
Light in the darkness 
Alan Ball and Apostolus Tsir igotis show the first results from NESTOR, the underwater 

neutrino detector in Greece, and de.scribe just how well the chosen techniques are working. 

In p i tch-black da rkness , four k i lome­

t res be low the sur face of the s e a , a 

c o n e of b lue Ce renkov light s u d d e n l y 

i l l umina tes an a r ray of pho tomu l t i -

pl ier t u b e s s i tua ted s o m e 8 0 m 

a b o v e the sea f loor - the s ignature of 

a re lat iv ist ic m u o n p a s s i n g t h r o u g h 

t he de tec to r . Did it c o m e f r o m a 

" c o m m o n " c o s m i c - r a y e v e n t in t he 

Ear th 's a t m o s p h e r e , or w a s it gener ­

a ted by a neut r ino emi t ted in s o m e 

h igh -ene rgy p r o c e s s in a d is tan t 

g a l a x y tha t has in te rac ted in t h e 

wa te r near the detec tor or in the rock 

be low? Neut r ino a s t r o n o m y is a rela­

t ive ly n e w a n d exci t ing d o m a i n tha t 

for the first t ime uses t e l escopes that 

d o not rely on p h o t o n s for p r ima ry 

s ignal t r ansm iss ion . 

O n e s u c h t e l e s c o p e u n d e r c o n ­

s t ruc t ion is N E S T O R - t he Neu t r i no 

Ex tended S u b m a r i n e T e l e s c o p e wi th 

Océanograph ie Research - wh ich will 

u l t imate ly cons is t of a " t o w e r " of 

C e r e n k o v de tec to rs a n c h o r e d a f e w 

naut ica l mi les off the sou th -wes t t ip 

o f t he P é l o p o n n è s e in m a i n l a n d 

G r e e c e . F igure 1 g i ves an ar t is t 's 

impress ion of part of the tower , show­

ing s e v e r a l h e x a g o n a l " f l oo rs " or 

" s ta rs " m a d e of 15 m long rigid t i ta­

n i um a r m s . T h e a r m s are e q u i p p e d 

at their ext remi t ies wi th u p w a r d a n d 

d o w n w a r d - l o o k i n g 38 c m d i a m e t e r 

photomul t ip l ier tubes ( P M T s ) in g lass 

p r e s s u r e h o u s i n g s , w h i c h he lp to 

d i f fe rent ia te b e t w e e n u p w a r d a n d 

downward- t rave l l i ng m u o n s . T h e full 

t o w e r , w i th 12 s ta rs of 3 2 m d i a m ­

eter, will have a total height of 4 1 0 m 

f r o m the s e a f loor a n d an e f fec t i ve 

a rea of 20 000 m 2 for neut r inos wi th 

energ ies of l O T e V . 

T h e N E S T O R co l l abo ra t i on suc ­

cess fu l l y d e p l o y e d t he first f loor of 

Fig. 1. Artist's impression of several floors of a NESTOR 

tower, illuminated by the cone of Cerenkov light from 

an incident muon (orange). The PMTs are mounted in 

glass pressure spheres at the end of the titanium 

arms, with the electronics in the central enclosures. 

Fig. 2. The first floor floating in the water below 

the bow chute of France Telecom's cable ship 

Raymond Croze, a few moments before it was 

lowered to 4000 m on 30 March 2003. 

t h e de tec to r t o w e r to a dep th of 

4 0 0 0 m ( s e e f igure 2 ) at the end of 

M a r c h 2 0 0 3 (CERN Courier M a y 

2 0 0 3 p5 ) . S ince t hen , more than f ive 

mil l ion even ts , se lected by a fast four­

fo ld c o i n c i d e n c e t r igger, h a v e b e e n 

a c c u m u l a t e d in an initial " p h y s i c s " 

run . C lear ly the phys ics or a s t r o n o m y 

poss ib le w i th a s ingle- f loor de tec to r 

is l imi ted, but it has p rov ided inva lu­

ab le e x p e r i e n c e in the ope ra t i on of 

the detector , in da ta hand l ing and in 

the t e c h n i q u e s for s ignal p rocess ing 

a n d t rack recons t ruc t ion . 

T h e techn iques for dep loymen t and 

p a y l o a d e x c h a n g e at a dep th of 

4 0 0 0 m are wel l t es ted . R e c o v e r y of 

t he cab le t e rm ina t i on a n d j unc t i on 

box to the su r face enab les the use of 

s imp le r , d ry -ma t ing c o n n e c t o r s a n d 

a v o i d s e x p e n s i v e ope ra t i ons w i th 

m a n n e d or a u t o n o m o u s s u b m a r i n e 

v e h i c l e s . T o app rec ia te the sca le of 

the cha l l enge , imag ine sitt ing at the 

top of Mon t B lanc wi th a f ishing line 

in Lake G e n e v a , pos i t ion ing a pack­

age at the end of the line on the lake 

b o t t o m to w i th in a f ew me t res , a n d 

t h e n m o n t h s later go ing back to 

re t r ieve the p a c k a g e in g o o d order . 

