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Figure 9. Simulated tracks (projected onto the detector plane) produced by 5 keV electrons in pure Ne, at pressure
of 1 Atm (right). Starting directions are distributed according to equation (15), simulating photoelectrons emitted in
response to a collimated, 100 % linearly polarized 5.9 keY photons beam. By means of a progressive "zoom out" (left),
it can be clearly seen that the modulation of the track directions is more and more blurred by Coulomb scattering while
going away from conversion point.

direction with the principal axis of the released charge distribution. At higher energy, in fact, tracks are longer
and the probability for a large angle electromagnetic scattering to occur increases as well. On the other hand, a
more sophisticated algorithm which isolates the initial part of the track (like the one we use) allows to efficiently
overcome this limitation, as it is clearly confirmed by experimental data.

By means of our Monte Carlo code we have investigated the performance of a polarimeter with a 100 m
readout pitch (which is feasible with currently adopted technology and will be soon available for tests) for several
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Figure 10. Modulation factor, as a function of distance from absorption point, evaluated from the distribution of
primary ionization for 5 keV photoelectrons in pure Ne, 1 Atm.
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GEM 

2D	  pixel	  readout 

system control. The amplified signals are fed into CAMAC
peak-hold ADC (LeCroy 2259B) controlled by a PC. To
make a calibration curve between amount of input charge
and ADC channel, a well-defined rectangular wave from a
research pulser (ORTEC model 448) was fed into the
preamplifier through a 2 pF capacitor.
During the test, we flowed a mixture of 70% argon and

30% CO2 by volume through the chamber. The CO2 sense
as a quencher. The primary reason we selected this gas
mixture was to easily compare our results to other
experiments; many GEM studies have been done with this

ARTICLE IN PRESS

Table 1
List of GEM foils examined in this study

Name Pitch (mm) Hole dia. (mm) Etching method

CERN-140 140 70 Chemical
RIKEN-140 140 70 CO2 laser
RIKEN-100 100 50 CO2 laser
RIKEN-50 50 30 CO2 laser
RIKEN-50ex 50 30 Excimer laser

Fig. 1. A typical procedure of GEM production with the laser etching technique. Photographs in the left column are the SEM images of the foil, and those
in the right column are the cross-section of the foil corresponding to each left image. Top images show the copper-removed polyimide foil, middle ones
show laser-etched foil irradiated from a side, and bottom ones show laser-etched foil irradiated from both sides.

T. Tamagawa et al. / Nuclear Instruments and Methods in Physics Research A 560 (2006) 418–424420

50μm-‐pitch,	  105k	  
1.5cm	  *	  1.5cm 

50μm-‐pitch 

Signal	  amplificaBon 

First demonstrated by Costa, Bellazzini et al 
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Following the design by  
Bellazzini et al. (INFN-Pisa) 

Gas mixture 
DME (CH3-O-CH3) 
Lowest transversal diffusion for 
electrons during drift 
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Figure 6: Pulse height distribution measured with X-rays created by 45-degree Bragg diffraction with MgF2 (left), Al (middle) and LiF (right)
crystals.

Figure 9: The pulse hight of the photopeak versus the incident X-ray
energy.

The drift field is fixed at 2 kV/cm, where the coeffi-
cient of transversal diffusion for electron drifting is min-
imized in pure DME at 0.8 atm. The induction field (or
the collection field) is set to 3 kV/cm; a smaller field
may lower the fraction of electrons collected by the an-
ode, and a higher field may lead to multiplication in the
induction region. Figure 7 shows the change of the ef-
fective gain as a function of the GEM voltage, and Fig-
ure 8 illustrates the variation of the spectral resolution
along with the change of the effective gain. We choose
a GEM voltage of 500 V where the effective gain is near
400, and the spectral resolution is minimum and insen-
sitive to the change of the gain. We note that the choice
of this GEM voltage is also optimal for polarimetry, re-
sulting in a maximum degree of modulation, which is
not shown here.

The detector exhibits a good linearity between the in-
cident X-ray energy and the output pulse height (see
Figure 9). The measured energy resolution (Figure 10)
in terms of FWHM/E is found to be scaled with the
square root of the X-ray energy, consistent with that the
noise is dominated by Fano fluctuation.

Figure 10: Measured energy resolution (∆E = FWHM) versus the X-
ray energy, along with a best-fit curve in the form of ∆E/E ∝ 1/

√
E.

4.2. Polarimetry

Examples of electron tracks produced by X-rays of
different energies are displayed in Figure 11. For po-
larimetric analysis, events with two or more separate
clusters of charges are not used. Those having a total
hit of less than 27 pixels are removed too, as they may
cause a systematic effect at ±60 degrees due to the pat-
tern of the GEM holes. For a direct comparison with
previous results, we further discard 25% of events with
low eccentricity following Muleri et al. (2010) [13]. The
emission angle of photoelectrons is derived by finding
the principal axis of the whole track for events with en-
ergies below 3 keV, or using the so-called impact point
method [15] for high energy events.

A modulation curve, which is the histogram of pho-
toelectron emission angles, measured with a fully po-
larized beam of 3.74 keV is shown in Figure 12 .
The degree of modulation is defined as the fractional
peak-peak amplitude of the modulation curve, (Nmax −

Nmin)/(Nmax + Nmin). The modulation factor µ is the
degree of modulation in response to a fully polarized

5

Effective gain Energy resolution 

2.67 
5.33 3.74 keV 

7.49 

6.09 
MgF2 Al LiF 

GEM: 50µm-thick 
Gas: DME at 0.8 atm 

FWHM
E

∝
1
E
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Systematic  error

•  Residual  modulation  from  unpolarized  X-‐‑ray  beam	

16 

•  DoP  =  0.94%  (99%  upper  limit) 

(0.30  ±  0.15)%   
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Imaging  –  focal  plane  detector  for  grazing  incident  telescopes

17 

Data

0.3 0.4 0.5 0.6 0.7
X (mm)

0.3

0.4

0.5

0.6

0.7

Y
 (m

m
)

Fit

0.3 0.4 0.5 0.6 0.7
X (mm)

0.3

0.4

0.5

0.6

0.7

Y
 (m

m
)

     
     0

100

200

300

400

Residual

0.3 0.4 0.5 0.6 0.7
X (mm)

0.3

0.4

0.5

0.6

0.7

Y
 (m

m
)

•  FWHM:  ~  80  µμm   •  300  µμm  apart  in  X  and  Y  	
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