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Abstract: TUS space experiment is aimed to study energy spectrum and angular distribution of the Ultra High
Energy Cosmic Ray (UHECR) at E ∼ 1020 eV. The TUS detector will measure the fluorescence and Cherenkov
light radiated by EAS of the UHECR using the optical system - Fresnel mirror-concentrator of 7 modules of ∼ 2
m2 area in total. A production of the flight model of the optical system is completed and it is installed at the space
platform. The Fresnel mirror production, method and results of its optical parameters measurements are presented.
Creation of the exact geometrical mirror model based on these measurements is completed for UHECR events
simulation in TUS.
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1 Introduction
The TUS project task is an experimental study of UHECR.
The fluorescent and Cherenkov radiation of Extensive
Air Showers (EAS) generated by UHECR particles will
be detected at night side of the Earth atmosphere from
the space platform at heights 400–500 km. It will make
possible to measure the CR spectrum, composition and
arrival directions at E > 7 ·1019 eV beyond the GZK energy
limit [1],[2]. There are two main parts of this detector:
a modular Fresnel mirror and a matrix of PMTs with
corresponding DAQ electronics [3]. The SINP MSU, JINR
and Consortium Space Regatta together with several Korean
and Mexican Universities are collaborating in the TUS
detector preparation. The TUS mission is now planned for
operation at the dedicated Lomonosov satellite [4].

Figure 1: TUS Fresnel mirror-concentrator.

2 TUS Fresnel mirror construction and
production

The mirror-concentrator is shown on figure 1. The mirror is
divided into one central and six lateral hexagonal modules.
Each module is designed as sum of the parabolic segments
(2 for central and 11 for lateral ones) focusing a parallel
beam to single focal point. In this design thickness of the
mirror construction is small (3 cm) which is important for
mirror implementation into satellite construction. Mirror
focal distance is 1.5 m and total area is approximately 2 m2.
Mirror segments are made of carbon plastic strengthened by
honeycomb aluminum plate so that the mirror construction
is temperature stable in wide range of temperatures.

The TUS mirror-concentrator focuses fluorescent pho-
tons generated by EAS on the photo detector placed in a fo-
cal plane[5]. Photo detector consists of 256 photo multipli-
ers (of size 1.5×1.5 cm2) with the time resolution 0.8 µs
and the spatial resolution 5×5 km (for the orbit height of
500 km).

The Fresnel mirror module prototypes were produced
and tested in 2008-2009. At the first stage the blank mirror
modules are produced at Consortium Space Regatta using
two types of the moulds for lateral and central modules
respectively. At JINR the blank modules are covered by
∼ 120 nm layer of pure aluminum and 40 nm protective
layer of MgF2 in process of evaporation in vacuum chamber.
TUS mirror passed various space qualification tests. The
technological Fresnel mirror module are tested inside of the
thermo vacuum camera at temperature ±80◦C and pressure
0.02–1.0 atm [6]. The fiducial net reflection was used to
check the mirror optical quality. No discrepancies in the
mirror properties were found. Other performed tests have
shown a stability of the mirror optical quality in the space
conditions [7],[8].
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Figure 2: Eclipse 700/1000 coordinate measuring machine.
The web camera, screen and mirror module locations are
shown.

3 Optical parameters measurement and
mirror 3D-model

The optical parameters measurement was the important part
of the TUS preparation program. Results of this measure-
ments are very significant for future data analysis, espe-
cially for an evaluation of the systematic uncertainties. In
this measurements the best mirror modules are selected
among all produced ones. The method described below is
not depended on concrete surface. Thus it can be applied to
KLYPVE detector production also [2].

The special procedure was elaborated to measure the mir-
ror module optical parameters [8]. The Eclipse 700/1000
coordinate measuring machine from Carl Zeiss, compli-
mented by a screen, laser head and a web camera shown
in figure 2 were used for the PSF (point spread function)
measurements of the lateral and central TUS Fresnel mirror
modules.

The mirror module was installed to be parallel to the
horizontal table of the measuring machine. The screen was
mounted parallel to the mirror at some distance above. The
distance was fixed at 1500 mm for regular measurements
of mirror modules, i.e. the screen was located in the focal
plane. Measurements at different distances between mirror
and screen were necessary to establish mathematical 3D-
model of mirror as it will be explained below. To do that the
mirror was mounted above the table at different distances.

Homogeneous parallel light flux was simulated by mov-
ing the laser beam across the mirror along the prescribed
trajectory controlled by PC. The laser beam was reflected
from the mirror on the screen and has to be immovable for
ideal mirror. The angle between laser beam and machine
table is changeable and was fixed in every run of measure-
ments to simulate homogeneous parallel light flux on the
mirror.

The screen images of the laser beam spots were written
on-line by the web camera to another PC with the fixed fre-
quency frame rate of 15 frame/sec. A special measurement
was done to synchronize laser beam location on the mirror
and its reflected image location on the screen. As a result of
the measurements and their analysis we have obtained the
set of pairs Pms = {Pm,Ps}, where Pm is x-, y-coordinates
of point on the mirror surface in Zeiss machine coordinate
system and Ps = (xs,ys,zs) is corresponding point on the
screen. The zs-coordinate is the distance between mirror

surface and screen and is fixed in every run of measure-
ments. Evidently the set Ps can be treated as PSF.

