPARATED% /HE lA0N ®TRUCTURE ALSO PROV0DES SUPPORT FOR THE FRONThEND
ELECTRON0CS: CABLES: AND THE ANT0hGEOMAGNET0C fflELD CO0L% /HE WHOLE STRUCTURE MUST BE STABLE AND REL0ABLE
FOR tz YEARS OF THE DES0GNED I2¯9 L0FET0ME%

=0GURE ΩΩ℃ ®CHEME OF THE •ENTRAL ,ETECTOR p•,(% /HE SPHER0CAL �CRYL0C uESSEL 0S SUPPORTED BY A SPHER0CAL
STA0NLESS STEEL SHELL STRUCTURE V0A finz •ONNECT0NG &ARS% /HE SHELL STRUCTURE S0TS ON A BEAR0NG CONS0ST0NG
OF tz PA0RS OF ®UPPORT0NG kEGS MADE OF STA0NLESS STEEL TRUSS STRUCTURES%

/O SAT0SFY THE REQU0REMENTS FOR THE REACTOR AND SOLAR NEUTR0NO PROGRAM: THE •, MUST BE MADE OF
SELECTED RAD0OPURE MATER0ALS% /HE SURFACES OF THE •, COMPONENTS: 0NCLUD0NG THE �CRYL0C uESSEL: P0PES:
PUMPS: AND VALVES: ARE REQU0RED TO BE EXTRA CLEAN AND k®6WATERhCOMPAT0BLE% &ES0DES: THE A0RhT0GHTNESS
OF THE •, SEAL0NG SYSTEM MUST BE VERY H0GH TO PREVENT ’ADON LEAKAGE FROM THE A0R%

t)3)3 6Hd kr CONTA0NdRc �CRxL0C udSSdL

/HE �CRYL0C uESSEL W0LL BE MADE BY BULK POLYMER0ZAT0ON OF ™7fi P0ECES OF SPHER0CAL ACRYL0C PANELS% /HE
ACRYL0C REC0PE 0S CAREFULLY TUNED W0TH EXTENS0VE ’´,: WH0CH DOES NOT 0NCLUDE PLAST0C0ZER AND ANT0h
2u MATER0AL% -T 0NCREASES THE L0GHT TRANSPARENCY S0GN0fflCANTLY AND 0MPROVES THE ANT0hAG0NG AND CREEP
RES0STANCE PERFORMANCE% � DED0CATED ACRYL0C PANEL PRODUCT0ON L0NE 0S ESTABL0SHED SPEC0ALLY FOR I2¯9
TO REDUCE THE RAD0OACT0VE BACKGROUND AND 0NCREASE TRANSPARENCY% -T FEATURES FULLY CLOSED P0PEL0NES AND
ADD0T0ONAL fflLTERS FOR THE L0QU0D lETHYL lETHACRYLATE pll�(: THE ACRYL0C MONOMER% � CLEANROOM OF CLASS
Ωzzzz AND A H0GHhPUR0TY WATER SYSTEM ARE USED TO ENSURE THE MOLD?S CLEANL0NESS FOR THE ACRYL0C PANEL
AND THE PROCESS OF fflLL0NG ll� 0NTO THE MOLD% /HE RAD0OPUR0TY OF ACRYL0C REACHES A LEVEL OF , zχfi PPT FOR
URAN0UM AND THOR0UM% /HE PROCESS OF UNMOLD0NG AND THERMOFORM0NG AT H0GH TEMPERATURES 0S OPT0M0ZED
TO 0NCREASE THE SPHER0CAL ACRYL0C PANELS? TRANSPARENCY TO / n7) 0N THE WATER%
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/O ENSURE A L0FET0ME OF tz YEARS: THE MAX0MAL PRESSURE ON THE ACRYL0C 0S REQU0RED TO BE LESS THAN
t%fi l1A 0N THE LONG TERM AND ; l1A 0N THE SHORT TERM: BASED ON EXTENS0VE DED0CATED EXPER0MENTS AT
-`ı1% /HE �CRYL0C uESSEL 0S SUPPORTED BY CONNECT0ON STRUCTURES L0NKED TO THE lA0N ®TRUCTURE% /HE
SUPPORT0NG NODES ON THE �CRYL0C uESSEL ARE CR0T0CAL TO CONTROLL0NG THE STRESS% /HE DES0GN 0S OPT0M0ZED
W0TH MANY PROTOTYPE TESTS% /HE ULT0MATE BEAR0NG CAPAC0TY OF THE SUPPORT0NG NODES CAN REACH Ωzz T:
WH0CH 0S MORE THAN 7 T0MES THE DES0GNED LOAD%

� NEW BOND0NG METHOD HAS BEEN DEVELOPED FOR I2¯9 TO REDUCE THE ONS0TE CONSTRUCT0ON T0ME OF THE
�CRYL0C uESSEL% �LL THE ACRYL0C PANELS 0N THE SAME LAYER W0LL BE BONDED S0MULTANEOUSLY% /H0S TECHN0QUE
HAS BEEN VER0fflED W0TH MANY TESTS AND HAS BEEN SUCCESSFULLY APPL0ED 0N OTHER PROiECTS%

t)3)t lA0N rTRUCTURd

/HE STA0NLESS STEEL lA0N ®TRUCTURE 0S DES0GNED AS A SHELL STRUCTURE OF tz LONG0TUD0NAL `hBEAMS AND ™t
LAT0TUD0NAL `hBEAMS% =0VE 0NhPLANE SUPPORTS ARE UN0FORMLY ARRANGED ALONG THE LONG0TUD0NAL D0RECT0ON
TO 0MPROVE THE STRUCTURE?S TORS0ONAL ST0fNESS AND STAB0L0TY% /HE SHELL STRUCTURE 0S SUPPORTED BY tz PA0R
®UPPORT0NG kEGS AND 7z BASE PLATES: ROOTED ON THE CONCRETE 5OOR OF THE vATER 1OOL% &Y OPT0M0Z0NG
THE PLANAR TRUSS COLUMN?S GEOMETRY: THE REACT0ON FORCE OF THE 0NNER AND OUTER R0NGS OF BEAR0NGS 0S NEARLY
UN0FORM% 2NDER THE WORK0NG COND0T0ON OF ABOUT tzzz TON BUOYANCY APPL0ED ON THE �CRYL0C uESSEL: THE
REACT0ON FORCE OF EACH SUPPORT BASE 0S KEPT BELOW 7z TONS% /HE lA0N ®TRUCTURE 0S DES0GNED TO BE SAFE FOR
EARTHQUAKES OF A HOR0ZONTAL ACCELERAT0ON OF fl7%fi 4AL: CORRESPOND0NG TO A ™fi) EXCEEDANCE PROBAB0L0TY 0N
fiz YEARS%

� TOTAL OF finz •ONNECT0NG &ARS ARE DES0GNED TO CONNECT THE lA0N ®TRUCTURE AND THE �CRYL0C uESSEL%
�T THE �CRYL0C uESSEL S0DE: THE •ONNECT0NG &ARS END 0N H0NGED CONNECT0ONS% �T THE lA0N ®TRUCTURE S0DE:
™™z •ONNECT0NG &ARS BETWEEN THE ΩST AND nTH LAT0TUD0NAL LAYERS END 0N D0SC SPR0NGS TO ENSURE THAT THE
�CRYL0C uESSEL NODE?S STRESS 0S LESS THAN t%fi l1A W0TH THE BUOYANCY APPL0ED% �NOTHER t;z •ONNECT0NG
&ARS FROM THE ΩzTH TO ™tRD LAYERS USE THE R0G0D CONNECT0ON TO CONTROL THE STRUCTURE?S OVERALL STAB0L0TY%

1REhASSEMBLY OF THE SUPPORT0NG STRUCTURE AND PART OF THE lA0N ®TRUCTURE HAVE BEEN TESTED 0N THE
FACTORY% JEY TECHNOLOG0ES FOR MANUFACTUR0NG AND 0NSTALLAT0ON OF THE lA0N ®TRUCTURE HAVE BEEN DEVELOPED:
0NCLUD0NG THE FR0CT0ONhTYPE H0GHhSTRENGTH CONNECT0NG TECHNOLOGY: THE ANT0hCORROS0ON COAT0NG SCHEME FOR
THE D0SC SPR0NG: THE MON0TOR0NG SYSTEM OF THE AX0AL FORCE AND TEMPERATURE OF THE •ONNECT0NG &ARS: ETC%

t)3)fl 6Hd –0LL0NG: 9VdR5OW: AND b0RCULAT0ON p–9b( SxSTdM

/HE =9• SYSTEM HAS ONE STORAGE AND TWO OVER5OW TANKS W0TH A VOLUME OF fiz Mt EACH% -T ALSO 0NCLUDES
A N0TROGEN 5USH0NG SYSTEM: THE P0P0NG CONNECTED TO THE CH0MNEY OF THE •,: AND A CONTROL PLATFORM:
AS SHOWN 0N =0G% Ω™% -T HAS THREE PR0MARY FUNCT0ONS℃ Ω( fflLL0NG PURE WATER 0NTO THE �CRYL0C uESSEL
SYNCHRONOUSLY W0TH THE fflLL0NG OF THE vATER 1OOL: THEN REPLAC0NG WATER W0TH k® DUR0NG THE 7hMONTH
k® PRODUCT0ON PER0ODŞ ™( STAB0L0Z0NG THE k® LEVEL 0N THE �CRYL0C uESSEL W0TH0N ™z CM WHEN THE L0QU0D
TEMPERATURE VAR0ES W0TH0N ™Ω × Ωχfl±• DUR0NG OPERAT0ONŞ t( C0RCULAT0NG THE k® 0N THE DETECTOR THROUGH
THE UNDERGROUND k® PUR0fflCAT0ON SYSTEMS p®EE =0G% Ωfi( FOR THE ONL0NE PUR0fflCAT0ON%

t)t udTO DdTdCTOR
/HE EXPER0MENT W0LL BE EQU0PPED W0TH TWO VETO SYSTEMS PROV0D0NG BOTH AN EffC0ENT BACKGROUND REDUCT0ON
TOWARDS THE ENV0RONMENTAL RAD0OACT0V0TY AND THE RES0DUAL COSM0C MUON 5UX CROSS0NG THE DETECTOR%

t)t)o vATdR bHdRdNJOV ,dTdCTOR pvb,(

�S SHOWN 0N =0G% t: THE vATER •HERENKOV ,ETECTOR pv•,( 0S A CYL0NDER OF flt%fi M 0N D0AMETER AND flfl M
0N HE0GHT: WH0CH 0S fflLLED W0TH tfi KTONS OF ULTRAPURE WATER% /HE •HERENKOV L0GHT PRODUCED BY MUONS

tz



=0GURE Ω™℃ ®CHEME OF THE =0LL0NG: 9VER5OW: AND •0RCULAT0ON p=9•( SYSTEM%

PASS0NG THROUGH THE VOLUME 0S DETECTED BY ™flzz ™zh0NCH l0CROCHANNEL 1LATE 1HOTOMULT0PL0ERS pl•1
1l/S( 0NSTALLED ON THE OUTER SURFACE OF THE STA0NLESS STEEL ®HELL ®TRUCTURE OF THE •,% /YVEK RE5ECT0VE
FO0LS PROV0DE A COAT0NG FOR THE POOL WALLS AND STA0NLESS STEEL SUPPORT STRUCTURE TO 0NCREASE L0GHT COLLECT0ON
EffC0ENCY bΩ;e[% /HE PASS0VE WATER SH0ELD0NG S0GN0fflCANTLY REDUCES THE GAMMA BACKGROUND 0N THE •, DUE
TO RAD0OACT0V0TY 0N THE ROCKS%

/HE PERFORMANCE OF THE v•, REQU0RES STABLE WORK0NG COND0T0ONS OVER THE FUTURE DURAT0ON OF THE
EXPER0MENT% � WATER SYSTEM W0LL PROV0DE AND MON0TOR THE ULTRAhH0GH PUR0TY OF THE WATER AND W0LL ALSO
ENSURE TEMPERATURE UN0FORM0TY OVER THE WHOLE VOLUME%

/HE WATER SYSTEM 0NCLUDES TWO PLANTS FOR WATER PRODUCT0ON AND C0RCULAT0ON: ONE ON THE SURFACE
AND ONE UNDERGROUND% /HE SURFACE PLANT 0S THE PRODUCT0ON STAGE W0TH A RATE OF Ωzz TONS6HOUR% `0GHh
PUR0TY WATER W0LL BE TRANSPORTED BY STA0NLESS STEEL P0PES THROUGH THE Ωtzz M LONG SLOPE TUNNEL TO THE
UNDERGROUND PLANT FOR FURTHER PUR0fflCAT0ON 0N C0RCULAT0ON 0N THE v•,%

/HE DETECTOR CONS0STS OF MATER0ALS W0TH D0fERENT THERMAL PROPERT0ES: FOR EXAMPLE: THE �CRYL0C uESSEL
AND THE STA0NLESS STEEL lA0N ®TRUCTURE% /HE WATER TEMPERATURE AROUND THE �CRYL0C uESSEL HAS TO BE
STAB0L0ZED AT p™Ω×Ω ¸( TO MA0NTA0N THE DETECTOR?S MECHAN0CAL STAB0L0TY% /HE HEAT FROM THE ELECTRON0CS
BOX FOR 1l/S p≡™7z Kv( ON THE STA0NLESS STEEL SUPPORT STRUCTURE NEEDS TO BE TAKEN AWAY BY WATER
C0RCULAT0ON% /HE REQU0REMENT TO CONTROL THE TEMPERATURE AT SUCH A PREC0S0ON LEVEL 0N A VAST VOLUME 0S
VERY CHALLENG0NG% /HE UNDERGROUND WATER PLANT WAS OPT0M0ZED FOR H0GH PREC0S0ON TEMPERATURE CONTROL 0N
THE WATER C0RCULAT0ON: WH0CH OCCURS SEPARATELY 0N TWO VOLUMES: AN 0NNER PART 0N THE •ENTRAL ,ETECTOR AND
AN OUTER PART 0N THE v•, VOLUME% /HE RELEVANT PARAMETERS ARE OPT0M0ZED: 0NCLUD0NG THE TEMPERATURE
AND 5OW RATE OF 0NLETS: THE S0ZE AND THE NUMBER OF HOLES ON THE WATER D0STR0BUTOR: THE 5OW RATE RAT0O
BETWEEN THE TOP AND BOTTOM 0NLETS: ETC% /HE WATER 0NLETS ARE LOCATED ON THE TOP AND BOTTOM OF THE
WATER POOL: WHEREAS THE OUTLET 0S ON THE EQUATOR% vATER D0STR0BUT0ON SYSTEMS ARE DES0GNED FOR BOTH THE
TOP AND BOTTOM 0NLETS TO MAKE THE WATER 5OW UN0FORM% /HE TEMPERATURE STAB0L0TY REQU0REMENT HAS BEEN
ACH0EVED FOR THE ENT0RE SURFACE OF THE �CRYL0C uESSEL W0TH EXTENS0VE S0MULAT0ONS%

/HE RADON CONCENTRAT0ON 0N TAP WATER 0S ABOUT Ωz &Q6Mt bΩ;n[% -T MUST BE REDUCED BY A FACTOR OF
Ωzzz p≡Ωz M&Q6Mt( TO MEET THE EXPER0MENTAL REQU0REMENTS% � RADON REMOVAL SYSTEM W0TH A thSTAGE
DEGASS0NG MEMBRANE SYSTEM 0S 0NTEGRATED 0NTO THE WATER SYSTEM% -N A PROTOTYPE W0TH A thSTAGE DEGASS0NG
MEMBRANE: THE RADON CONCENTRAT0ON 0N WATER HAS BEEN CONTROLLED TO , fiz M&Q6Mt bΩez: ΩeΩ[% /HE LATEST
RESULTS SHOW THAT THE RADON CONCENTRAT0ON COULD BE CONTROLLED AT ≡ ΩzM&Q6Mt 0N THE PROTOTYPE WATER%
/HE RADON REMOVAL EffC0ENCY OF THE fflRST STAGE REACHES nz)% /HE SECOND AND TH0RD STAGES WERE FOUND
TO BE LESS EffC0ENT DUE TO A LOWER GAS CONTENT 0N WATER% /HEREFORE: A M0CROhBUBBLE SYSTEM FED W0TH
H0GHhPUR0TY N0TROGEN 0S ADDED TO THE SECOND AND TH0RD STAGES AND 0MPROVES THE REMOVAL EffC0ENCY TO
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ABOVE nz)% =OR I2¯9 WATER SYSTEM: WE ADOPT THE MULT0hSTAGE DEGASS0NG MEMBRANE TO REDUCE RADON
0N THE WATER% ®0MULTANEOUSLY: 0T SHOULD HAVE STR0CT REQU0REMENTS ON THE CLEANL0NESS OF THE DETECTOR
0NSTALLAT0ON TO PREVENT EXCESS0VE DUST FROM ACCUMULAT0NG 0NS0DE THE DETECTOR TO 0NTRODUCE RAD0OACT0VE
CONTAM0NAT0ONpSUCH AS RAD0UM(%

�N `,1ı fflLM W0LL BE USED AS A L0NER TO COVER THE POOL WALLS AND PREVENT RADON?S 0NCURS0ON FROM
EXTERNAL ROCKS% �CCORD0NG TO THE EMANAT0ON MEASUREMENTS ON SEVERAL ROCK SAMPLES: 0NCLUD0NG THOSE FROM
I2¯9 AND ,AYA &AY S0TES: AN `1,ı fflLM TH0CKNESS OF fi MM 0S REQU0RED TO KEEP THE RADON CONCENTRAT0ON
0N THE WATER BELOW Ωz M&Q6Mt% � fi MM TH0CK `,1ı fflLM W0LL BE USED% /HE GAPS BETWEEN ADiACENT
P0ECES OF `,1ı fflLM W0LL BE CLOSED BY `,1ı STR0PS ATTACHED BY HOThMELT WELD0NG% ,UR0NG THE `,1ı
0NSTALLAT0ON: A NETWORK OF ELECTRODES W0LL BE BUR0ED 0N THE CEMENT TO PERFORM A LEAKAGE TEST AFTER THE
L0NER 0NSTALLAT0ON%

/HE POOL W0LL BE COVERED W0TH A BLACK RUBBER SHEET THAT 0S SEALED BY A GAShT0GHT Z0PPER% /H0S TYPE
OF COVER HAS BEEN USED 0N THE ,AYA &AY EXPER0MENT AND SHOWS EXCELLENT SEAL0NG PERFORMANCES% ,UE TO
THE CH0MNEY 0NTERFACE 0N THE CENTER OF THE POOL: THE COVER W0LL BE D0V0DED 0NTO TWO SEM0C0RCLES AND SEALED
BY GAShT0GHT Z0PPERS W0THSTAND0NG A MAX0MUM PRESSURE OF Ωzz K1A% 4AS T0GHTNESS 0S VERY D0ffCULT TO
MA0NTA0N DUE TO THE LARGE SURFACE OF MORE THAN Ωzzz M3% /HEREFORE: THE COVER 0S PLACED Ω METER H0GHER
THAN THE WATER SURFACE% /HE VOLUME 0N BETWEEN W0LL BE fflLLED W0TH H0GHhPUR0TY N0TROGEN W0TH A POS0T0VE
PRESSURE OF A FEW HUNDRED 1A TO PREVENT RADON CONTAM0NAT0ON FROM OUTS0DE%

®0NCE THE /OP /RACKER ON TOP OF THE POOL HAS A GOOD EffC0ENCY 0N DETECT0NG MUONS: THE v•, 0S
OPT0M0ZED TO HAVE Ωzflfi AND Ωtfifi 1l/S ON THE UPPER AND LOWER HEM0SPHERE OF THE lA0N ®TRUCTURE:
RESPECT0VELY% �S SUCH: THE UPPER HEM0SPHERE?S EfECT0VE DETECT0ON EffC0ENCY PLUS THE /OP /RACKER EQUALS
THAT OF THE LOWER HEM0SPHERE% /HE v•, 1l/S ARE GROUPED 0NTO TEN ZONES℃ fi 0N THE TOP AND fi 0N
THE BOTTOM HEM0SPHERE% � LOCAL TR0GGER W0TH A LOWER THRESHOLD 0S USED 0NSTEAD OF THE GLOBAL TR0GGER% -F
ADOPT0NG GLOBAL TR0GGER: THE MUON DETECT0ON EffC0ENCY 0S ANT0C0PATED TO BE ne) W0TH A TR0GGER THRESHOLD
OF fifl 1l/S% /HE LOCAL TR0GGERS 0NCLUDE TWO CASES% 9NE CASE 0S THE fflRED 1l/ NUMBER 0N ONE ZONE ABOVE
THE THRESHOLD p≡Ωn 1l/S(% �NOTHER 0S THE fflRED 1l/S NUMBER OF TWO ADiACENT ZONES S0MULTANEOUSLY
ABOVE A LOWER THRESHOLD p≡Ωt 1l/S(% /HE DETECT0ON EffC0ENCY CAN REACH nn%fi) WH0LE KEEP0NG THE NO0SE
AT AN ACCEPTABLE LEVEL%

/HE ™zh0NCH 1l/S 0N THE •ENTRAL ,ETECTOR AND THE vATER •HERENKOV ,ETECTOR MAY BE AfECTED BY
THE GEOMAGNET0C fflELD: LOS0NG UP TO 7z) DETECT0ON EffC0ENCY% � SET OF t™ C0RCULAR CO0LS SURROUND0NG THE
DETECTOR 0S DES0GNED TO COMPENSATE FOR THE GEOMAT0C fflELD% /HE RES0DUAL MAGNET0C fflELD W0LL BE LESS THAN
z%zfi 4 0N THE •ENTRAL ,ETECTOR 1l/ REG0ON AND LOWER THAN z%Ω 4 0N THE v•, 1l/ REG0ON: SAT0SFY0NG
THE EXPER0MENTAL REQU0REMENTS%

