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The pitch-angle distribution of energetic particles is important for space physics studies on magnetic storm and particle accel-
eration. A ‘pin-hole’ imaging structure is built with the ‘pin-hole’ technique and a position sensitive detector, which can be 
used to measure the pitch angle distribution of energetic particles. To calibrate the angular response of the ‘pin-hole’ imaging 
structure, special experiment facilities are needed, such as the particle accelerator with special design. The features of this kind 
of particle accelerator are: 1) The energy range of the outgoing particles should be mid-energy particles (tens keV to several 
hundred keV); 2) the particle flux should be consistent in time-scale; 3) the directions of the outgoing particles should be the 
same and 4) the particle number within the spot should be low enough. In this paper, a method to calibrate the angular response 
of the ‘pin-hole’ imaging structure by the 90Sr/90Y  source with a collimator is introduced and simulated by Geant4 software. 
The result of the calibration with the collimated  source is in accord with the Geant4 simulations, which verifies the validity 
of this method. 
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1  Introduction 

Since the earth radiation belt was discovered by Van Allen 
in 60 s last century, particles with energy range from keV to 
MeV have been a focused area of research for several years. 
Energetic particles exist in various regions of the magneto-
sphere, which plays an important role in many space phys-
ics phenomena such as aurora, magnetic storm, the high 
energy electron bursts and so on [1, 2], and is a key factor in 
the energy coupling and transfer process of the solar 
wind-magnetosphere-ionosphere (SMI) system. The source 

and the acceleration mechanism of energetic particles are 
the two fundamental and unresolved scientific questions in 
the magnetospheric study [3]. The pitch-angle distribution 
of energetic particles is closely related with these questions 
and is a significant basis for the research of magnetospheric 
physics progress [4–9]. In addition, electron with high en-
ergy above MeV is one of the most serious threats to the 
spacecraft in the terrestrial space [10]. To understand the 
pitch angle distribution of energetic particles is the basis to 
accurately assess the space radiation environment and to 
establish a dynamic radiation belt model. Therefore, the 
measurement of the pitch-angle distribution of energetic 
particles is of great importance to scientific study and space 
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engineering. 
In the past, ‘top-hat’ electrostatic analyzers [11] were 

generally used to measure the pitch-angle distribution of 
low energy particles, which can only measure the particles 
with energy less than 30 keV because of the high voltage 
restriction. An instrument with an array of solid-state posi-
tion sensitive detector and a magnetic deflection system was 
carried by the CRRES spacecraft [12], which can measure 
21–285 keV electrons and 7 keV–3.2 MeV protons from 
different directions. However, its angular range is confined 
by the magnetic field intensity and the size of the instrument. 
Moreover, magnetic flux leakage and weight are also the 
unfavorable factors in this design. In recent years, a new 
technology to achieve the measurement of pitch-angle dis-
tribution of energetic particles is the ‘pin-hole’ imaging 
structure technology. For example, the CEPPAD onboard 
POLAR [13] and RAPID onboard Cluster [14] both take 
this new structure for their merits of smaller in size and 
lighter in weight. An array position sensitive detector is 
arranged in the shielding box with a ‘pin-hole’ in the front 
end. Each detector cell and the ‘pin-hole’ consist of a parti-
cle telescope, which can measure the energy spectrum of 
energetic electrons incident from a certain direction. There-
fore a ‘pin-hole’ box covers a wider incident angle. The 
combination of several similar structures can measure ener-
getic particles in a 2 pitch angle. In the RAPID instrument, 
a three-cell position sensitive detector and a ‘pin-hole’ form 
a ‘pin-hole’ imaging structure, with each structure covering 
a 60 incident angle. The three structures can measure en-
ergetic electrons from 9 different directions in a 180° polar 
angle range (each direction having a field angle about 20°). 
With the spin of the cluster satellite, the RAPID can scan 
the pitch angle distribution of energetic particles in a 4 
solid angle. 

