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Abstract. The camera of the CANGAROO-III Cherenkov
telescope consists of many photomultiplier tubes (PMTs),
with significant dead space between the PMTs. Light guides
reflect photons directed at dead spaces, to the effective area
of a PMT. We performed Monte Carlo simulations for var-
ious shapes of light guides to evaluate their performance,
compared with experimental values, and determined the op-
timal shape of the light guide for the CANGAROO-I | tele-
scope.

We calculated the light collection efficiency as a function
of incident angle for various types of light guides using the
Monte Carlo simulation. The best efficiency of the light
guide was obtained for the following conditions: The cross
sectiona shape cut along the central axis of the light guide
should have the Winston cone shape, though the entrance
finestra is hexagonal, and the gap between the light guide
and the PMT should be as small as possible.

To decrease the energy threshold of CANGAROO-I 1 tele-
scope, good light collection efficiency is very important.

Correspondence to: F. Kgjino (Email: kaj i no@onan-
u.ac.jp)

1 Introduction

The camera of the first telescope of the CANGAROO-III ar-
ray subtends about 3° and consists of 552 PMTs of half-inch
diameter. The PMTs are arranged in sgquare grid pattern.
(Mori et al. , 2000).

On the other hand the camera of the second telescope of

the CANGAROO-II1 array consists of 427 Hamamatu R3479UV

photomultiplier tubes with diameters of 19mm and sensi-
tive diameters of at least 1I5mm. The PMTs are arranged
in hexagonal honeycomb pattern (Mori et al. , 2001). The
field of view of the new camera is 4.2° which is wider by
1.2° than that of the first telescope. The dead space of the
new camerais about 65% of the total surface area.

A better light guide for the camera of CANGAROO-III
telescope is required to lead photons directed at the dead
space of the camera surface to the sensitive areaof aPMT.

Various types of light guides have been simulated to ob-
tain the best solution for the new camera. Their results and
performance are reported in this paper.
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Fig. 1. Light guides simulated using the Winston cone shape. Col-
ored surfaces named as type 3, type 4, type 03 and type 04 are flat
planes.

2 Shapesof light guides

We have tried to test two types for curved surfaces, the Win-
ston cone and a parabol oid.

2.1 Using the Winston cone shape

The Winston cone is a non-imaging optical shape to concen-
trate all photons whose incident angle is less than a certain
angle. (Winston , 1983) (Winston , 1991)

Three types of light guides shown in Fig. 1 are simulated
using the Winston cone for the curved surface.

The maximum incident angle to the light guide is deter-
mined by the light from outer edge of the 20m mirror dish,
which ranges from 32.2° to 35.2° depending on position of a
camera surface.

Though the entrance shape of the origina Winston cone
is round, as the PMT's are arranged in a hexagonal shape
with a spacing of 24 mm, the present shape of the entranceis
determined to be hexagonal.

Every inner surface of cross section cut through the central
axis of the light guide of type 2 in Fig. 1 is determined to be
the Winston cone shape.

Flat planesfor type 3are al determined to be vertical. Flat
planes for type 4 are tangentia to the edge of the bottom
circle.

The gaps between the light guides for the above types are
assumed to be Omm. The gap of 1 mm is also assumed for
very similar types as type 02, type 03 and type 04.

Theratio of the entrance area and the exit area of the light
guidesis 2.68 for the case of the gap of Omm and 2.46 for
Imm.

2.2 Using aparaboloidal shape

A paraboloidal shape is used for the curved surface for three
types shown in Fig. 2. Every inner surface of cross section
cut through the central axis of the light guides of type 5in
Fig. 2 isdetermined to be the parabol oidal shape. Flat planes
for type 6 are all determined to be vertical. Flat planes for
type 7 are tangential to the edge of the bottom circle.

Gaps between the light guidesfor the above three typesare
assumed to be Omm. The gap of 1 mm is also assumed for
very similar types as type 05, type 06 and type 07.

LG-CllI type5 LG-CllI type 6 LG-ClII type 7
LG-ClII type 05 LG-ClII type 06 LG-ClII type 07
Paraboloidal cross section Paraboloid Paraboloid

Fig. 2. Light guides simulated using paraboloidal shape. Colored
surfaces named astype 6, type 7, type 06 and type 07 are flat planes.

3 Light collection efficiencies

Simulations to obtain the light collection efficiency was per-
formed based on the following assumptions.

1) Sensitive area of the PMT is 15mm.

2) Distance between the center of neighboring PMTs is 24
mm.

3) Reflectance of the surface of the light guide is assumed to
be 100% and 80%.

4) Reflectance at the surface of the PMT is assumed to be
0%.

5) Gaps between the neighboring PMTs are assumed to be
Omm and 1 mm.

6) Gaps between the light guide and the PM T are assumed to
be Omm and 2 mm.

