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w
hat/w

hy the SPM
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 (fast physics recap)
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the JU
N

O
 detector…

 3

Φ≈
35m
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the JU
N

O
 detector (predecessors)…
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~10m SN
O

 @
 C

anada
(N

obel prize 2015)
Super-K

am
iokaN

D
E @

 Japan
(N

obel prize 2015)

~50m

~14,000 PM
Ts (20” diam

eter)

~10,000 PM
Ts (8” diam

eter)

JU
N

O
 can be regarded as a hybrid of both…

(filled w
ith liquid-scintillator→

 ~100x m
ore light)
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 5

~18,000 PM
Ts (20” diam

eter)→
 Large-P

M
T

 system
 (LP

M
T

)
~25,000 PM

Ts (3” diam
eter)→

 Sm
all-P

M
T

 system
 (SP

M
T

)

JU
N

O
 first stereo-calorim

etric detector
response m

axim
al redundancy &

 control of response system
atics 

(→
linearity)

(im
pact to energy resolution non-stochastic term

s)
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JU
N

O
 upgrade…
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JU
N

O
(before)

JU
N

O
(now

)

stereo-calorim
etric

single-calorim
etric
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JU
N

O
:  a photo-cathode colloso

highest light level ever m
ade (≥

1000 P
E/M

eV
)

highest “calorim
etry” control of system

atics
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the JU
N

O
 challenge…
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H
IG

H
EST

 precision calorim
etry (≤

3%
 @

 1M
eV)

⊕
LA

R
G

EST
 dynam

ic range in calorim
etry (channel-w

ise) [⇒
 uniform

ity⊕
linearity⊕

stability]

(λ
⦿≈

0.28)

mean illumination per channel (PE/PMT)

if λ≲0.5⇒
 ~photon-counting regim

e

K
am

LA
N

D
1880PM

Ts
~250PE/M

eV

(λ
⦿≈

0.35)

(λ
⦿≈

1.0)(λ
⦿≈

0.13)

D
B

190PM
Ts

~180PE/M
eV

D
C

390PM
Ts

~180PE/M
eV

B
x

2212PM
Ts

~500PE/M
eV

JU
N

O
18000PM

Ts
~1200PE/M

eV

~2x
~3x

λ
⦿

 = m
ean illum

ination per channel @
 center

@
1M

eV

~4.5m
 buffer

≤
4x

N
T

G
C

(λ
⦿≈

0.07)

~100x

LPM
T

≤
4x

SPM
T
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the com
petition SPM

T vs LPM
T…

 9μ D
etector

buffer

high energy
(lot of light)

low
 energy

(little light)
SP

M
T

: sm
all pixels

LP
M

T
: large pixels

one photon per pixel
⟹

 “0” dynam
ic range

[no non-linearity]

m
any photons per pixel

⟹
 large dynam

ic range!
[non-linearity control]

unit of area
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SPM
T regim

e…
 10

Photon Counting
(Photon-Statistics)

1hit = 1PE
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Photon-Counting vs Charge-Integration…
 11

Readout W
indow

Readout W
indow

PE discrim
ination threshold

(a fraction of a PE)

•1
h

it=
1
P

E→
n

o
 reco

n
stru

ctio
n

 (no gain needed!)

•1
h

it≠
1
P

E→
reco

n
stru

ctio
n

 is a
 m

u
st! [Q

I-reco
]

tim
e-sta

m
p

 (self-trigger)
(pulse @

 threshold→
 discrim

inator)

tim
e-sta

m
p

 (glo
b

a
l trigger)

(readout-w
indow

 sam
pled, exam

ple @
 start)

@
LPM

T

@
SPM

T
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ρ position (m
m

)

Response (normalised @ ⊙)

Photon Counting  vs Charge Integration in action…
 12

response uniform
ity

charge & counting both useful→
 highly com

plem
entary!!

charge estim
ator

counting estim
ator
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the cooperation SPM
T⊕

LPM
T…
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SP
M

T

one photon per pixel
⟹

 “0” dynam
ic range

[no non-linearity]

LP
M

T
 

m
any photons per pixel

⟹
 large dynam

ic range!
[large non-linearity]

(key point)

B
O

T
H

 (SP
M

T
 and LP

M
T

) see the SA
M

E events

B
O

T
H

 see the SA
M

E EN
ER

G
Y

 but estim
ated differently!

