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Abstract: Jem-Euso will detect light from Fluorescence induced by Cosmic Ray showers. How do we go
back from the MAPMT signals to the shower energy ? This paper describes the real meaning of what is called
”calibration” when it is only a measurement of an intrinsic property: that is here the PMT efficiency.
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1 Introduction
The project Jem-Euso is basically a large aperture UV
telescope looking from the International Space Station at
the earth atmosphere to detect the nitrogen fluorescence
light induced by the myriads of charged particles created in
an Ultra-High Energy Shower. It is composed of large (5m2)
plastic Fresnel lenses, focusing the light on a spherical
focal surface (FS) composed of roughly 5000 64-anodes
photomultipliers (PMT) for a total of 350000 independent
pixels. The field of view is ±30o, for a ground observed
surface, when in nadir mode, of 200 000 km2. The light is
produced by the shower through nitrogen fluorescence at
altitudes between roughly 0−10 km. The shower max is
at 3−4 km. The standard model gives the first constant in
the relation between the shower energy E to the number
of charged particles N around the shower maximum depth
Xmax. The second constant relates the light produced by
a charged particle: the fluorescence yield Y F [1]. This
light has to travel upwards through the atmosphere. Its
characteristic transmission parameter TA will be given by
the Atmospheric Monitoring system AMS [2]. The light has
to go through the lenses with a transmission TL. Finally, the
light hits the PMT pixels and is transformed into measured
charges. This is called pixel efficiency εpix. It is expressed
in Amperes / Watts (A/W) in the general case of light
strong enough to induce pile-up, where the resulting charges
is the product of the number of photoelectrons produced
simultaneously by the photocathode, by the gain of the tube.
In the case of weak light (we will see soon this is valid
for Jem-Euso), where we have no pile-up, the charge per
photoelectron is only the gain. Then the efficiency can be
expressed in photoelectrons per incident photons (a typical
value for the Jem-Euso PMTs is 0.1 A / W = 0.3 pe / ph at

400 nm). We will now describe how we measure εpix in an
absolute and precise way.

2 Jem-Euso mode of operation
For the main physics of Jem-Euso: shower observation, the
time occupancy by photoelectrons is small: one pulse is
2 ns at its base (1 ns at mid height). The maximum rate
(given by CORSIKA simulations) for a 1020 eV shower is
around 30 photoelectrons (pe) per Gate Time Unit (GTU =
2.5 µs), which is 1.2 pe per 100 ns. The usual background
(light of the stars reflected at earth surface) and light glow is
20 times less. This is why Jem-Euso will be in single photo-
electron (SPE) mode. In this SPE mode, the spectrum is
composed of two peaks: the first one, narrow, is the pedestal
and its width is due to the integration of the base line when
there is a trigger (due for instance to light in other pixels
but no light in the examined one). The second peak is due
to the integration of the pulse arriving when there is light
present on that pixel, corresponding to a SPE. fig.1 is an
example of these spectra. This obeys the Poisson statistics
and, from the number of SPE measured in a GTU, one can
retrieve the true number of incident photons. The surface of
the SPE peak is then the number of photoelectrons out of
the photocathode and having reached the first dynode.

In the case of strong light (cities, lightnings, meteors...),
the pile up can become important if we keep the SPE mode.
The first consequence is damage to the PMT (too much
current at the anodes). Second, impossibility to measure
the phenomenon responsible for this strong light because
of saturation. Jem-Euso is equipped with a system of fast
switches which reduce the value of the voltage applied to
the photocathode in less than 2 µs. The voltages applied to
the other dynodes stay constant, hence, it is the collection
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efficiency which is reduced. If, for example, the cathode
voltage is reduced by some 200 V to be equal to the first
dynode voltage, the collection efficiency is diminished by
a factor 100. But the tube having still the same voltages
applied to its dynodes, the gain is unchanged. Only the
number of photoelectrons reaching the first dynode is
reduced hence the tube is still working in SPE mode.

The advantage of this method compared to the classical
reduction of all dynodes voltages is its speed, because the
capacity involved is small.

