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Abstract: The TA-EUSO and EUSO-Balloon are the pathfinder experiments for the JEM-EUSO mission. The
TA-EUSO observes fluorescence light from the cosmic ray air showers at the Telescope Array (TA) site with
better resolution than the fluorescence detector of TA. The EUSO-Balloon is designed to observe extensive air
shower from a stratospheric balloon. The optics team has developed the Bread Board Model (BBM) of the JEM-
EUSO optics between 2007 and 2011. We have reached the fundamental technique of the meter scale fresnel
lens manufacturing through the BBM lens manufacturing. The TA-EUSO optics consists of two 1m square flat
Fresnel lenses, built in UV grade Poly Methyl Meth-Acrylate (PMMA). The TA-EUSO lenses and the EUSO-
Balloon middle lens have been manufactured successfully. The manufacturing of the EUSO-Balloon front lens
and rear lens will be completed within summer 2013. The EUSO-Balloon optics consists of two 1m square flat
Fresnel PMMA lenses and of a 1m square flat diffractive PMMA lens. This paper describes the details of the
manufacturing the lenses focusing on the quality of surface roughness.
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1 Introduction
The Extreme Universe Space Observatory on the Japanese
Experiment Module (JEM-EUSO) of the International
Space Station (ISS) is being designed to be attached to
the Exposure Facility on the JEM of ISS, and observe the
earth atmosphere with a field of view of 60◦ [1]. JEM-
EUSO is designed to acquire the UV images produced by
extensive air showers propagating in atmosphere and ex-
citing nitrogen atoms. This allows determining the energy
and trajectory of the incoming primary cosmic ray. The
mission will help to discover the origin of cosmic rays and
the acceleration processes responsible for producing these
extremely energetic particles while potentially opening a
door to new physics studies.

The lens manufacturing for the JEM-EUSO optics is
one of key technologies to observe the extensive air shower
emission from space. The optics team has developed the
Bread Board Model (BBM) of the JEM-EUSO optics be-
tween 2007 and 2011 [Fig 1]. The BBM optics consists
of three lenses. Each lens replicates the central portion of
the corresponding JEM-EUSO lens. Its size is 1.5 m in di-
ameter. We have reached the fundamental technique of the
meter scale fresnel lens manufacturing through the BBM
lens manufacturing. The TA-EUSO and EUSO-Balloon
projects are the pathfinder experiments for the JEM-EUSO
mission, essential to test from the manufacturing of sev-
eral key components of the telescope and the observational
technique. The details of both experiments are described in
[2] and [3]. In this paper, we focus on the lens manufactur-
ing. These lenses are manufactured by the same machine
and technique which will be used for the JEM-EUSO de-
velopment. We can verify the manufacturing quality and
develop new manufacturing technology through the TA-
EUSO and EUSO-Balloon lens fabrications. We have com-
pleted the manufacturing of the TA-EUSO lenses and the
EUSO-Balloon middle lens in early May 2012.

Figure 1: The bread board model (BBM) of the JEM-
EUSO optics. The lens diameter is 1.5 m.

2 Optics designs
In order to optimize the manufacturing machine time,
avoiding a conflict schedule between the two project it was
decided that the final design of both optics would share the
front and rear lens design. The EUSO-Balloon optics con-
sists of two TA-EUSO lenses and an additional flat diffrac-
tive lens. The diffractive lens is placed between the front
lens and the rear lens to obtain a small RMS spot size (<
2.8mm pixel size). Lens material is the UV transmittance
grade PMMA (PMMA-000, Mitsubishi Rayon Co., LTD.).
All lenses are 1m by 1m square shape and their thickness
is 8 mm. This size was decided with the observational per-
formance and commercial availability of PMMA base ma-
terial. The details of both optics design is described in [4].



Manufacturing of the TA-EUSO and the EUSO-Balloon lenses
33ND INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

2.1 The TA-EUSO optics design
The TA-EUSO optics consists of two flat fresnel lenses,
a front and a rear lens. As we already said, the EUSO-
Balloon optics shares the same design for the front and rear
lenses. The optics design is shown in Fig 2 , while details
on the surface features are shown in Table 1.
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Figure 2: The optics design of the TA-EUSO.

