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There’s	plenty	of	room	
in	between at	the
Timing	Frontier!
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60	ps

2	mm

Pile	up	of	event	vertices	in	space	can	be	separated	if	we	can	get	timing	resolutions
of	~30-60	ps in	a	high	rate,	radiation	hard	detectors	with	spatial	resolutions	~1	mm
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(A.Seiden,	2017	Americas	Workshop
on	Linear	Colliders)

(Nicolo Cartiglia,	Torino)
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(L.	Gray,	FNAL)
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Large	Area	Picosecond	PhotoDetectors (LAPPDs)
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• LAPPDs are 8” x 8” MCP-
based imaging photodetectors, 
with target specifications of:

• ~50 picosecond single-PE 
time resolution

• < 1 cm spatial resolution
• > 20% QE
• > 106 gain
• low dark noise (<100 Hz/ch)
• Strip line readout

• Ring	Imaging	Detectors
• TOF	systems
• Optical	tracking	detectors	(JUNO,	TITUS,	

NUPRISM,	CHIPS,	HYPER-K,	THEIA,…)
• PET	scanners
• …



higher,	more	uniform	Q.E.	has	been	achieved	with	good	stability
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Timing	pulses	and	gain	distributions
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LAPPD	#9 4 ns

Single	photoelectron
40	Gs/s	scope

Multi-photoelectron
PSEC		custom	electronics

40	ps

LAPPD	#12

Multi-photoelectron	TTS
PSEC		custom	electronics

LAPPD	#12

100	ps

(M.	Wetstein,	ISU)



Measure	Dt across	strip	for	position	in	X,	charge	
sharing	between	strips	for	position	in	Y

Masked	MCP

pinholet1 t2

t2	– t1
X=(172	ps)(0.18	mm/ps)/2	=	15.5	mm	offset
sX =	(13)(0.60	c)	=	1.2	mm

X

Y

induction	strip
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(R.	Svoboda,		UCD)

100	ps



LAPPD	has	similar	performance
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Pulses	from	opposite	sides	of
a	readout	strip

Time	difference	as	a	function	of	
laser	illumination	gives	v=0.55	c

50	ps

millimeter-scale	photon	position
with	30	ps time	resolution	and
large	area	(400	cm2)



LAPPD	Early	Adopter	- 2018

ANNIE	completed	Phase	I		background	measurements	July	2017	
– ready	for	Phase	II 13

arXiv:1707.08222



# 15

# 12
Incom has now produced multiple 
LAPPD prototypes, quickly 
approaching the specifications 
needed by ANNIE.

ANNIE will need at least five 
LAPPDs by Fall, 2018 and could 
use as many as twenty in the 
current ANNIE target tank

LAPPDs are ready for use in ANNIE
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ANNIE	Collaborators	expressing	themselves	on	the	importance	of	LAPPDs

ANNIE	Collaboration	LAPPD
Test	Stand	at	ISU

QE

<1%

5%

15%

25%
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1. CC	interaction	in	the	fiducial	volume	produces	a	muon,	reconstructed	in	the	water	
volume	and	MRD

2. Neutrons	scatter	and	thermalize
3. - 4.		Thermalized	neutrons	are	captured	on	the	Gd	producing	flashes	of	light

CCQE	events	allow	extraction	of	Q2 from	lepton
reconstruction:	vertex,	direction,	energy	(from	MRD)

ANNIE Experimental Concept

15
Q2 (GeV/c)

N
eu

tr
on

	M
ul
tip

lic
ity This	is	the

ANNIE	goalsignificant	event	rate	in	2.5	ton	FV



Fast	Timing	and	Vertex/Direction	
Reconstruction

F
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µ

Vertex

LAPPD

LAPPD

Phase	II deployment
of	LAPPDs	also	
necessary for	
kinematics

n
q
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(fiducial	volume)



Why does ANNIE need LAPPDs?

LAPPDs	provide	needed	vertex	resolution	to	select	fiducial	events
and	precise	direction	to	reconstruct	CCQE	kinematics	

20%	conventional	PMTs:	60	cm	resolution
5	LAPPDs	(only):													38	cm	resolution
21	LAPPDs	(only):											16	cm	resolution
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Recommended	to	proceed	to	Phase	II
by	FNAL	PAC	– endorsed	by	FNAL	Director.
Planned	start	Fall	2018.

(J.Wang,	UCD	and	A.Back,	ISU)

(V.Fischer,	UCD)



Breakthroughs in Neutrino Physics were 
enabled by the invention of large optical 
detectors using scintillator or water
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Large	size	for	cost,	fast	timing	for	background	reduction,
low	threshold,	reconfigurable as	the	field	progressed
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Water	Cherenkov

Liquid	Scintillator

• Excellent	Transparency
• large	size

• Directionality
• Particle	ID
• Potential	for	large	Isotopic	Loading

• High	Light	Yield
• low	threshold
• good	energy	resolution

• Can	be	radiologically very	clean



Could	we	make	a	Hybrid	Detector?