(if one w
as non-linear, the other w

ill see it in relative)

LP
M

T
SPM

T⊕
LPM

T (together) = precision!
SP

M
T



Anatael Cabrera (CN
RS-IN

2P3 &
 APC)

JU
N

O
 calorim

etry condition…
 14

(  )

lot of light  is a necessary but not sufficient condition

≥
2%

(previous experim
ents)

≤
3%

 @
 1M

eV

challenging calorim
etry system

atics control

1M
eV
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LPM
T⊕

SPM
T com

plem
entarity…
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LP
M

T
•linear (sensitive to tiny deviations)
•uniform

 (increase aw
ay from

 centre)
•stability (sensitive to both gain & zeroes)

SP
M

T
•non-linear (robust due to Poisson)

•uniform
 (decrease aw

ay from
 centre)

•stability (sensitive to gain (less) but zeroes)

LP
M

T
⊕

SP
M

T
: differences use to aide LP

M
T

 response control
(correct system

atics beyond stability⊕
linearity⊕

uniform
ity)
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LPM
T’s view

…
�16

lot of them
 but hard to control!
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LPM
T⊕

SPM
T’s view

…
�17

now
 precision physics!
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m
uch neutrino physics ⊕

 calorim
etry!!

(don’t break them
!)
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•
high precision stereo calorim

etry (LP
M

T
⊕

SP
M

T
)

•
high precision neutrino oscillation physics, etc

•
high rate supernova detection (acceptance ≥

90%
 G

alaxy)

•
4π

 μ
-tracking &

 after m
uon spallation products (n-activation)

rich physics…
 

 19

and m
ore…

 (skip here)
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•
high precision stereo calorim

etry (LP
M

T
⊕

SP
M

T
)

constraint: [1,10]M
eV

 (photon-statistics), low
 rate, charge resolution

•
high precision neutrino oscillation physics, etc

constraint: sam
e as stereo-calorim

etry (byproduct)

•
high rate supernova detection (acceptance ≥

90%
 G

alaxy)
constraint: [1,30]M

eV, hugh rate(!!!), charge resolution

•
4π

 μ
-tracking &

 after m
uon spallation products (n-activation) 

constraint: ~[5,40]P
E, tim

e resolution (new
 P

M
T

), linearity, high rate

physics→
detector requirem

ents…
 

 20

trigger rate driven by dark-noise (~1k/s) & m
uons (~1k/s)
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w
hy the SPM

T design?
 21

 (JU
N

O
⊕

physics constraints)
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SPM
T into JU

N
O

…
 22

[details in C
edric’s &

 C
ayetano’s talk]

“pertubative” JU
N

O
 re-design

⊕
low

 cost
⊕

up to 36 000 channels (25 000 now
)

⊕
tight schedule
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SPM
T into JU

N
O

…
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“pertubative” JU
N

O
 re-design

⊕
(very) low

 cost
⊕

up to 36 000 channels (25 000 now
)

⊕
(very) tight schedule

[details in C
edric’s &

 C
ayetano’s talk]
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LPM
T & SPM

T com
m

onalities…
 24

LP
M

T
 &

 SP
M

T
 design very sim

ilar→
 influence each other strongly

(m
axim

ise com
m

on elem
ents→

 reduce cost &
 sm

ooth integration)

LPMTSPMT
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goal
critical

com
m

ent

physical diam
eter

≤
80m

m
yes

light level (photon-counting tuning)

SP
E w

idth
≤

40%
yes

SPE discrim
ination efficiency

dark count (@
1/4 P

E)
≤

1.5k/s
yes

D
AQ

/readout rate (dom
inant)

T
T

S (sigm
a)

≤
1.5ns

yes
position reconstruction

H
V

 nom
inal (g=10

6)
[0.8,1.3]kV

no
signal size (discrim

ination for noise)

Q
E@

420nm
 (average)

≥
25%

yes
light level (photon-counting tuning)

non-linearity [0,5]P
E

≤
1%

yes
linearity in physics regim

e (redundancy)

non-linearity [5,100]P
E

≤
10%

no
linearity above m

ain physics 

current 
≤

10μ
A

yes
m

any PM
Ts on 1H

V channel

tim
e resolution

≤
0.5ns

yes
negligible w

rt PM
T

charge resolution
>

1/10 PE
yes

negligible w
rt PM

T & SPE discrim
ination

pre-am
p gain

[2,10]
ok

com
pensate (channel-w

ise) PM
T gain

(non supernova) m
ax rate

10kH
z

yes
non-supernova physics rate capability

deadtim
e

≤
10μ

s
ok

lim
its AD

C m
axim

al rate

supernova m
ax rate

10M
H

z
yes

supernova physics rate capability

(m
ost im

portant) JU
N

O
-SPM

T specifications…
.