/HE MUON 5UX 0N THE EXPER0MENTAL HALL 0S z%zzfl `Z6M3% /HE AVERAGE MUON ENERGY 0S ™z; 4Eu%
&ASED ON THE I2¯9 DETECTOR S0MULAT0ON: THE AVERAGE TRACK LENGTH OF MUONS GO0NG THROUGH THE POOL
0S ABOUT Ωt M% /HE MUON TAGG0NG EffC0ENCY CAN ACH0EVE nn%fi)% lOST OF THE UNhTAGGED MUONS HAVE
SHORT TRACKS p,z%fi METER( AND ARE FAR FROM THE •ENTRAL ,ETECTOR: MAK0NG L0TTLE CONTR0BUT0ON TO THE FAST
NEUTRON BACKGROUND% /HE FAST NEUTRON BACKGROUND FROM MUONS SPALLAT0ON CAN BE CONTROLLED AT A RATE
OF ABOUT z%Ω EVENT6DAY%

t)t)3 6OP 6RACJdR p66(

/HE /OP /RACKER W0LL BE LOCATED ABOVE THE v•, AS SHOWN 0N =0G% Ωt% �S D0SCUSSED 0N ’EF% b™[: THE
I2¯9 /OP /RACKER p//( W0LL USE EX0ST0NG SC0NT0LLAT0NG STR0PS FROM 91ı’�?S /ARGET /RACKER bΩ;;[% ®0NCE
THE D0SMANTL0NG OF THE 91ı’� DETECTOR pk¯4®: 4RAN ®ASSO: -TALY(: THE QUAL0TY OF THE // MODULES HAS
BEEN MON0TORED% vE DO NOT OBSERVE ANY EXTRA DETER0ORAT0ON OF THE PLAST0C SC0NT0LLATOR PROPERT0ES FROM
THE CURRENT AG0NG MON0TOR0NG% �T LEAST flχn× Ωχfi P%E% ARE OBSERVED FOR MUONS CROSS0NG THE M0DDLE pMOST
D0SFAVORED POS0T0ON( OF THE PLAST0C SC0NT0LLATOR STR0PS% /HE EXPECTED OVERALL EffC0ENCY OF A // MODULE: AS
EXTRAPOLATED FROM THE PREV0OUS EXPER0ENCE: 0S AT THE LEVEL OF pneχz × zχfi() FOR A Ω P%E% THRESHOLD% /H0S
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NUMBER 0S DUE TO THE SC0NT0LLATOR PROPERT0ES: THE THRESHOLD: AND THE GEOMETRY OF THE // MODULES% -T HAS
TO BE NOTED THAT 0N THE EXPER0MENT: A Ω6t P%E% THRESHOLD W0LL BE USED%

3y M

fls M
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�ss tAcc

=0GURE Ωt℃ /HE I2¯9 /OP /RACKER%

�S SHOWN 0N =0G% Ωt: ŘWALLS“ OF PLAST0C SC0NT0LLATOR: CALLED // WALLS: W0LL BE PLACED 0N HOR0ZONTAL LAYERS
ON TOP OF THE I2¯9 •ENTRAL ,ETECTOR RATHER THAN VERT0CALLY AS 0T WAS DONE 0N 91ı’�% 40VEN THE //
WALLS ARE 5EX0BLE: A SUPPORT0NG STRUCTURE WAS DEVELOPED TO L0M0T THE SAG TO LESS THAN 7 MM%

/HE // WALLS W0LL BE D0STR0BUTED ON t HOR0ZONTAL LAYERS: SEPARATED BY Ω%fi M: ON A t· ; HOR0ZONTAL
GR0D: AS SHOWN 0N =0G% Ωt% /HERE 0S A Ωfi CM OVERLAP BETWEEN ADiACENT WALLS OF THE SAME LAYER TO AVO0D
DEAD ZONES 0N THE DETECTOR% /HE t WALLS 0N THE CENTER OF THE // ARE MOVED UP TO LEAVE ENOUGH SPACE FOR
THE CAL0BRAT0ON HOUSE AND THE •ENTRAL ,ETECTOR CH0MNEY% /O fflT 0N THE AVA0LABLE SPACE BELOW THE CRANES:
THESE WALLS ARE ALSO CLOSER: W0TH A SEPARAT0ON OF ONLY ™t CM%

v0TH TH0S GEOMETRY: ABOUT Ω6t OF ALL ATMOSPHER0C MUONS PASS0NG THROUGH THE •, W0LL ALSO CROSS
t LAYERS OF THE // SO THAT THEY CAN BE TRACKED% -N THESE CASES: THE // CAN BE USED AS A VETO: BUT
FOR THE REMA0N0NG MUONS CROSS0NG THE •,: THE VETO STRATEGY DEPENDS ONLY ON THE v•, AND •,% 9NE
NOTABLE REG0ON WHERE THE // VETO 0S PART0CULARLY EfECT0VE 0S FOR ATMOSPHER0C MUONS ENTER0NG THE DETECTOR
THROUGH THE CH0MNEY REG0ON: WH0CH 0S WELL COVERED BY THE //: AND M0GHT PRESENT D0ffCULT0ES FOR THE OTHER
SUBSYSTEMS 0N SOME CLASSES OF EVENTS%

ıACH // WALL 0S MADE US0NG A TOTAL OF fiΩ™ STR0PS OF PLAST0C SC0NT0LLATOR% ıVERY 7fl PLAST0C SC0NT0LLATOR
STR0PS: W0TH D0MENS0ONS 7χ; M· ™χ7 CM· ΩχΩ CM: ARE GROUPED 0N A // MODULE% vAVELENGTHhSH0FT0NG
fflBERS ARE PLACED 0N EVERY STR0P: AS SHOWN ON THE LEFT PART OF =0G% Ωfl% /HESE fflBERS ARE READ FROM BOTH
S0DES BY 7flhCHANNEL MULT0hANODE PHOTOMULT0PL0ERS PLACED AT EACH END OF THE // MODULES: W0TH EVERY
fflBER D0RECTLY 0N FRONT OF A CHANNEL OF THE MULT0hANODE PHOTOMULT0PL0ER% � GROUP OF fl // MODULES ARE
PLACED S0DE BY S0DE TO FORM A 7χ;· 7χ; M3 SQUARE: FORM0NG A // PLANE% /WO // PLANES ARE PLACED ON
TOP OF EACH OTHER: ROTATED BY nz± TO FORM A // WALL: AS SHOWN 0N THE CENTRAL PART OF =0G% Ωfl%

/HE NATURAL RAD0OACT0V0TY OF THE ROCK 0N THE I2¯9 CAVERN 0S EXPECTED TO CREATE A ≡ fiz K`Z PER
1l/ BACKGROUND RATE 0N THE //: BASED ON THE 3te2: 3t3/H: AND 5vJ CONCENTRAT0ONS FOUND 0N THE
ROCK PROSPECTED FROM THE CAVERN S0TE: WH0CH ARE TWO ORDERS OF MAGN0TUDE H0GHER THAN 0N THE k¯4®
UNDERGROUND LABORATORY% /H0S RATE PER 1l/ CORRESPONDS TO A ≡ ™ l`Z FULL DETECTOR RATE: WH0CH 0S TO
BE COMPARED W0TH THE EXPECTED ≡ t `Z OF ATMOSPHER0C MUONS PASS0NG THROUGH THE //% /HE NEW //
READOUT ELECTRON0CS 0S DES0GNED TO WORK UNDER THESE COND0T0ONS: AND REMOVE QU0CKLY LARGE FRACT0ONS OF
EVENTS PRODUCED BY TH0S BACKGROUND%

/HE // READOUT ELECTRON0CS CHA0N 0S COMPOSED OF fl D0fERENT BOARDS% /HE =RONThıND &OARD p=ı&(
AND THE ’EADh9UT &OARD p’9&( ARE LOCATED NEXT TO THE MULT0hANODE 7fl CHANNELS 1l/: AT EACH END OF
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THE MODULES% /HESE CARDS PERFORM THE 1l/ D0G0T0ZAT0ON: THE SLOW CONTROL AND PROV0DE THE H0GHhVOLTAGE
p`u( SUPPLY% ,0G0T0ZAT0ON OF ANY CHARGE DETECTED W0TH THE ’9& TAKES ABOUT ; θS% -N THE CENTER OF EVERY
WALL: GROUP0NG Ω7 =ı& — ’9& PA0RS 0S PLACED A •ONCENTRATOR &OARD p•&(: AS SHOWN 0N =0G% Ωfl% /HE •&
DOES THE T0MESTAMP0NG OF THE H0TS OBSERVED AND 0S RESPONS0BLE FOR THE fflRST LEVEL TR0GGER pkΩ( BY REQU0R0NG
™, CO0NC0DENCES 0N THE SAME WALL% -F THE •& DOES NOT fflND A CO0NC0DENCE: 0T CAN RESET THE ACQU0S0T0ON
BE0NG PERFORMED ON THE =ı& — ’9& PA0RS W0TH0N tzz NS 0N ORDER TO REDUCE THE ACQU0S0T0ON DEAD T0ME%
=0NALLY: THE 4LOBAL /R0GGER &OARD p4/&( W0LL BE PLACED NEAR THE CENTER OF THE DETECTOR TO PROV0DE A
GLOBAL pk™( TR0GGER TO THE // BY REQU0R0NG AT LEAST t AL0GNED WALLS ON D0fERENT LAYERS TO HAVE AN kΩ
TR0GGER BEFORE THE EVENT 0S ACCEPTED% �S 0S THE CASE OF THE •&: THE 4/& CAN ALSO RESET THE ACQU0S0T0ON
0N CASE NO CO0NC0DENCE 0S FOUND% `OWEVER: TH0S FEEDBACK 0S PROV0DED W0TH0N ABOUT Ω θS 0N TH0S CASE%

/HE kΩ TR0GGER PRODUCED BY THE •& REDUCES THE DETECTED RATE BY ABOUT ONE ORDER OF MAGN0TUDE:
WH0LE THE k™ TR0GGER PRODUCED BY THE 4/& FURTHER REDUCES THE RATE BY TWO ORDERS OF MAGN0TUDE: REACH0NG
A ≡ ™ K`Z DETECT0ON RATE FOR RAD0OACT0VE EVENTS% �S D0SCUSSED ABOVE: BOTH TR0GGERS RESET THE ACQU0S0T0ON
0N THE =ı& — ’9& AFTER ABOUT tzz NS AND Ω θS: RESPECT0VELY: TO REDUCE THE DETECTOR?S DEAD T0ME 0N
CASE THAT NO CO0NC0DENCE 0S FOUND% vH0LE TH0S RATE 0S ST0LL ABOUT t ORDERS OF MAGN0TUDE LARGER THAN THE
EXPECTED ATMOSPHER0C θ RATE CROSS0NG THE //: THE // OfhL0NE RECONSTRUCT0ON 0S ABLE TO FURTHER REiECT
TH0S BACKGROUND BY REQU0R0NG THE AL0GNMENT OF THE CROSS0NG PO0NTS BETWEEN 0ND0V0DUAL STR0PS: RATHER THAN
OF THE AL0GNMENT OF WALLS: WH0CH 0S DONE BY THE k™ TR0GGER%

/HANKS TO THE SMALL GRANULAR0TY OF THE // OF ™χ7· ™χ7 CM3: US0NG TH0S TR0GGER LOG0C AND THE //
RECONSTRUCT0ON: THE EffC0ENCY FOR THE // TO RECONSTRUCT ATMOSPHER0C MUONS 0S OF ABOUT nt) AND THE0R
MED0AN ANGULAR RESOLUT0ON 0S OF z%™z±% &Y ALSO REQU0R0NG A CORRESPOND0NG S0GNAL TO BE SEEN 0N THE •,
OR v•,: THE // PROV0DES A WELL RECONSTRUCTED MUON SAMPLE W0TH PUR0TY / nn) THAT CAN BE USED TO
CAL0BRATE AND TO TUNE RECONSTRUCT0ON ALGOR0THMS 0N THE •, AND v•,%

vELLhRECONSTRUCTED MUONS FROM THE // W0LL ALSO BE USED TO MEASURE THE D0STR0BUT0ON OF THE D0STANCE
BETWEEN THE MUON AND THE COSMOGEN0C 0SOTOPES PRODUCED 0N THE •,: WH0CH 0S A KEY COMPONENT 0N
DEC0D0NG THE S0ZE OF THE MUON VETO CYL0NDER USED 0N THE ANALYS0S% =OR THESE WELLhTAGGED 0SOTOPES pnk0
AND e`E(: ANOTHER 0MPORTANT PARAMETER: THE ENERGY D0STR0BUT0ON: CAN ALSO BE MEASURED AND USED 0N THE
I2¯9 PHYS0CS ANALYS0S% -N ADD0T0ON TO THAT: THE // SHOULD CONTR0BUTE TO THE EST0MAT0ON OF THE FASThN
RATE EXPER0MENTALLY: THUS AVO0D0NG UNCERTA0NT0ES 0N THE S0MULAT0ON OF NEUTRON PRODUCT0ON: PROPAGAT0ON
AND 0NTERACT0ON 0N THE DETECTOR%
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PkArTyC rCyNTykkATOR rTRyP
66 MODULd

=0GURE Ωfl℃ ®CHEMAT0CS OF A // WALL: W0TH DETA0L OF A PLAST0C SC0NT0LLATOR STR0P pLEFT(: AND PHOTOS OF THE
// WALL ELECTRON0CS pR0GHT(% ,0MENS0ONS OF A // WALL: A // MODULE pONE OF THE MODULES 0S SHOWN 0N
BLUE( AND A PLAST0C SC0NT0LLATOR STR0P ARE ALSO DRAWN%
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t)fl k0QU0D SC0NT0LLATOR
/HE PREPARAT0ON OF THE L0QU0D SC0NT0LLATOR pk®( REQU0RES H0GH QUAL0TY OF ALL THE CHEM0CALS TO SAT0SFY THE
STR0CT REQU0REMENTS OF I2¯9% /HERE ARE THREE COMPONENTS 0N THE I2¯9 k® REC0PE℃ k0NEAR �LKYL &ENh
ZENE pk�&(: ™:fihD0PHENYLOXAZOLE p119(: AND Ω:flhB0Sp™hMETHYLSTYRYL(BENZENE pB0Shl®&(% /HE OPT0MAL
k® COMPOS0T0ON WAS DETERM0NED TO BE THE PUR0fflED SOLVENT k�& W0TH ™%fi G6k 119 AND t MG6k B0Sh
l®& bΩ;7[% lORE THAN fflVE YEARS OF ’´, EfORTS WERE DEVOTED TO RAW MATER0AL PROCUREMENT AND THE
DES0GN OF THE PUR0fflCAT0ON PLANTS 0N ORDER TO PRODUCE THE BEST POSS0BLE k® 0N TERMS OF OPT0CAL AND RAD0Oh
PUR0TY PROPERT0ES% =OR THE RAW MATER0ALS: ONE k�& FACTORY SUCCEEDED 0N PROV0D0NG H0GHhQUAL0TY k�&
W0TH A LONG ATTENUAT0ON LENGTH AT fltz NM% /H0S COMPANY ALREADY PRODUCED ™z TONS SPEC0AL k�& FOR
I2¯9 k® P0LOT PRODUCT0ON: ACH0EV0NG AN ATTENUAT0ON LENGTH OF AROUND ™fi M AT fltz NM% /HE k�& W0LL BE
TRANSPORTED BY DED0CATEDLY CLEANED -®9hTANKS W0TH N0TROGEN COVER0NG: BEFORE BE0NG STORED 0N A fizzz TON
STA0NLESS STEEL TANK AND PURGED BY N0TROGEN ONS0TE% ®0M0LAR LONGhTERM COOPERAT0ON WAS ESTABL0SHED W0TH
ONE 119 SUPPL0ER: WH0CH WAS ABLE TO PROV0DE PUR0fflED 119 W0TH RES0DUAL CONTAM0NAT0ON 0N 3te2 AND
3t3/H AROUND Ω PPT AFTER A GREAT EfORT%

/HE REQU0REMENT ON THE 26/H RAD0OPUR0TY OF THE k® 0S Ω·Ωz�Off G6G FOR THE REACTOR NEUTR0NO STUD0ES
AND Ω · Ωz�Os G6G FOR THE SOLAR NEUTR0NO STUD0ES% -T 0S D0ffCULT TO QUANT0TAT0VELY DEMONSTRATE THAT THE
k® COULD BE PUR0fflED TO SUCH A LOW LEVEL W0TH OUR PUR0fflCAT0ON SYSTEMS: UNT0L WE CAN USE THE DATA OF THE
I2¯9 DETECTOR% /HEREFORE: THE M0N0MUM REQU0REMENT 0S DETERM0NED TO BE Ω · Ωz�Off G6G UPON fflLL0NG:
W0TH A TARGET RAD0OPUR0TY OF , Ω · Ωz�O7 G6G% /HE k® W0LL BE FURTHER PUR0fflED ONL0NE: W0TH THE WATER
EXTRACT0ON AND GAS STR0PP0NG SYSTEMS: TO REACH THE GOAL OF Ω· Ωz�Os G6G%

t)fl)o 1UR0fflCAT0ON SxSTdMS

/O FURTHER 0MPROVE OPT0CAL AND RAD0OhPUR0TY PROPERT0ES OF k®: A COMB0NED SYSTEM OF PUR0fflCAT0ON PLANTS
HAS BEEN DES0GNED AS SHOWN 0N =0G% Ωfi% /HE PLANTS W0LL BE OPERATED 0N A SEQUENCE FOLLOW0NG A STRATEGY
OPT0M0ZED W0TH A SUCCESSFUL TEST DONE AT ,AYA &AY US0NG P0LOT PLANTS bΩe™[% -N THE I2¯9 SURFACE AREA:
RAW k�& W0LL PASS THROUGH THE ALUM0NA COLUMNS AND THE D0ST0LLAT0ON PLANT: BEFORE BE0NG M0XED W0TH
119 AND B0Shl®&% /HE RESULT0NG k® W0LL BE SENT UNDERGROUND THROUGH AN ELECTROhPOL0SHED P0PE FOR THE
LAST TWO PUR0fflCAT0ON STAGES: WATER EXTRACT0ON AND STR0PP0NG PLANTS% �FTER THE fflNAL QUAL0TY CHECK 0N THE
9NL0NE ®C0NT0LLATOR -NTERNAL ’AD0OACT0V0TY -NVEST0GAT0ON ®YSTEM p9®-’-®( DETECTOR: THE k® W0LL BE SENT
TO THE =9• SYSTEM%

=0GURE Ωfi℃ =LOWCHART OF THE L0QU0D SC0NT0LLATOR PROCESS0NG SYSTEM%
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-N ORDER TO REDUCE RADON EMANAT0ON AND D0fUS0ON: THE 0NTERNAL SURFACE ROUGHNESS OF ALL THE EQU0PMENTS
0S KEPT BELOW z%fl θM W0TH MECHAN0CAL POL0SH0NG FOLLOWED BY ELECTROCHEM0CAL POL0SH0NG% =URTHERMORE: ALL
iO0NTS ARE REAL0ZED W0TH DOUBLE 9hR0NG 5ANGES W0TH 0NTERNAL N0TROGEN PURG0NG AND A TESTED OVERALL LEAKAGE
RATE LESS THAN Ωz�7 MBAR. L6S% -N ADD0T0ON: BES0DES NORMAL N0TROGEN: A H0GH PUR0TY N0TROGEN SYSTEM 0S
DES0GNED FOR BLANKET0NG AND RUNN0NG OF ALL THE PLANTS% /HE SYSTEM CONS0STS OF TWO kOW /EMPERATURE
�BSORBER pk/�( COLUMNS fflLLED W0TH ULTRALOW RAD0OACT0VE BACKGROUND ACT0VATED CARBON% 9NE k/� COLUMN
CAN CONT0NUOUSLY WORK FOR MORE THAN ; DAYS AT fiz ¯Mt6H 5UX RATE BEFORE 0TS ACT0VATED CARBON NEEDS
TO BE REGENERATED% /HE RADON CONTENT OF THE H0GH PUR0TY N0TROGEN CAN BE LESS THAN Ωz θ&Q6Mt% /HE
TWOhSTAGE fflLTERS p™™z NM AND fiz NM( ARE USED 0N EACH SUBhSYSTEM TO REMOVE SMALL PART0CULATES 0N k®
AND TO REDUCE THE 3te2 AND 3t3/H RAD0OACT0VE BACKGROUND%

�LUM0NA COLUMN SxSTdM /HE k�& W0LL BE PUR0fflED BY THE ALUM0NA p�L39t( COLUMNS TO 0MPROVE
TRANSPARENCY% &ASED ON THE P0LOT PLANT EXPER0MENTS: WE DETERM0NED THE fflNAL DES0GN OF THE ALUM0NA
fflLTRAT0ON SYSTEM% /HE RESULTS SHOW THAT THE SYSTEM CAN S0GN0fflCANTLY 0MPROVE THE ATTENUAT0ON LENGTH
OF k�& W0THOUT APPARENT 0NCREASE OF THE RAD0OACT0VE BACKGROUND pBELOW THE MEASUREMENT SENS0T0V0TY
OF ≡ Ωz�Off G6G(% /HE SYSTEM CONS0STS OF E0GHT fflLTRAT0ON COLUMNS: TWO ALUM0NA fflLL0NG TANKS: AND THREE
BUfER TANKS% /HE HE0GHT OF THE COLUMN 0S ™%7 M: AND THE D0AMETER 0S 7z CM% /HE COLUMN CAN WORK AT A
HE0GHThTOhD0AMETER RAT0O OF t℃Ω OR fl℃Ω TO KEEP A H0GH PUR0fflCAT0ON EffC0ENCY% /HE ALUM0NA W0LL BE PACKED
0N VACUUM ALUM0NUM fflLM BAGS FOR PROTECT0ON FROM RADON% /HE ALUM0NA W0LL BE fflLLED 0N THE fflLL0NG TANK
V0A A GLOVE BOX TO M0N0M0ZE POSS0BLE RADON CONTAM0NAT0ON%

,0ST0LLAT0ON SxSTdM ,0ST0LLAT0ON 0N A PART0AL VACUUM pfi MBAR( 0S USED 0N THE SECOND STAGE OF THE
PUR0fflCAT0ON PROCESS TO REMOVE THE HEAV0EST RAD0Oh0MPUR0T0ES p3te2: 3t3/H AND 5vJ( FROM THE k�& AND TO
FURTHER 0MPROVE 0TS OPT0CAL PROPERTY 0N TERMS OF ABSORBANCE AND ATTENUAT0ON LENGTH% �FTER A PREHEAT0NG
UP TO Ωnz±• 0NS0DE A COUNTERhCURRENT HEAT EXCHANGER pHEAT RECOVERY(: THE k�& 0S DEL0VERED TO THE
D0ST0LLAT0ON COLUMN p; M HE0GHT AND ™ M W0DE W0TH 7 S0EVE TRAYS( WHERE THE PUR0fflCAT0ON PROCESS 0S
CARR0ED OUT W0TH A COUNTERhCURRENT 5OW OF GASEOUS k�& PRODUCED 0NS0DE A TUBEhBUNDLE HOT O0L REBO0LER%