• Use	LS	mixed	with	oil	or	Water-based	Liquid					
Scintillator (WbLS)	to	adjust	light	yield	and	
transparency
• Directionality	via	fast	timing	to	separate	
Cherenkov	and	Scintillation	light
• Deep	location	to	enable	a	broad	program
• Reconfigurable	design:	"follow	the	physics"
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…to	follow	the	physics?
• Zero	neutrino	double	beta	decay	in	a	neutrino	mass	Normal	
Ordering	world	(where	ne is	light)
• Detection	of	the	Diffuse	SN	Neutrino	Background
• High	precision	measurement	of	dCP – could	it	be	maximal?
• Measurement	of	the	CNO	contribution	to	solar	fusion
• Investigate	the	“New	Solar	Neutrino	Problem”
• Observe	a	black	hole	formation	in	real	time
• Investigate	potential	unexplored	proton	decay	modes
• Investigate	the	Earth’s	geothermal	energy	budget
• Dark	matter	in	the	Sun
• ...and	so	it	goes
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Intriguing	Idea:	Micelle	
sequestering	of	LS	in	water
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~1
0	
nm

LS

surfactant
molecules

Liquid	Scintillator (LS)	forms	small
(~10	nm	scale)	droplets	called
micelles	in	water	that	are	stabilized	by
surfactant	molecules	with	a	hydrophilic
head	and	hydrophobic	tail.	Micelles
form	under	controlled	chemical
conditions	and	are	shown	to	be	stable
over	year	time	scales.

Can	adjust	scintillation	yield	by	
changing	micelle	concentration.



Dilution	of	LS	in	
water	allows		for	
tuning light	yield	to	
match	the	physics.

WbLS cocktail	in	water	
(violet)	and	cyclohexane	
(blue)	
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(M.Yeh,	BNL)

(M.	Askins,	UCD)
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(G.	Orebi Gann,	LBL)
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Successful	C/LS	separation!	
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arXiv:1610.02011

(G.	Orebi Gann,	LBL)



Conclusions

• There	is	plenty	of	room	in	between!	
• No	time	to	cover	necessary	fast	electronics	– important!
• Detectors	with	picosecond	timing	are	starting	to	be	
developed	that	will	have	wide	use	in	almost	every	sub-field	
of	particle	physics	and	have	many	commerical uses.
• Important for	future	of	high	rate	colliders	that	need	mm	
scale	vertex	resolution,	low	power,	and	radiation	hardness
• Important	for	large	neutrino	detectors	requiring	high	mass,	
low	cost,	wide	dynamic	range	(sub-MeV	to	10	GeV),	plus	the	
ability	to	load	isotopes	and	operate	with	very	high	
radiopurity for	long	periods	of	time	and	use	doped	water.
• There	is	plenty	of	rom	in	between!
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Phase I: background measurement 

4
5

6

• the NCV was moved to 6 positions, scanning 
the neutron rates as a function of depth and 
distance from the beam

• strong suppression of skyshine neutrons was 
observed with increasing depth

• preliminary estimates based on 
measurements below the 
surface indicate neutron 
backgrounds in less than 2% of 
spills

I beam	crossing

position 1

position 2

ANNIE Preliminary Data
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Backgrounds	are	suppressed
at	depths	>	50	cm	and	
sufficiently	low	for	Phase	II
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ANNIE Timeline

Removal	of	the	tank	from	the	Hall
Finish	MRD	refurbishment

Completion	of	Phase	II	inner	
structure	and	tank	lid

PMT	refurbishment	and	acquisition

Reinstallation	of	inner	
structure	and	water	fill

Phase	II	commissioning

Introduction	of	Gd
LAPPD	installation

Electronics	acquisitions

Phase II data taking

PMT	installation

Summer	
2017

Fall/Winter
2017

Spring
2018

Summer
2018

Fall
2018
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ANNIE Q2 Acceptance

Geometric acceptance cuts select a representative sample of BNB neutrinos

It	is	important	to	measure	neutron	multiplicity	as	a	function	of	these	parameters	
and	therefore	we	want	a	wide	spread	in	neutrino	energy	and	Q2
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• A measurement of potential background 
neutrons in ANNIE Phase II

• rock neutrons
• “skyshine”

• A Neutron Capture Volume 
(NCV) measures position 
dependent neutron rates

• Phase I enabled ANNIE to build 
and operate all the main 
components of the detector

• It also provided an opportunity to 
anticipate, understand, and 
mitigate major risks for Phase II 

ANNIE Phase I:
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