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A	novel	water-Cherenkov	detector	design	with	
retro-reflectors	to	produce	an8podal	rings	

Lukas Berns, Kuze Lab, Tokyo Institute of Technology!

Idea:	Mapping	lost	photons	
onto	PMTs	outside	the	ring	

Basic	design	
of	water-
Cherenkov	
detectors	has	
not	changed	
for	a	long	
=me.	

Can	we	collect	lost	photons	by	
placing	mirrors	in	the	unused	60%?	

Can	we	expect	greater	ring	reso-
lu=on	due	to	effec=vely	smaller	
PMT	sizes	and	parallax?	

Black:	physical	PMTs			
Red:	first	reflec=on	(virtual)		
Blue:	second	reflec=on		

Problems	with	normal	mirrors	

Color:	=me,	sphere	cross-sec=on:	expected	charge	

Corner	cube	retroreflectors	
•  Corner	cube	retro-reflectors	

have	most	accurate	retro-reflec=on	
–  triple-reflec=on:	retro-reflec=ve	
–  double-reflec=on:	1D	mirror.	

reflec=on	from	point	source	
becomes	three	straight	lines	
(might	be	usable	for	alignment)	

–  single-reflec=on:	ordinary	mirror	
•  Azimuth	cut	at	0.6	rad	(34	deg)	

allows	selec=on	of	triple	in	principle,	
but	might	not	work	for	tapes	on	market.	

References	

•  By	adding	reflectors	between	PMTs,	
it	might	be	possible	to	improve	vertex	
and	angular	resolu=on	~2x	in	water-
Cherenkov	detectors.	

•  Problems	like	mul=ple	reflec=ons	and	
alignment	difficul=es	are	elegantly	
solved	by	using	retro-reflectors	instead	
of	normal	mirrors.	

•  Research	for	solving	prac=cal	
difficul=es	in	implementa=on	and	
data-analysis	is	ongoing.	

•  Improvements	should	help	with	
kinema=c	selec=on	of	mul=-ring	events	
and	reduce	cost	of	water-Cherenkov	
detectors	by	requiring	less	PMTs.	

Need	to	keep	track	of	
~ 4	reflec=ons,	which	
is	difficult	to	model	
correctly,	efficiently.	

Even	1º	misalign-
ment	causes	~	1	m	
devia=on	of	the	light	
path	over	30	m.	

Residual	light	
decreases	contrast	
for	other	rings.	

Solu=on:	Retro-reflectors	

Reflect	light	back	
into	same	direc=on.	
What	does	not	hit	
PMT	gets	trapped	
in	reflectors.	
→	1	reflec=on	only!	
Robust	against	
change	in	reflector	
orienta=on.	
Could	in	principle	be	
fit	as	another	ring.	

↗ Retro-reflectors	(right)	create	a	
second	ring	on	other	side	of	tank	

With	retro-reflectors	(right)	the	reflected	light	is	well	separated	in	=me.	

Simple	sensi=vity	calcula=on	
•  Es=mate	precision	

from	Hessian	of	
likelihood	curve	
assuming	poisson	
sta=s=cs	for	charge	
and	gaussian	
distributed	=me.	

•  Up	to	2x	improve-
ments	in	vertex	and	
angle	resolu=on	

t1	

t2	

t’1	

t’2	

t’1	–	t’2	=	3	(t1	–	t2)	

•  Without	reflectors,	a	change	in	z	can	
be	compensated	by	a	change	in	θ.	

•  Adding	reflectors	resolves	this	
degeneracy	by	causing	the	an=podal	
ring	to	move	(same	for	y,φ)	

Sensi=vity	to	photon	direc=on	

•  Normally	vertex	sensi=vity	comes	
from	=ming	difference	t1	–	t2	

•  Reflected	light	has	3x	path	length	
→	3x	sensi=vity	to	=ming	differences	
					at	same	=me	resolu=on.	