T h e s e a c h i e v e m e n t s w e r e recent ly 

h igh l igh ted in the c o v e r art ic le in 

t he J u l y i ssue of Sea Technology, a 

l ead ing ma r i ne indus t ry j ou rna l 

( A n a s s o n t z i s and Koske 2 0 0 3 ) . 

T r a c k i n g t h e m u o n s 

T h e e lect r ica l pu lses f rom the P M T s 

are d ig i t ized in a centra l t i tan ium 

sphe re on each f loor and t ransmi t ted 

ove r a 3 0 km electro-opt ical cab le to 

the sho re s ta t ion , w h e r e the raw data 

are reco rded . At the heart of the sys ­

t e m are nove l A S I C s , ana log t ransient 

w a v e f o r m digit izers ( A T W D s ) , devel-1> 



n s 

Fig. 3. Digitized photomultiplier waveforms, after signal processing, from a typical event selected with a four-fold majority 
trigger. The upper and lower traces for each of the six detector arms are from the up and down-looking photomultipliers. 
A single photoelectron gives a mean pulse height of 120 mV. (NESTOR 2003 Event 1785-Run 81-BFile 3.) 

o p e d at Lawrence Berke ley Nat iona l Labora tory , wh i ch can s a m p l e 
the PMT s ignals f rom 2 0 0 M H z t o 3 G H z . From the arrival t imes of the 
s igna ls and their intensi ty, the c o n e of C e r e n k o v light c rea ted by a 
m u o n has to be reconst ructed to determine the direct ion of the m u o n 
and eventua l ly infer the phys ica l pa ramete rs of the inc ident neutr ino. 

In the contro l r oom the p a r a m e t e r s of the de tec to r are con t inu ­
ously moni to red. T h e s e include the f loor or ientat ion ( c o m p a s s and tilt 
me te r s ) , the t empe ra tu res , humid i ty a n d hyg romet ry wi th in the tita­
n ium s p h e r e , a n d the externa l wa te r -cu r ren t ve loc i ty , t e m p e r a t u r e 
and p ressure , as wel l as data f rom other env i ronmen ta l ins t ruments 
m o u n t e d on the sea -bo t tom stat ion ( p y r a m i d ) . In add i t ion , the elec­
trical power-distr ibut ion ne twork and the high vo l tages appl ied to the 
PMTs are contro l led a n d mon i t o red . A run-t ime mon i to r carr ies out 
fast, on-l ine data p rocess ing , in paral lel to the data tak ing, so as to 
check con t inuous ly the detec tor pe r fo rmance - this cons is ts of m o n ­
itoring the stabil i ty of such crucial parameters as the PMT rates, pulse 
height d ist r ibut ions, t r igger t iming, major i ty logic rates and the over­
all da ta acquis i t ion ( D A Q ) pe r f o rmance ( d e a d t ime ) . 

A f ract ion of the data is ful ly a n a l y s e d on-l ine to c h e c k the qual i ty 
a n d e n s u r e tha t the t r igger is u n b i a s e d . T r igger ra tes, as a func t ion 
of the s ignal t h resho lds a n d c o i n c i d e n c e level se t t ings , as wel l as 
the total pho toe lec t ron cha rge ins ide the tr igger w i n d o w , agree v e r y 
wel l wi th Mon te Car lo p red ic t ions b a s e d on A tsush i O k a d a ' s a tmos ­
pher ic m u o n f lux mode l ( O k a d a 1 9 9 4 ) , the natural 4 0 K radioact iv i ty 
in the s e a wa te r a n d P M T dark cur ren ts . Cal ibra t ion in the s e a uses 
LED " f lasher" m o d u l e s m o u n t e d a b o v e and be low the detector floor. 
T h e s e prov ide a r igorous, i ndependen t check of the tr igger and pulse 
intensi ty of all P M T s a n d the full D A Q s y s t e m . 