We have carried out several measurements for each
module at different mirror-screen distances and different
angles between laser beam and optical axis directions. The
speed of the laser beam movement and the frequency frame
rate were selected and fixed to get 3 mm distance between
the neighbouring measuring points on the mirror. The
results of the point by point measurements for some lateral
module obtained by vertical beam (polar angle θ = 0◦) at
screen location zs = 1500 (focal distance), 1485, 1470, 1455,
1440 mm are presented in figure 3 in the bottom panel.

The PSF angular dependence was measured as well.
Results of measurements at focal distance 1500 mm for one
module obtained by inclined beam at different polar (θ =
0◦, . . . ,4.5◦) and azimuthal (φ = 0◦,45◦,90◦,180◦,270◦)
angles are presented in figure 4 in the right panel. Each point
in every spot of these plots corresponds to a certain point on
the mirror surface. Total amount of points collected in each
spot is about 2.4 ·104. Core of the spot concentrated 90%
of points has an area close to one pixel size in agreement
with the experiment requirements.

The main goal of the measurements was to get geometri-
cal mirror model that should fairly reproduce all data and
can be used for an arbitrary beam direction simulations. It
will be important for the EAS track image reconstruction.
To do that the measurements with vertical parallel beam
were used. We have sorted all pairs Pms to clusters in such a
way that xy-distance between Pm - points inside one clus-
ter does not exceed 3 mm. Assuming that a direction of
reflected ray is caused by local curvature of the surface we
may find zm = S(xm,ym) - distance for each point Pm in the
cluster, where S means “ideal” surface (i.e. without any dis-
tortions). Thus, each cluster contains collections of rays Pms.
Minimizing beam divergence of each collection the center
Cp and the local curvature Cn (or surface normal vector) for
each cluster were calculated. The full set of {Cp,Cn} for
all modules determines the discrete 3D mirror model. Sim-
ulations with discrete 3D-model are presented in figure 3
in the top panel and in figure 4 (left panel). 3D simulation
results are in excellent agreement with all measurements.

So the discrete mirror model may be treated as set (of
size≈ 1.7 ·105) of unique point-like reflectors. Nevertheless
for providing possibility to simulate an arbitrary beam it
is essential to approximate discrete model at full mirror
surface area. Certain difficulties arized due to a huge number
of parameters in the discrete model (> 7 · 105) but they
might be overcome in various ways. Our results of such
approximations for full mirror (continuous mirror model)
are presented in figure 5. The spot center and its size are
almost the same in a discrete and continuous model.

Finally we have compared PSF angular dependence for
two models: ideal-mirror model and continuous 3D-model
constructed from data analyses. The results is presented
in the figure 6. There is naturally no φ -dependence due to
small differences between lateral mirror modules. Simulta-
neous absence of the φ -dependence in continuous model
confirms correctness of a procedure of the PSF angular de-
pendence evaluations. There is an obvious difference with
the same angular dependence for the ideal Fresnel mirror
that is presented in figure 4.

Another method for the mirror optic evaluation is to
obtain PSF by distant pinpoint light source. The results of
such measurements are in reasonable agreement with the
results obtained by 3D mirror model.
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SIMULATIONS

MEASUREMENTS

Figure 3: Spot point-by-point diagrams for a certain lateral module as obtained for beam parallel to optical axis and various
mirror-to-screen distances (presented in white labels). Top panel - results of discrete 3D-model simulations, bottom panel -
results of measurements.

SIMULATIONS MEASUREMENTS

Figure 4: Spot point-by-point diagrams for a certain lateral module as obtained at focal distance 1500 mm for inclined
beams. Angle (θ ) between beam direction and the optical axis is indicated in white labels. Right panel - results of
measurements, left panel - results of discrete 3D-model simulations.
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Figure 5: Point spread function (PSF) obtained for inclined parallel beam (θ = 3◦, φ = 45◦). Right panel - simulation
point-by-point (discrete model), left panel - simulation with continuous mirror 3D-model.

Figure 6: The PSF angular dependence of the full Fresnel mirror (θ = 0◦,1.5◦,3.0◦,4.5◦). Right panel: the results obtained
by continuous mirror 3D-model, Left panel: “ideal” mirror.

4 Conclusion
The technological TUS mirror was successfully tested in
2010 according to space qualification requirements. It con-
firms reliability of the mirror composition of the multilayer
carbon plastic and aluminum honeycomb. The flight mirror
was produced in 2012 and assembled at the satellite for
complex tests. The flight mirror optical parameters were
measured in 2011 – 2012 and mirror 3D-model based on
these measurements was developed and included in the
TUS simulation package. The optical parameters of the
flight mirror are in reasonable correspondence to planned
FOV of TUS detector.
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