Sensi=vity	to	=ming	differences	

Origin	of	enhanced	sensi=vity	

Verifica=on	of	mul=-reflec=on	cancella=on	
Present	design	

(Blacksheet)	

Simula=on	using	Geant4[1]-based	WCSim[2].	Blacksheets	between	PMTs	are	replaced	with	
reflec=ve	materials.	The	complicated	mul=-reflec=on	=me	signatures	due	to	mirrors	
disappear	almost	completely	with	retro-reflectors.	(side-going	electron	in	SuperK[3]	sized	detector)	

Mirrors	
(R=90%)	 Retro-reflectors	

(R=73%)	

Correla=ons	between	PMTs	
Present	tools	(fiTQun	
etc.)	ignore	corre-
la=ons	between	
PMTs.	However	they	
seem	to	be	non-
neglible	for	near-ring	
PMTs,	and	essen=al	
for	harves=ng	the	
benefits	of	reflectors.	

↓ PMT	correla=ons	for	off-ring	(lek)	and	on-ring	
(right)	PMT.	The	red	dot	marks	the	PMT	in	focus.	

↑  The	eigenvectors	reveal	different	modes	of	ring	deforma=ons,	
and	could	become	useful	for	par=cle-ID	and	mul=-ring	fits.	

←  To	calculate	correla=ons	both	in	charge	and	=me,	we	
represent	these	in	a	polar	representa=on	with	r=Q1/4, θ=2πt/T,	
which	allows	consistent	treatment	of	hit	and	no-hit	PMTs.	

Results	of	WCSim	study	

Even	with	the	simplis=c	likelihood	and	
filng	methods	used	in	this	analysis,	we	
achieve	a	similar	precision	as	fiTQun.	
Adding	the	effect	of	correla=on,	and	

adding	reflectors	both	significantly	
improve	the	sensi=vity,	such	that	
incorpora=ng	these	into	fiTQun	could	
possibly	achieve	even	bemer	results.	
(surprisingly	x	and	E	yield	the	best	improvements)	*	fiTQun	results	are	computed	out-of-the-box	and	shown	here	only	as	reference	

↗  Laser	beam	pointed	at	a	micro-prism	tape	retro-	
reflector	reveals	the	different	types	of	reflec=ons.	

↓ Three	different	retro-reflector	tapes	under	a	flashlight.	

Evalua=on	method	

Photocoverage	

Summary	

Reconstruc=on	sensi=vi=es	

Remake	
these	plots	

PID	and	Mul=-ring	

Good	=me	separa=on	

Good	=ming	separa=on	

A	gaussian-like	distribu=on	on	a	sphere	

Energy	resolu=on	mostly	depends	on	the	
number	of	collected	photons.	The	more	
PMTs	we	have	the	less	reflectors	we	can	
place,	so	the	sensitvi=es	converge.	

Sensi=vi=es	with	different	photo-coverages	

References:	
-  fiTQun	algorithm	
-  SK	sensi=vi=es	

Great	enhancement	of	
transverse	posi=on	and	
anglular	resolu=on.	
Longitudinal	posi=on	
and	energy	resolu=on	
improve	only	slightly.	

The	enhanced	posi=on	and	angle	
sensitvi=es	due	to	parralax	result	
from	a	new	informa=on	class	(photon	
direc=on)	and	are	thus	effec=ve	for	a	
wide	range	of	coverages.	

The	improved	reconstruc=on	
sensi=vity	means	one	can	reduce	the	
number	of	PMTs	by	introducing	retro-
reflectors,	reducing	the	cost	of	water-
cherenkov	detectors	significantly.	
(cost	of	retro-reflectors	about	1/10	of	PMTs)	

Ring	reconstruc=on	sensitvity	

Illustra=on:	©	Johan	Jarnestad/The	Royal	Swedish	Academy	of	Sciences	

Source:	T2K	experiment	website	

→	imprac=cal	
↑  Angle	of	reflected	light	when	

slightly	changing	the	alignment.	

↑  Reflected	light	path	for	normal	mir-	
rors	(lek)	and	retro-reflectors	(right).	