/HE GAS STREAM 0S COLLECTED 0N THE TOP OF THE COLUMN AND L0QUEfflED 0N A CONDENSER COOLED W0TH CH0LLED
WATER AT tfi±• FROM A WATERhCOOL0NG TOWER% /HE PUR0fflED k�& 5OW 0S PART0ALLY SENT BACK ON THE TOP OF THE
COLUMN AS RE5UX TO 0NCREASE THE PUR0fflCAT0ON EffC0ENCY pUP TO flz)(% /HE D0ST0LLAT0ON PLANT 0S DES0GNED TO
OPERATE W0TH A NOM0NAL D0SCHARGE 5OW FROM THE COLUMN BOTTOM OF Ω—™) OF THE 0NPUT STREAM: 0N ORDER
TO GET A BETTER COMPROM0SE BETWEEN THE PRODUCT PUR0TY AND REASONABLE THROUGHPUT%

/HE k�& D0ST0LLAT0ON TECHN0QUE WAS PROVED EfECT0VE 0N TERMS OF RAD0OhPUR0TY AND OPT0CAL TRANSPARENCY
0N THE P0LOT PLANT EXPER0MENTS PERFORMED AT ,AYA &AY bΩe™[%

l0w0NG SxSTdM /HE M0X0NG SYSTEM 0S LOCATED 0N THE SURFACE k® HALL% -T 0S RESPONS0BLE FOR D0SSOLV0NG
119 AND B0Shl®& 0NTO k�& TO FORM k® MASTER SOLUT0ON BATCH BY BATCH% �C0D6WATER WASH0NG 0S ALSO
PERFORMED TO THE MASTER SOLUT0ON TO PUR0FY 119 AND B0Shl®& AT TH0S STAGE% 1OSS0BLE MASTER SOLUT0ON
D0ST0LLAT0ON TECHN0QUES TO REMOVE 3te263t3/H FROM 119 ARE UNDER STUDY% =0NALLY: THE MASTER SOLUT0ON
W0LL BE D0LUTED W0TH k�& TO FORM k® AND TRANSPORTED TO UNDERGROUND FAC0L0T0ES% &ES0DES DOUBLE 9hR0NG
5ANGES: GLOVE BOX FEED0NG AND MAGNET0C 5U0D SEAL ARE USED TO ENSURE THE GOOD SEAL0NG PERFORMANCE OF
THE SYSTEM%

vATdR dwTRACT0ON SxSTdM /HE WATER EXTRACT0ON SYSTEM 0S USED TO REMOVE 3te2 AND 3t3/H BACKh
GROUNDS FROM THE k®: ESPEC0ALLY 0MPUR0T0ES 0NTRODUCED BY 119 AND B0Shl®&% /HE WATER EXTRACT0ON
SYSTEM HAS BEEN DES0GNED BASED ON LABORATORY STUD0ES: P0LOT PLANT EXPER0MENTS: AND THEORET0CAL CALCULAh
T0ONS% -T 0S A TURB0NE EXTRACT0ON TOWER OF Ωt METERS H0GH AND Ω METER 0N D0AMETER: W0TH fflVE THEORET0CAL
STAGES% vATER AND k® ARE FULLY M0XED BY TURB0NE ST0RR0NG% /HE k® 5OW RATE 0S ; Mt6H: WH0LE THE WATER
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5OW RATE 0S ADiUSTABLE W0TH0N Ω%fl—™%t Mt6H% /HE PUR0fflED k® 0S fflRST FED 0NTO A STAT0C SEPARAT0ON TANK
BEFORE THE fflNAL PRODUCT TANK% •ONT0NUOUS N0TROGEN PURGE 0N THE k® 0N THE PRODUCT TANK ENSURES THE
WATER CONTENT BELOW ™zz PPM% -N ORDER TO REDUCE THE 0NTERFAC0AL FOUL0NG PRODUCED BY EXTRACT0ON: THERE
0S A SEWAGE D0SCHARGE PORT AT THE k®hWATER 0NTERFACE% /HE WATER W0TH ULTRAhLOW 3te263t3/H AND ’N
CONCENTRAT0ON W0LL BE PROV0DED BY AN 2LTRAPURE vATER p21v( SYSTEM: WH0CH 0S BASED ON THE H0GHEST
21v REQU0REMENTS AND TECHNOLOG0ES FOR THE SEM0CONDUCTOR 0NDUSTRY% /HE 3te2 AND 3t3/H OF 21v W0LL
BE , Ω·Ωz�Off G6G: WH0CH CORRESPONDS TO , Ω·Ωz�O7 G6G k® RAD0OPUR0TY G0VEN THE WATER6k�& PART0T0ON
COEffC0ENT BE0NG Ωz: AND COULD BE UPGRADED 0N THE FUTURE%

rTR0PP0NG SxSTdM /HE STR0PP0NG PLANT 0S THE fflNAL STAGE OF THE PUR0fflCAT0ON PROCEDURE% /HE MA0N
PURPOSE OF THE PLANT 0S THE REMOVAL OF RAD0OACT0VE GASES AND GASEOUS 0MPUR0T0ES FROM THE L0QU0D SC0NT0LLATOR
PHASE: US0NG A GASEOUS STREAM OF N0TROGEN AND6OR SUPERHEATED STEAM 0N COUNTERhCURRENT 5OW MODE% /HE
PUR0fflCAT0ON PROCESS 0S PERFORMED 0NS0DE A nhMETERShH0GH STR0PP0NG COLUMN: fflLLED W0TH �-®- tΩ7 k METAL
PALL R0NGS% k�& ENTER0NG THE PLANT 0S PUMPED AT ; Mt6H BY A MAGNET0C DR0VEN PUMP THROUGH A SET
OF 0NPUT fflNE fflLTERS pfiz NM PORE S0ZE( AND HEATED UP BY TUBEhBUNDLE HEAT EXCHANGERS UP TO nz±•: TO
REDUCE THE k�& V0SCOS0TY AND 0NCREASE THE PROCESS EffC0ENCY% /HE STR0PP0NG COLUMN 0S FED AT THE TOP
W0TH PREhHEATED L0QU0D k�& WH0LE AT THE BOTTOM W0TH AN ADiUSTABLE M0XTURE OF ULTRAhPURE N0TROGEN AND
21v STEAM ptz—7z KG6H(% /HE STR0PP0NG PROCESS 0S PERFORMED 0N A PART0AL VACUUM: AT ABOUT ™fiz MBAR%
,UR0NG P0LOT PLANT TESTS: CARR0ED OUT AT THE ,AYA &AY LABORATORY 0N ™zΩe: TH0S COMB0NAT0ON OF PARAMETERS
ALLOWED TO ACH0EVE nfi) PUR0fflCAT0ON EffC0ENCY 0N ’N REMOVAL bΩe™[% /HE FULLhS0ZE PLANT HAS BEEN 0MPROVED
W0TH A fiz) H0GHER STR0PP0NG COLUMNŞ THEREFORE WE EXPECT BETTER EffC0ENCY%

t)fl)3 9r-q-r

/HE 9NL0NE ®C0NT0LLATOR -NTERNAL ’AD0OACT0V0TY -NVEST0GAT0ON ®YSTEM p9®-’-®( 0S A STANDhALONE DETECTOR
TO MON0TOR THE RAD0OPUR0TY OF THE k® WH0LE THE I2¯9 •, 0S fflLLED AND TO CONfflRM THE PROPER OPERAT0ON
OF THE PUR0fflCAT0ON PLANTS% /HE A0M 0S TO GUARANTEE THAT THE CONCENTRAT0ONS OF 3te2 AND 3t3/H 0N THE k®
DO NOT EXCEED THE G0VEN L0M0TS OF Ωz�Off G6G OR Ωz�O7 G6G FOR THE -&, OR SOLAR NEUTR0NO MEASUREMENT:
RESPECT0VELY% /HE MEASUREMENT 0S BASED ON OBSERV0NG THE EASYhTOh0DENT0FY FAST CO0NC0DENCE DECAYS OF
3O5&0h3O51O pσ ≡ Ω7fl θS( AND 3O3&0h3O31O pσ ≡ zχflt θS( 0N ≡ ™z Mt OF k®: OR ≡ Ω; TONS OF k®% /HE DECAYS
0ND0CATE THE PRESENCE OF 3te2 AND 3t3/H: RESPECT0VELY% &ASED ON 0DENT0FY0NG A HANDFUL OF CO0NC0DENCE
EVENTS PER DAY: 9®-’-® CAN REACH THE -&, SENS0T0V0TY LEVEL W0TH0N A FEW DAYS AND THE SOLAR LEVEL W0TH0N
™—t WEEKS%

9®-’-® 0S LOCATED 0N A BYPASS TO THE MA0N k® L0NE: PERM0TT0NG TO SAMPLE A RELEVANT FRACT0ON p≡ Ω<7(
OF THE k® PROCESSED 0N THE PUR0fflCAT0ON PLANTS% /HE DETECTOR DES0GN 0S 0LLUSTRATED 0N =0G% Ω7% -T CONS0STS
OF A CYL0NDR0CAL �CRYL0C uESSEL p�u( W0TH A HE0GHT AND D0AMETER OF t M HOLD0NG THE k®% /HE �u 0S
MOUNTED 0NS0DE A WATERhfflLLED STEEL TANK pHE0GHT AND D0AMETER n M(: WH0CH PROV0DES t M%W%E% OF SH0ELD0NG
AGA0NST EXTERNAL RAD0AT0ON% /H0S 0S SUffC0ENT TO REDUCE ACC0DENTAL CO0NC0DENCES OF EXTERNAL β EVENTS TO A
NEGL0G0BLE LEVEL% /HE MA0N BACKGROUND TO THE MEASUREMENT W0LL BE FORMED BY THE RADON CONTAM0NAT0ON
OF THE k® THAT STEMS FROM THE EMANAT0ON OF COMPONENTS DUR0NG THE k® PUR0fflCAT0ON PROCESS%

/HE SC0NT0LLAT0ON L0GHT FROM THE DECAY EVENTS 0S COLLECTED BY 7fl ™zh0NCH 1l/S p`AMAMATSU ’Ω™e7z(
THAT ARE MOUNTED TO A STA0NLESShSTEEL FRAME SURROUND0NG THE �u AT A D0STANCE OF Ω%t M FAC0NG TOWARDS
THE �u% -N ADD0T0ON: Ω™ ™zh0NCH 1l/S ARE D0RECTED OUTWARDS AND ACT AS A MUON VETO DETECTOR% /HESE
TWO SUBSETS OF 1l/S W0LL BE OPT0CALLY SEPARATED BY A 1ı/ FO0L 0NSTALLED TO THE STA0NLESShSTEEL FRAME% /HE
EXPECTED PHOTOELECTRON Y0ELD 0S ≡™;fi P%E% AT Ω lEu: CORRESPOND0NG TO AN ENERGY RESOLUT0ON OF ≡ 7) AT
ΩlEu FOR THE 0NNER DETECTOR% /HE OUTER 1l/S PROV0DE A MUON TAGG0NG EffC0ENCY OF / efi)%

9NE DES0GN FEATURE OF 9®-’-® 0S THAT THE DATA ACQU0S0T0ON ELECTRON0CS 0S MOUNTED D0RECTLY TO THE
BACK OF EACH 1l/: A NOVEL CONCEPT CALLED 0NTELL0GENT 1l/ p01l/(% ıACH 01l/ ACTS AS AN 0ND0V0DUAL
DETECTOR W0TH A LARGE DYNAM0C RANGE pΩ—Ωzt P%E%(% /HE ANALOG S0GNAL OF THE 1l/ 0S CONT0NUOUSLY SAMPLED

t;



=0GURE Ω7℃ ®CHEME OF THE 9®-’-® DETECTOR%

0NS0DE THE 01l/ US0NG A H0GHLY 0NTEGRATED RECE0VER CH0P pu2k•�¯(% -N CASE THE TR0GGER THRESHOLD OF AN
0ND0V0DUAL 1l/ 0S EXCEEDED: THE WAVEFORM 0S SENT V0A THE NETWORK TO THE ,�+ SYSTEM% /HERE: THE DATA
OF ALL 1l/S 0S T0MEhSORTED: AND A SOFTWARE TR0GGER EXTRACTS THE PHYS0CAL EVENTS: ENABL0NG A VERY 5EX0BLE
0MPLEMENTAT0ON%

/HE 9®-’-® DETECTOR HOLDS TWO CAL0BRAT0ON SYSTEMS% /HE SOURCEh0NSERT0ON SYSTEM REhUSES ONE OF THE
�UTOMAT0C •AL0BRAT0ON 2N0TS p�•2( OF THE ,AYA &AY EXPER0MENT% -T W0LL BE MOUNTED AT AN OfhAX0S
LOCAT0ON ON THE TOP OF THE 9®-’-® TANK AND 0S CONNECTED TO THE �u V0A AN k®hfflLLED P0PE% /HE SYSTEM 0S
EQU0PPED W0TH TWO CAPSULES CONTA0N0NG WEAK RAD0OACT0VE βhSOURCES AND ONE kı, TO ENABLE ENERGY AND
POS0T0ON CAL0BRAT0ON% � SECOND SYSTEM FEEDS THE PULSES OF AN EXTERNAL P0COSECOND LASER SYSTEM V0A OPT0CAL
fflBRES TO AN ARRAY OF D0fUSERS MOUNTED TO THE STEEL FRAME HOLD0NG THE 1l/S% -T W0LL BE USED FOR PREC0SE
T0M0NG AND S0NGLE P%E% CHARGE CAL0BRAT0ON%

9®-’-® W0LL BE OPERATED 0N TWO MEASUR0NG MODES℃ ,UR0NG COMM0SS0ON0NG OF THE k® SYSTEMS: S0NGLE
BATCHES OF k® W0LL BE MEASURED FOR PER0ODS OF UP TO t WEEKS FOR A PREC0SE DETERM0NAT0ON OF SC0NT0LLATOR
QUAL0TY AND PUR0fflCAT0ON EffC0ENCY DOWN TO THE SOLAR NEUTR0NO SENS0T0V0TY LEVEL% ,UR0NG I2¯9 fflLL0NG:
A CONT0NUOUS 5OW MODE 0S FORESEEN WHERE NEW k® 0S CONSTANTLY ADDED AT THE TOP OF THE �u WH0LE THE
ALREADYhMON0TORED k® 0S DRA0NED FROM BELOW% `EAT0NG THE 0N5OW0NG k® W0LL HELP A STRAT0fflCAT0ON OF THE
L0QU0D 0NS0DE THE �u AND THUS PREVENT 0NTERM0X0NG OF THE MATER0ALS 0N THE STABLE TEMPERATURE LAYERS%
®ENS0T0V0TY W0LL BE CLOSE TO THE -&, LEVEL AND THUS SUffC0ENT TO D0SCOVER SUDDEN SP0KES 0N RADON LEVELS
DUE TO THE OCCURRENCE OF LEAKS 0N THE k® L0NES OR MALFUNCT0ONS OF THE PUR0fflCAT0ON PLANTS%

t)fi 3yh0NCH 1l6 6dST AND -NSTRUMdNTAT0ON
/HE AMB0T0OUS GOAL OF THE I2¯9 DETECTOR: TO DETERM0NE THE NEUTR0NO MASS ORDER0NG: REQU0RES AN EXCELLENT
ENERGY RESOLUT0ON OF t) AT Ω lEu% =ROM THE PERSPECT0VE OF 1l/S: THE KEY 0NGRED0ENTS TO REACH0NG THE
DES0GN ENERGY RESOLUT0ON ARE A LARGE PHOTODETECTOR AREA COVERAGE: H0GH PHOTON DETECT0ON EffC0ENCY: LOW
DARK NO0SE: AND STABLE OPERAT0ON OF THE WHOLE 1l/ SYSTEM% ’EQU0REMENTS FOR THE 1l/S WERE FORMULATED
0N THE PRODUCT0ON CONTRACTS W0TH ¯¯u/ AND `AMAMATSU COMPAN0ES TO PRODUCE Ωfi:zzz l•1 1l/S AND
fi:zzz DYNODES 1l/S: RESPECT0VELY% &ASED ON THAT: PROCEDURES AND DEV0CES WERE DEVELOPED TO TEST THE
1l/S AFTER THEY WERE RECE0VED FROM THE PRODUCERS: AND EXTENS0VE TESTS WERE CARR0ED OUT TO ENSURE THE

te



1l/S? PERFORMANCE AND QUAL0TY% �FTER THEN: THE 1l/S WERE 0NSTRUMENTED W0TH H0GH VOLTAGE D0V0DERS:
WATERPROOF SEAL0NGS: AND PROTECT0ON COVERS TO EVENTUALLY WORK 0N WATER FOR THE I2¯9 EXPER0MENT% &ELOW
WE PRESENT 0N BR0EF THE 1l/ TEST AND 0TS 0NSTRUMENTAT0ON%

t)fi)o 3yh0NCH 1l6 6dST

�CCdPTANCd 6dST lANY TESTS ARE HELPFUL FOR 1l/ EVALUAT0ON% 9F THOSE: THE ACCEPTANCE TEST 0S THE
fflRST TEST AFTER DEL0VERY AND ALSO THE MOST 0MPORTANT ONE% /HE PURPOSE OF TH0S TEST 0S TO CHECK WHETHER
THE DEL0VERED 1l/S FROM THE PRODUCERS CAN MEET THE I2¯9 REQU0REMENTS OR NOT% /HE ACCEPTANCE
TEST CONS0STS OF A V0SUAL 0NSPECT0ON AND A PERFORMANCE TEST% /HE V0SUAL 0NSPECT0ON A0MS TO 0DENT0FY THE
BUBBLES: CRACKS: OR ANY OTHER DEFECTS ON THE BARE 1l/: WH0CH ARE WEAK PO0NTS FOR PRESSURE 0N THE WATER:
W0TH THE D0MENS0ON AND WE0GHT BE0NG MEASURED% /HE 1l/ PERFORMANCE TEST FEATURES A MEASUREMENT
COVER0NG ALL THE TYP0CAL PARAMETERS℃ 1HOTON ,ETECT0ON ıffC0ENCY p1,ı(: ,ARK •OUNT ’ATE p,•’(: 4A0N:
1EAKhTOhuALLEY RAT0O p16u(: R0SE T0ME: FALL T0ME: /RANS0T /0ME ®PREAD p//®(: PREPULSE: AND AFTERPULSE
RATE: ETC% 9NLY THOSE 1l/S THAT PASS THE ACCEPTANCE TEST ARE ACCEPTED AS THE I2¯9 1l/S% /HE OTHER
1l/S W0LL BE RETURNED TO THE PRODUCERS%

bONTA0NdR rxSTdM /H0S SYSTEM CONS0STS OF FOUR ™zhFOOT CONTA0NERS EQU0PPED W0TH A H0GHhPOWERED
`EAT0NG: uENT0LAT0ON AND �0R •OND0T0ON0NG p`u�•( UN0T% /HE 0NTER0OR OF THE CONTA0NERS 0S PROTECTED
FROM THE ıARTH?S MAGNET0C fflELD BY A S0L0CONh0RON SH0ELD0NG PROV0D0NG A RES0DUAL MAGNET0C fflELD OF LESS THAN
fi θ/% -NS0DE THE CONTA0NERS: A SHELF STRUCTURE HOUSES t7 DRAWER BOXES pSEE =0G% Ω;(% /HE DRAWER BOXES
ACT AS THE 0ND0V0DUAL MEASUREMENT DEV0CES FOR THE MASS TEST0NG OF THE 1l/S% ıACH OF THEM EMPLOYS
TWO L0GHT SOURCESŞ A SELFhSTAB0L0ZED kı, 0LLUM0NAT0NG THE WHOLE PHOTOCATHODE AND fflBRE CONNECTED TO A
P0COSECOND LASER USED ONLY FOR THE //® MEASUREMENT% /HE CONTA0NERS ARE OPERATED 0N A ™flhHOUR CYCLE%
�FTER LOAD0NG THE 1l/S 0N THE CONTA0NER: AN AUTOMAT0C MEASUREMENT SEQUENCE 0S STARTED% /O MON0TOR
THE SYSTEM: fi REFERENCE 1l/S PER CONTA0NER ARE SELECTED 0N D0fERENT DRAWER BOXES DUR0NG EACH OF THESE
MEASUREMENTS%

/HE WHOLE SYSTEM pMECHAN0CS: L0GHT SOURCES: ELECTRON0CS( HAS BEEN DES0GNED TO PROV0DE STABLE AND
COMPARABLE MEASUREMENT COND0T0ONS FOR ALL DRAWER BOXES% /H0S HAS BEEN CONfflRMED BY SEVERAL CONS0Sh
TENCY CHECKS SHOW0NG THAT THE 1,ı CAN BE MEASURED W0TH AN ABSOLUTE ACCURACY OF ABOUT Ω)%

9F THE FOUR CONTA0NER SYSTEMS: THE fflRST AND SECOND CONTA0NERS ARE USED FOR MASS TEST0NG OF THE 1l/S:
THE TH0RD CONTA0NER 0S USED TO TEST THE LONGhTERM STAB0L0TY OF A SAMPLED 1l/S: AND THE FOURTH CONTA0NER
0S EQU0PPED W0TH THE I2¯9 ELECTRON0CS AND TO TEST THE COMB0NED PERFORMANCE OF 1l/S AND ELECTRON0CS%