7) Photons are incident on a paraboloidal mirror with 10m
diameter and photons reflected at the mirror surface are inci-
dent on alight guide centered at the camera position.

8) The camera position is assumed to be in the focal plane
8 m from the main reflector.

An example of resultant light collection efficiency of the
simulations as a function of mirror radiusis shown in Fig. 3.
Collected photons are integrated from the center of the 10m
diameter mirror. The gap between the light guidesis Omm,
reflectance of the light guide is 80% and gap between the
light guide and the PM T is O mm for this example.

From this figure the best shape for the light guide was
proved to be type 2, with acollection efficiency of 77.3 %.
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Fig. 3. Comparison of integrated light collection efficiencies for
various types of light guides.



Table 1. Simulated light collection efficiencies for various cases.

type2 | type02
Gap between LGs 0mm 1mm
Reflectance of LG : 100 %
Gap between LGand PMT : 0mm | 94.3% | 87.0%
Reflectance of LG : 80 %
Gap between LGand PMT: 0mm | 77.3% | 72.2%
Reflectance of LG : 80 %
Gap between LGand PMT : 2mm | 69.0% | 66.4%

Results of the simulation is listed in Table 1 with vari-
ous parameters of conditions. gap between light guides, re-
flectance of light guide and gap between the light guide and
the PMT.

It is shown that even the small gap of 2mm between the
light guide and the PM T reduces the efficiency by about 8%.
Therefore it is suggested not to leave any gap between the
PMT and light guide.

Fig. 4. Data points of the inner shape of the new light guide.

Based on these simul ated resultswe chose type 2 for which
the cross section cut through the central axis wasthe Winston
cone shape, entrance shape was hexagonal, and exit shape
was round. Having a 0.5mm gap between the light guides
was chosen to take into account manufacturing accuracy.

A mold was tuned with a computer controlled machinein
which simulated data shown in Fig. 4 was input. The mold
wasfinally polished by hand.

Polycarbonate plastic is used for the base material. A pic-
ture of the finished product is shownin Fig. 5. The manufac-
turing error of the size was measured and proved to be less
than 0.1 mm.

Aluminum vapor was deposited on the inner surface of the

Fig. 5. Left : Light guide for CANGAROO-I telescope.
New light guide for CANGAROO-II1 telescope.

Right :

light guide and the surface was then coated by silicon oxide.

The light collection efficiency was measured for the man-
ufactured light guide as a function of incident angle using a
blue LED with a wavelength of 470nm. Fig. 6 shows that
the measured efficiency agrees very well with the simulation
when the reflectance of the inner surface is assumed to be
89%.

4 Reflectance vs. wavelength

Flat glass samples were put in the same vessel of the vapor
deposition with the light guides. Reflectance of the samples
were measured by a spectrophotometer. One of the result is
shown inFig. 7 asafunction of awavelength. Incident angles
for this measurement were 5° and 60°. The reflectance value
ranges from 80% to 90% above the wavel engh of 300 nm for
both of the incident angles.

5 Discussion and conclusions

The expected Cherenkov photon spectrum generated by air
showers at sealevel is obtained by aMonte Carlo simulation
and isshownin Fig. 8.

Therefore the manufactured light guide was proved to have
a good spectral efficiency for detecting Cherenkov photons
from air showers.

Light collection efficiency of thelight guide for the camera
of the second telescope of CANGAROO-III was very much
improved by about 60% compared with that of the first tele-
scope. Negative high voltages are applied to the first tele-
scope camera, which causes discharge problems if the light
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Fig. 6. Comparison of light collection efficiency between asimula-
tion and a measurement of the light guide.

guides are attached directly to the PMTs. Avoiding this re-
quires keeping gaps of about 2 mm between the light guides
and PMTs, which reducesthe light collection efficiency. The
second telescope camera will use positive high voltage to
prevent the discharge, and so the light guides can be attached
directly to the surface of the PMTs.

Owing to the usage of the Winston cone shape, the light
collection efficiency of the new light guide changesrapidly at
around 35° which corresponds to nearly the edge of the 10m
mirror, whereas that for the first telescope changes much
more slowly. Therefore light collection efficiency has been
improved very much. Background photons coming from out-
side the mirror will be also suppressed very much by this
property, which will be useful to limit the trigger rate.

In conclusion, we have performed simulations for various
types of light guides for the camera of the CANGARQOO-II1
telescope and it is found that the best collection efficiency
for them is obtained when the the cross sectional shape cut
along the central axis has the Winston cone shape and the gap
between the light guide and the PMT is O mm.

Reflectance of the light guide was measured and it was
found to be good enough to observe Cherenkov photons from
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Fig. 7. Measured reflectance of the new light guide.
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Fig. 8. Expected spectrum of Cherenkov photons from air showers
at sealevel.

air showers.
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