The accurate measurement to the pitch angle distribution 
relies on the good angular response of the ’pin-hole’ imag-
ing structure, so the angular response calibration for the 
structure is necessary. The angular response test for the 
proton imaging spectrometer (IPS) of CEPPAD onboard 
Polar was made with 30 keV mono-energetic proton source 
[13]. Three mono-energy electron sources with energies at 
60, 90 and 114 keV were used in the angular response test 
for the imaging electron spectrometer (IES) of RAPID 
onboard Cluster [14]. The results of these tests demonstrat-
ed that this kind of ‘pin-hole’ imaging structure has a very 
good angular response. The traditional electron gun or elec-
tron accelcrator can generate electron beam with good di-
rectionality, weak energy dispersion and energy range from 
tens keV to MeV, which is widely used in space weather 
study, especially for the satellite charging and discharging 
effects [15, 16]. However, this kind of electron source has 
some difficulties for the angular response calibration for the 
‘pin-hole’ structure [17]: Firstly, the intensity of electron 
beam is too strong, which could damage the detector or sat-
urate the electronics system; secondly, the beam stability is 

generally not so good for the weak beam intensity; at last, 
the cost to run the equipment is too high for the long-term 
test. Some special methods can be used to overcome these 
disadvantages: The intensity of electron beam can be de-
clined by scattering devices [18], but this will lead to a di-
rectional dispersion. The focusing and energy selecting 
technology can be used to improve the directionality and 
monochrome of the beam. However, this technology will 
make the system complex and increase the cost. 

A method to measure the angular response of ‘pin-hole’ 
imaging structure by collimated  source is presented in this 
paper. And Geant4 software is adopted to simulate the an-
gular response of the ‘pin-hole’ structure. The result of the 
calibration with the collimated  source is in accord with 
the Geant4 simulations, which verifies the validity of this 
method. 

2  ‘Pin-hole’ imaging structure 

The schematic cross-section of a ‘pin-hole’ imaging struc-
ture is shown in Figure 1. 

There are a 2 mm thickness copper plate and a 1 mm 
stainless steel which form the front shielding structure. The 
two layer metal plates with a platform gap are placed face to 
face to form a front-end pin slit structure. The equivalent 
shielding thickness of the side and back structure is about  
3 mm (copper). A 1000 m silicon solid-state detector array 
is arranged behind the pin slit in the box to form a ‘pin- 
hole’ imaging structure. The detector plane is parallel with 
the front-end shielding layer and its symmetric axis passes 
through the center of the ‘pin-hole’. Three detector cells D1, 
D2, D3 form the particle telescope system with the pin-slit 
respectively, which divides the open angle  into three field 
angles  1,  2 and  3. According to the real size of the ‘pin- 
hole’ structure, the total open angle   is about 56.2 and 
the field angle is about ~16.5 for each direction. 

Each detector together with the rear-end electronics 
forms an individual signal channel. The system circuit dia-
gram is shown in Figure 2. The system consists of a semi- 

 

Figure 1  The schematic diagram of the ‘pin-hole’ imaging structure. 
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Figure 2  The block diagram of signal channel. 

conductor detector, a charge sensitive amplifier (CSA), a 
peak detecting and holding circuit, a threshold detection 
circuit, an analog-to-digital conversion circuit and a pulse 
height analyzer (PHA). The particle signal generated by the 
detector is sent to the charge sensitive amplifier; the ampli-
fied signal is provided to the peak detecting and holding 
circuit and threshold detection circuit. If the amplitude of 
the particle signal exceeds the pre-defined threshold, the 
threshold detection circuit will trigger the peak detecting 
and holding circuit and ADC. The 12-bit digital signal of 
the ADC output is available to the PHA for the particle en-
ergy spectrum measurement. The data will be transferred to 
the test computer. The result will be analyzed and displayed 
on the computer in the end.  

3  Geant4 simulation 

Geant4 software [19] is a Monte-Carlo simulation toolkit 
which simulates the particle interactions with matter. It is 
widely used in high-energy physics, nuclear physics, high- 
power accelerators, etc. In space applications, Geant4 is 
introduced to simulate the effects of space radiation [20–22] 
and the particle detector design [23]. 

We use Geant4 to simulate the angular response of the 
‘pin-hole’ structure. The incident electron source and the 
‘pin-hole’ structure are shown in Figure 3. The range of 
incident angle is from 45 to +45, taking the perpendicu-
lar line passing through the pin slit and D2 center as the 
reference 0 incident angle. At each incident angle, 100 keV 
electrons are uniformly sampled from the source plane with 
a 16 mm radius and the total electron number is 106. In Fig-
ure 3, the distance between the source plane and the ‘pin- 
hole’ is adjusted to show the system clearly. 

In order to avoid the effect of scattering electrons, we 
choose electrons whose energy-loss in the three silicon de-
tectors exceeds 40 keV as the effective particles in data sta-
tistics. The variations of the electron counts in the three 
detectors with incidence angle are shown in Figure 4. 

From Figure 4, we can see that the angular response 
curves of the three detectors are similar: The counts keep at 
a high level within a certain incident angle; however, as the  

 

Figure 3  The equivalent cross-section of the ‘pin-hole’ structure in the 
horizontal direction and the incidence range of the simulated particles. The 
dash line, passing through the center of the pin slit and D2, represents the 
0 incidence angle. 