=0GURE Ω;℃ h:es� •ONCEPTUAL P0CTURE OF THE CONTA0NER W0TH THE SHELF SYSTEM 0NCLUD0NG t7 DRAWER BOXES%
nufgs� ®CHEMAT0C V0EW OF THE fflNAL DES0GN OF THE DRAWER SYSTEM pFOR 0LLUSTRAT0VE REASONS ONE S0DE OF THE
DRAWER BOX 0S NOT DEP0CTED(%

tn



rCANN0NG rTAT0ON /HE SCANN0NG STAT0ON 0S A SYSTEM DES0GNED FOR THE LARGE PHOTOCATHODE 1l/S?
ZONAL TEST0NG AND CHARACTER0ZAT0ON% /H0S SYSTEM PROV0DES DATA ON THE 1,ı NONhUN0FORM0TY ALONG THE
PHOTOCATHODE% -T 0S ALSO USED TO OBTA0N COMPLEMENTARY 0NFORMAT0ON TO REVEAL POTENT0AL PROBLEMS FOR
1l/S COM0NG FROM THE CONTA0NER SYSTEM% -T CONS0STS OF THE BASE: SUPPORT: AND ROTAT0NG FRAME W0TH
; SELFhSTAB0L0ZED L0GHT SOURCES pkı,S(% /HE SYSTEM 0S SET UP 0N A DARK ROOM: AND `ELMHOLTZ CO0LS ARE
MOUNTED ON THE WALLS TO COMPENSATE FOR THE ıARTH?S MAGNET0C fflELD% /HEREFORE THE SCANN0NG STAT0ON CAN
ALSO BE UT0L0ZED TO STUDY THE 1l/ SENS0T0V0TY TO THE MAGNET0C fflELD%

1l/S ARE PUT 0NTO THE SCANN0NG STAT0ON AND 0LLUM0NATED BY SHORT: LOWh0NTENS0TY L0GHT 5ASHES FROM
kı,S 0NSTALLED ON A MOVABLE ARC: ROTATED BY A STEP MOTOR% ’OUT0NE SCANN0NG 0S BE0NG DONE FOR ™fl
AZ0MUTHAL POS0T0ONS: WH0LE ; kı,S ALLOW TEST0NG THE 1l/ AT ; DEfflNED ZEN0TH ANGLES% /HEREFORE 0N TOTAL:
THERE ARE Ω7e TEST PO0NTS ALONG THE PHOTOCATHODE SURFACE% �T EACH PO0NT: CHARGE SPECTRA ARE OBTA0NED
FROM WH0CH 1,ı AND GA0N ARE EXTRACTED% kı,S ARE 0ND0V0DUALLY CAL0BRATED BY A REFERENCE SMALL 1l/
REGULARLY% =0G% Ωe SHOWS THE SCANN0NG STAT0ON AND A SCANNED 1,ı MAP OF A DYNODE 1l/%

=0GURE Ωe℃ ™zh0NCH 1l/ SCANN0NG℃ LEFT h 9VERALL V0EW OF THE SCAN STAT0ONŞ R0GHT h ®CANN0NG MAP FOR A
DYNODE 1l/

�FTdRPULSd rxSTdM 1l/ AFTERPULS0NG W0LL DETER0ORATE THE 1l/ T0ME RESPONSE AND AfECT THE EVENT
0DENT0fflCAT0ON AND RECONSTRUCT0ON 0N I2¯9% �N AFTERPULSE TEST FAC0L0TY 0S LOCATED 0NS0DE THE DARKROOM OF
THE SCANN0NG STAT0ON AND SHARES THE MECHAN0CAL AND OPT0CAL SYSTEM BUT USES AN 0NDEPENDENT READOUT BY
A H0GHhSPEED WAVEFORM D0G0T0ZER W0TH A CAPTURE W0NDOW OF MORE THAN ™Ω θS%

,ATABASd rxSTdM &ES0DES THE TEST SYSTEMS MENT0ONED ABOVE: A DATABASE SYSTEM 0S 0MPORTANT TO
MANAGE THE 1l/ TEST DATA AND OTHER USEFUL DATA% 2SERS CAN ACCESS THE CORRESPOND0NG DATA THROUGH THE
4RAPH0CAL 2SER -NTERFACE p42-( OF EACH SOFTWARE SUBSYSTEM% /HE DATA W0LL BE FED TO DATA TABLES AND
STAT0ST0CAL CHARTS ON VAR0OUS WEB PAGES TO ACH0EVE DATA V0SUAL0ZAT0ON%

6dST qdSULTS /HE ACCEPTANCE TESTS STARTED 0N M0Dh™zΩ; AT THE 1ANh�S0A /EST0NG AND 1OTT0NG kABORAh
TORY 0N yHONGSHAN C0TY: 4UANGDONG 1ROV0NCE 0N ®OUTH •H0NA% �LL THE ™zh0NCH 1l/S HAVE BEEN TESTED%
/HE AVERAGE 1,ı REACHES ™e%;)% /HE AVERAGE 1,ıS FOR THE l•1 1l/S AND DYNODE 1l/S ARE ™e%n)
AND ™e%Ω): RESPECT0VELY: AS SHOWN 0N =0G% Ωn% /HE ENERGY RESOLUT0ON AND VERTEX RECONSTRUCT0ON OF THE
•ENTRAL ,ETECTOR ARE CR0T0CAL% /HEREFORE: ALL fi:zzz DYNODE 1l/S: WH0CH HAVE BETTER T0M0NG RESOLUT0ON

flz



THAN THE l•1 1l/S: AND Ω™:7Ω™ pOUT OF Ωfi:zzz( l•1 1l/S W0TH BETTER PERFORMANCE ARE SELECTED FOR
THE •ENTRAL ,ETECTOR% /HE AVERAGE 1,ı OF ALL ™zh0NCH 1l/S 0N THE •ENTRAL ,ETECTOR W0LL BE ™n%Ω):
H0GHER THAN THE I2¯9 REQU0REMENT OF ™;)% � DETA0LED DESCR0PT0ON OF THE 1l/ SELECT0ON STRATEGY FOR
THE I2¯9 •ENTRAL ,ETECTOR CAN BE FOUND 0N ’EF% bΩet[: WHERE THE 1,ı: ,•’: //®: RAD0OACT0V0TY:
PREhPULSE AND AFTERPULSE ARE EVALUATED W0TH A S0NGLE fflGURE OF MER0T BASED ON THE0R 0MPACTS TO THE ENERGY
RESOLUT0ON AND EQU0VALENT PHYS0CAL SENS0T0V0TY% ®0NCE MOST OF THESE PARAMETERS ARE E0THER NOT SENS0T0VE
OR 0N A NARROW RANGE FOR THE PROCURED 1l/S: ONLY THE 1,ı AND ,•’ ARE CONS0DERED WHEN SELECT0NG THE
1l/S FOR THE •ENTRAL ,ETECTOR%
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=0GURE Ωn℃ 1,ı D0STR0BUT0ONS FOR ALL 1l/S: l•1 1l/S AND DYNODE 1l/S

=0G% ™z SHOWS THE ,•’ FOR ALL 1l/S% /HE MEAN VALUE OF ,•’ 0S fle%7 K`Z FOR l•1 1l/S AND
Ωfi%t K`Z FOR DYNODE 1l/S: WH0CH MEET THE I2¯9 REQU0REMENT OF LESS THAN fiz K`Z AVERAGE ,•’ FOR
BARE 1l/S% vHEN THE 1l/S ARE POTTED: A ,•’ REDUCT0ON OF UP TO flz) 0S FOUND% /HE ,•’ REDUCT0ON
M0GHT COME FROM THE BETTER BASE CONNECT0ON pSOLDER0NG BEFORE POTT0NG COMPARED TO THE SOCKET CONNECT0ON
DUR0NG TESTS( AND SMALLER NO0SE P0CKUP%
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=0GURE ™z℃ ,•’ D0STR0BUT0ONS FOR l•1 1l/S AND DYNODE 1l/S

/HE AFTERPULSE TEST MA0NLY FOCUSES ON THE 0ONh0NDUCED AFTERPULSE S0GNALS: WH0CH APPEAR AT fizzh™zzzz
NS AFTER THE PR0MARY PULSE% vE HAVE OBSERVED fl GROUPS OF AFTERPULSE FOR l•1 1l/S AND t GROUPS OF

flΩ



AFTERPULSE FOR DYNODE 1l/S% =0G% ™Ω SHOWS THE TYP0CAL T0ME STRUCTURE OF AFTERPULSES: W0TH ABOUT ™z:zzz
EVENTS STACKED 0NTO A ™h, PLOT% &ASED ON THE CURRENT MEASUREMENTS: THE TOTAL AFTERPULSE CHARGE RAT0O
FOR l•1 pDYNODE( 1l/ 0S 7%;) pΩΩ%7)(: WH0CH BOTH MEET THE I2¯9 REQU0REMENT OF Ωfi)%
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=0GURE ™Ω℃ /WO D0MENS0ONAL PLOT OF THE AFTERPULSE WAVEFORMS: FOR A DYNODE 1l/ W0TH SER0AL NUMBER OF
ı�;™7n pUPPER( AND A l•1 1l/ W0TH SER0AL NUMBER OF 1�ΩezflhΩz77 pLOWER(

9THER TESTS L0KE THE CHARACTER0ZAT0ON AFTER 0NSTRUMENTAT0ON: THE LONGhTERM TEST OF THE SAMPLED 1l/S:
AND TESTS W0TH THE I2¯9 ELECTRON0CS ARE ONGO0NG: W0THOUT ANY APPARENT PROBLEMS ARE OBSERVED%

t)fi)3 3yh0NCH 1l6 -NSTRUMdNTAT0ON

9NCE A 1l/ PASSES THE ACCEPTANCE TEST: 0T W0LL BE 0NSTALLED W0TH A H0GH VOLTAGE D0V0DER: THEN A POTT0NG
PROCESS 0S STARTED% �FTER THAT: THE 1l/ W0LL BE PROTECTED BY A COVER TO AVO0D CHA0N 0MPLOS0ON UNDERWATER%

1l6 g0GH VOLTAGd D0V0DdR /HE `0GH uOLTAGE p`u( D0V0DER W0LL PROV0DE THE WORK0NG VOLTAGE TO
1l/ AND COLLECT THE 1l/ S0GNAL TO ELECTRON0CS% /HE I2¯9 `u D0V0DER 0S DES0GNED TO OPERATE AT A
POS0T0VE VOLTAGE W0TH LESS THAN tzzz u AND tzz θ� CURRENT CONS0DER0NG THE PERFORMANCE AND STAB0L0TY
FOR BOTH TYPES OF 1l/S% =OLLOW0NG THE I2¯9 REQU0REMENTS: METAL fflLM RES0STORS AND CERAM0C CAPAC0TORS
ARE SELECTED FOR H0GH REL0AB0L0TY% /HE DES0GNED D0V0DER HAS BEEN CHECKED FOR ®0NGLE 1HOTOELECTRON p®1ı(
PERFORMANCE AND L0NEAR0TY RESPONSE UP TO ABOUT Ωzzz PHOTOELECTRONS% �LL THE PRODUCED `u D0V0DERS
HAVE UNDERGONE A BURNh0N SELECT0ON PROCEDURE W0TH ;fi±• AND MAX0MUM DES0GN VOLTAGE FOR AROUND tzz
HOURS% /HE `u D0V0DER W0LL BE D0RECTLY SOLDERED TO THE 1l/ P0NS%

1l6 1OTT0NG /O WORK REL0ABLY 0N WATER: THE 1l/ TUBE END AND 0TS `u D0V0DER HAVE TO BE POTTED
TO ENSURE A FULL WATERPROOF T0GHTNESS% �CCORD0NG TO I2¯9 REQU0REMENTS: THE TOTAL 1l/S LOSS 0N THE fflRST
7 YEARS SHOULD BE , Ω)% � Ω) 1l/ LOSS AT RANDOM POS0T0ONS AND ASYMMETR0C POS0T0ONS W0LL DEGRADE
THE DETECTOR ENERGY RESOLUT0ON FROM tχz™)<

|
B TO tχzfl)<

|
B AND tχz7)<

|
B: RESPECT0VELY: W0TH HELP

OF THE DETECTOR CAL0BRAT0ON bt[% /HE FA0LURE RATE DUE TO 1l/ POTT0NG 0S REQU0RED TO BE , zχfi) AFTER
7hYEARS OF OPERAT0ON 0N THE WATER OF flz M DEEP% � DES0GN W0TH MULT0PLE WATERPROOF SEAL0NGS 0S APPL0ED
TO REACH TH0S GOAL: 0NCLUD0NG A BUTYL TAPE LAYER: A POLYURETHANE LAYER: AND AN EPOXY LAYER: FROM THE
OUTS0DE TO THE 0NS0DE% � STA0NLESShSTEEL SHELL 0S USED AS THE SUPPORT0NG FRAME: AND A HEAThSHR0NKABLE
TUBE 0S USED TO fflX THE OUTMOST LAYER OF SEAL0NG% ıXTENS0VE TESTS HAVE BEEN DONE TO VAL0DATE THE DES0GN:

fl™



0NCLUD0NG A LONGhTERM TEST W0TH z%e l1A WATER PRESSURE pCORRESPOND0NG TO TW0CE OF THE I2¯9 WATER
DEPTH(: AN ACCELERAT0NG AG0NG TEST W0TH HEATED WATER UP TO ;z±• p≡ Ωzz ACCELERAT0NG FACTOR(: AND TESTS
W0TH PRESSUR0ZED A0R AND VACUUM% /EST RESULTS HAVE SHOWN THAT THE DES0GN MEETS I2¯9 REQU0REMENTS%
� POTT0NG WORKSHOP HAS BEEN BU0LT: AND POTT0NG OF 1l/S HAS STARTED%

1l6 1ROTdCT0ON /HERE 0S A SMALL CHANCE THAT A 1l/ GLASS BULB W0LL BREAK UNDERWATER DUR0NG LONGh
TERM OPERAT0ON AT A PRESSURE OF UP TO z%fi l1A% -N TH0S CASE: A SHOCKWAVE W0LL BE GENERATED AND W0LL
PROPAGATE 0N THE WATER CREAT0NG A CHA0N REACT0ON THAT LEADS TO THE 0MPLOS0ON OF A LARGE NUMBER OF 1l/S:
WH0CH HAPPENED YEARS AGO 0N ®UPERJ% /HEREFORE: A PROTECT0ON SYSTEM WAS DES0GNED% ıACH 1l/ W0LL BE
EQU0PPED W0TH A COVER: CONS0ST0NG OF A ≡Ωz MM TH0CK ACRYL0C SEM0SPHERE AT THE TOP AND A ≡™ MM TH0CK
STA0NLESS STEEL SEM0SPHERE AT THE BOTTOM: CONNECTED BY S0X HOOKS% /HE ACRYL0C COVER WAS PROTOTYPED BY
0NiECT0ON MOLD0NG: AND THE TRANSPARENCY WAS MEASURED TO BE BETTER THAN nΩ) AT fl™z NM 0N THE A0R%
/HE STA0NLESS STEEL COVER WAS MADE BY STAMP0NG W0TH ADD0T0ONAL WELD0NG FOR THE SUPPORT AND CONNECT0ON
STRUCTURES% /HE M0N0MUM D0STANCE BETWEEN TWO NE0GHBOR0NG PROTECT0ON COVERS 0S t MM% lORE THAN ™z
UNDERWATER TESTS WERE DONE AT A PRESSURE OF z%fi l1A: AND THE PROTECT0ON SYSTEM SUCCESSFULLY PREVENTED
THE GENERAT0ON OF CHA0N REACT0ONS% =0G% ™™ SHOWS A SCHEMAT0C V0EW OF AN 0NSTRUMENTED l•1 1l/%

=0GURE ™™℃ ®CHEMAT0CS OF AN 0NSTRUMENTED l•1 1l/

t)7 6Hd LARGd 1l6 RdADOUT AND TR0GGdR dLdCTRON0CS
/HE 0N0T0AL DES0GN OF THE LARGE 1l/ ELECTRON0CS b™[ AND THE FOLLOW0NG ’´, PROGRAM bΩefl[ HAVE BEEN
DR0VEN BY THE MA0N REQU0REMENTS OF RECONSTRUCT0NG THE DEPOS0TED ENERGY 0N THE k® W0TH H0GH RESOLUT0ON
AND A GOOD L0NEAR0TY RESPONSE OVER A W0DE DYNAM0C RANGE℃ FROM Ω P%E% FOR LOW ENERGY EVENTS TO Ωzzz P%E%
FOR SHOWER0NG MUONS AND MUON BUNDLES% -N ADD0T0ON: A PREC0SE MEASUREMENT OF THE PHOTON?S ARR0VAL
T0ME 0S MANDATORY b™[%

� SCHEME OF THE LARGE 1l/ ELECTRON0CS 0S REPORTED 0N =0G% ™t% /HE CURRENT DES0GN 0S AN OPT0M0ZAT0ON
OF PREV0OUS DEVELOPMENTS bΩefl[ WHERE THE LARGE 1l/ ELECTRON0CS 0S SPL0T 0NTO TWO PARTS℃ THE ?WET?
ELECTRON0CS LOCATED AT FEW METERS FROM THE 1l/S 0NS0DE A CUSTOM STA0NLESS STEEL BOX p2vBOX(: AND THE
?DRY? ELECTRON0CS 0N THE ELECTRON0CS ROOMS% ®0NCE 0T 0S ALMOST 0MPOSS0BLE TO REPA0R THE ?WET? ELECTRON0CS

flt
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=0GURE ™t℃ kARGE 1l/ ELECTRON0CS SCHEME℃ THE ?WET? ELECTRON0CS pLEFT( 0S CONNECTED TO THE ?DRY? ELECTRON0CS
BY MEANS OF ıTHERNET CABLES AND A DED0CATED LOW 0MPEDANCE CABLE FOR POWER D0STR0BUT0ON%

UNDERWATER: 0TS LOSS RATE 0S REQU0RED TO BE , zχfi) 0N 7 YEARS% /H0S REQU0REMENT HAS GENERATED 0MPORTANT
CONSTRA0NTS ON THE REL0AB0L0TY OF THE ?WET? ELECTRON0CS pSEE THE D0SCUSS0ON 0N bΩefl[(%

/HREE 1l/ OUTPUT S0GNALS ARE FED TO THE FRONThEND AND READOUT ELECTRON0CS LOCATED 0NS0DE THE 2vBOX
pSEE =0G% ™t(% /HE 1l/ H0GH VOLTAGE 0S PROV0DED FOR EACH 1l/ BY A CUSTOM `0GH uOLTAGE MODULE bΩefl[
LOCATED 0NS0DE THE 2vBOX% /HE ANALOG S0GNAL 0S AMPL0fflED AND CONVERTED TO D0G0TAL W0TH A Ω™ B0T:
Ω4®6S: CUSTOM �,•% /HE S0GNAL 0S FURTHER PROCESSED pLOCAL TR0GGER GENERAT0ON: CHARGE RECONSTRUCT0ON AND
T0MESTAMP TAGG0NG( AND STORED TEMPORAR0LY 0N A LOCAL MEMORY BEFORE BE0NG SENT TO THE DATA ACQU0S0T0ON
p,�+(: ONCE VAL0DATED BY THE GLOBAL TR0GGER ELECTRON0CS% &ES0DES THE LOCAL MEMORY AVA0LABLE 0N THE
READOUThBOARD =14�: A ™ 4&YTES ,,’t MEMORY 0S AVA0LABLE AND USED TO PROV0DE A LARGER MEMORY
BUfER 0N THE EXCEPT0ONAL CASE OF A SUDDEN 0NCREASE OF THE 0NPUT RATE: WH0CH OVERRUNS THE CURRENT DATA
TRANSFER BANDW0DTH BETWEEN THE ?WET? ELECTRON0CS AND THE ,�+% /H0S S0TUAT0ON W0LL CERTA0NLY HAPPEN 0N
CASE OF A ®UPERNOVA EXPLOS0ON NOT VERY FAR FROM I2¯9: WHEN THE EXPECTED RATE OF NEUTR0NO 0NTERACT0ONS
0N THE k® 0S EXPECTED TO 0NCREASE SUDDENLY AND FOR A SHORT T0ME%

/HE READOUT ELECTRON0CS 0S CONNECTED TO THE ?DRY? ELECTRON0CS THROUGH A SOhCALLED ?SYNCHRONOUS L0NK?:
WH0CH PROV0DES THE CLOCK AND SYNCHRON0ZAT0ON TO THE BOARDS AND HANDLES TR0GGER PR0M0T0VES: AND AN
?ASYNCHRONOUS L0NK? WH0CH 0S FULLY DED0CATED TO THE ,�+%

�S CAN BE SEEN 0N =0G% ™fl: BOTH CABLES CONNECT0NG THE 2vBOX TO THE 1l/S AND THE 2vBOX TO THE
?DRY? ELECTRON0CS RUN 0NS0DE A STA0NLESS STEEL BELLOW: WH0CH COMPLETELY 0SOLATES THE CABLES FROM THE WATER
0N WH0CH THE ELECTRON0CS 0S 0MMERSED% /HE LENGTH OF THE BELLOWS pAND CABLES( 0S fflXED TO ABOUT Ω%fi M
FROM THE 1l/S TO THE 2vBOX AND W0LL HAVE A VAR0ABLE LENGTH OF tz M TO Ωzz M FROM THE 2vBOX TO THE
BACKhEND% /HE RANGE OF LENGTHS HAS BEEN 0NTRODUCED TO OPT0M0ZE AND FULfflLL THE 0NSTALLAT0ON CONSTRA0NTS%

/HE LARGE 1l/ ELECTRON0CS CAN WORK W0TH A CENTRAL0ZED ?GLOBAL TR0GGER? MODE: WHERE THE 0NFORMAT0ON
FROM THE S0NGLE ?fflRED? 1l/S 0S COLLECTED AND PROCESSED 0N A •ENTRAL /R0GGER 2N0T p•/2(% /HE LATTER
VAL0DATES THE TR0GGER BASED ON A S0MPLE 1l/ MULT0PL0C0TY COND0T0ON OR A MORE REfflNED TOPOLOG0CAL D0Sh
TR0BUT0ON OF THE fflRED 1l/S% 2PON A TR0GGER REQUEST: VAL0DATED WAVEFORMS ARE SENT TO THE ,�+ EVENT
BU0LDER THROUGH THE 40GAB0T ıTHERNET ASYNCHRONOUS L0NK% /HE -1&US •ORE bΩefi[ PROTOCOL 0S USED FOR
DATA TRANSFER: SLOW CONTROL MON0TOR0NG: AND ELECTRON0CS CONfflGURAT0ONS%

