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Gianni Navarra include to the Tunka
experiments from 1995 to 2009

1. The first INTAS grant and contacts with A.M. Hillas
(1995 – 2006)

2. Experiment QUEST at EAS-TOP (1998 – 2000)
3. PMT for Tunka-133 from MACRO and some other

electronics parts (2002 – 2009)
4. The first CORSIKA simulation made by his PhD student

(2000 – 2003)
5. Discussion of methods of analysis and common

publications from 2003 to 2009
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 TUNKA array
geography:

RUSSIA, Siberia,
50 km form Lake
Baikal



The array deployment
     Optical cables

The detector installation

PMT prerparing



Tunka-133 deployment

2007 – 4 clusters

2008 – 12 clusters

2009 – 19 clusters

2006 – the first cluster



Tunka-133 inauguration: September 2009



Геометрия установки

Measuring of the detectors coordinates (x,y,z) – accuracy ~ 10 cm.



Wide range energy spectrum

Tunka-25

Tunka-133





1. E0 ~ Q175 – Cherenkov light flux

ΔX = X0/cosθ – Xmax

Xmax

Primary nucleus E0 , A?

Pulse width:
ΔX = a – b·FWHM [g/cm2]

X0

θ, φ

LDF steepness P:

2. Xmax(model independent):
Xmax = Xp – δXmax/δlnE·lnA
Two methods:

Hmax= c – d·P

Hmax=(T0/grad(T)((Xmax cosθ /X0)C/grad(T) - 1) – Harr)/cosθ



Hmax= 13.61 – 2.18·P , [km]
P

H
m

ax
, к
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Simulation for QUEST
2000 m a.s.l.

CORSIKA:
Measurement of

 a distance to EAS
maximum with the

Cherenkov light LDF
steepness P

Simulation for Tunka.

480 simulated events with E0 from
1 PeV to 20 PeV and zenith angles
θ from 0° to  25°



CORSIKA: Xmax vs. FWHM(400)



DAQ system
Cluster



«Event» = 7 – 133 recorded pulse pairs

The single «record» – 1024 х 2 bites
Data flux – continuous binary record  of mixed parts of events from all the 19

clusters .
1. Decoding  – collecting of cluster data to the joint multi-cluster physical

event inside the clock gate of 2 µs.
2. Event count rate measuring, selection of clean weather periods. (The last

winter – 49 clean weather nights, total registration time 286 h.)

Trigger count rate during
one of the nights



EXPERIMENT:
Every event = 7 – 133 pairs of records:

The primary data record for each
Cherenkov light detector containes
1024 points of amplitude vs. time
with the 5 ns time step:

anode

dynode

1. Pulse selection
2. Apparatus distortions correction
3. Pulse waveform fitting



EXPERIMENT:
The main parameters determination – area (light flux) Qi, amplitude Ai, width
FWHMi and front delay ti at 0.25Ai.
(The more accurate FWHM = τeff/1.24, τeff = Qi/Ai)

anode

dynode

ti

FWHMi

Ai



Calibration using the recorded events

1. Calibration of the ratio of anode and dynode channel gains as the ratio
of Qa/Qd for the recorded pulses.

2. Calibration of the relative detector gains by the comparison of the
integral light flux spectra recorded by each detector.



The residual deflection of a single detector
time delay from the shower front.

Single night statistics for a detector is  ~ 1000 events.

Calibration of relative apparatus
time delays by the multiple EAS
time front reconstruction with the
measured detector delays with
correction of the apparatus delays
at each step.

The mean residual delay = 0 ns.

The assumed mean arrival
direction is zenith.

RMS = the delay measurement
accuracy ~ 2 ns.



EAS parameters reconstruction

1. EAS arrival direction measurement by the single cluster with the
maximum light flux.

2. Traditional: Reconstruction of EAS core position by the method
of Qi fitting with LDF.
Measuring of the LDF steepness P. Getting of WDF for the event and
measuring of FWHM(400).

3. The new: Reconstruction of EAS core position by the method of
FWHM fiiting with WDF.
Getting of FWHM(400) and the LDF steepness P for this core position.