3 How to produce pure SPE spectra in the
laboratory?

First, a little bit of philosophy. There are two ways to
measure the absolute efficiency of a PMT pixel: a) send
a known light, or b) compare to a known detector. It is
extremely difficult to have a uniform precisely known beam
on a small surface even if this non uniformity can be
corrected offline, with some effort. For instance, consider
the reference [3] explaining how to use the moon as an
absolute calibration tool when in-flight. There, we cannot
use b) (cannot replace the focal surface with a known
calibrated detector) and this moon method is not easy.
Method a) cannot calibrate to better than 5−10%, so b) in
the lab, which can reach 2% is by far the best solution and
will be described later. LEDs give fast signals, and it is easy
to produce light pulses in times as short as 5−10 ns. The
secret is to pump more current in them (up to 1 A in 10 ns).
If the amount of light produced per pulse is such that we
have 1 photoelectron per 50 pulses, then the Poisson law
tells that there will be less than 1 pulse of two photoelectrons
together for 100 pulses corresponding to one photoelectron.
If one records a spectrum by integrating around the light
pulse, in a short gate (10−20 ns), then the pedestal will be
P0 events, the one photoelectron will be P1, and its surface
will be P0 / 50 and the 2 photoelectron peak P2 will be P1 /
100. This is roughly what is shown in the left of fig.1. P0
results from the integration of the electronic noise, which
is small, so the P0 peak is narrow. P1 is the result of a
multiplication of electrons in the PMT up to a few 106. Its
width is governed by the multiplication factor of the first
dynode which is around 5, so that its σ(P1) is about 1/

√
5

= 0.45. So σ(P1)/ position (P1) is roughly 0.45. P2 (which
cannot be seen at the 1% level) has little bit smaller width.
The gain is the distance expressed in charges between the P1
and P0 peaks. So, to arrive to an absolute measurement, it
is important to measure what is the channel width in fC of
each QDC used (we have four 16-channel QDC to look at
one PMT tube at a time). See paper [4] in these proceedings.
The surface of the P1 peak divided by the number of light
pulses is close to the pixel efficiency εpix. We do not speak
of PMT efficiency, because all the pixels are independent.
It is the product of the transmission (> 99%) of the 2 mm
BG3 filter glued on the photocathode glass times the glass
transmission (> 99%) times the photocathode, or quantum
efficiency εQ, times the probability for an electron escaping
the photocathode to reach the first dynode, called collection
efficiency εcoll (about 70%, but varies with voltage) times
the probability to go from one dynode to the next (here
100%). So, basically, εpix = εQ×εcoll . The 4% factor of the
light loss between air (or vacuum) and the BG3 filter is not
mentioned here, because it is inherent to this experiment,
and it will not vary. The evaporated photocathode thickness

Fig. 2: Left: red: εpix and black Ethresh for different HV,
(open circles); Right: gain versus HV with extrapolation to
-900 V.

can vary along the pixels, and the collection efficiency, due
to electrostatic effects can also vary along the pixels.

Now, the surface of the P1 peak can be taken in two ways:
the exact one Sexact with an extrapolation of P1 to its origin
(the P0 position, see fig.1), which is time consuming (Polya
fit). Or, we can set a threshold (shown in fig.1 in red) in
the valley between P0 and P1 at 1/3 of the distance, and say
that everything above that threshold, Sthres, is representative
of P1 surface with a correction. This is what is done with
Jem-Euso DAQ : the threshold mode. At the laboratory,
as the physicist time is cheap, one determines what is the
ratio of the surface above the threshold to the exact total
surface. Another factor contributing to the PMT efficiency
is the size of the cloud of electrons after multiplication.
Inside the PMT, the electron ”shower” reaching the anode
is slightly larger than a pixel. When a pixel (2.88×2.88
mm) is illuminated in its center (with a 0.1 mm precision)
by a 0.3 mm light beam, we see that 4% of the events lie
on the pixels neighbors to the illuminated one. The true
efficiency εtrue is then the efficiency of the pixel illuminated
determined by Sexact plus 4%. εtrue will be then what we
call the real pixel efficiency εpix. Finally, a very important
point, generally not seen by many experiments: εpix varies
with the high voltage applied to the dynodes. This is due
mainly to the electrostatic effects of the field between the
photocathode and the first dynode (responsible for εcoll ,
the collection efficiency). The tube being square and not
cylindrical, this field is not uniform and the non-uniformity
will vary with the high voltage. So, it is mandatory to
measure the gains of the pixels.