�N ALTERNAT0VE SCHEME 0S POSS0BLE WHERE ALL READOUT BOARDS SEND THE0R LOCALLY TR0GGERED WAVEFORMS
TO THE ,�+: 0NDEPENDENTLY OF EACH OTHER% v0TH TH0S APPROACH: ALL THE D0G0T0ZED WAVEFORMS: 0NCLUDh
0NG THOSE GENERATED BY DARK NO0SE PHOTOELECTRONS: W0LL BE SENT TO THE ,�+% /HE TWO APPROACHES ARE
COMPLEMENTARY: BUT THE ?GLOBAL TR0GGER? MODE 0S THE DEFAULT SCHEME DUR0NG THE OPERAT0ON OF THE I2¯9
DETECTOR%
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=0GURE ™fl℃ kARGE 1l/ ELECTRON0CS TECHN0CAL DRAW0NG%

t)s rMALL 1l6 SxSTdM
t)s)o 9VdRV0dW AND MOT0VAT0ON

I2¯9 W0LL BE 0NSTRUMENTED W0TH A TOTAL OF ™fi:7zz th0NCH 1l/S 0NSTALLED 0N THE SPACE BETWEEN THE ™zh
0NCH 1l/S: AS DEMONSTRATED 0N =0G% ™fi% /HESE SMALL 1l/S p®1l/S( W0LL FACE THE CENTRAL DETECTOR AND
BE UN0FORMLY D0STR0BUTED AROUND 0T% /HEY W0LL BE POWERED AND READ OUT 0N GROUPS OF Ω™e BY FRONThEND
ELECTRON0CS AND H0GHhVOLTAGE SPL0TTER CARDS CONTA0NED 0N A TOTAL OF ™zz 2NDERWATER &OXES p2v&S(%

=0GURE ™fi℃ 1HOTOGRAPH SHOW0NG A REAL S0ZE MOCKhUP OF THE th0NCH PHOTOMULT0PL0ERS 0NTERLACED BETWEEN
THE ™zh0NCH ONES%

/HE PR0MARY GOAL OF THE ®1l/ SYSTEM 0S TO PROV0DE A COMPLEMENTARY SET OF SENSORS LOOK0NG AT
THE SAME EVENTS AS THE ™zh0NCH 1l/S% ,UE TO THE0R S0ZE: THE ®1l/S W0LL CONS0STENTLY OPERATE 0N A
PHOTONhCOUNT0NG MODE 0N THE ENERGY REG0ON OF 0NTEREST FOR I2¯9?S NEUTR0NO OSC0LLAT0ON GOALS pzhΩz lEu(:
PROV0D0NG A MEASUREMENT OF THE CHARGE OF EVERY EVENT 0N THE DETECTOR W0TH ESSENT0ALLY NO 0NSTRUMENTAL
NONhL0NEAR0T0ES% ıVEN THOUGH THEY W0LL SEE S0GN0fflCANTLY LESS L0GHT THAN THE LARGE 1l/S: THE ACCUMULAT0ON
OF STAT0ST0CS OVER T0ME W0LL ALLOW THEM TO SERVE AS A CAL0BRAT0ON REFERENCE: REDUC0NG THE 0MPACT OF ANY
SYSTEMAT0C UNCERTA0NT0ES 0N THE ENERGY RESPONSE OF THE LARGE 1l/ SYSTEM AND 0MPROV0NG THE ENERGY
RESOLUT0ON OVERALL% k0KEW0SE: THE ®1l/S W0LL BE USED TO PERFORM SOME PHYS0CS MEASUREMENTS 0N A
SEM0h0NDEPENDENT WAY TO THE ™zh0NCH 1l/ SYSTEM: MOST NOTABLY THE EST0MAT0ON OF THE SOLAR OSC0LLAT0ON
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PARAMETERS εO3 AND dk3
3O% /H0S W0LL ALLOW 0NDEPENDENTLY CROSShCHECK0NG THE SYSTEMAT0C UNCERTA0NT0ES

THAT ARE NOT COMMON TO THE TWO SYSTEMS%
/HE ®1l/S W0LL ALSO 0MPROVE OTHER ASPECTS OF THE I2¯9 EXPER0MENT% =OR EXAMPLE: THEY W0LL EXTEND

THE ENERGY DYNAM0C RANGE OF THE DETECTOR AND M0T0GATE ANY POTENT0AL NONhL0NEAR0T0ES OR SATURAT0ON EfECTS
0N THE ™zh0NCH 1l/S AT H0GH ENERG0ES% ,UE TO THE0R RELAT0VELY GOOD T0ME RESOLUT0ON: THEY W0LL ALSO HELP
0MPROVE EVENT RECONSTRUCT0ON: PART0CULARLY FOR COSM0ChRAY MUONS% -N THE CASE OF A SUPERNOVA BURST: THEY
W0LL PROV0DE COMPLEMENTARY 0NFORMAT0ON ABOUT THE RATE OF THESE EVENTS THANKS TO THE MUCH SMALLER
P0LEhUP%

t)s)3 th0NCH PHOTOMULT0PL0dRS PRODUCT0ON AND 0NSTRUMdNTAT0ON

™7:zzz th0NCH 1l/S pw1;™&™™( WERE ORDERED FROM `A0NAN yHANCHUANG 1HOTON0CS /ECHNOLOGY •O%: kTD
p`y•( 0N ™zΩ; AFTER AN 0NTERNAT0ONAL B0DD0NG% /HE MASS PRODUCT0ON OF THE 1l/S STARTED 0N IANUARY
™zΩe: AND fflN0SHED 0N ,ECEMBER ™zΩn: AVERAG0NG A PRODUCT0ON SPEED OF ≡Ω:zzz P0ECES PER MONTH% /HE
CHARACTER0ZAT0ON OF THE 1l/S WAS PERFORMED CONCURRENTLY W0TH PRODUCT0ON 0N THE FACTORY AS A iO0NT EfORT
BETWEEN `y• AND I2¯9% =0FTEEN PERFORMANCE PARAMETERS WERE TRACKED AT D0fERENT SAMPL0NG RAT0OS:
AND THE RESULTS SHOWED GOOD CONS0STENCY W0TH THE SPEC0fflCAT0ONS THROUGHOUT THE FULL PRODUCT0ON% -N THE
END: ONLY Ωfi 1l/S WERE FOUND TO BE UNQUAL0fflED AND THUS REiECTED% /HE RAD0OACT0V0TY OF THE GLASS BULB
WAS ALSO MON0TORED CONT0NUOUSLY TO MEET THE EXPER0MENT?S STR0NGENT REQU0REMENTS bΩe7[%

� D0V0DER WAS DES0GNED TO D0STR0BUTE `u TO THE DYNODES OF THE 1l/% •ONS0DER0NG THAT GROUPS OF
Ω7 ®1l/S ARE POWERED BY THE SAME `u SOURCE W0TH A MAX0MUM CURRENT OF tzz θ�: FOURTEEN Ωfihlo
RES0STORS WERE CHOSEN TO L0M0T THE CURRENT BELOW 7%™ θ� AT A WORK0NG POS0T0VE `u UP TO Ω:tzz u% �
COAX0AL CABLE W0TH A H0GHhDENS0TY POLYETHYLENE iACKET AND A LENGTH OF E0THER fi M OR Ωz M 0S SOLDERED ON
EACH D0V0DER TO TRANSM0T BOTH `u AND S0GNAL% /HE D0V0DER: THE 1l/ P0NS: AND THE FRONThEND OF THE CABLE
ARE PROTECTED W0TH POLYURETHANE 0N AN �&® PLAST0C SHELL FOR BETTER ELECTR0C 0NSULAT0ON% &UTYL TAPE fflXED
BY A SHR0NKABLE TUBE 0S USED TO SEAL THE GLASS BULB 0N THE SHELL: WHEREAS THE CABLE GO0NG THROUGH THE SHELL
0S SEALED BY AN 0NNER LAYER OF EPOXY AND AN OUTER LAYER OF LOWhPRESSURE 0NiECT0ON MOLD0NG POLYMER PLAST0C%
/HE BACKhEND OF EACH CABLE 0S EQU0PPED W0TH AN l•w CONNECTOR: AND Ω7 CABLES ARE SEALED TOGETHER BY
MOLDh0NiECTED POLYETHYLENE: CONST0TUT0NG A Ω7hCHANNEL CONNECTOR: DEVELOPED THROUGH A PARTNERSH0P W0TH
THE �XON •ABLE COMPANY% /H0S ALLOWS SEPARAT0NG THE ®1l/S AND THE ELECTRON0CS: GREATLY RELAX0NG THE
PRODUCT0ON: TEST0NG: TRANSPORTAT0ON: AND 0NSTALLAT0ON CONSTRA0NTS%

t)s)t 2NDdRWATdR FRONThdND dLdCTRON0CS

®CHEMAT0CS 0LLUSTRAT0NG THE MA0N COMPONENTS OF THE ®1l/ SYSTEM AND THE0R ARRANGEMENT ARE SHOWN 0N
=0G% ™7% � TOTAL OF ™zz 2v&S SERV0CE THE ®1l/S 0N GROUPS OF Ω™e% /HE 2v&S ARE MADE OF PASS0VATED
STA0NLESS STEEL AND CONS0ST OF A CYL0NDR0CAL BODY: A 5ANGE: AND TWO L0DS% /HE BODY 0S A fizz MM LONG
®CHEDULE Ωz p®`•Ωz( P0PE W0TH AN 0NTERNAL D0AMETER OF ™7fl%fi MM% /HE 5ANGE CONS0STS OF A Ωfi MM LONG
CYL0NDER W0TH ROUGHLY THE SAME 0NTERNAL D0AMETER AS THE BODY BUT AN EXTERNAL D0AMETER OF tΩe MM%
/H0S P0ECE 0S VERY CAREFULLY MACH0NED TO ACH0EVE A C0RCULAR CROSShSECT0ON W0TH ESSENT0ALLY NO ECCENTR0C0TY:
AND 0S WELDED TO ONE END OF THE BODY% � Ωfi MM TH0CK D0SK 0S WELDED TO THE OTHER END AND SERVES AS
A fflXED L0D% /HE OTHER L0D 0S CAREFULLY MACH0NED FROM A ™z MM TH0CK D0SK TO HOLD t 9hR0NGS p™ AX0AL: Ω
RAD0AL( THAT MAKE THE SEAL W0TH THE 5ANGE% /H0S REMOVABLE L0D 0S ALSO MACH0NED TO HOLD e RECEPTACLES
THAT COUPLE TO THE Ω7hCHANNEL CONNECTORS MENT0ONED ABOVE% ıACH RECEPTACLE 0S SEALED ON THE L0D W0TH
TWO 9hR0NGS AND 0NTERFACES W0TH THE CONNECTOR THROUGH A STA0NLESS STEEL SHELL W0TH ANOTHER TWO 9hR0NGS
AND ONE 0NTERFAC0AL SEAL%

ıACH 2v& PROV0DES ALL THE NECESSARY ELECTRON0CS TO OPERATE THE Ω™e PHOTOMULT0PL0ERS CONNECTED TO 0T℃
SUPPLY OF H0GH VOLTAGE AND SEPARAT0ON FROM THE S0GNAL: READOUT AND D0G0T0ZAT0ON OF THE S0GNAL: ACQU0S0T0ON
AND COMMUN0CAT0ON W0TH THE SURFACE ELECTRON0CS ROOM%
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=0GURE ™7℃ ®CHEMAT0C OVERV0EW OF THE I2¯9 ®1l/ SYSTEM pLEFT(: AND EXPLODED V0EW OF THE MA0N
COMPONENTS OF THE 2v& pR0GHT(% Ω™e th0NCH 1l/S ARE CONNECTED TO A S0NGLE 2v& THROUGH E0GHT
Ω7hCHANNEL WATERPROOF CONNECTORS% ıACH 2v& CONTA0NS TWO H0GHhVOLTAGE SPL0TTER BOARDS: ONE READOUT
FRONThEND BOARD: AND ONE CONTROL BOARD p4•2(% /HE LATTER TWO: WH0CH ARE SHOWN 0N GREEN: ARE THERMALLY
COUPLED TO HEAThS0NKS THAT D0SS0PATE THE HEAT THROUGH THE L0D OF THE 2v&% /HE CABLES THAT CONNECT THE
MULT0hCHANNEL RECEPTACLES TO THE SPL0TTER BOARDS ARE NOT SHOWN%

®0NCE THE S0GNAL FROM THE ®1l/S TRAVELS ON THE SAME COAX0AL CABLE THAT CARR0ES THE B0AS VOLTAGE: 0T
0S NECESSARY TO SEPARATE THE TWO% /H0S 0S ACCOMPL0SHED BY TWO H0GHhVOLTAGE SPL0TTER BOARDS SERV0C0NG 7fl
CHANNELS EACH% /HESE BOARDS CONNECT TO THE ™z CM LONG CABLES DETACH0NG FROM THE Ω7hCHANNEL RECEPTACLES
ON THE 2v& V0A l•w CONNECTORS: GREATLY EAS0NG THE 0NTEGRAT0ON PROCESS% /HE H0GHhVOLTAGE 0S PRODUCED
BY THE SAME H0GHhVOLTAGE UN0TS p`u2S( bΩefl[ USED 0N THE ™zh0NCH 1l/ SYSTEM% � TOTAL OF Ω7 `u2S ARE
HOSTED 0N THE TWO SPL0TTER BOARDS OF EACH 2v&: ALTHOUGH ONLY e ACT0VELY FEED THE Ω™e ®1l/S CONNECTED
TO THAT 2v& AT ANY ONE T0ME% /HE REMA0N0NG E0GHT SERVE AS A ONEhTOhONE BACKUP 0N CASE OF FA0LURE:
ENSUR0NG THE LONGEV0TY OF THE SYSTEM%

/HE READOUT AND D0G0T0ZAT0ON OF THE Ω™e CHANNELS ARE CARR0ED OUT BY A S0NGLE ELECTRON0CS FRONThEND
BOARD HOLD0NG e •�/-’9• bΩe;[ �®-•S OF Ω7 CHANNELS EACH AND CONTROLLED BY A J0NTEXh; =14�%
�T THE GA0N THE ®1l/S W0LL OPERATE pt · Ωz7(: THE •�/-’9• �®-• PROV0DES A CHARGE MEASUREMENT
OVER A DYNAM0C RANGE FROM WELL BELOW Ω PHOTOELECTRON TO SEVERAL HUNDREDS% -T ALSO PROV0DES A T0M0NG
MEASUREMENT W0TH AN ACCURACY OF ™zz PS p’l®( PER CHANNEL% � GA0N ADiUSTMENT PER CHANNEL pOVER
e B0TS( ALLOWS COMPENSAT0NG THE NONhUN0FORM0TY OF THE Ω7 1l/S OPERAT0NG AT THE SAME H0GH VOLTAGE%
®0XTEEN D0SCR0M0NATOR OUTPUTS ARE ALSO AVA0LABLE TO COPE W0TH EVENT P0LEhUP: AS EXPECTED WHEN A MUON
GOES THROUGH THE SC0NT0LLATOR CLOSE TO THE 1l/S OR 0N CASE OF A NEARBY SUPERNOVA BURST% /HE BOARD
OPERATES 0N A TR0GGERhLESS MODE FOR THE Ω™e CHANNELS AND THE RESULT0NG COMPLEX MANAGEMENT OF THE EVENT
5OW 0S HANDLED BY THE =14� AND A Ωh4& ,,’ ’�l%

� 4LOBAL •ONTROL 2N0T p4•2( ELECTRON0CS BOARD TAKES CARE OF POWER0NG AND CONTROLL0NG THE `u2S
AND THE FRONThEND BOARD: D0STR0BUT0NG THE CLOCK AND SLOW CONTROL TO THE SAME FRONThEND BOARD: AND
TRANSFERR0NG THE DATA TO THE ELECTRON0CS AT THE SURFACE% �S SHOWN 0N =0G% ™7: THE 4•2 AND THE FRONThEND
BOARD ARE THERMALLY COUPLED TO A HEAT S0NK THAT D0SS0PATES THE SMALL AMOUNT OF HEAT PRODUCED 0N THEM
p, flz v( THROUGH AT LEAST ONE OF THE TWO L0DS OF THE 2v&% /HE CONNECT0ON TO THE SURFACE FOR THE CONTROLS:
CLOCK D0STR0BUT0ON: AND DATA 5OW 0S DONE THROUGH TWO •�/fiE ıTHERNET CABLES: AND AN ADD0T0ONAL TW0STED
PA0R BR0NG THE LOW VOLTAGE POWER% �LL THOSE CABLES ARE EMBEDDED 0N A STA0NLESS STEEL BELLOW TUBE THAT 0S
TENS OF METERS LONG%
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t)e bAL0BRAT0ON
/O DETERM0NE THE NEUTR0NO MASS ORDER0NG: THE I2¯9 CENTRAL DETECTOR REQU0RES A BETTER THAN Ω) ENERGY
L0NEAR0TY AND A t) EfECT0VE ENERGY RESOLUT0ON% lULT0PLE CAL0BRAT0ON SOURCES AND MULT0PLE D0MENS0ONAL
SCAN SYSTEMS ARE DEVELOPED TO CORRECT THE ENERGY NONhL0NEAR0TY AND SPAT0AL NONhUN0FORM0TY OF THE DETECTOR
RESPONSE%

t)e)o bAL0BRAT0ON SxSTdM DdS0GN

/HE SYSTEM DES0GN 0S SHOWN 0N =0G% ™;% =UNCT0ONS OF SUBhSYSTEMS AND AUX0L0ARY SYSTEMS ARE 0NTRODUCED
BELOW%

=0GURE ™;℃ 9VERV0EW OF THE CAL0BRAT0ON SYSTEM pNOT DRAWN TO SCALE(%

/ABLE 7℃ /HE RAD0OACT0VE SOURCES AND RAD0AT0ON TYPES
®OURCE /YPE ’AD0AT0ON
Ots•S β z%77™ lEu
ff5lN β z%etfi lEu
7v•O β Ω%Ω;t · Ω%ttt lEu
5vJ β Ω%fl7Ω lEu
7e4E E) ANN0H0LAT0ON z%fiΩΩ · z%fiΩΩ lEu

35O�Mh&E N: β NEUTRON · fl%flt lEu pO3•−(
35O�MhOt• N: β NEUTRON · 7%Ωt lEu pO79−(
pN:β(P β ™%™™ lEu
pN:β(O3• β fl%nfl lEu OR t%7e · Ω%™7 lEu

fle



/ABLE ;℃ /HE ENV0S0ONED CAL0BRAT0ON PROGRAM
1ROGRAM 1URPOSE ®YSTEM ,URAT0ON bM0N[

vEEKLY CAL0BRAT0ON ¯EUTRON p�Mh•( �•2 7t
kASER �•2 ;e

lONTHLY CAL0BRAT0ON

¯EUTRON p�Mh•( �•2 Ω™z
kASER �•2 Ωfl;

¯EUTRON p�Mh•( •k® ttt
¯EUTRON p�Mh•( 4/ ;t

•OMPREHENS0VE CAL0BRAT0ON

¯EUTRON p�Mh•( �•2: •k® AND 4/ Ωnfl™
¯EUTRON p�Mh&E( �•2 ;fi

kASER �•2 tnΩ
7e4E �•2 ;fi
Ots•S �•2 ;fi
ff5lN �•2 ;fi
7v•O �•2 ;fi
5vJ �•2 Ωfie

=OR A ONEhD0MENS0ONAL SCAN: THE �UTOMAT0C •AL0BRAT0ON 2N0T p�•2( CAN DEPLOY MULT0PLE RAD0OACT0VE
SOURCES OR A PULSED LASER D0fUSER BALL ALONG THE CENTRAL AX0S OF THE •, bΩee[% =OUR SETS OF SPOOLS ON
A TURNTABLE CAN DEL0VER SOURCES 0NDEPENDENTLY AND AUTOMAT0CALLY THROUGH THE CH0MNEY OF THE •,% /HE
CAL0BRAT0ON POS0T0ONS CAN BE CONTROLLED W0TH A PREC0S0ON OF BETTER THAN Ω CM%

9fhAX0S CAL0BRAT0ON POS0T0ONS ARE 0MPORTANT TO 0NVEST0GATE THE NONhUN0FORM0TY OF THE DETECTOR REh
SPONSE% � CAL0BRAT0ON SOURCE ATTACHED TO A •ABLE kOOP ®YSTEM p•k®( CAN BE MOVED ON A VERT0CAL
HALFhPLANE BY ADiUST0NG THE LENGTHS OF TWO CONNECT0ON CABLES bΩen[% /WO SETS OF •k®S W0LL BE DEPLOYED
TO PROV0DE A ;n) EfECT0VE COVERAGE ON AN ENT0RE VERT0CAL PLANE% � 4U0DE /UBE p4/(: WH0CH SURROUNDS
THE OUTS0DE OF THE •, AND RUNS 0N A LONG0TUD0NAL LOOP: W0LL BE USED TO CAL0BRATE NONhUN0FORM0TY OF THE
ENERGY RESPONSE AT THE •, BOUNDARY% � SOURCE W0LL BE PULLED 0N THE /E5ON 4/ W0TH SERVOMOTORS TO
REACH THE DES0RED LOCAT0ONS%

=OR A FULL VOLUME SCAN: A SOURCE ATTACHED TO A ’EMOTELY 9PERATED UNDERhk® uEH0CLE p’9u( CAN BE
DEPLOYED TO THE DES0RED LOCAT0ONS 0NS0DE THE k®% /HE ’9u MOT0ON 0S DR0VEN BY TWO iET PUMPS CONTROLLED
THROUGH AN UMB0L0CAL CABLE% /HE ’9u ALSO CONTA0NS A CAMERA: WH0CH CAN BE USED TO 0NSPECT THE 0NTER0OR
OF THE •,%