 25

3” PMTCatiROC
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Photon-Counting detection…
 26

Integration W
indow

PE discrim
ination threshold

(a fraction of a PE)

tim
e-sta

m
p

 (self-trigger)
(pulse @

 threshold→
 discrim

inator)

Ligh
t D

etectio
n

 via
 P

h
o

to
n

-Sta
tistics…

•1
h

it =
 1

P
E

 (m
u

lti-P
E

 n
o

t p
o

ssib
le)

 →
n

o
 reco

n
stru

ctio
n

 (extrem
e: no gain needed!)

•m
ulti-PE contam

ination constraint by low
-light level (i.e. 

λ
(Poisson)≤

0.1) 
•tim

e-sta
m

p
 (exam

ple: discrim
inator on rising edge)

•ch
a

rge in
fo

 (no need→
 but do som

ething funky!)
•d

ea
d

tim
e-less

→
 “D

IG
IT

A
L”

 R
E

A
D

O
U

T
 LIM

IT

Ligh
t D

etectio
n

 via
 C

h
a

rge M
ea

su
rem

en
t…

•1
h

it ≥
 1

P
E

 (m
u

lti-P
E

 p
o

ssib
le)

 →
ca

lib
ra

tio
n

 ga
in

 n
eed

ed
•m

ulti-PE contam
ination constraint by low

-light level (i.e. 
λ

(Poisson)≤
0.1) 

•tim
e-sta

m
p

 (TD
C-like)

•ch
a

rge in
fo

 (AD
C)

•d
ea

d
tim

e-fu
l

→
 “A

N
A

LO
G

U
E

”
 R

E
A

D
O

U
T

 LIM
IT

CatiRO
C

⊕
ABC can do both
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the challenge…
 27

CatiRO
C not good for JU

N
O
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designed for W
ater-Cherenkov…
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C
atiR

O
C

 acceptance w
indow

 ≤
200ns (per channel) →

 truncate som
e scintillation light

one channel

Δ
t≤

200ns?
(per channel)

Δ
t≤

1000ns
(per channel)

W
C

JU
N

O
-LPM

T

SP
M

T
 w

orks in P
hoton-Statistics (low

 light level: 1P
E per trigger)

W
C ≈

 SPM
T-JU

N
O

one channel

Δ
t≤

50ns?
(per channel)

Δ
t≤

50ns?
(per channel)

W
C

JU
N

O
-SPM

T

Δ
t(ToF)≤

200ns
(per channel)
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good new
s…
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SPM
T-JU

N
O

 (low
 light)

⊕
PE self-trigger

 
C

atiR
O

C→
JU

N
O

!
(non-trivial)
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but not enough…
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“non-determ
inistic” deadtim

e
&

m
axim

al rate ≲100k/s(?)

→
success only via A

B
C

(even less trivial)
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today’s evaluation…
 31

w
hat to expect?
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w
e think…

 but do you agree?
 32

system
 C

atiR
O

C
⊕

A
B

C
pow

erful SP
M

T
 readout

constraints:
tight schedule ⊕

 underw
ater

[no room
 for (big) m

istakes]
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ABC card strategy…
 33

A
B

C
-v0: first prototype

(goal: basic m
ulti-ASIC readout)

A
B

C
-v1: final card

(goal: v0 ⊕
 extra functionalities)

this evaluation here!
(i.e. v0→

v1)
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bad new
s (sorry)…
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A
B

C
-v0: available only since JAN

-2018
(production delays)

✓
 single-ASIC dem

onstration
?? m

ulti-ASIC dem
onstration

(FW
 developm

ent still ongoing)

IM
P

O
R

TA
N

T
: any H

W
 defaults?
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your attention (please)…
 35

dem
onstration-0: CatiRO

C w
ork in JU

N
O

?
(w

e think so→
do you disagree?)

dem
onstration-1: ABC w

ork in JU
N

O
?

(ongoing effort→
feedback please)

dem
onstration-2: SPM

T readiness for JU
N

O
?