 

Figure 4  The electron counts of detectors D1/D2/D3 with different inci-
dence angles. 
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incident angle is out of the range, the counts reduce to the 
background level which is caused by scattering. In the an-
gular response curve of the middle detector (D2), the count 
values are slightly above the background level even the in-
cidence angle is out of the field angle (~16.5). The reason 
for this feature is that electrons hit on the ‘pin-hole’ edge 
and produce the electron scattering. The counts caused by 
scattering is an order of magnitude smaller than the high 
level counts within the field angle, so the scattering does not 
affect the angular response of the ‘pin-hole’ imaging sys-
tem. 

The peak incident angle of three response curves are 
~20(D1), ~0(D2) and ~+20(D3), respectively. All the 
full widths at half maximum (FWHM) of the three response 
curves are less than 20, which matches the theoretical val-
ue for the geometry of the ‘pin-hole’ imaging structure. 
Therefore, the Geant4 simulation demonstrates that our 
‘pin-hole’ imaging structure has a good angular response for 
incident electrons.    

4  Angular response verification by collimated  
source 

In order to verify the angular response of the ‘pin-hole’ im-
aging structure further, we tested it with collimated  source 
as shown in Figure 5.  

The sensor is fixed on the rotatable platform, which can 
be accurately adjusted in 360 (the adjustment accuracy is 
0.1). The center of the pin slit coincides with the center of 
the rotatable platform and the plane of the pin slit is perpen-
dicular to the rotating plane. Both of these conditions ensure 
the center of the pin slit is in a fixed position as the platform 
rotates.  

We choose 90Sr-90Y as  source for its continuous energy 
spectrum, which is a good simulation to the electron spec-
trum of outer radiation belt [17]. In addition, the half-life of 
this radioactive source is long enough for a long time of 
radiation experiment with low operating cost, as often used 
in the internal charging and discharging test. In our test, the 
active area of 90Sr-90Y source (disc-plane source) is ~1 cm2, 
which emits the mean flux of electron to about 3.12106 in 
2 solid angle. The material of the cylindrical collimator is 
lead (Pb). To confine the direction of the outgoing particle, 
a through-hole with a 1 mm diameter is drilled at the center 
of the front-end collimator whose wall thickness is 7 mm. 
The field angle of the quasi-unidirectional outgoing electron 
is about 16 for this collimator structure. 

An Orteck multi-channel analyzer (MCA) and a 1000 m 
Si-PIN detector are used to measure the energy spectrum of 
the collimated  source, as shown in Figure 6. It is demon-
strated that the spectrum of the  source with collimator is 
between 50 and 500 keV, which matches well with the en-
ergy range of our ‘pin-hole’ detector (50–600 keV). The 

maximum count for each channel is less than 140 within 1 h 
(accumulating time), which shows that the collimator could 
weaken the source intensity, so it would not damage the 
detector or saturate the signal channel. Moreover, 90Sr-90Y 
generates a steady  stream and has a long half-life (about 
28 years), so this source is very suitable for the angular re-
sponse test. 

The cylindrical collimator is fixed on a specimen holder. 
The symmetry axis of the collimator is parallel to the rotat-
ing platform and passes through the center of the pin slit, so 
as the platform rotates, the centers of the collimator open 
hole and the ‘pin-hole’ keep in the line of the symmetry axis, 
and the distance between the two centers keeps unchanged 
(15 mm). As shown in Figure 5, we define the incident an-
gle to be 0° as the symmetry axis of the collimator is per-
pendicular to the ‘pin-hole’, the incident angle is positive as 
the platform rotates clockwise and is negative otherwise. 
Considering the field angle of the ‘pin-hole’ structure 
(~60), the incident angle is set to change from 40 to 
+40. The field angle of the collimator is about 16. At 0 
incident angle, the collimated  source covers an area with 
the center at the center of ‘pin-hole’ and the radius about  
2.6 mm. Therefore, within the selected incident angle range, 
the outgoing electrons from the collimator can cover all the 
‘pin-hole’ (1 mm×2 mm) area to avoid counting error 
caused by the limited field angle of the collimated  source. 