“No	reflectors”	 “With	retro-reflectors”	

Direct	light	and	some	reflec-
=ons	by	detector	surface	

Complicated	mul=-reflec=ons	
bouncing	back	and	forth.	

Direct	light	and	mostly	
a	single	reflec=on	only.	

Barrel	 Endcaps	

Es=mate	reconstruc=on	
sensi=vity	from	Hessian	
of	likelihood	curve,	
computed	with	col-
lected	charges	and	
trigger	=mes	of	PMTs.	
The	likelihood	model	is	
an	improvement	upon	
the	MiniBooNE	recon-
struc=on	model[3].	

Analysis	method	

Summary	

With	~40%	photocoverage,	we	
are	losing	~60%	of	photons.	

During	a	ring	event,	only	a	frac=on	
of	all	PMTs	provide	informa=on.	

Problems	with	water-
Cherenkov	detectors	

[1]	S.	Agos=nelli	et	al.	[GEANT4	Collabora=on],	Nucl.	Instrum.	Meth.	A	506	(2003)	250.	
[2]	T.	Dealtry	et	al.,	hmps://github.com/WCSim/WCSim/blob/develop/doc/DetectorDocumenta=on.pdf	(2016).	
[3]	Fukuda	S.	et	al.	[The	Super-Kamiokande	Collabora=on],	Nucl.	Instrum.	Meth.	A	501	(2003)	418.	

Enhanced	sensitvity	
at	same	coverage	

Sensi=ve	even	at		
very	low	coverages	

Even	at	30%	coverage	
bemer	than	present	design	

SuperK	40%	

SuperK	40%	

Prac=cal	challenges	
Corner	cube	retro-reflectors	
have	most	accurate	retro-
reflec=on.	However,	if	the	
incident	light	reflects	less	
than	three	=mes,	it	will		
not	be	retro-reflec=ve.	
Suppression	methods	
(e.g.	blinds)	might	need	
to	be	developed.	

Laser	beam	pointed	at	a	micro-prism	tape		
reveals	different	types	of	reflec=ons.	↑

↑  Some	varia=onal	modes	of	the	Cheren-
kov	profile	for	a	side-going	electron.	

Varia=ons	of	the	cherenkov	profile	
due	to	electromagne=c	showering	etc.	
were	ignored	in	this	analysis,	and	can	
have	an	impact	on	the	sensi=vity.	

Retro-reflec=on	

Star-shape	pamern	due	
to	reflec=ng	only	twice	

θ 
φ 

Essen=ally	“parallax”	
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Only	primary	reflec=on	
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Illustra=on:	
Wikipedia	

©	James	Jordan	
					(Flickr)	

Retro-reflec-
tors	are	used	
extensively	in	
street	sign-
age,	trans-
port	safety	
and	laser	
metrology,	
due	to	their	
property	to	
reflect	light	
back	to	the	
light	source.	

Radius [m]

Cherenkov	profile	
For	precise	modeling	of	the	cherenkov	profile,	we	
simulate	moving	par=cles	in	Geant4[1],	and	fit	flux	
and	=ming	distribu=ons	of	photons	with	zonal	
harmonics	for	each	radial	slice	about	the	vertex.	

At	each	solid	angle	we	measure	not	only	the	photon	
flux	but	also	their	direc=on	distribu=on,	which	allows	
modeling	of	reflec=ons	including	scamering	effects.	
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Particle

Analysis	method	
Using	the	Cherenkov	
profile	model,	the	
expected	charge	and	
=ming	distribu=ons	for	
all	PMTs	are	calculated	
for	track	parameters	
η = (t, x, y, z, E, θ, φ) 
and	the	detector	confi-
gura=on.	This	is	used	to	
construct	a	likelihood	
func=on	L(η,ηtrue),	
whose	second	deriva=ve	
is	used	to	compute	the	
ring	reconstruc=on	
sensi=vi=es.	

All	following	plots	are	for	500	MeV	electrons	in	a	SuperK[3]	sized	detector.	