(com
plete strategy→

feedback please)
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m
ilestones 2018…
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(3x) A
B

C
v0→

 P
M

T
 testing system

 (C
hina)

[25,000 PM
Ts to be tested]

(3x) A
B

C
v1 ready for production &

 validation

(220x) A
B

C
v1 production

(~2000) C
atiR

O
C

s production
[early 2019: prepare w

ithin 2018]

final validation &
 full integration

[late 2019 —
 som

e details here]

ready for detector installation
[2020 —

 no details here]
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SPM
T system

 approved…
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m
id-2016

(m
ost w

ork 2017)
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the SPM
T team

…
 38
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20 laboratories (9 countries) so far…

A
rm

enia
•Yerevan Physics Institute (Yerevan)

B
rasil
•FABC (Sao Paulo)
•PU

C (Rio de Janeiro)

B
elgium
•U

BL (Brussels)

C
hile
•PU

C (Santiago) (project/physics coordination)

C
hina
•IH

EP (Beijing) (project/physics coordination)
•SYSU

 (G
uangzhou)

France
•APC (Paris) (project/physics coordination)
•CEN

BG
 (Bordeaux) (technical coordination)

•CPPM
 (M

arseille)
•LLR (Paris)
•O

M
EG

A (Paris)
•SU

BATECH
 (N

antes)

Italy•Padova-IN
FN

 (Padova)

R
ussia
•M

oscow
 State U

niversity (M
oscow

)
•Institute of N

uclear Research & Russian Academ
y of Science (M

oscow
)

T
aiw

an
•N

ational Taiw
an U

niversity N
TU

 (Taipei)
•N

ational Chiao Tung U
niversity N

CTU
 (H

sinchu)
•N

ational U
nited U

niversity N
U

U
 (M

iaoli)

our (international) team
…

 39
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ABC-electronics related team
 (CN

RS/IN
2P3)…

 40

coordination: 
•Anatael C

ABRERA (APC
, France) [electronics]

•M
iao H

E (IH
EP, China) [P

M
T

]
•Pedro O

CH
O

A (PU
C-Santiago, Chile) [H

V
+under-w

ater boxes]
project m

anager: 
•Cedric CERN

IA (CEN
BG

, France) [all⊕
interfaces + connectivity]

engineers:
•Selm

a CO
N

FO
RTI (O

M
EG

A, France) [C
atiR

O
C

]
•Frederic D

RU
ILLO

ILE (CEN
BG

, France) [A
B

C
 testing]

•Am
elie FO

U
RN

IER (CEN
BG

, France) [under-w
ater-box]

•Cedric H
U

SS (CEN
BG

, France) [A
B

C
 routing]

•Alexis N
O

U
RI (APC

, France) [A
B

C
 design —

 left]
•Abdel RABII (CEN

BG
, France) [A

B
C

 FW
]

•Cayetano SAN
TO

S (APC
, France) [A

B
C

 FW
]

→
(collaboration) Andrea TRIO

SSI (CERN
, Sw

itzerland)
•G

uillaum
e VAN

RO
YEN

 (SU
BATECH

, France) [A
B

C
 D

A
Q

]

physicists @
 SP

M
T

-C
N

R
S/IN

2P
3 (support):

•Clem
ent BO

RD
EREAU

 (CEN
BG

, France) [P
hD

] 
•Jose BU

STO
 (CPPM

, France)
•Yang H

AN
 (APC

, France) [P
hD

] 
•Cecile JO

LLET (CEN
BG

, France)
•Frederic PERRO

T (CEN
BG

, France) [sim
ulation]

•M
ariangela SETTIM

O
 (SU

BATECH
, France) [D

A
Q

]
•Christophe de la TAILLE (O

M
EG

A, France) [C
atiR

O
C

]
•Frederic YERM

IA (SU
BATECH

, France)

strong international collaboration behind [previous page]
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SPM
T@

IN
2P3…
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5 laboratories w
orking together

[APC
⊕

CEN
BG

⊕
CPPM

⊕Ω
⊕

SU
BATECH

]
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questions…
 42

m
erci…

thank you…
…

•SP
M

T
 huge system

: anything but “sm
all”

•one of the largest P
M

T
 articulation (so far)

•m
any challenges→

 our A
B

C
 electronics @

 core!

•this evaluation: help us see beyond ourselves!