In t he off- l ine a n a l y s i s , t he raw da ta f r o m e a c h P M T are f irst 
p a s s e d t h rough a s igna l -p rocess ing s tage , w h i c h pe r fo rms a base ­
line sub t rac t ion and cor rec ts for a t tenua t ion . Th i s is b a s e d on cal i ­

brat ion pa ramete rs de te rm ined in the laboratory before dep loymen t . 
A s m o s t p a r a m e t e r s are f r e q u e n c y d e p e n d e n t , fast Four ier t rans ­
f o r m s are u s e d . At t he end of the p rocess ing s tage mul t ip le pu lses 
are reso lved a n d the arr ival t ime , pu lse he ight and total cha rge of 
e a c h pu lse (h i t ) is d e t e r m i n e d wi th p rec is ion . 

In o rder to recons t ruc t t racks , e v e n t s wi th more t han f ive ac t ive 
P M T s wi th in t he t r igger w i n d o w are s e l e c t e d . T h e es t imat ion of the 
t rack p a r a m e t e r s is b a s e d on a x 2 m in im iza t ion us ing the arr iva l 
t imes of the P M T pu lses . In m o s t c a s e s the p rocedu re c o n v e r g e s to 
t w o or occas iona l l y seve ra l m i n i m a , of ten due to an inheren t g e o ­
metr ica l d e g e n e r a c y k n o w n as a "mi r ro r so lu t i on " . T o reso lve th is 
amb igu i t y , a s e c o n d level a lgor i thm is used that t akes a c c o u n t of 
the m e a s u r e d n u m b e r of pho toe lec t rons at e a c h P M T and the n u m ­
ber e x p e c t e d f rom t he c a n d i d a t e t rack , a n d per fo rms a l ike l ihood 
hypo thes i s c o m p a r i s o n . 

Figure 3 s h o w s the digi t ized P M T w a v e f o r m s , after s ignal p rocess­
ing of a se lec ted even t , whi ls t f igure 4 s h o w s a pictorial rep resen ta ­
t ion of the reconst ruc ted t rack that co r responds to this event . Severa l 
tes ts of the t rack recons t ruc t ion p rocedu res have been carr ied out 
us ing bo th da ta a n d M o n t e Car lo g e n e r a t e d e v e n t s . T h e resu l ts 
demons t ra te that the est imat ion of the t rack parameters is unb iased . 

F igure 5 s h o w s t he m e a s u r e d zen i th angu la r d is t r ibut ion (so l id 
po in ts ) of recons t ruc ted e v e n t s us ing a f ract ion ( - 3 0 % ) of the co l ­
lec ted d a t a . T h e r e c o n s t r u c t e d t r acks u s e d in th is m e a s u r e m e n t 
h a v e b e e n se lec ted by m e a n s of the m i n i m u m x 2 fit (%2 probabi l i ty 
> 0 .1 ) , the t rack qual i ty b a s e d on the n u m b e r of pho toe lec t rons per 
P M T a n d on the total a c c u m u l a t e d pho toe lec t rons per hit per t rack 
( > 4 . 5 ) . T h e h i s tog ram s h o w s the pred ic ted angu la r d ist r ibut ion of 
a tmospher i c m u o n t racks ( for the N E S T O R f loor geomet ry and recon­
s t ruc t ion e f f i c iency ) d e r i v e d f r o m M o n t e Car lo ca lcu la t i ons us ing 
O k a d a ' s p h e n o m e n o l o g i c a l m o d e l . 



Fig. 4. A pictorial representation of the reconstructed muon track 
(orange), which corresponds to the PMT pulses shown in figure 
3. The red lines represent the Cerenkov light paths to the 
photomultipliers. The zenith angle of this track has been 
estimated to be 123° ± 21°. At the depth of4000 m, upcoming or 
horizontal reconstructed tracks are good neutrino candidates. 

Fur ther i m p r o v e m e n t s in the recons t ruc t ion ef f ic iency are to be 
expec ted , but effective neutr ino detect ion will require the dep loymen t 
of at least four f loors, wh ich w e hope to ach ieve in the coming year . 
However , w e a l ready know w e have a detector that is wel l unders tood 
and that the data quali ty is excel lent, suppor t ing m a n y of the cho ices 
m a d e regarding, for examp le , the site and detector layout. 

I m p r o v i n g s i g n a l t o n o i s e 
A s with any exper iment , a good signal- to-noise ratio is the key to suc­
cess. Cosmic-ray muons represent the principal background f o r a neu­
trino te lescope and this depends on the depth of the water "shielding" 
- the attenuation between 1000 and 4000 m is more than two orders 
of magn i tude . Wi th N E S T O R , fur ther imp rovemen t is possib le as the 
deepes t point in the Med i te r ranean , 5 2 0 0 m, is nearby . Limit ing the 
cosmic - ray backg round a lso r e m o v e s m a n y of the uncer ta in t ies in 
t rack reconst ruc t ion , such as wrong l y ass ign ing a downward -go ing 
m u o n as an upward-go ing track. T h e N E S T O R co l laborat ion 's dec i ­
s ion to have upward , as well as downward- look ing photo tubes s e e m s 
to be wel l just i f ied. At 4 0 0 0 m an u n a m b i g u o u s upward -coming or 
hor izontal m u o n track mus t have been genera ted by a neutr ino. 