Rkn

Qkn

Q(R) = Qkn·exp((Rkn-R)·(1+3/(R+3))/R0)

Q(R) = Qkn·(Rkn/R)2.2

R0 = 102.95-0.245·P [m]

Rkn = 109 - 24.5·(P-4) [m]

b = 4.84 - 2.83·log10(6.5-P)

 CORSIKA:  Simulated lateral distributions
and fitting function (LDF)

 LDF has a single
variable parameter

of shape -
steepness:

P=Q(100)/Q(200)

0 < R < 700 m

1 - P=5.0
2 – P=4.1
3 – P=3.2 Q(R) = Q(200)·((R/200+1)/2)-b



CORSIKA: Width vs. Distance
Function (WDF)

b1=0.00196·lgτ400-0.00183
b2=0.000381·lgτ400-0.000335
Rch=3976-3429·lgτ400+786·(lgτ400)2

lgτch=lgτ400+b1(Rch-400), Rch<400m
lg(τR+200)=
lg(τch+200) + b2(Rch-400), Rch>400m

lgτR=lgτch+b1·(R-Rch)

lg(τR+200)=lg(τch+200)+b2·(R-Rch)

τR=FWHM(R)

WDF has a single
variable -
FWHM(400)

τch

Rch

ΔX=150 g/cm2

ΔX=850 g/cm2



EAS parameters reconstruction
with different methods:

The “steep” fitting function is needed for the reconstruction of the core position.

• The “electrons” – NKG function – steep enough in the core distance range:
0 – 100 m – the suitable array size can be < 50 m.

• EAS Cherenkov light – flux LDF – steep enough for R > 150 m – the suitable
array size has to be > 150 m

• EAS Cherenkov light pulse width – Width vs. Distance Function (WDF) –
steep enough for R > 250 m – the suitable array size can be  > 250 m



The possible sizes of arrays for different EAS
components

Electrons
(NKG)
50 m Cherenkov light flux (LDF)

>150 m

Cherenkov light pulse width (WDF)
>250 m



The first season of observation:
November 2009 – March 2010

286 h. of clean weather
> 2·106 events with energy ≥1015 eV.
> 100 EAS with energy >1017 eV inside the circle R<400 m and θ<40°
>10 events with 19 clusters hit every night

Cluster multiplicity distribution 

>50 detectors
≥ 1016  eV

Tunka-133  single night statistics is
comparable with that of
Tunka-25 single winter



Example of an event Energy:   2.0·1017 eV
 zenith angle: 12.6 °

125 detectors

R ∼ lg Q 

Core position:
LDF -method
WDF -method



The event example.
15.03.2010

WDF

LDF



The event example.
15.03.2010

WDF

LDF



The event example.
18.12.2010

WDF

LDF



The event example.
15.03.2010

WDF

LDF



The event example.
15.03.2010

WDF

LDF



The event example.
15.03.2010

WDF

LDF



Further information analysis:
the results to be published next year (2011)

1. The differential energy spectrum in the energy range 3·1015 – 1018  eV.

2. Xmax distributions in the narrow lgE0 bins.

3. Simulation of Xmax distributions for the different primary mass groups.

4. Comparison of the experimental  and combined simulated distributions and
thus estimation of the most probable primary composition for the every energy
bin.

5. Estimation of <lnA> vs. E0 in the energy range 3·1015 – 3·1017 eV.



1 км

2012 

Tunka-133,
 addition of 6
distant clusters

To the ultra-high energy!



The event example.
15.03.2010

LDF

WDF



3.1017  eV6 distant clusters
(42 optical
detectors)

The effective area
enlarging to about 4
times for the EAS
with  the energy
> 1017 eV

Further possibility of
the effective area
enlarging to about 10
times for the external
EAS with  the energy
> 5·1017 eV



Thank you!



Pulse fitting

x = t-tmax
f = |x/tfront|
g = x/tdroop
h = 1.7-0.5·g, g < 0.8
h = 1.3, g ≥ 0.8

f(t) = A·exp(-f2+0.5·f), x≤0
f(t) = A·exp(-gh), x>0

f(t)

A

tmax



Pulse distortion by the coaxial cable

The “tail” of  ~(T+T0)-2 type.

PMT + preamplifier + 100 m of RG-58 coaxial cable provide the minimum
FWHM=20 ns

Green curve – simulated pulse,
blue points – modeled distortion,
red dotted line - fitting



FWHM – output  vs. input