/HE �•2: •k® AND ’9u SYSTEMS W0LL BE MOV0NG 0NS0DE THE •,: SO THEY W0LL BE 0NSTALLED AND
DEPLOYED FROM AN A0RhT0GHT STA0NLESS STEEL CAL0BRAT0ON HOUSE LOCATED ON THE TOP OF THE DETECTOR TO AVO0D
D0fUS0ON OF A0RhBORNE RADON 0NTO THE k®% /HE MOT0ON AND SOURCE CHANG0NG CAN BE PERFORMED COMPLETELY
AUTOMAT0CALLY V0A 1ROGRAMMABLE kOG0C •ONTROLLERS p1k•S( CONTROL SOFTWARE% �LL PARTS 0N CONTACT W0TH
THE k® ARE ASSAYED AND SELECTED FOR RAD0OPUR0TY AND CHEM0CAL COMPAT0B0L0TY%

t)e)3 bAL0BRAT0ON SOURCdS AND PROGRAM

/HE ENV0S0ONED CAL0BRAT0ON PROGRAM 0S SHOWN 0N /AB% ;: W0TH THE FREQUENCY OF CAL0BRAT0ON RUNS: PURPOSES
AND DURAT0ON% /HE RAD0OACT0VE SOURCES PROV0DE GAMMAS AND NEUTRONS TO CAL0BRATE ENERGY RESPONSES 0N
THE ENERGY RANGE OF THE -&,S% � PULSED 2u LASER W0TH ™77 NM WAVELENGTH W0LL BE USED TO CAL0BRATE
1l/ T0M0NG RESPONSE bΩnz[%
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t)e)t �Uw0L0ARx SxSTdMS

/HERE ARE A FEW AUX0L0ARY SYSTEMS TO MON0TOR THE DETECTOR: FOR EXAMPLE: TO DETERM0NE THE SOURCE POS0T0ONS:
AND TO MEASURE THE TEMPERATURE AND THE OPT0CAL PROPERT0ES OF THE k®%

˘ �N ARRAY OF E0GHT CUSTOM0ZED LOW RAD0OACT0V0TY 2LTRASON0C ®ENSOR ®YSTEM p2®®( RECE0VERS ARE
CONfflGURED TO RECONSTRUCT SOURCE POS0T0ONS BASED ON S0GNALS EM0TTED FROM TRANSM0TTERS ON THE
SOURCE ATTACHMENT fflXTURE AND THE ’9u%

˘ =OUR ••,S W0LL BE MOUNTED ON THE EQUATOR FAC0NG THE •k® PLANE TO TAKE PHOTOS W0TH 0NFRARED
L0GHT TO MON0TOR THE SOURCE POS0T0ONS%

˘ � TEMPERATURE SENSOR CAN BE ATTACHED TO THE STANDARD SOURCE ATTACHMENT fflXTURE TO MEASURE
TEMPERATURE 0N VAR0OUS POS0T0ONS%

˘ ®EVERAL 0NDEPENDENT LASER DEV0CES KNOWN AS �2’9’�: LOCATED 0NS0DE THE ULTRAPURE WATER SH0ELD:
MAKE uL Rust MEASUREMENTS OF THE ATTENUAT0ON LENGTH AND ’ALE0GH SCATTER0NG LENGTH OF THE k®
US0NG DETECTED L0GHT PATTERN ON THE 1l/S%

t)n ,ATA ACQU0S0T0ON AND DdTdCTOR CONTROL
t)n)o ,ATA �CQU0S0T0ON rxSTdM p,�.(

/HE ,�+ SYSTEM SHOULD READOUT ABOUT flz 4&YTE6S TR0GGERED WAVEFORM DATA AND TR0GGERhLESS T0ME AND
CHARGE DATA V0A ıTHERNET: FROM THE ™z:zΩ™ ™zh0NCH 1l/S pΩ;:Ω7™ 0N THE •ENTRAL ,ETECTOR AND ™:flzz 0N
THE WATER •HERENKOV DETECTOR( AND THE ™fi:7zz th0NCH 1l/S: AND BU0LD AND PROCESS THE EVENTS BY THE
9NL0NE ıVENT •LASS0fflCAT0ON ALGOR0THM AND THE SOFTWARE TR0GGER TO REDUCE THE DATA RATE BY ≡ fizz T0MES%
/HE DATA W0LL THEN BE TRANSFERRED TO -`ı1 V0A -NTERNET W0TH A BANDW0DTH OF Ω 4BPS pB0T PER SECOND(%

/HE I2¯9 ELECTRON0CS CAN COMPLETELY HANDLE THE ®UPERNOVA EXPLOS0ON BEYOND z%fi KPC pMORE THAN
™ l EVENTS 0N ≡ Ωz SECONDS(% � DED0CATED MULT0hMESSENGER TR0GGER SYSTEM 0S DES0GNED TO ACH0EVE AN
ULTRAhLOW DETECT0ON THRESHOLD OF $pΩz KEu(% kOSSLESS READOUT OF THESE DATA PUT LARGE CHALLENGES ON THE
,�+ SYSTEM: WH0CH 0S ALSO REQU0RED TO MON0TOR CONT0NUOUSLY THE ®UPERNOVA BURST DUR0NG THE DETECTOR
CAL0BRAT0ON% � UN0fflED DATA 5OW WAS DES0GNED TO READOUT THE TWO TYPES OF DATA STREAMS FROM THE 4LOBAL
•ONTROL 2N0T p4•2( ELECTRON0CS BOARDS: PROCESS: AND WR0TE TO D0SKS W0THOUT ANY LOSS% =0G% ™e SHOWS
THE DATA 5OW DES0GN% /HERE ARE FOUR LEVELS OF SCALABLE AND D0STR0BUTED DATA PROCESS0NG: 0NCLUD0NG THE
READOUT SYSTEMS: DATA ASSEMBLERS: DATA PROCESSERS: AND DATA STORAGES% ,ATA 5OW MANAGER AND EVENT
CLASS0fflCAT0ON ARE TWO CENTRAL0ZED PROCESS0NG%

/HE COMPREHENS0VE DATA 5OW PERFORMANCE TESTS HAVE BEEN DONE bΩnΩ[% �N ONL0NE SOFTWARE DES0GN
BASED ON THE ®ERV0CEh9R0ENTED �RCH0TECTURE p®9�( WAS PROPOSED bΩn™[% � GRAPH0CSh0NTEGRATED READOUT
TEST PROGRAM HAS BEEN DEVELOPED FOR THE ELECTRON0CS AND 1l/ TESTS% /HE TEST SYSTEM SUPPORTS THE
READOUT OF fle ™zh0NCH 1l/S AND SHOWS WAVEFORM GRAPH0CS 0N REALhT0ME% -T HAS BEEN OPERAT0NG AT THE
I2¯9 1l/ TEST S0TE FOR MONTHS%

t)n)3 ,dTdCTOR bONTROL rxSTdM p,br(

/HE MA0N TASK OF THE ,•® 0S TO MON0TOR AND CONTROL THE WORK0NG COND0T0ON OF THE DETECTOR AND TO RA0SE
ALARMS 0F A SPEC0fflC MON0TORED VALUE GOES OUT OF RANGE% 40VEN THE D0STR0BUT0ON CHARACTER0ST0CS OF THE EXh
PER0MENTAL EQU0PMENTS: THE D0STR0BUTED DATA EXCHANGE PLATFORM W0LL BE USED FOR THE DEVELOPMENT% /HE
I2¯9 ,•® FRAMEWORK 0S BASED ON THE ıXPER0MENTAL 1HYS0CS AND -NDUSTR0AL •ONTROL ®YSTEM pı1-•h
®( bΩnt[% -T 0S D0V0DED 0NTO THREE LAYERS℃ THE kOCAL kAYER: THE ,ATA �CQU0S0T0ON kAYER: AND THE 4LOBAL
kAYER: AS SHOWN 0N =0G% ™n% /HE fflRMWARE OF THE EMBEDDED DEV0CES AND LOCAL CONTROL OF THE -NDUSTR0AL
1•S p-1•( FORM THE kOCAL kAYER% /HEY ARE MANAGED BY THE -NPUTh9UTPUT •ONTROLLERS p-9•(% /HE ,ATA
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=0GURE ™e℃ /HE ,�+ DATA 5OW CONS0ST0NG OF FOUR LEVELS OF SCALABLE AND D0STR0BUTED DATA PROCESS0NG
0NCLUD0NG THE READOUT SYSTEMS: DATA ASSEMBLERS: DATA PROCESSERS: AND DATA STORAGES: AND TWO CENTRAL0ZED
DATA PROCESS0NG 0NCLUD0NG THE DATA 5OW MANAGER AND THE EVENT CLASS0fflCAT0ON%

�CQU0S0T0ON kAYER READS DATA FROM -9•S AND SAVES 0T 0NTO DATABASES: CONS0ST0NG OF THE ’EALT0ME ,ATA
®HAR0NG 1OOL AND THE lY®+k DATABASE% /HE OPERAT0NG STATUS OF THE SYSTEM DEV0CES 0S MON0TORED 0N
REALhT0ME AND RECORDED 0N THE DATABASE% /HE GLOBAL CONTROL SYSTEM SHARES THE DATA AND THE 0NTERACT0VE
CONTROL COMMANDS BY -9•S% /HE SAFETY 0NTERLOCK BETWEEN SUBhSYSTEMS 0S REAL0ZED BY THE 1ROGRAMMABLE
kOG0C •ONTROLLER p1k•(% vEBhBASED DATA QUERY APPL0CAT0ONS PROV0DE THE USER 0NTERFACES TO THE DATABASES%

=0GURE ™n℃ ®CHEME OF THE ,ETECTOR •ONTROL ®YSTEM% /HE ,•® FRAMEWORK 0S BASED ON ı1-•® AND 0S
D0V0DED 0NTO THE kOCAL kAYER: THE ,ATA �CQU0S0T0ON kAYER: AND THE 4LOBAL kAYER% /HE kOCAL kAYER
0NCLUDES THE fflRMWARE OF THE EMBEDDED DEV0CES AND THE -NDUSTR0AL 1•S% /HE ,ATA �CQU0S0T0ON kAYER
READS DATA FROM -9•S AND SAVE 0T 0NTO THE DATABASES% /HE 4LOBAL kAYER 0NCLUDES THE DATABASES AND THE
USER 0NTERFACES%

� PROTOTYPE OF THE ,•® FRAMEWORK HAS BEEN REAL0ZED AND TESTED: 0NCLUD0NG THE H0GH VOLTAGE: POWER
SUPPLY: TEMPERATURE: AND HUM0D0TY MON0TOR0NG: ETC% lORE DETECTOR SUBSYSTEMS W0LL BE 0NTEGRATED WHEN
THE0R LOCAL LAYER 0NTERFACES DEVELOPED%

fiΩ



t)oy 9ff0Nd SOFTWARd AND COMPUT0NG
t)oy)o –RAMdWORJ

=OR THE PROCESS0NG AND ANALYS0S OF I2¯9 DATA: A GENERALhPURPOSE SOFTWARE FRAMEWORK CALLED ®¯01ı’ bΩ™n[
p®OFTWARE FOR ¯ONhCOLL0DER 1HYS-CS EXPı’0MENT( HAS BEEN DEVELOPED BASED ON THE EXPER0ENCE GA0NED
W0TH ¯UvA bΩnfl[: THE Offi0NE SOFTWARE OF THE ,AYA &AY EXPER0MENT% v0TH ®¯01ı’: ALL FUNCT0ONAL MODULES
ARE 0MPLEMENTED 0N •·· AND THE PROCESS 5OW 0S CONTROLLED W0TH 1YTHON CONfflGURAT0ON SCR0PTS% /HESE
SCR0PTS DYNAM0CALLY CONTROL THE LOAD0NG OF VAR0OUS MODULES TO BU0LD PROCESS0NG CHA0NS 5EX0BLY CONNECTED
US0NG A DATA BUfER% ,ATA OBiECTS W0TH0N A PREhDEfflNED T0ME W0NDOW ARE RETA0NED 0N MEMORY ENABL0NG
T0ME CORRELAT0ON ANALYS0S W0TH0N REASONABLE MEMORY BUDGETS% � NAV0GATOR OBiECT ACTS AS A CONTA0NER
FOR EVENT DATA OBiECTS bΩnfi[ REPRESENT0NG THE RESULTS OF PROCESS0NG STEPS SUCH AS DETECTOR S0MULAT0ON:
D0G0T0ZAT0ON: CAL0BRAT0ON AND RECONSTRUCT0ON% ıVENT DATA OBiECTS CAN BE SHARED BY SEVERAL NAV0GATORS
MAK0NG 0T POSS0BLE TO CONSTRUCT PHYS0CS EVENTS THAT COMB0NE CONSECUT0VE READOUT EVENTS% �S TYP0CALLY
ONLY A SUBSET OF THE EVENT 0NFORMAT0ON 0S NEEDED DUR0NG DATA ANALYS0S A LAZY LOAD0NG MECHAN0SM bΩn7[
US0NG L0GHTWE0GHT HEADERS AND DATA OBiECTS WAS BEEN 0MPLEMENTED TO ONLY LOAD OBiECTS REQU0RED BY
THE ANALYS0S% ®¯01ı’ USES /HREAD0NG &U0LD0NG &LOCKS p/&&( bΩn;[ TO EXECUTE ALGOR0THMS ON MULT0PLE
•12 THREADS 0N PARALLEL% &Y FOLLOW0NG THE PREDEfflNED CONVENT0ONS 0T 0S STRA0GHTFORWARD FOR DEVELOPERS TO
0MPLEMENT THREADhSAFE ALGOR0THMS FOR USE W0TH0N THE FRAMEWORK%

� GEOMETRY MANAGEMENT SYSTEM HAS BEEN DEVELOPED W0TH0N THE I2¯9 Offi0NE SOFTWARE bΩne[ TO PROh
V0DE A CONS0STENT DETECTOR DESCR0PT0ON FOR S0MULAT0ON: RECONSTRUCT0ON: EVENT D0SPLAY AND DATA ANALYS0S%
/HE GEOMETRY SYSTEM 0S BASED ON THE 4EANTfl 4,lk GEOMETRY SER0AL0ZAT0ON AND THE AUTOMATED CONVERh
S0ON BETWEEN 4EANTfl AND ’99/ REPRESENTAT0ONS OF DETECTOR GEOMETRY PROV0DED BY THE ’99/ 4,lk
TOOLS% -T HAS BEEN SUCCESSFULLY USED W0TH VAR0OUS DETECTOR DES0GNS FOR OPT0M0ZAT0ON AND PERFORMANCE
EVALUAT0ON W0TH lONTE •ARLO DATA%

� ’99/hBASED EVENT D0SPLAY SYSTEM HAS BEEN DEVELOPED bΩnn[ FOR I2¯9 WH0CH 0S 0NTEGRATED W0TH
THE I2¯9 Offi0NE SOFTWARE: PROV0D0NG AN 0NTU0T0VE WAY TO EXAM0NE DETECTOR STRUCTURE: PART0CLE TRAiECTOR0ES
AND H0T T0ME D0STR0BUT0ONS% -N ADD0T0ON: AN 0NDEPENDENT 2N0TY BASED EVENT D0SPLAY SYSTEM b™zz[ FOR I2¯9
0S UNDER DEVELOPMENT: PROV0D0NG V0V0D REPRESENTAT0ONS OF EVENTS W0TH THE POTENT0AL FOR STRA0GHTFORWARD
PORT0NG TO MANY HARDWARE PLATFORMS%

t)oy)3 r0MULAT0ON

� COMPLETE S0MULAT0ON CHA0N HAS BEEN DES0GNED AND DEVELOPED b™zΩ[ BASED ON THE ®¯01ı’ FRAMEWORK
AND THE 4EANTfl S0MULAT0ON TOOLK0T b™z™[ 0N ORDER TO SUPPORT THE I2¯9 DETECTOR DES0GN AND PERFORMANCE
OPT0M0ZAT0ON STUD0ES% /HE S0MULAT0ON CHA0N CONS0STS OF FOUR COMPONENTS℃ VAR0OUS PR0MARY PART0CLE GENh
ERATORS: DETECTOR S0MULAT0ON: ELECTRON0CS S0MULAT0ON AND TR0GGER S0MULAT0ON%

/HE REACTOR ANT0NEUTR0NO GENERATOR OPERATES FROM ANT0NEUTR0NO SPECTRA READ FROM A DATABASE% •OSM0C
MUONS ARE S0MULATED US0NG A D0G0T0ZED TOPOGRAPH0C MAP OF THE I2¯9 S0TE AND THE l2®-• lUON ®0MUh
LAT0ON •ODE b™zt[% 4ENERATORS FOR NATURAL RAD0OACT0VE DECAY ARE CUSTOM0ZED US0NG DATA FROM THE ı¯,=
DATABASE b™zfl[% lEANWH0LE: MORE GENERATORS HAVE ALSO BEEN DEVELOPED TO FULfflLL THE REQU0REMENTS OF
THE I2¯9 PHYS0CS PROGRAM: SUCH AS GENERATORS FOR GEONEUTR0NOS: ATMOSPHER0C NEUTR0NOS: PROTON DECAYS:
SUPERNOVA NEUTR0NOS: ETC%

�N ACCURATE DETECTOR GEOMETRY 0S CONSTRUCTED W0TH THE GEOMETRY TOOLS PROV0DED BY 4EANTfl BASED
ON 0NPUTS OF THE DETA0LED MECHAN0CAL DES0GNS OF •ENTRAL ,ETECTOR p•,(: vATER 1OOL pv1( AND /OP
/RACKER p//(% lEASUREMENTS OF THE OPT0CAL PROPERT0ES OF ALL DETECTOR COMPONENTS ARE USED TO DEfflNE
MATER0ALS AND SURFACES W0TH0N THE 4EANTfl BASED DETECTOR S0MULAT0ON ALLOW0NG THE GENERAT0ON OF OPT0CAL
PHOTONS FROM SC0NT0LLAT0ON AND •HERENKOV PROCESSES% � NEW k® OPT0CAL MODEL HAS BEEN 0MPLEMENTED
TO PROPAGATE THE OPT0CAL PHOTONS THAT PROPERLY ACCOUNTS FOR SCATTER0NG: ABSORPT0ON: REhEM0SS0ON W0TH0N
THE SC0NT0LLATOR% � NEW 1l/ OPT0CAL MODEL 0S UNDER DEVELOPMENT: A0M0NG TO PREC0SELY HANDLE PHOTON
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DETECT0ON ON 1l/S% /HE 4EANTfl 0MPLEMENTAT0ONS OF ALL PHYS0CS PROCESSES RELEVANT TO I2¯9 HAVE BEEN
VAL0DATED%

1l/ ARR0VAL T0MES AND NUMBERS OF PHOTOELECTRON pP%E%( ON 1l/S FROM THE DETECTOR S0MULAT0ON ARE
0NPUTS TO THE NEXT STAGE ELECTRON0CS S0MULAT0ON% �N ANALOG S0GNAL PULSE FOR EACH 1l/ 0S GENERATED AND
TRACKED THROUGH THE D0G0T0ZAT0ON PROCESS: TAK0NG 0NTO ACCOUNT EfECTS SUCH AS NONhL0NEAR0TY: DARK NO0SE:
PREhPULS0NG: AFTERhPULS0NG: /RANS0T /0ME ®PREAD p//®(: AND R0NG0NG OF THE WAVEFORM%

/HE ELECTRON0CS S0MULAT0ON 0S DES0GNED W0TH A ŘDATAhDR0VEN“ STRATEGY THAT 0S ABLE TO PROV0DE H0ThLEVEL
BACKGROUND M0X0NG ENABL0NG ACCURATE MODEL0NG OF T0ME CORRELAT0ONS BETWEEN D0fERENT S0GNALS W0THOUT
REQU0R0NG VERY LARGE MEMORY RESOURCES AND W0TH THE AB0L0TY TO OPERATE 0N P0NEhL0NE MODE%

/HE LARGE S0ZE AND H0GH PHOTON Y0ELD OF THE I2¯9 SC0NT0LLATOR MAKE OPT0CAL PHOTON S0MULAT0ON FOR
COSM0C MUONS COMPUTAT0ONALLY EXTREMELY CHALLENG0NG W0TH REGARD TO BOTH PROCESS0NG T0ME AND MEMORY
RESOURCES% ’ESEARCH 0NTO EL0M0NAT0NG THESE BOTTLENECKS BY OffiOAD0NG OPT0CAL PHOTON S0MULAT0ON TO 412
COhPROCESSORS W0TH THE 9PT0CKS PACKAGE 0S WELL ADVANCED b™zfi: ™z7[%

t)oy)t qdCONSTRUCT0ON

1ART0CLES THAT DEPOS0T ENERGY 0N THE L0QU0D SC0NT0LLATOR Y0ELD OPT0CAL PHOTONS WH0CH RESULT 0N 1l/ S0GNALS%
=LASH �,•S CONVERT 1l/ S0GNALS 0N Ω θS ,�+ W0NDOWS W0TH Ω 4`Z FREQUENCY Y0ELD0NG WAVEFORMS
WH0CH ARE fflLTERED TO REMOVE H0GHhFREQUENCY WH0TE NO0SE AND THEN DECONVOLUTED W0TH THE S0NGLE P%E%
1l/ RESPONSE TO Y0ELD CHARGE AND T0ME 0NFORMAT0ON OF PHOTON H0TS% /HESE ARE THEN USED AS 0NPUTS TO
RECONSTRUCT THE EVENT VERTEX AND ENERGY US0NG VAR0OUS ALGOR0THMS%

/HE S0MPLE AND FAST CHARGE CENTER METHOD PROV0DES A ROUGH EST0MAT0ON OF THE VERTEX FROM THE SUM OF
THE CHARGEhWE0GHTED 1l/ POS0T0ONS% � MORE COMPLEX L0KEL0HOOD METHOD US0NG THE T0ME 0NFORMAT0ON OF
1l/ H0TS ACH0EVES A BETTER VERTEX RESOLUT0ON b™z;: ™ze[% /HE RES0DUAL BETWEEN THE 1l/ H0T T0ME AND THE
T0ME OF 50GHT OF PHOTON PROPAGAT0ON MA0NLY DEPENDS ON THE L0QU0D SC0NT0LLATOR DECAY T0ME PROfflLE AND THE
1l/ //®% lODEL0NG THESE EfECTS W0TH A PROBAB0L0TY DENS0TY FUNCT0ON PERM0TS TO PERFORM A L0KEL0HOOD fflT
TO RECONSTRUCT THE EVENT VERTEX% -N ADD0T0ON: AN OPT0CAL MODELh0NDEPENDENT METHOD HAS BEEN DEVELOPED
TO RECONSTRUCT THE EVENT ENERGY 0N I2¯9 b™zn[% -T UT0L0ZES THE CAL0BRAT0ON DATA TO CONSTRUCT THE EXPECTED
CHARGE RESPONSE OF 1l/S% � MAX0MUM L0KEL0HOOD fflT 0S BU0LT BASED ON THE OBSERVED AND EXPECTED CHARGE
OF ALL 1l/S TO RECONSTRUCT THE EVENT ENERGY% /HE CHO0CE OF CAL0BRAT0ON SOURCES AS WELL AS THE ARRANGEMENT
OF CAL0BRAT0ON PO0NTS HAVE BEEN 0NVEST0GATED 0N ORDER TO REDUCE THE 0MPACT OF ENERGY NONhUN0FORM0TY ON
ENERGY RESOLUT0ON% -N ADD0T0ON TO THESE TRAD0T0ONAL RECONSTRUCT0ON METHODS: NOVEL TECHN0QUES SUCH AS
lACH0NE kEARN0NG HAVE BEEN DEVELOPED TO RECONSTRUCT THE VERTEX AND ENERGY b™Ωz[%