A n o t h e r sou rce of b a c k g r o u n d is b i o l u m i n e s c e n c e ( l ight emi t ted 
by m ic ro -o rgan isms in the w a t e r ) , w h i c h reduces exponent ia l l y wi th 
wa te r dep th . T h e s ignal bursts, of the order of 1 to 10 s e c o n d s dura­
t ion , are eas i ly d is t ingu ishab le f rom t h o s e of m u o n t racks , but t hey 
con t r i bu te to d e a d t ime a n d u l t imate ly r e d u c e t he de tec to r eff i­
c i e n c y . At t he N E S T O R s i te t he a v e r a g e d e a d t ime m e a s u r e d at 
4 0 0 0 m is a r o u n d 1%; v a l u e s of up to 4 0 % h a v e been repor ted at 
o the r s i tes . A th i rd b a c k g r o u n d s o u r c e , i n d e p e n d e n t of d e p t h , 
c o m e s f rom the natura l rad ioac t ive (3-decay of 4 0 K . T o g e t h e r wi th 
the the rm ion ic no ise f rom the P M T s , th is rep resen ts a low- intensi ty 
unco r re la ted base l ine s igna l level of 50 kHz , w h i c h is eas i ly s u b ­
t rac ted by the t rack ing a lgor i thm. 

T h e use of a rigid s t ruc tu re to m o u n t g r o u p s of P M T s r e m o v e s 
uncerta int ies in their relative posi t ions and aids reconstruct ion at the 
" f loor leve l " . Th is app roach s e e m s preferable to hav ing indiv idual or 

Fig. 5. A comparison between the measured zenith angular 
distribution of reconstructed tracks and the Monte Carlo 
prediction, based on the phenomenological model of 
atmospheric muons ofOkada. 

smal l c lusters of pho to tubes on i ndependen t str ings. T h e or ientat ion 
of the w h o l e s tar is mon i to red so tha t on ly relat ive hor izontal dis­
p lacements be tween comp le te stars require external te lemetry using 
acoust ic or optical references. Exper ience of t rack reconstruct ion with 
seve ra l f loors is n e e d e d to d e m o n s t r a t e tha t t h e s e a d v a n t a g e s 
compensa te for the addit ional constra ints in dep loymen t operat ions. 

T h e cho i ce of t he N E S T O R s i te for its d e p t h , w a t e r c lar i ty , low 
sed imen ta t i on and v e r y low u n d e r w a t e r cur ren ts is a l ready pay ing 
d iv idends . T h e prox imi ty to s h o r e is an impor tan t sa fe ty cons ide ra ­
t ion in c a s e of b a d w e a t h e r at s e a a n d fac i l i ta tes the s tag ing of 
d e p l o y m e n t a n d r e c o v e r y o p e r a t i o n s . C r e w s c a n be e x c h a n g e d 
dur ing lengthy p rocedu res , a n d add i t iona l e q u i p m e n t or spec ia l is t 
help can be b rough t in w h e n requ i red . T h e N E S T O R site is on ly 7.5 
naut ica l m i les f r o m land a n d 11 nau t i ca l m i les f r om the s h o r e 
stat ion in Methon i - 20 m inu tes by fast l aunch . 

D e p l o y i n g th is f irst s t a g e of t he de tec to r in 4 0 0 0 m of w a t e r 
and mak ing it w o r k has requ i red an e n o r m o u s effort f rom the smal l 
t e a m mos t d i rect ly invo lved a n d has on ly been poss ib le due to the 
unfai l ing suppor t of m a n y author i t ies, organ izat ions, compan ies and 
ind iv iduals too n u m e r o u s to m e n t i o n . 

T h e E u r o p e a n ast ropar t ic le phys i cs c o m m u n i t y ' s a im is to bui ld a 
v e r y large v o l u m e neu t r ino t e l e s c o p e ( k m c u b e ) in the no r the rn 
h e m i s p h e r e . It is to be h o p e d tha t th is " feasibi l i ty d e m o n s t r a t i o n " 
wil l e n c o u r a g e better* co -o rd ina t i on b e t w e e n the v a r i o u s g r o u p s 
work ing in the f ield a n d will he lp to at t ract the necessa ry fund ing 
and m a n p o w e r for th is large project . S u c h a de tec to r w o u l d c o m ­
p lemen t the a l ready a p p r o v e d I C E C U B E pro ject at the Sou th Pole. 
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