2.2 The EUSO-Balloon optics design
The optics design of the EUSO-Balloon optics is shown
in Fig 3. A third middle diffractive lens is now included
to correct achromatic aberration. The main features of lens
surfaces are shown in Table 2.
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Figure 3: The optics design of theEUSO-Balloon.

3 Manufacturing lenses
According to the requirement, the surface roughness of all
lenses should be smaller than 20 nm RMS. This is the
most important requirement to meet the observation per-
formance. In fact, the surface roughness has a direct im-
pact on to overall transmission. We have developed a tech-
nology to obtain smooth surfaces through the JEM-EUSO
BBM lenses manufacturing. In the manufacturing process
of the TA-EUSO and EUSO-Balloon lenses, we introduced
a new technique to obtain better transmission than the one
achieved for the BBM lenses. The BBM lenses manufac-
turing used only 0.5 mm radius diamond tool bite which
can produce a smooth surface, with roughness smaller than
20 nm RMS. However, at large manufacturing radii, prob-

lem arose with the sharpness of the edge of the grooves, re-
ducing severely the transmission of the BBM. This would
have implied, for the rear lens of TA-EUSO, at radius about
550 mm, a fresnel groove slope angle of about 45◦ and a
groove height of 2 mm. In this case, the loss factor due
to the 0.5 mm radius tool would have been 42%. This is
why, to eliminate this problem, we have developed a long-
life 0.05 mm radius diamond tool. This sharp tool makes
sharp edge of the groove [Fig 4]. The loss factor improves
from ∼ 42% to ∼ 4% for the groove slope angle of 45◦ and
groove height of 2 mm. The surface roughness is measured
by a mobile Atomic Force Microscope (AFM). Due to the
size of the lens, the measurement values could only be ob-
tained in a few points. In the past, we used optical inter-
ferometer measurements as evaluation criteria. However, a
recent study established a correlation with the AFM mea-
surement result. We concluded that Rq 35 nm measured by
AFM corresponds to RMS 20 nm measured by optical in-
terferometer.

Figure 4: A schematic picture of the manufacturing of the
groove edge with the use of the 0.05 mm radius tool. Black
line shows the 0.5 mm radius tool pass. Red line is a pass
of the 0.05mm tool pass.

3.1 Manufacturing the TA-EUSO front lens
The TA-EUSO front lens was manufactured using the ma-
chine parameters shown in Table 3. The front side of the
front lens is a plane surface to clean dust from the surface
easily. This is particularly important since TA-EUSO is go-
ing to be deployed at the Telescope Array site, where sand
and dust might accumulate on the front surface of the front
lens. The back side of the front lens has a Fresnel structure.
The depth of groove is 1 mm. A photo of the TA-EUSO
front lens on the machine after manufacturing is shown in
Fig 5. For both front and rear side, typical surface rough-
ness as low as 12mm RMS has been achieved.

Figure 5: A photo of the TA-EUSO front lens on the ma-
chine after manufacturing.
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Front lens Rear lens
Front side Back side Front side Back side

Material PMMA-000 PMMA-000
External form 1m x 1m 1m x 1m
Groove height Plane 1mm 2mm Plane
Groove width Plane 0.5 mm - 47.79 mm 1.65 mm - 36.71mm Plane

Table 1: Characteristics of lens surfaces of the TA-EUSO optics.

Front lens Middle lens Rear lens
Front side Back side Front side Back side Front side Back side

Material PMMA-000 PMMA-000 PMMA-000
External form 1m x 1m 1m x 1m 1m x 1m
Groove height Plane 1mm Plane 0.7µm 2mm Plane
Groove width Plane 0.003mm-2.63mm Plane 0.5mm-47.79mm 1.65mm-36.71mm Plane

Table 2: Characteristics of lens surfaces of the EUSO-Balloon optics.