To obtain the angular response of each detector cell (D1, 
D2 or D3), the total count of every detector is recorded 
within the same accumulation time (the accumulation time 
is chosen to be 10 min in the test, which relates to the 
source intensity and the open hole of the collimator) at a 
different incident angle. The incident angle varies in 2. The 
variation of the total count of each detector accumulated in 
the same time with the incident angle is the angular re-
sponse curve. For comparison, the normalized angular re-
sponse curves obtained in the collimated  source test and 
the Geant4 simulation are shown in Figure 7. Although the 
results are generally consistent with each other, some dif-
ferences also exist: The peak of the curve obtained in 
Geant4 simulation is flatter, which means that the counts  

 
Figure 5  The diagram of the angular response test of the ‘pin-hole’ im-
aging structure by collimated  source. Three silicon detectors are present-
ed as D1, D2 and D3 respectively. 
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Figure 6  The energy spectrum (dotted line) from a collimated 90Sr/90Y radioactive source obtained with 1000 m Si-PIN detector and Orteck multichannel 
analyzer. The abscissa is energy in keV, the ordinate is the count accumulated within 1 h. The region between the two dash lines is the energy range from 50 
to 500 keV. 

 

Figure 7  The normalized angular response curves of the three detectors 
D1 (blue line), D2 (red line) and D3 (green line) obtained in the collimated 
 source test and the Geant4 simulation test. The fine line is the results of 
Geant4 analysis and the heavy line is the results of  source test. 

keep at a high level in a certain range of incident angle and 
decrease rapidly outside of the range. Whereas the peak of 
the curve obtained in the collimated  source test is sharper 
and the counts outside the peak (the normalized count is less 
than 0.4) are higher than the Geant4 results. The main cause 
of this difference should be the different electron sources 
used in the two tests. In the Geant4 simulation test, the di-
rections of the incidence electrons are the same. However, 
the electrons emitted from the active region of the radioac-
tive source are generally isotropic in the 2 solid angle. 
With the collimator, the outgoing electrons are conically 
distributed and the directions cannot be the same.  

To further validate the results of the collimated  source 
test, we changed the electron plane source to cone source in 
Geant4 simulation. Figure 8 shows the incidence of the 
electrons from the two sources into the ‘pin-hole’ imaging 
structure.  

We re-counted the angular response of the ‘pin-hole’ 
imaging structure by using cone electron source and the 
results are shown in Figure 9. Comparing Figure 7 and Fig-
ure 9, the simulation results with cone electron source matc-  

 

Figure 8  Diagram of the incidence of the electrons from two sources into 
the ‘pin-hole’ imaging structure. The left is plane electron source with 
consistent direction (we reduce the area of the source and increase the 
distance between the source and the front surface of the ‘pin-hole’ structure 
to 2 mm in order to display well), the incident angle is 0; the right is cone 
source with the 0 center incident angle. 

 

Figure 9  The normalized angular response curves of the three detectors 
D1 (blue line), D2 (red line) and D3 (green line) are obtained in the colli-
mated  source test and the Geant4 simulation test with cone electron 
source. The fine line is the results of Geant4 analysis and the heavy line is 
the results of  source test. 
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Table 1  The incident angles and field angles of the three detectors obtained by three methods 

Detector 
cell 

Incident angle range ()  Field angle () 
Theoretical 
calculation 

GENAT4 
simulation 

Calibration 
test 

 
 

Theoretical 
calculation 

GENAT4 
simulation 

Calibration 
test 

D1 28.6 – 11.8 26.9 – 12.7 26.7 – 12.8  16.8 14.2 13.9 

D2 8.1 – 8.1 6.6 – 6.7 6.6 – 7.8  16.2 13.3 14.4 

D3 11.8 – 28.6 12.6 – 26.9 12.9 – 26.9  16.8 14.3 14.0 

 
hes the results of the collimated  source much better, 
which verifies that the result of the collimated  source is 
credible. 

A summary about the incident range and filed angle is 
shown in Table 1 in three aspects: The theoretical calcula- 
tion according to the structure geometry, the Geant4 simula-
tion and the calibration test with collimated 90Sr/90Y radio-
active source. All the results match well with each other and 
the angular resolution is less than 20. The test results have 
shown that our ‘pin-hole’ structure can distinguish the elec-
trons incident from different directions. 

5  Conclusions 

In this paper, a ‘pin-hole’ imaging structure is designed for 
the imaging energetic electron spectrometer. A method to 
measure the angular response of the ‘pin-hole’ structure 
with collimated 90Sr/90Y  source is introduced. The an-
gular response of this structure is simulated with Geant4 
software. The collimated  source is used in the angular 
response test. Both of the results match well and demon-
strate the validity of this method. It also certifies that our 
‘pin-hole’ imaging structure has a good angular resolution. 

This work was supported by the National Natural Science Foundation of 
China (Grant Nos. 40704026 and 41374167). 
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