Fig.2 shows in red the true pixel efficiency (one pixel
of a PMT) for different voltages and the correspondence
between gain and voltage is given in the figure on the right.
In black, we see how the efficiency measured above the
threshold varies faster with the voltage. This arises from
the fact that the threshold is constant, and as the gain is
reduced, the pedestal does not move, and the SPE peak
gets ”eaten” by the threshold (as illustrated in the far right
spectrum of fig.1. But beware: the spectra were taken at
the laboratory with CAEN QDC C1205 with a channel
width of about 19 fC, so that we had to be between -1100 V
and -1000 V to have enough gain. In Jem-Euso, the front-
end electronics [8] (home made ASICs [5]) are much more
sensitive, and at -900 V, we have spectra similar to the one
of fig.1 at -1000 V. So, in Jem-Euso operation, the PMTs
being read by the ASICs, the black curve of the left figure
has to be shifted towards the left by about 100 V. Finally,
from fig.2, right and left, one can conclude that between
1100 V and 900 V, the gain varies by a factor of 7 and εpix
by 8%.
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Fig. 1: Single photoelectron (SPE) spectra of one pixel of a M64 PMT at 3 voltages. Threshold efficiency corresponds to
the SPE peak surface above the discriminator threshold, while full efficiency corresponds to the surface of the SPE peak
extrapolated to 0 (dotted curve). It is impossible to extract the efficiency at -900 V with precision.

Fig. 3: Integrating sphere arrangement with PMT.

4 Experimental laboratory set-up
The LEDs used to send the light are not totally stable. Their
yield varies with temperature. It is mandatory to monitor the
light intensity with a NIST photodiode. This device being
non-polarized is extremely stable over 10 decades, ranging
from 1 pW to 10 mW at 400 nm. The light from the LED
has to be splitted in a very stable way between the PMT and
the NIST photodiode. The best (most stable and easy to set-
up) splitter is an integrating sphere. The basic principle is
that the amount of light going through a port is proportional
to the port surface. We use a 10 cm diameter sphere with 3
ports, one for the LED whose light fills the sphere, one for
the NIST and one to send the beam to the PMT pixel. This
is sketched in fig.3. Notice the collimator made of two holes,
one of 1 mm diameter next to the sphere, and the other of
0.25 mm next to the PMT. They are separated by 20 mm.
This way the light is reduced by a factor of about 105, to
take into account the 106 gain of the PMT. The power read
on the NIST, SPE mode, is then around 1 nW, when the
noise is around a few pW.

With this set-up the LED intensity is fixed to a level
where we have roughly 100 pedestals P0 for one P1. The
ratio R of the number of photons reaching the NIST to the
number reaching the PMT can be calculated, but with an
accuracy not better than 10%. So, it is more accurate to
measure R. To do that, we use the same set-up with a second
NIST photodiode replacing the PMT. See fig.4.

Now the LED is 106 times stronger to compensate for
the low gain of the NIST (about 0.5). The response of the 2
NIST photodiodes is given by two pico-ammeters, and it
is best to take snapshots of these two instruments together,
to get rid of fluctuations. Having measured that ratio R
between the two NISTs, we apply it to the measurement
of fig.3. We know how many pulses have been sent to the
LED in a run. We know then what is the number of photons
hitting the NIST on the sphere, hence, through the ratio, we

Fig. 4: Integrating sphere arrangement with second NIST.

know how many photons hit the PMT. We determine the
full P1 spectrum surface which gives the number of created
SPE and dividing this number by the number of incident
photons, we get εpix. We add 4% (contribution of neighbors
pixels) to this efficiency and we finally get the full absolute
pixel efficiency. The accuracy on this efficiency is 2% (the
NIST on the sphere uncertainty cancels out in the ratio).

