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Abstract— We have been developing an instrument termed
“PHENEX(Polarimetry for High ENErgy X rays)” to measure
polarization in the hard X-ray region. The PHENEX polarimeter
consists of detector modules called “unit counters”. We have
investigated the performance of the unit counter, using a highly
polarized beam in KEK-PF BL14A. From these measurements,
we obtained a detection efficiency of 20% and a modulation
factor (analyzing power for polarization) of 53% for 80 keV
X rays. Assembling four unit counters, a balloon-flight version
was constructed and carried out a preliminary observation of the
Crab Nebula in Jun. 13th, 2006. During this flight, the PHENEX
polarimeter observed the Crab for about one hour and detected
its hard X rays with a significance of 9 σ. From this result, we
project that a PHENEX polarimeter with nine “unit counters”
would detect the hard-x-ray polarization of the Crab Nebula with
the significance of 3 σ in a 3-hour observation.

I. INTRODUCTION

In X-ray astronomy, observation carried out to understand
the nature of the universe have typically involved spectroscopy,
timing and imaging. Left out of these measurements to date
is polarimetry, yet the observation of polarization brings us
invaluable information such as space-time curvature near black
hole, radiation mechanisms in pulsars, and the magnetic struc-
ture of supernova remnants. Further, it is also useful for
understanding the radiation mechanism in gamma-ray bursts.
Despite its potential usefulness, no significant x-ray polarization
measurement has been carried out for about 30 years since the
observation of the Crab Nebula. This is because of the difficulty
of developing an x-ray polarimeter with high sensitivity. Since
the origin of the polarization is often due to non-thermal radia-
tion processes such as synchrotron radiation, observations in the
hard-X-ray region are possibly more important than that for the
soft-X-ray region; it is expected that the degree of polarization
in the hard X-ray region would be higher than that at lower
energies. For the above reasons, we have been developing a
hard X-ray polarimeter with high sensitivity, called PHENEX
( Polarimetry for High ENErgy X rays) polarimeter.

The PHENEX polarimeter is Compton-scattering-type po-
larimeter sensitive in the energy range from 40 keV to 200
keV and is constructed in a modular fashion with an array of
”unit counters”. The performance of one of these units was
measured using the highly polarized beam of BL14A in KEK,
and a flight system, consisting of four such units, was then
constructed and flown, on June 13, 2006, to observe the Crab
Nebula.

In the following sections we present the design and the per-
formance of the polarimeter in detail. In addition, we also show
some preliminary results for the balloon-borne experiment.

II. UNIT COUNTER

A. Design of Unit Counter

The unit counter consists of 36 (6x6) pieces of plastic
scintillator surrounded by 28 pieces of CsI(Tl) scintillator, all
read out by a multianode photomultiplier (MAPMT) with 64
channels developed by HAMAMATSU Photonics Inc. Fig. 1
shows a schematic view for the unit counter. The pixel size
of the multianode photomultiplier is 6.0 × 6.0 mm2 and the
size of scintillators is 5.5 × 5.5 × 40 mm3. As incident hard
X ray enters into one of the plastic scintillator, is Compton
scattered and then absorbed by one of the surrounding CsI(Tl)
scintillators. The azimuthal scattering angle depends on the
polarization direction of the incident hard X rays as shown in
Eq. 1. Since these scintillators are segmented, the 2-dimensional
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r0 : classical radius of electron
θ : scattering angle for incident direction
φ : azimuthal scattering angle for polarization vector
k0 : energy of incident hard X ray
k : energy of scattered hard X ray

scattering direction can be measured and hence the information
on the polarization of the incident hard X rays can be obtained
(Fig. 2). The instrument field of view is constrained to 4.8
degrees (FWHM) by a collimator made of molybdenum (1
mm thickness). The side of the unit counter is covered by
graded passive shields made of Pb (2mm thickness) and Sn
(1mm thickness). Each energy deposit in the plastic and CsI
scintillators is read out by the MAPMT, and the signals of
each pixel are fed through charge-sensitive preamplifiers and
shaping amplifiers to an Analog to Digital Conversion (ADC)
system for digitization.