Figure 6: Surface roughness measurement by using a mo-
bile AFM. Top panel: the front side of the front lens, Bot-
tom panel: the back side of the front lens

Tip radius of tool bit [mm] 0.5, 0.05
Tool feeding speed [mm/min] 0.15 ∼ 20

Depth of cut [mm/pass] 0.01 ∼ 0.050

Table 3: Manufacturing parameters for the TA-EUSO
front lens.

3.2 Manufacturing the TA-EUSO rear lens
TA-EUSO rear lens was manufactured using the machine
parameters shown in Table 4. The back side of the rear
lens is again a plane surface that can be easily cleaned.
The front side of the rear lens has a Fresnel structure. The
depth of groove is 2 mm. A photo of the TA-EUSO rear
lens on the machine after manufacturing is shown in Fig 7.
Typical surface roughness of front side and back side are
RMS ∼16 nm and RMS ∼11 nm.

Figure 7: The TA-EUSO rear lens on the machine after
manufacturing.

Figure 8: Surface roughness measurement using a mobile
AFM. Top panel: the front side of the rear lens, bottom
panel: the back side of the rear lens.

Tip radius of tool bit [mm] 0.5, 0.05
Tool feeding speed [mm/min] 0.10 ∼ 15

Depth of cut [mm/pass] 0.005 ∼ 0.030

Table 4: Manufacturing parameters for the TA-EUSO rear
lens.



Manufacturing of the TA-EUSO and the EUSO-Balloon lenses
33ND INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

3.3 Manufacturing the EUSO-Balloon middle
lens

The EUSO-Balloon middle lens was manufactured using
the machine parameters shown in Table 5. The front side
of the middle lens is a plane surface. The back side of the
middle lens has a diffractive structure. The depth of groove
is 0.7 µm, which corresponds to the PMMA refractive in-
dex at wavelength 357 nm. We can accept a manufacturing
error of the depth of the diffractive groove around ±10%,
that is 0.7 ± 0.07µm. A picture of the EUSO-Balloon mid-
dle lens on the machine after manufacturing is shown in
Fig 9. Typical surface roughness of front side is RMS ∼11
nm. Typical diffractive groove hight is ∼ 0.74µm.

Figure 9: A photo of the EUSO-Balloon middle lens on
the machine after manufacturing. Rainbows patterns due
to diffraction structure are visible in this lens area.

Figure 10: Surface roughness and diffractive structure
measurement using a mobile AFM. Top panel: the front
side of the middle lens, bottom panel: the back side of the
middle lens (diffractive surface).

Tip radius of tool bit [mm] 0.05
Tool feeding speed [mm/min] 0.5 ∼ 1.0

Depth of cut [mm/pass] 0.005 ∼ 0.020

Table 5: Manufacturing parameters of diffractive lens for
the EUSO-Balloon middle lens.

3.4 Manufacturing the EUSO-Balloon front lens
and rear lens

We have started manufacturing the EUSO Balloon rear
lens at the beginning of May 2013. The Balloon front
lens and rear lens will be completed within summer 2013.
EUSO-Balloon and TA-EUSO optics share the front lens
and the rear lens design as mentioned in section 2. We al-
ready have experienced manufacturing the front and rear
lenses through the TA-EUSO lenses fabrication. We there-
fore expect that both lenses will be manufactured with
much better quality than the TA-EUSO lenses.

4 Conclusions
We have completed the manufacturing of the TA-EUSO
lenses and the EUSO-Balloon middle lens with better sur-
face roughness than 20 nm RMS. The manufacturing of the
EUSO-Balloon front lens and rear lens will be completed
within summer 2013.

The present study shows that it is possible to produce
large PMMA fresnel lenses and a large diffractive lens
for the actual JEM-EUSO mission pathfinders. During the
manufacturing process of the TA-EUSO and the EUSO-
Balloon lenses, several improvements were introduced in
the technique.

We will, of course, continue our study in optimizing
the machining parameters and understanding effects of the
manufacturing environments ( ambient temperature, am-
bient vibration, etc) to continue developing the technique
that will be essential, in the near time, for the production
of the JEM-EUSO flight model lenses.
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