9NE OF THE MA0N BACKGROUNDS FOR ANT0hNEUTR0NO DETECT0ON 0N I2¯9 0S THE COSMOGEN0C 0SOTOPES nk06e`E
CREATED WHEN COSM0C MUONS PASS THROUGH THE SC0NT0LLATOR% -N ORDER TO REDUCE TH0S BACKGROUND: PREC0SE
MUON TRACK 0NFORMAT0ON 0S REQU0RED TO DEfflNE THE VETO REG0ON AROUND THE MUON TRAiECTORY% =OR MUONS
TRAVERS0NG THROUGH THE /OP /RACKER: A TRACK0NG ALGOR0THM HAS BEEN DEVELOPED US0NG ALL THE H0TS ON THE
// W0RE PLANES TO RECONSTRUCT THE TRAiECTORY% =OR MUONS THAT GO THROUGH THE vATER 1OOL AND THE •ENTRAL
,ETECTOR: THE TRAiECTORY 0S RECONSTRUCTED US0NG THE 1l/ CHARGE AND T0ME 0NFORMAT0ON% ®EVERAL CENTRAL
DETECTOR MUON RECONSTRUCT0ON ALGOR0THMS HAVE BEEN DEVELOPED 0NCLUD0NG A GEOMETR0CAL APPROACH b™ΩΩ[
AND A FASTEST L0GHT TECHN0QUE b™Ω™[% ,UE TO THE 0MPORTANCE OF MUON RECONSTRUCT0ON: OTHER NOVEL METHODS
US0NG DEEP LEARN0NG TECHN0QUES ARE ALSO BE0NG STUD0ED%

t)oy)fl 1dRFORMANCd OF r0MULAT0ON AND qdCONSTRUCT0ON

9NE OF THE MOST 0MPORTANT PARAMETERS OF THE I2¯9 DETECTOR 0S THE PHOTOELECTRON Y0ELD: WH0CH 0S
DETERM0NED BY OPT0CAL PARAMETERS OF MATER0ALS 0N THE •ENTRAL ,ETECTOR: SUCH AS THE k® L0GHT Y0ELD:
ABSORPT0ON LENGTHS: ’AYLE0GH SCATTER0NG LENGTHS: REFRACT0VE 0NDEXES: AND 1l/ DETECT0ON EffC0ENC0ES% �LL
THE CR0T0CAL PARAMETERS HAVE BEEN MEASURED FOR I2¯9 AND USED 0N THE S0MULAT0ON% ıSPEC0ALLY: THE k®
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L0GHT Y0ELD 0S NORMAL0ZED TO THE ,AYA &AY DATA BY COMPAR0NG THE lONTE •ARLO S0MULAT0ONS W0TH THE
,AYA &AY AND I2¯9 CONfflGURAT0ONS% =0G% tz SHOWS THE MEAN NUMBER OF PHOTOELECTRONS PER lEu FOR
™%™™ lEu GAMMAS AS A FUNCT0ON OF RAD0US AT SEVERAL REPRESENTAT0VE POLAR ANGLES% /HE SHARP DECREASE
CLOSE TO Ωfi%fi M 0S DUE TO THE TOTAL RE5ECT0ON AT THE ACRYL0C AND WATER 0NTERFACE%
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=0GURE tz℃ lEAN NUMBER OF PHOTOELECTRONS PER lEu FOR ™%™™ lEu GAMMAS AS A FUNCT0ON OF RAD0US AT
REPRESENTAT0VE POLAR ANGLES%

®0NCE THE I2¯9 DETECTOR 0S NEARLY SYMMETR0C W0TH RESPECT TO ROTAT0ON: THE RAD0AL B0AS OF RECONSTRUCTED
VERTEX 0S OF PART0CULAR 0NTEREST% 2S0NG THE lACH0NE kEARN0NG TECHN0QUE: THE RAD0AL B0AS FOR POS0TRONS
W0TH D0fERENT ENERG0ES 0S CONTROLLED W0TH0N ™z MM 0N THE ENT0RE k® VOLUME: AS SHOWN 0N THE LEFT PANEL
OF =0G% tΩ% /HE VERTEX RESOLUT0ON: WH0CH DEPENDS ON V0S0BLE ENERGY: CAN BE DESCR0BED W0TH AN EMP0R0CAL
FORMULA πP – U<

|
Bter · a· b<Bter: WHERE THE PARAMETERS pU. a. b( – pΩnχ™. ™™χ;. fi7χΩ( MM ARE OBTA0NED

FROM THE RESOLUT0ON CURVE US0NG THE ’ES¯EThI MODEL 0N ’EF% b™Ωz[% /HE VERTEX RECONSTRUCT0ON US0NG THE
lACH0NE kEARN0NG APPROACH CURRENTLY PERFORMS BETTER THAN THE CONVENT0ONAL METHODS 0N ’EF% b™z;: ™ze[%
`OWEVER: FOR THE LATTER THERE 0S ST0LL ROOM FOR 0MPROVEMENT: SUCH AS COMB0N0NG THE T0ME AND CHARGE
1,=S NEAR THE DETECTOR BOUNDARY%
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=0GURE tΩ℃ kEFT℃ ’AD0AL B0AS OF THE VERTEX RECONSTRUCT0ON VERSUS Qt FOR D0fERENT ENERG0ES W0TH DEEP
LEARN0NG% /HE TWO DASHED L0NES ARE AT Y–×™z MM: AND THE SHADOW CORESPONDS TO R / fflDUC0AL VOLUMN%
’0GHT℃ 2N0FORM0TY OF THE NORMAL0ZED BpdZ W0TH RESPECT TO Qt AT VAR0OUS ENERG0ES%

/HE NONhUN0FORM DETECTOR RESPONSE 0N =0G% tz 0S EL0M0NATED TO z%t) BY US0NG THE MULT0hPOS0T0ONAL
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SOURCE DEPLOYMENT CAL0BRAT0ON STRATEGY bt[% /HE RES0DUAL NONhUN0FORM0TY NEAR TOTAL RE5ECT0ON ZONE AND
k® EDGE CAN BE FURTHER M0T0GATED BY OPT0M0Z0NG THE CHO0CE OF THE CAL0BRAT0ON SOURCE AND THE CAL0BRAT0ON
POS0T0ONS b™Ωt[% /HE R0GHT PANEL OF =0G% tΩ SHOWS THE RAD0AL DEPENDENCY OF THE NORMAL0ZED BpdZ FOR
POS0TRONS W0TH D0fERENT ENERG0ES: AND THE RES0DUAL ENERGY NONhUN0FORM0TY W0TH0N THE fflDUC0AL VOLUME
pACROSS THE WHOLE DETECTOR( CAN BE CONSTRA0NED TO z%Ω;) pz%™t)(% /HE EfORTS TO 0MPROVE ENERGY REh
CONSTRUCT0ON AND THE ENERGY RESOLUT0ON ARE ST0LL ONGO0NG: SUCH AS REDUC0NG THE RANDOM P0LEhUP FROM THE
1l/ DARK NO0SES AND THE O5• αhDECAYS%

t)oy)fi ,ATABASd AND ,.l

,ATA ON THE DETECTOR COND0T0ON 0NCLUD0NG SYSTEM CONfflGURAT0ONS: CAL0BRAT0ON DATA AND MON0TOR0NG RESULTS
ARE ESSENT0AL FOR EVENT DATA PROCESS0NG AND PHYS0CS ANALYS0S% � I2¯9 •OND0T0ONS ,ATA lANAGEMENT
®YSTEM pI•,l®( b™Ωfl[ HAS BEEN DEVELOPED TO HOMOGENOUSLY COLLECT AND MANAGE ALL THESE HETEROGENEOUS
COND0T0ONS DATA% /HE SYSTEM PROV0DES SEVERAL WAYS TO MANAGE AND ACCESS STATUS PARAMETERS V0A THE WEB
0NTERFACE OR THE •·· •OND0T0ONS ,ATABASE p•OND,&( SERV0CE% ,ATA CACH0NG BASED ON =RONT0ER AND
®QU0D b™Ωfi[ ARE USED TO DECREASE RESOURCE BURDENS% /HE I•,l® 0S 0N USE FOR I2¯9 lONTE •ARLO DATA
PRODUCT0ON%

� I2¯9 ,ATA +UAL0TY lON0TOR0NG p,+l( SYSTEM HAS BEEN DEVELOPED THAT W0LL PROV0DE REALhT0ME
MON0TOR0NG OF ,�+ DATA% ’ECENT CAL0BRAT0ON CONSTANTS AND THE FULL Offi0NE RECONSTRUCT0ON ALGOR0THMS W0LL
BE USED AND A WEB 0NTERFACE W0LL PRESENT PROCESS0NG RESULTS% -N ADD0T0ON: THE EVENT D0SPLAY SOFTWARE b™Ω7[
W0LL PROV0DE MON0TOR0NG OF RECENT EVENTS%

t)oy)7 bOMPUT0NG

/HE RAW DATA FROM THE I2¯9 DETECTOR W0LL BE RECORDED AT A RATE OF ABOUT ™ 1& PER YEAR% � DED0CATED
L0NK OF Ω 4BPS BANDW0DTH W0LL BE USED TO TRANSFER RAW DATA FROM THE EXPER0MENTAL S0TE TO THE -`ı1
DATA CENTER% /HE DATA W0LL BE STORED ON D0SK fflRST AND THEN ARCH0VED 0N THE TAPE L0BRARY% ,ATA SETS W0LL
BE REPL0CATED AT ıUROPEAN S0TES FOR EASY ACCESS BY THE WHOLE I2¯9 COLLABORAT0ON% /HE BANDW0DTH OF
THE 0NTERNAT0ONAL NETWORK BETWEEN •H0NA AND ıUROPE: Ωz 4BPS: 0S ADEQUATE FOR NORMAL DATA SHAR0NG%
�N APPL0CAT0ON TO iO0N THE kARGE `ADRON •OLL0DER 9PEN ¯ETWORK ıNV0RONMENT pk`•9¯ı( b™Ω;[ 0S 0N
PROGRESS: WH0CH W0LL ENHANCE THE PERFORMANCE OF I2¯9 DATA TRANSFERS%

/HE I2¯9 D0STR0BUTED COMPUT0NG SYSTEM HAS BEEN ESTABL0SHED BASED ON THE ,-’�• b™Ωe[ 0NTERWARE
0N ORDER TO BETTER ORGAN0ZE THE RESOURCES NEEDED FOR DATA PROCESS0NG AND ANALYS0S% /HE D0STR0BUTED
COMPUT0NG SYSTEM PROV0DES USERS W0TH A COMMON 0NTERFACE FOR STORAGE AND COMPUT0NG RESOURCES SCATTERED
ACROSS MULT0PLE DATA CENTERS AND PROV0DES A CONS0STENT 0NFRASTRUCTURE FOR THE EXPER0MENT% /HE SYSTEM
0S STRUCTURED 0N THREE LAYERS OR Ř/0ERS“ S0M0LAR TO THE vk•4 b™Ωn[% /0ER z OWNS THE CENTRAL ®TORAGE
ıLEMENT p®ı( AND 0S ABLE TO STORE A COMPLETE SET OF RAW DATA AS WELL AS ALL DER0VED DATA% 2S0NG 0TS
DED0CATED •12S: /0ER z 0S ABLE TO CONDUCT PROMPT EVENT RECONSTRUCT0ON% /0ER Ω HOLDS A COMPLETE COPY
OF THE DATA AND PERFORMS DATA REPROCESS0NG: S0MULAT0ON AND ANALYS0S% /HE -`ı1 DATA CENTER W0LL ACT AS
BOTH /0ER z AND /0ER Ω AND AT LEAST ONE LARGE ıUROPEAN DATA CENTER W0LL ACT AS A /0ER Ω S0TE% ®MALLER
S0TES W0TH L0M0TED RESOURCES ACT AS /0ER ™ CONTR0BUT0NG TO S0MULAT0ON AND ANALYS0S% 9THER SMALL S0TES CAN
L0NK CACHES W0TH THE ®ıS 0N ORDER TO SUPPORT ANALYS0S%

®EVERAL ROUNDS OF DATA CHALLENGES PRODUC0NG lONTE •ARLO pl•( DATA HAVE BEEN PERFORMED SUCh
CESSFULLY BY THE I2¯9 D0STR0BUTED COMPUT0NG SYSTEM% 1ART0C0PANTS 0NCLUDED DATA CENTERS FROM I-¯’:
•¯�=: 2N0VERS0TY OF 1ADOVA: -¯™1t AND -`ı1% ®OFTWARE FOR THE DATA CHALLENGES WAS D0STR0BUTED V0A
•ul=® b™™z[: THE ,0RAC =0LE •ATALOGUE p,=•( WAS USED FOR DATA MANAGEMENT AND THE WORK5OW OF THE
l• PRODUCT0ON WAS CONSTRUCTED US0NG THE ,-’�• TRANSFORMAT0ON SYSTEM% =URTHER DATA CHALLENGES ARE
SCHEDULED TO 0MPROVE THE EffC0ENCY AND REL0AB0L0TY OF THE I2¯9 D0STR0BUTED COMPUT0NG SYSTEM%
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t)oo kOW BACJGROUND CONTROL
/HE MA0N EXPECTED BACKGROUND SOURCES 0N I2¯9 ARE COSM0C MUONS: FAST NEUTRONS: COSMOGEN0C 0SOTOPES
0NDUCED BY MUON SPALLAT0ON 0N THE L0QU0D SC0NT0LLATOR: AND NATURAL RAD0OACT0V0TY% �PART FROM THE NATURAL
RAD0OACT0V0TY: THE 0MPACT OF ALL THESE SOURCES ON I2¯9 MEASURED EVENT RATE 0S DETERM0NED BY THE CHO0CE
OF THE EXPER0MENTAL S0TE AND CAN ONLY BE D0M0N0SHED BY EffC0ENT TAGG0NG: CAREFUL EVENT RECONSTRUCT0ON:
AND PROfflC0ENT VETO STRATEG0ES% /HE STR0CT CONTROL OF NATURAL RAD0OACT0V0TY 0S THE ONLY MEANS TO REDUCE
THE ACC0DENTAL COUNT RATE 0N THE I2¯9 DETECTOR%

¯ATURAL RAD0OACT0V0TY COMES FROM ALL MATER0ALS AND THE ENV0RONMENT% `UGE EfORTS ON MATER0AL
SCREEN0NG AND CONVEN0ENT ARRANGEMENT OF THE EXPER0MENTAL APPARATUS WERE THE MA0N DR0V0NG ACT0ONS
DUR0NG I2¯9 PLANN0NG AND DES0GN0NG% /HE •ENTRAL ,ETECTOR: 0%E% THE SPHER0CAL ACRYL0C VESSEL CONTA0N0NG
THE ™z KTON OF L0QU0D SC0NT0LLATOR: 0S 0MMERSED 0N A WATER POOL THAT PROV0DES AN EfECT0VE SH0ELD0NG NOT ONLY
AGA0NST THE FAST NEUTRONS FROM MUONS: BUT ALSO AGA0NST THE RAD0OACT0V0TY FROM THE ROCK% �LL MATER0ALS
COMPR0S0NG THE I2¯9 DETECTOR: 0NCLUD0NG THE L0QU0D SC0NT0LLATOR 0TSELF: HAVE BEEN CAREFULLY SELECTED
ACCORD0NG TO THE0R BULK RAD0OPUR0TY% &ES0DES THAT: PRODUCT0ON: CLEAN0NG: STORAGE: AND CONSTRUCT0ON
PROTOCOLS ARE CAREFULLY SORTED OUT TO AVO0D POSS0BLE CONTAM0NAT0ON OF MATER0AL SURFACES: ESPEC0ALLY 0N
THE V0C0N0TY OF THE •ENTRAL ,ETECTOR% =0NALLY: THE RAD0OACT0V0TY FROM EXTERNAL MATER0ALS CAN ALSO BE
EffC0ENTLY REMOVED BY 0MPOS0NG AN ENERGY THRESHOLD AND A fflDUC0AL VOLUME CUT% � S0MULAT0ON OF THE
WHOLE DETECTOR: BASED ON THE ®¯-1ı’ FRAMEWORK AND 4ı�¯/fl TOOLK0T: 0S USED TO CONSTANTLY CHECK
THE 0MPACT OF ANY MOD0fflCAT0ON OR 0MPROVEMENT ON THE I2¯9 BACKGROUND BUDGET% � L0ST OF THE TARGET
0MPUR0TY CONCENTRAT0ONS 0N KEY MATER0ALS OF THE I2¯9 DETECTOR 0S REPORTED 0N /AB% e: TOGETHER W0TH
THE0R EXPECTED CONTR0BUT0ON TO THE COUNT RATE 0N THE ’EG0ON 9F -NTEREST p’9-(%

®0NCE THE k® W0LL BE EXTENS0VELY PUR0fflED DUR0NG THE PRODUCT0ON: AND THE PUR0fflCAT0ON EffC0ENCY 0S
HARD TO PRED0CT ACCURATELY: WE HAVE ASSUMED 0TS 3te263t3/H CONTENT TO BE Ω·Ωz�Off G6G 0N /AB% e: WH0CH
0S THE M0N0MUM REQU0REMENT FOR REACTOR NEUTR0NO STUD0ES% ®0M0LAR REQU0REMENT 0S PUT FOR 5vJ% /HE TARGET
3te263t3/H 0MPUR0T0ES OF I2¯9 0S Ω·Ωz�Os G6G% /HE 1l/ GLASS RAD0Oh0MPUR0T0ES ARE TAKEN FROM SAMPLE
MEASUREMENTS pDYNODE 1l/( AND CONSTANT MON0TOR0NG OF THE GLASS RAD0OACT0V0T0ES DUR0NG PRODUCT0ON
pl•1h1l/(% ¯UMBERS FOR OTHER MATER0ALS ARE UPPER L0M0TS BASED ON NUMEROUS MEASUREMENTS DUR0NG
’´,%

lATER0AL lASS 2PPER L0M0T ON 0MPUR0TY CONCENTRAT0ON ®0NGLES 0N ’9-
3te2 3t3/H 5vJ 3Ov1B6333’N 7v•O �LL VOLUME =0DUC0AL VOLUME

bKT[ bPPB[ bPPB[ bPPB[ bM&Q6KG[ b`Z[ b`Z[
k® ™z Ωz�7 Ωz�7 Ωz�s Ωz�Ot PPB ™%fi ™%™

�CRYL0C z%7Ω Ωz�t Ωz�t Ωz�t e%fl z%fl
®® TRUSS AND NODES Ω z%™ z%7 z%z™ Ω%fi Ωfi%e Ω%Ω

1l/ GLASS z%Ω™ ™fi; ™zz Ωfl ™7%z ™%;
vATER tfi Ωz M&Q6Mt Ω%z z%z7
9THER fi z%7

®UM fin ;%Ω

/ABLE e℃ &ACKGROUND BUDGET FOR KEY MATER0ALS USED 0N THE I2¯9 DETECTOR% /HE OTHER COMPONENTS SUCH
AS THE CAL0BRAT0ON SYSTEM: 1l/ POTT0NG: ELECTRON0CS AND CABLES HAVE RELAT0VELY SMALLER CONTR0BUT0ON TO THE
BACKGROUND% /HEY ARE COMB0NED AS Ř9THER“ 0N THE TABLE% /HE UPPER L0M0TS ON 0MPUR0TY CONCENTRAT0ONS
ARE THE TARGET VALUES A0MED BY I2¯9% /HE LAST TWO COLUMNS L0ST THE EXPECTED COUNT RATES 0NDUCED BY
THE RAD0Oh0MPUR0TY CONTENT FOR ENERGY DEPOS0T0ONS LARGER THAN z%;lEu% -N THE LAST COLUMN A fflDUC0AL
VOLUME OF Ω;%™M OF RAD0US 0S CONS0DERED%

&ES0DES DETECTOR DES0GN AND CAREFUL MATER0AL CONTROL: PART0CULAR CARE 0S DEVOTED TO MATER0ALS THAT
ARE 0N D0RECT CONTACT W0TH THE L0QU0D SC0NT0LLATOR% =OR THE PANELS OF THE ACRYL0C VESSEL: A NYLON fflLM OF
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≡Ω θM TH0CKNESS 0S USED TO PROTECT THE ACRYL0C SURFACE AGA0NST DUST AND RADON D0fUS0ON UNT0L THE •ENTRAL
,ETECTOR 0S fflLLED W0TH THE SC0NT0LLATOR% •ONCERN0NG THE CLEANL0NESS OF THE TANKS OR EQU0PMENT THAT W0LL
BE 0N D0RECT CONTACT W0TH THE L0QU0D SC0NT0LLATOR DUR0NG THE PUR0fflCAT0ON PROCESS: THE BASEL0NE L0M0T FOR THE
RES0DUAL DUST ON SURFACES 0S ≡z%ΩMG6M3: ASSUM0NG THAT THE RAD0OACT0V0TY OF THE DUST 0S S0M0LAR TO THAT
OF THE ROCK% /H0S SHOULD GUARANTEE THE 26/H CONTR0BUT0ON FROM SURFACE POLLUT0ON LOWER THAN Ωz�O7 G6G
0N ™z KTON OF SC0NT0LLATOR%