B. Performance of Unit Counter

The unit counter performance has been investigated in detail
using a polarized hard X ray beamline (Beam Line 14A) in
KEK. Fig. 3 shows the setup for this experiment. In front of
the test unit counter, a collimator and an ion chamber were
installed, the former to define a 1 x 1 mm2 80 keV beam and
the latter to monitor its intensity. The degree of polarization of
the beam was measured to be 85% by a Thomson scattering
polarimeter. The unit counter was mounted on both a 2-
dimensional moving stage to permit variation of the beam’s xy
position and a rotational stage to change effective polarization
angle.

Irradiation of the test unit was carried out at six locations
(six plastic scintillators) as shown in Fig.4 and Fig.5. For each
location, a series of 24 measurements were taken at 15 degree



Fig. 1. The schematic view of the unit counter. An incident hard X ray
is scattered by one of plastic scintillator and absorbed by one of CsI(Tl)
scintillator, respectively.

Fig. 2. The top view of scintillators. The linear arrow and the wavy arrow
represent the direction of polarization of an incident X ray and the direction
of the scattered X ray.

intervals (=360◦/15◦) and at each angle 64 channels (from the
64 scintillators in the whole array) of pulse height data were
acquired for cases where more than 30 keV was deposited
in any CsI(Tl) scintillator. In subsequent off-line analysis,
those events with coincidence between the plastic scintillator
and a single CsI(Tl) scintillator were extracted and the data
analyzed for each rotation angle. Fig.6 shows the resulting
data for irradiation of a single plastic scintillator. Note that the
data from all 24 CsI(Tl) scintillators have been use (ignoring
the corners) in this plot, phase shifted as appropriate for the
CsI(Tl) scintillator’s angular position relative to the incident
plastic scintillator. In the figure, the x axis shows the rotation
angle and the y axis shows the number of CsI coincident
events, normalized to the number of incident hard X rays. Fig.6

Fig. 3. Schematic view of the experimental setup. The unit counter can be
rotated around the z axis after setting the irradiation position to the center.

shows a high degree of modulation, indicating the polarization
sensitivity of the unit counter. Though the data in this figure are
discrete, this is simply because the rotation angle is quantized.
Moreover, several modulation curves with different amplitude
are superimposed in this figure. It is because the distance from
the irradiated plastic scintillator to each CsI(Tl) scintillator is
different and hence the detection efficiency is different for
each CsI(Tl) scintillator. Taking these effects into account, the
modulation factor and the detection efficiency for the plastic
scintillator near the center was calculated to be 62% and 14%,
respectively. A similar analysis was carried out for the other
five plastic scintillators and an overall unit counter modulation
factor and detection efficiency were determined to be 53% and
20%, repectively, at 80keV.

Fig. 4. The unit counter was rotated along z axis in 15 degree intervals and
the irradiation was carried out 24(360◦/15◦) times.

Fig. 5. A difference of scattering angle phases for each CsI(Tl) scintillator.
Because of the geometry, there are several groups of differences of the phase
which equals to multiples of another one for a plastic scintillator. The six
hatched channels were irradiated.

Fig. 6. Distribution of scattering angles as measured with the unit counter
when irradiated with polarized x rays. The x axis and the y axis correspond
to the scattering angle and the number of event scattered into that angle,
respectively (see text).



III. PHENEX POLARIMETER

A. Flight model

In 2006, we constructed a balloon-borne flight model,
PHENEX, with four unit counters to observe the Crab Nebula.
The instrument configuration for this flight is shown in Fig.
7. In the center of the four symmetrically-arranged detector
units is a CsI(Tl) scintillation counter, (34 × 34 × 10mm3),
that is used to monitor the flux from the Crab Nebula and thus
confirm pointing. The monitor counter has the same collimator
as that of the unit counters and is co-aligned with them. The
monitor counter and the four unit counters are all installed
inside CsI(Tl) active shields and the whole assembly is housed
in a pressure vessel and can rotate along the line of sight. This
rotation is necessary to permit removal of systematic effects
such as spurious modulation due to individual differences in
the scintillators.