5 Application to a given PMT
In blue, fig.5 shows Hamamatsu gain data taken with a
strong light (not in SPE mode), at 1000 V. In red, our
gain measurements also at 1000 V, and in green, the pixels
efficiencies measured with the described set-up. Both gains
and efficiencies exhibit strong variations.

6 Calibration of Euso-Balloon focal surface
In the Euso-Ballon instrument [6],[7],[8], the crucial abso-
lute efficiencies of the pixels in a PMT are being measured
(together with the gain) with an accuracy of 2%. This is
done for 2 values of high voltage: -1100 V and -1000 V
when using the CAEN QDCs. They are measured at -900 V
with the front-end ASIC. However, this last method, due to
very slow laboratory DAQ (involving a USB connection be-
tween the test board reading the ASICs and a PC controlled
by a dedicated LabView software for electronic tests), the
acquisition time turns to be nearly two days to get with
sufficient statistics the 64 pixels efficiencies. To overcome
this limitation, we do that measurement on one pixel only,
which we call a ”NIST pixel”. Then we move the PMT to
30 cm of the integrating sphere, so that the cos4θ law valid
for lambertian sources makes the illumination uniformity
better than 99%. This way we can measure the whole EC-
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Fig. 5: Gain in red (our data) and blue (Hamamatsu data)
and efficiency in green of the 64 pixels of a tube. All data
are normalised to their own maximum.

unit at once, saving a lot of time. This has another advan-
tage: the EC-unit being potted, the field at the photocathode
level could be slightly distorted due to the dielectric rigidity
of the potting material. The accuracy then will be around
3%. Finally, to check that the efficiency follows the bi-alkali
curves, these efficiencies are measured with 3 LEDs of dif-
ferent wavelengths, between 300 and 400 nm.

7 Conclusion
The pixels having been ”calibrated”, that is their gain for
a given HV, and εpix for that HV have been determined
with a great accuracy in the laboratory. Naturally, the ASIC
channel used for a given pixel has to be kept during the
flight (keep the same connections). Then, the instrument
flies, and the measurements made on earth are still valid
until something in the gain or in the efficiencies varies.

a) Gains: to check during the flight if the gains have
changed, the focal surface will be illuminated over its
whole surface by a few 1 inch integrating spheres equipped
with LEDs of different wavelengths (another port will be
equipped with a NIST photodiode, but this is not used in the
gain measurement). The uniformity of illumination has no
importance as long as we are in SPE mode with negligible
P2. The spheres will be disposed at the periphery of the last
lens before the focal surface, with the output light directed
towards this FS. The spectrum of each pixel is realised
through S-curves made by changing the ASIC discriminator
threshold. The gain of each pixel is then measured in an
absolute way, with a 1% precision. The causes of gain
changes maybe radiations and cosmic rays going through
the dynodes.

b) Efficiencies: The surface of the SPE peaks in an
S-curve is equal to the number of counts given by the
discriminator when the threshold is at 1/3 of the pedestal-
SPE peak (in the valley of fig.1). On earth, before launch, we

will have made this experiment of illuminating the FS with
the small spheres, and by comparison with the beforehand
measured pixel efficiencies, we will have a correspondence
table of these absolute efficiencies with the discriminators
counts. In order to ensure that the LEDs variations are taken
into account, the NIST diodes in the small spheres will
be recorded. These NIST photodiodes are non-polarized,
hence very robust to radiations and temperature changes.
So, in flight, it will be easy to see if any pixel efficiency has
changed significantly (more than 2%) and the new efficiency
will be known. The transparency of the lenses is part of
the efficiency. This will be checked with another small
integrating sphere positioned on the lid (the calibrations
are made during the ISS day, lid closed), and sending its
light to the FS through the lenses. If the gain has changed
significantly, and the HV of one EC-unit had to be modified,
then the measured efficiencies would reflect the change. If
there is a big change in efficiency (> 20%), then we would
like to make a new absolute efficiency measurement. This
can be done with the moon, or with external sources, but
with a precision not better than 20%. The causes of big
changes during five years of flight are mainly radiations,
dust and oxygen. The philosophy used on flight is explained
in papers [9],[3] and [10] in these proceedings.
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