ıVEN MORE 0MPORTANTLY: THE ’ADON CONCENTRAT0ON 0N UNDERGROUND A0R CAN REACH MORE THAN Ωzz &Q6Mt%
’ADON CAN BE D0SSOLVED 0N THE L0QU0D SC0NT0LLATOR: PLAC0NG 0MPORTANT REQU0REMENTS FOR THE GAS T0GHTNESS
OF ALL PUR0fflCAT0ON SYSTEMS% kEAKAGE TESTS W0LL BE PERFORMED BASED ON VACUUM FORCE TECHNOLOGY% �SSUMh
0NG THE PRESSURE D0fERENCE 0S Ω BAR AND RADON CONCENTRAT0ON 0N THE UNDERGROUND A0R 0S Ωzz &Q6Mt: THE
LEAKAGE SENS0T0V0TY FOR THE S0NGLE COMPONENT HAS TO REACH fl·Ωz�7 MBAR. L6S W0TH THE VACUUMhA0R TEST
TO REACH THE GOAL FOR 3Ov1B6333’N%

=0NALLY: THE CLEANL0NESS OF THE ENV0RONMENT DUR0NG DETECTOR 0NSTALLAT0ON AND L0QU0D SC0NT0LLATOR fflLL0NG
0S ALSO VERY 0MPORTANT: S0NCE THE ACRYL0C W0LL BE EXPOSED TO THE A0R AFTER NYLON REMOVAL AND CLEAN0NG
AND BEFORE L0QU0D SC0NT0LLATOR fflLL0NG% � CLASS Ωzz:zzz ENV0RONMENT 0S NEEDED FOR THE WHOLE UNDERGROUND
LABORATORY: AND SPEC0AL REQU0REMENTS FOR THE CLEANL0NESS OF THE A0R 0N THE ACRYL0C VESSEL SHOULD REACH CLASS
Ωzzz — Ωz:zzz CLEANL0NESS LEVEL%

t)o3 6�9
/HE /A0SHAN �NT0NEUTR0NO 9BSERVATORY p/�9( b™z[ 0S DES0GNED FOR A H0GH PREC0S0ON MEASUREMENT OF
THE REACTOR ANT0NEUTR0NO SPECTRUM% v0TH A TONhLEVEL L0QU0D SC0NT0LLATOR pk®( DETECTOR AT ≡ tz METERS
FROM A REACTOR CORE OF THE /A0SHAN ¯UCLEAR 1OWER 1LANT: /�9 W0LL PROV0DE A REFERENCE SPECTRUM FOR THE
DETERM0NAT0ON OF NEUTR0NO MASS ORDER0NG 0N I2¯9: AS WELL AS A BENCHMARK MEASUREMENT TO TEST NUCLEAR
DATABASES b™™Ω[% &Y MON0TOR0NG ONE CORE FOR SEVERAL FUEL CYCLES: /�9 W0LL NOT ONLY MEASURE THE TOTAL
SPECTRUM OF TH0S CORE W0TH H0GH ENERGY RESOLUT0ON: BUT ALSO BE ABLE TO EXTRACT THE 0SOTOP0C SPECTRA OF
3tff2 AND 3tn1U pOR THE COMBO OF 3tn1U AND 35O1U( US0NG THE SAME TECHN0QUE 0N ’EF% b™™™[% v0TH THE
fflSS0ON FRACT0ONS PROV0DED BY CORE S0MULAT0ONS: ALL CORES 0N THE /A0SHAN AND xANGi0ANG POWER PLANTS CAN
BE PRED0CTED TO A GOOD PREC0S0ON% /HE EXPER0MENT 0S EXPECTED TO START DATA TAK0NG AT A S0M0LAR T0ME AS
I2¯9%

v0TH A ΩhTON fflDUC0AL VOLUME: THE -&, EVENT RATE OF /�9 W0LL BE MORE THAN tz T0MES THAT OF I2¯9:
PROV0D0NG ENOUGH STAT0ST0CS% �LTHOUGH t)<

|
B ENERGY RESOLUT0ON pB 0S V0S0BLE ENERGY 0N lEu( 0S ENOUGH

FOR /�9 TO SERVE AS A REFERENCE DETECTOR OF I2¯9: THE ENERGY RESOLUT0ON SHOULD BE AS H0GH AS POSS0BLE
TO STUDY THE POSS0BLE fflNE STRUCTURE OF THE REACTOR ANT0NEUTR0NO SPECTRUM AND CREATE A H0GHLY RESOLVED
BENCHMARK TO TEST NUCLEAR DATABASES% /HEREFORE: ®0L0CON 1HOTOMULT0PL0ERS p®01lS( OF / fiz) PHOTON
DETECT0ON EffC0ENCY W0LL BE USED TO V0EW THE k® W0TH CLOSE TO FULL GEOMETR0CAL COVERAGE% /HE DETECTOR HAS
TO OPERATE AT hfiz±• TO LOWER THE DARK NO0SE OF THE ®01lS TO AN ACCEPTABLE LEVEL% ®0MULAT0ONS SHOW THAT
ABOUT fl:fizz PHOTOELECTRONS PER lEu W0LL BE OBSERVED: CORRESPOND0NG TO Ωχfi)<

|
B 0N PHOTON STAT0ST0CS%

/AK0NG 0NTO ACCOUNT SYSTEMAT0C EfECTS: THE ENERGY RESOLUT0ON CAN ST0LL REACH , ™)<
|
B%

� SCHEMAT0C DRAW0NG OF THE /�9 DETECTOR 0S SHOWN 0N =0G% t™% /HE •ENTRAL ,ETECTOR p•,( DETECTS
REACTOR ANT0NEUTR0NOS W0TH ™%e TON 4ADOL0N0UMhDOPED k® p4Dk®( CONTA0NED 0N A SPHER0CAL ACRYL0C VESSEL
OF Ω%e M 0N 0NNER D0AMETER% /O CONTA0N THE ENERGY DEPOS0T0ON OF GAMMAS FROM POS0TRON ANN0H0LAT0ON:
A ™fihCM SELECT0ON CUT FROM THE ACRYL0C VESSEL W0LL BE APPL0ED FOR THE POS0TRON VERTEX: RESULT0NG 0N Ω TON
fflDUC0AL MASS% /HE -&, EVENT RATE 0N THE fflDUC0AL VOLUME W0LL BE ABOUT ™:zzz pfl:zzz( EVENTS PER DAY W0TH
pW0THOUT( THE DETECT0ON EffC0ENCY 0NCLUDED% � SPHER0CAL COPPER SHELL OF Ω%eefl M 0N 0NNER D0AMETER AND
Ω™ MM 0N TH0CKNESS WRAPS THE ACRYL0C VESSEL: AND PROV0DES MECHAN0CAL SUPPORT AND THERMAL STAB0L0TY FOR
THE ®01l T0LES% /HE GAP BETWEEN THE ®01l SURFACE AND THE ACRYL0C VESSEL 0S ABOUT ™ CM% /HE COPPER
SHELL 0S 0NSTALLED 0N A CYL0NDR0C STA0NLESS STEEL TANK W0TH AN OUTER D0AMETER OF ™%Ω M AND A HE0GHT OF
™%™ M% /HE STA0NLESS STEEL TANK 0S fflLLED W0TH k0NEAR �LKYLBENZENE pk�&( AS BUfER L0QU0D TO SH0ELD THE
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RAD0OACT0V0TY OF THE OUTER TANK AND TO COUPLE OPT0CALLY THE ACRYL0C AND THE ®01l SURFACE% /HE STA0NLESS
STEEL TANK 0S 0NSULATED W0TH ™z CM TH0CK 1OLYURETHANE p12( TO OPERATE AT hfiz±•: AT WH0CH THE DARK NO0SE
OF ®01lS 0S EXPECTED TO BE REDUCED BY t ORDERS TO ≡ Ωzz `Z6MM3%

�N �UTOMATED •AL0BRAT0ON 2N0T p�•2( FROM ,AYA &AY bΩee[ W0LL BE REhUSED TO CAL0BRATE THE DETECTOR
ALONG THE CENTRAL VERT0CAL AX0S W0TH MULT0PLE RAD0OACT0VE SOURCES AND AN kı,% /O CAL0BRATE THE OfhAX0S
PO0NTS: THE �•2 W0LL BE MOD0fflED TO 0NCLUDE A •ABLE kOOP ®YSTEM p•k®(% /HE SOURCE MOVES ALONG
THE S0DE L0NE OF A TR0ANGLE 0N THE DETECTOR VOLUME: PROV0D0NG A SU0TABLE CAL0BRAT0ON SAMPLE TO STUDY THE
DETECTOR?S NONhUN0FORM0TY%

/HE •, 0S SURROUNDED BY Ω%™ M TH0CK WATER TANKS ON THE S0DES: Ω M `0GHh,ENS0TY 1OLYETHYLENE
p`,1ı( ON THE TOP: AND Ωz CM LEAD AT THE BOTTOM TO SH0ELD THE AMB0ENT RAD0OACT0V0TY AND COSMOGEN0C
NEUTRONS% •OSM0C MUONS W0LL BE DETECTED BY THE WATER TANKS 0NSTRUMENTED W0TH 1l/S AND BY 1LAST0C
®C0NT0LLATOR p1®( ON THE TOP%

=0GURE t™℃ ®CHEMAT0C V0EW OF THE /�9 DETECTOR: WH0CH CONS0STS OF A •ENTRAL ,ETECTOR p•,( AND AN
OUTER SH0ELD0NG AND VETO SYSTEM% /HE •, CONS0STS OF ™%e TON GADOL0N0UMhDOPED k® fflLLED 0N A SPHER0CAL
ACRYL0C VESSEL AND V0EWED BY Ωz M3 ®01lS: A SPHER0CAL COPPER SHELL THAT SUPPORTS THE ®01lS: t%flfi TON
BUfER L0QU0D: AND A CYL0NDR0CAL STA0NLESS STEEL TANK 0NSULATED W0TH ™z CM TH0CK 1OLYURETHANE% /HE OUTER
SH0ELD0NG 0NCLUDES Ω%™ M TH0CK WATER 0N THE SURROUND0NG TANKS: Ω M `0GHh,ENS0TY 1OLYETHYLENE ON THE
TOP: AND Ωz CM LEAD AT THE BOTTOM% /HE WATER TANKS: 0NSTRUMENTED W0TH 1HOTOMULT0PL0ERS: AND THE
PLAST0C SC0NT0LLATOR ON THE TOP COMPR0SE THE ACT0VE MUON VETO SYSTEM% /HE TR0ANGLE AND CENTRAL AX0S
0NS0DE THE DETECTOR SHOW THE REACH OF THE CAL0BRAT0ON%

/HE /A0SHAN ¯UCLEAR 1OWER 1LANT 0S LOCATED 0N •H0X0 TOWN OF /A0SHAN C0TY 0N 4UANGDONG PROV0NCE:
fit KM FROM THE I2¯9 EXPER0MENT% -T HAS TWO CORES CURRENTLY 0N OPERAT0ON% &OTH ARE ıUROPEAN
1RESSUR0SED ’EACTORS pı1’(: EACH W0TH fl%7 4v THERMAL POWER% �T ≡ tz METER BASEL0NE: THE FAR
CORE CONTR0BUTES ABOUT Ω%fi) TO THE TOTAL REACTOR ANT0NEUTR0NO RATE 0N THE /�9 DETECTOR% /HE /A0SHAN
¯EUTR0NO kABORATORY FOR THE /�9 DETECTOR 0S 0N A BASEMENT n%7 M BELOW THE GROUND LEVEL: OUTS0DE OF THE
CONCRETE CONTA0NMENT SHELL OF THE REACTOR CORE% lUON RATE AND COSMOGEN0C NEUTRON RATE ARE MEASURED
TO BE Ω6t OF THOSE ON THE SURFACE% ®0MULAT0ONS SHOW THAT THE BACKGROUND LEVEL DUE TO COSMOGEN0C FAST
NEUTRONS: ACC0DENTAL CO0NC0DENCES: AND COSMOGEN0C e`E6nk0 CAN BE CONTROLLED TO , Ωz) OF THE S0GNAL
W0TH THE DES0GNED SH0ELD0NG AND MUON VETO DETECTOR% /HE EXPECTED RATES OF -&, S0GNAL AND THE RES0DUAL
BACKGROUNDS PASS0NG THE -&, SELECT0ON CUTS ARE SUMMAR0ZED 0N /AB% n%
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/ABLE n℃ ®UMMARY OF THE -&, S0GNAL AND BACKGROUND RATES AT /�9%
-&, S0GNAL pAFTER SELECT0ONS( ≡ ™zzz EVENTS6DAY

lUON RATE ≡ ;z `Z6M3
®0NGLES FROM RAD0OACT0V0TY , Ωzz `Z

=AST NEUTRON BACKGROUND AFTER VETO , ™zz EVENTS6DAY
�CC0DENTAL BACKGROUND RATE , Ωnz EVENTS6DAY

e`E6nk0 BACKGROUND RATE ≡ fifl EVENTS6DAY

fl rUMMARx
-N TH0S ART0CLE: WE HAVE REV0EWED THE PHYS0CS POTENT0AL AND fflNAL DES0GN OF THE I2¯9 DETECTOR%

v0TH ™zhKTON L0QU0D SC0NT0LLATOR AS THE NEUTR0NO TARGET AND A t)<
√
BplEu( EfECT0VE ENERGY RESOh

LUT0ON: THE NEUTR0NO MASS ORDER0NG CAN BE RESOLVED AT tπ W0TH ABOUT 7 YEARS OF DATA BY DETECT0NG THE
REACTOR ANT0NEUTR0NOS FROM TWO NUCLEAR POWER PLANTS AT EQUAL D0STANCES OF fit KM% /AK0NG 0NTO ACCOUNT
THE PREC0S0ON AT THAT THE NEUTR0NO MASS SPL0TT0NG W0LL BE MEASURED BY ACCELERATOR EXPER0MENTS BY THEN:
THE S0GN0fflCANCE COULD 0NCREASE S0GN0fflCANTLY% v0TH REACTOR ANT0NEUTR0NOS: THE NEUTR0NO OSC0LLAT0ON PARAMh
ETERS S0N3 ™εO3: dk3

3O: AND 〉dk3
t3〉 CAN BE PREC0SELY MEASURED TO A PREC0S0ON OF BETTER THAN z%7) W0TH 7

YEARS OF DATA%
=OR A TYP0CAL SUPERNOVA BURST AT Ωz KPC: I2¯9 W0LL REG0STER≡ fizzz -&, EVENTS: ≡ tzz cı® EVENTS AND

≡ ™zzz nı® EVENTS OF ALLh5AVOR NEUTR0NOS: PROV0D0NG DEEP 0NS0GHTS 0NTO THE SUPERNOVA BURST MECHAN0SM%
v0TH Ωz YEARS OF DATA: I2¯9 0S EXPECTED TO PROV0DE A tπ EV0DENCE OF THE ,®¯& S0GNAL: PROV0DE NEW
LOW ENERGY DATA OF A POSS0BLE SPECTRUM D0STORT0ON OF THE e& SOLAR NEUTR0NO W0TH ABOUT 7z:zzz S0GNAL AND
tz:zzz BACKGROUND: MEASURE THE GEONEUTR0NO 5UX TO A fi) PREC0S0ON: AND CONSTRA0N THE PROTON L0FET0ME
0N THE n∼ mµF) CHANNEL TO A LOWER L0M0T OF eχtfl· Ωztt YEARS pnz) •%k%(% /HE SPECTRUM OF ATMOSPHER0C
NEUTR0NOS CAN BE 0NVEST0GATED W0TH H0GH ENERGY RESOLUT0ON% lANY 0NTEREST0NG EXOT0C SEARCHES MAY Y0ELD
UNFORESEEN SURPR0SES%

/HESE EXC0T0NG PHYS0CS GOALS REQU0RE CHALLENG0NG DETECTOR TECHNOLOG0ES% vE PRESENT THE fflNAL DES0GN
OF THE DETECTOR AND THE KEY ’´, ACH0EVEMENTS% /HE ™zhKTON L0QU0D SC0NT0LLATOR W0LL BE PUR0fflED W0TH
�LUM0NA fflLTRAT0ON: D0ST0LLAT0ON: WATER EXTRACT0ON: AND GAS STR0PP0NG: AND TESTED BY THE ™zhTON PREh
DETECTOR 9®-’-® TO REACH A / ™zhM ATTENUAT0ON LENGTH AND ≡ Ωz�Os G6G 26/H6J BACKGROUNDS% /HE
L0QU0D SC0NT0LLATOR 0S CONTA0NED 0N A HUGE ACRYL0C VESSEL W0TH A D0AMETER OF tfi%fl M AND A TH0CKNESS OF
Ω™ CM% /HE ACRYL0C HAS A LOW BACKGROUND LEVEL OF SUBhPPT AND / n7) TRANSPARENCY% ®C0NT0LLAT0ON L0GHT
0S DETECTED W0TH Ω;:7Ω™ ™zh0NCH 1l/S OF AN AVERAGE DETECT0ON EffC0ENCY OF ™n%Ω) AND ™fi:7zz th0NCH
1l/S OF AN AVERAGE DETECT0ON EffC0ENCY OF ≡ ™fl): RESULT0NG 0N A PHOTOCATHODE COVERAGE OF ;;%n) AND
A Y0ELD OF ABOUT Ωtflfi PHOTOELECTRONS PER lEu% 1l/S ARE PROTECTED AGA0NST 0MPLOS0ON BY WELLhTESTED
COVERS MADE OF ACRYL0C AND STA0NLESS STEEL% /HE ™zh0NCH 1l/S W0LL BE READ OUT W0TH Ω™hB0T AND Ωh4®6S
CUSTOM0ZED =�,• AND THE th0NCH 1l/S W0LL BE READ OUT W0TH •�/-’9• �®-•% /HE ELECTRON0CS ARE
CONTA0NED 0N UNDERWATER BOXES W0TH A REQU0RED LOSS RATE OF , zχfi) 0N 7 YEARS% /HE DETECTOR W0LL BE
CAL0BRATED W0TH MULT0PLE SOURCES AND LASER: W0TH AN AUTOMATED CAL0BRAT0ON UN0T: CABLE LOOP AND GU0DE
TUBE SYSTEMS: AND A ’EMOTELY 9PERATED uEH0CLE: TO REACH AN ENERGY RESOLUT0ON OF t) AT Ω lEu AND AN
ENERGY NONhL0NEAR0TY OF Ω)% ’AD0OACT0V0TY BACKGROUNDS ARE EXPECTED TO BE WELL CONTROLLED TO fin `Z 0N
THE WHOLE DETECTOR AND ; `Z 0N THE fflDUC0AL VOLUME W0TH A fizhCM VERTEX CUT FROM THE ACRYL0C VESSEL%

k0QU0D SC0NT0LLATOR AND 1l/S ARE SUBMERGED 0N tz KTON OF PURE WATER 0NSTRUMENTED W0TH ™:flzz ™zh
0NCH 1l/S% lUON DETECT0ON EffC0ENCY OF THE WATER •HERENKOV DETECTOR 0S EXPECTED TO BE nn%fi)% ’ADON
0N WATER W0LL BE CONTROLLED TO BE , zχ™ &Q6Mt W0TH A MULT0hSTAGE DEGASS0NG MEMBRANE AND A M0CROh
BUBBLE SYSTEM% lUONS ARE ALSO DETECTED W0TH A thLAYER /OP /RACKER MADE OF PLAST0C SC0NT0LLATOR: W0TH A
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DETECT0ON EffC0ENCY OF nt) AND AN ANGULAR RESOLUT0ON OF z%™±%
/O EL0M0NATE THE MODEL DEPENDENCE DUE TO THE POSS0BLE fflNE STRUCTURE 0N THE REACTOR ANT0NEUTR0NO

SPECTRUM: A SATELL0TE DETECTOR /�9 W0LL BE 0NSTALLED AT tz—tfi METERS FROM A CORE OF THE /A0SHAN NUCLEAR
POWER PLANT% /�9 CONS0STS OF ™%e TON GADOL0N0UMhLOADED L0QU0D SC0NT0LLATOR AND Ωz M3 ®01lS OPERATED
AT hfiz±•% �BOUT fl:fizz PHOTOELECTRONS PER lEu AND , ™) ENERGY RESOLUT0ON 0S EXPECTED%

I2¯9 COMPLETED THE EXCAVAT0ON OF THE TUNNEL AND THE UNDERGROUND EXPER0MENTAL HALL AT THE END OF
™z™z% /HE DETECTOR DES0GN HAS BEEN fflNAL0ZED AND ALL CHALLENGES REGARD0NG THE DETECTOR TECHNOLOG0ES HAVE
BEEN SOLVED% /HE DETECTOR COMPONENT PRODUCT0ON AND FAC0L0TY AND DETECTOR 0NSTALLAT0ON 0S UNDERWAY%
&OTH I2¯9 AND /�9 ARE EXPECTED TO COMPLETE THE DETECTOR CONSTRUCT0ON AT THE END OF ™z™™%

�CJNOWLdDGdMdNT
vE ARE GRATEFUL FOR THE ONGO0NG COOPERAT0ON FROM THE •H0NA 4ENERAL ¯UCLEAR 1OWER 4ROUP% /H0S WORK
WAS SUPPORTED BY THE •H0NESE �CADEMY OF ®C0ENCES: THE ¯AT0ONAL JEY ’´, 1ROGRAM OF •H0NA: THE •�®
•ENTER FOR ıXCELLENCE 0N 1ART0CLE 1HYS0CS: vUY0 2N0VERS0TY: AND THE /SUNGh,AO kEE -NST0TUTE OF ®HANGHA0
I0AO /ONG 2N0VERS0TY 0N •H0NA: THE -NST0TUT ¯AT0ONAL DE 1HYS0QUE ¯UCLaEA0RE ET DE 1HYS0QUE DE 1ART0CULES
p-¯™1t( 0N =RANCE: THE -ST0TUTO ¯AZ0ONALE D0 =0S0CA ¯UCLEARE p-¯=¯( 0N -TALY: THE -TAL0ANh•H0NESE COLh
LABORAT0VE RESEARCH PROGRAM l�ı•-h¯®=•: THE =OND DE LA ’ECHERCHE ®C0ENT0fflQUE p=%’%®h=¯’®( AND
=v9 UNDER THE ŘıXCELLENCE OF ®C0ENCE Ăjs ı9®Ăjâ 0N &ELG0UM: THE •ONSELHO ¯AC0ONAL DE ,ESENVOLV0h
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