Initiated by a trigger signal from any of the four unit
detectors or the monitor counter, the signals of all 266 channels
(64×4 channels), the monitor counter (1 channel), and active
shields (9 channels) are all digitized by the frontend circuits.
The information is processed by a VME-based data acquisition,
which folds in GPS data, and saved in data storage (USB
memory). A data-flow diagram is shown in Fig. 8.

Fig. 7. The flight detector system. Four unit counters and one monitor counter
are installed inside CsI(Tl) active shields.

Fig. 8. The data flow diagram of the detector system. When one of the unit
counters or the monitor counter generates a trigger signal, the signals of CsI(Tl)
active shields are read out by the data processor board at the same time.

During flight, a sun sensor was used for aspect knowledge
and control. The sun sensor is a pinhole camera with a two-
dimensional position-sensitive photodiode. Its field of view is
about 30◦ × 30◦ and it can determine the attitude of the
polarimeter to an accuracy of about 1 degree. The attitude
control system (ACS) has the ability to track the Crab Nebula
automatically using the output signal from the sun sensor.

B. Balloon Experiment

The balloon-borne experiment was flown on June 13th, 2006
after launch from the Sanriku Balloon Center at 5:33. Fig.9
shows the altitude of the balloon as a function of time during
the flight. From 10:25 to 16:50, we achieved a level flight
for 6 hours at an altitude of about 38 km. Then, the gondola
was separated from the balloon and parachuted into the sea.
The polarimeter was subsequently recovered safely without any
serious damage.

Fig. 9. The profile of the balloon altitude. Level flight started at 10:25 and
finished at 16:50 at. The altitude of level flight was about 38km.

The detector system operated well without any serious
problem over the duration of the flight and the data were
saved safely. However, the ACS did not function correctly and
hence the line of sight unfortunately wandered around the Crab
Nebula. However, as the sun sensor operated well, we can
obtain the necessary information about the pointing direction
of the PHENEX polarimeter as a function of time. In all, we
succeeded in observing the Crab Nebula for about one hour and
also a blank region of the sky for about one hour. The region
of the blank sky corresponds to the same elevation and azimuth
as that of the Crab Nebula during its observation period.

C. Preliminary Results

1) Counting Rate of the Monitor Counter: After the flight,
we first analyzed the data from the monitor counter to inves-
tigate the time span when the polarimeter was pointed at the
Crab Nebula. The monitor counter data selection is as follows:
1) Events with an energy deposit between 30 keV and 140 keV
are selected. 2) Those events with an energy deposit above 120
keV for any of the nine active shields are rejected. The resulting
net count rate for the monitor counter as a function of time
was then derived; this is shown in Fig.10 where the x axis
and y axis correspond to the time [hour] and the counting rate,
respectively. At around 9:00, a sharp peak is observed. The
altitude of the balloon at this time was about 10 km ∼ 20 km
and this corresponds to the Pfotzer Maximum. At float altitude,
two broad peaks are observed at around 11:50 and 13:30. The
two hatched regions in the figure correspond to the time span
for the observation of the Crab Nebula whereas the hatched
region around 16:00 corresponds to observation of blank sky.
The dotted line in the figure shows an acceptance criterion,
detailing when the sun sensor indicated that the Crab Nebula
was being viewed, factoring in the collimator response. There
is good correlation between this and the observed increases in
count rate, confirming that the Nebula was indeed in the field
of view.



We also calculated the expected counting rate from the Crab
Nebula for the monitor counter, considering: 1)The flux of the
Crab Nebula from 30 keV to 140 keV; 2)The attenuation of hard
X rays due to the atmosphere at the altitude of 38 km; 3)The
acceptance efficiency of the collimator. This gave a counting
rate estimate of about 0.3 cps, in good agreement with the data.

Fig. 10. Monitor counter rate as a function of time.The two broad peaks
around 11:50 and 13:30 are due to counts from the Crab Nebula. The dotted
line is a Crab-Nebula-pointing figure of merit derived from the sun sensor,
which correlates well with the rate data.

2) Counting Rate of Unit Counters: The unit counters were
all co-aligned with the monitor counter within 1 degree and thus
were also observing the Crab Nebula, as desired. For these,
the data selection was as follows: 1)Events with an energy
deposit above 190 keV for any nine active shields were rejected;
2)Events which are triggered by only one unit counter were
selected; 3)Events with an energy deposit above 50 keV for
any of the 36 plastic scintillator were rejected; 4)Events with
an energy deposit above 160 keV for any of the 28 CsI(Tl)
scintillator were rejected; 5)In cases where one of the four
CsI(Tl) scintillators at the corners had the largest energy of
the 28 CsI(Tl) scintillators, the events were rejected. Since an
optical cross talk occurs in the MAPMT, the light from the
hit scintillator leaks out to the next scintillator. The net result
is a cluster of ’hit’ scintillators with measured pulse heights.
Because of this effect, an additional set of selection criteria
apply: 6)If there is no cluster of plastic scintillator events with
pulse heights corresponding to 4 keV, the event is rejected;
7)If there is no cluster of CsI(Tl) scintillator event with pulse
heights corresponding to 50 keV, the event is rejected. From
the events remain after these 7 criteria we derived a count rate
histogram with time, as shown in Fig 11. At float altitude,
the two peaks in this histogram are also at around 11:50 and
13:30 which corresponds to the previous-derived time span for
observation of the Crab Nebula. The acceptance due to the
pointing direction plus collimator response is also shown in this
figure with a dotted line. The expected count rate from the Crab
Nebula for the four unit counters was calculated considering:
1)The flux from the Crab Nebula from 50 keV to 160 keV;
2)The attenuation of hard X rays due to the atmosphere at an
altitude of 38 km; 3)The acceptance efficiency of the collimator
for the pointing direction; 4)The detection efficiency for the unit
counter. From this, the rate expected from the Crab Nebula
was estimated to be about 0.2 cps, in good agreement with
the data. In addition, it was estimated that the S/N ratio for

the PHENEX polarimeter when observing the Crab with better
pointing accuracy (Acceptance = 1) would be about 1:3.

Fig. 11. Time distribution of unit counter events during at float. The dotted
line represents background rate derived from off-source observation. Two ridges
extending from 11:20 to 12:30 and from 13:20 to 13:40 are visible. Two hatched
regions around 11:50 and 13:30 represent times which the detector was likely
pointed at the Crab Nebula according to analysis of ACS data. These times
show good correlation with the count rate increases.

D. Performance of PHENEX Polarimeter

We are now analyzing the degree and direction of polariza-
tion for the Crab Nebula using the flight data. At the same
time, we have estimated the performance of the PHENEX
polarimeter with nine unit counters rather than four. The
expected performance can be quantified as the MDP(Minimum
Detectable Polarization) given by Eq. 2. For this, we used the
S/N ratio (1:3) obtained with this experiment, and assumed a 3
hour observation at float. The minimum detectable polarization
is estimated to be 17% for this configuration and observing
time.

MDP =
429

AηSM

√
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(2)

A : Detection area [cm2]
S : Signal Count Rate [sec−1cm−2]
η : Detection efficiency
M : Modulation factor
B : Background Count Rate [sec−1]
T : Observation time [sec]

IV. CONCLUSION AND FUTURE WORKS

Using a polarized X-ray beam at KEK, we demonstrated a
detection efficiency of 20% and a modulation factor of 53%
(80 keV)for our test unit counters. We constructed the balloon-
borne PHENEX polarimeter using four such unit counters and
carried out a preliminary observation of the polarization of the
Crab Nebula. We succeeded in observing the Crab Nebula for
about one hour and obtained a S/N ratio of about 1:3. The
data from this flight are still being analyzed. We project that
a balloon-borne PHENEX polarimeter with nine unit counters
will determine the polarization more accurately as it will have
an expected MDP of 17% for a three-hour observation. Thus
we plan to observe the Crab Nebula again in the near future
with this larger PHENEX polarimeter.


