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Abstract: The gas electron multiplier (GEM) detector is a gaseous detector that has been utilized 
for almost 20 years. Since the discovery in 1997 by F. Sauli, the GEM detector has shown excellent 
properties including high rate capability excellent resolution, low discharge probability, and excellent 
radiation hardness. These promising properties have led the GEM detector to gain popularity and 
attention amongst physicists and researchers. In particular, the GEM detector can also be utilized 
as a neutron detector. Applications of the GEM-based neutron detectors vary from researches in 
nuclear and particle physics, neutron imaging, and national security. To enable the GEM detector to 
detect neutrons, an appropriate neutron converter must be added to the detector. Boron-10, which 
has relatively high neutron cross section compared to other available neutron converters, is a perfect 
candidate to be used for this purpose. In this research, different thicknesses of pure boron-10 and 
natural boron films were coated onto a GEM drift cathode such that incoming neutrons could interact 
via nuclear reactions with boron-10 and produce alpha particles to ionize gas molecules for detection. 
Results showed that a 1-µm boron-10 film and 2.5-, 3.5-, 4.5-μm natural films coated on the GEM 
drift cathode were able to detect neutrons emitted from 241Am/Be, with a 1-µm boron-10 film giving 
the highest relative efficiency. Efficiencies and gains of the GEM detector increased as the power 
supply increased, while the efficiencies reached plateau region when the power supply was ~4,200 
V. These results indicated the success of using the GEM detector with solid neutron converters to 
detect neutrons and outcome of the research could be used for future references and researches. 
Keywords: Gas Electron Multiplier, GEM, neutron, solid neutron converter, boron, radiation 
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Final report content: 
1. Abstract 

The gas electron multiplier (GEM) detector is a relatively new gaseous detector that 
has been utilized for almost 20 years. Since the discovery in 1997 by F. Sauli, the GEM 
detector has shown excellent properties including high rate capability excellent resolution, low 
discharge probability, and excellent radiation hardness. These promising properties have led 
the GEM detector to gain popularity and attention amongst physicists and researchers. In 
particular, the GEM detector can also be utilized as a neutron detector. Applications of the 
GEM-based neutron detectors vary from researches in nuclear and particle physics, neutron 
imaging, and national security. To enable the GEM detector to detect neutrons, an appropriate 
neutron converter must be added to the detector. Boron-10, which has relatively high neutron 
cross section compared to other available neutron converters, is a perfect candidate to be 
used for this purpose. In this research, different thicknesses of pure boron-10 and natural 
boron films were coated onto a GEM drift cathode such that incoming neutrons could interact 
via nuclear reactions with boron-10 and produce alpha particles to ionize gas molecules for 
detection. Results showed that a 1-µm boron-10 film and 2.5-, 3.5-, 4.5-μm natural films coated 
on the GEM drift cathode were able to detect neutrons emitted from 241Am/Be, with a 1-µm 
boron-10 film yielded the highest relative efficiency. Efficiencies and gains of the GEM detector 
increased as the power supply increased, while the efficiencies reached plateau region when 
the power supply was ~4,200 V. These results indicated the success of using the GEM detector 
with solid neutron converters to detect neutrons and outcome of the research could be used 
for future references and researches. 

 
2. Executive summary  

The project aims to develop a GEM-based neutron detector using solid neutron 
converters. To serve the objectives of the project, a 1-µm boron-10 film and 2.5-, 3.5-, 4.5-μm 
natural films were coated on the GEM drift cathode. Efficiencies and gain of the modified GEM 
detector were measured by measuring neutron detection count rates and signal amplitudes. 
Results showed that all configurations of the modified GEM detector were able to detect 
neutrons emitted from 241Am/Be, with a 1-µm boron-10 film giving the highest relative efficiency. 
Efficiencies and gains of the GEM detector increased as the power supply increased, while 
the efficiencies reached constant or plateau region when the power supply was ~4,200 V. 
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3. Objective  
- To characterize performances of different solid neutron converters in the GEM-based 

neutron detector 
- To characterize effects of material thickness used as a solid neutron converter in the GEM-

based neutron detector 
 

4. Research methodology  
4.1 Experimental plan and setup 

We planned and placed orders on all necessary equipment needed for the experiment. 
These includes new oscilloscope, electronic components, 99.99% boron-10 and 99.99% 
natural boron for coating on GEM drift cathodes, and a complete set of 10cm x 10cm GEM 
prototype kit from GDD group. All equipment have arrived and ready for construction and 
testing. 

4.2 Construction and initial functionality tests 
After receiving all components and completing preliminary tests such as current 

leakage tests on all GEM foils, the GEM detector were put together and performed initial 
tests including gas leakage test, discharge test, and preliminary x-ray detection test using 
5.9-keV x-rays from 55Fe (Fig. 1-4). A gas mixture of Ar/CO2 (70:30) was flowed through 
the detector with a constant flow rate of 3.0 L/hr (Fig. 5) during which a high voltage of -
4,100 V was supplied to the GEM detector via a voltage divider circuit shown in Fig. 6.  

 
Fig. 1: A micro flow box located inside a cleanroom providing a class-1000 level 
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Fig. 2: Prototype GEM construction inside the micro flow box 

 
Fig. 3: A closed GEM detector 

 
Fig. 4: Electrical check on a closed GEM detector 
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Fig. 5: A gas assembly for testing. 

 
Fig. 6: A voltage divider circuit used to supply high voltages to the GEM detector 

 
The precise gas flow rate was measured by a direct-reading flowmeter (Cole-Parmer Model 
3204776) and was adjusted from times to times to ensure steady flow rates throughout the 
measurement. Since the measurement only recorded counts of detection and average 
signal amplitudes, the readout strips are combined into one connector and connected to a 
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preamplifier (Canberra Model 2006), an amplifier (Ortec Model 590A), an oscilloscope, and 
a counter and timer (Canberra Model 2071A) for data acquisition. The equipment setup for 
initial tests and neutron tests is shown in Fig. 7. 

 
Fig. 7: Schematic setup of the GEM detector during the measurement 

 
After completing all initial tests, 99.9% 10B was coated onto the cathode using Tribo-

Kote S-X1 technique performed by Richter Precision, Inc15. However, the manufacturer 
was only able to coat the cathode with 1-μm thick of 10B. The picture of a comparison 
between 10B-coated cathode and a normal cathode is shown in Fig. 8. In the case of natB, 
it was coated onto the cathode using an electron beam evaporation technique performed 
at the National Electronics and Computer Technology Center (NECTEC), Thailand. The 
coated thicknesses of natB were 2.5, 3.5, and 4.5 μm. Cathodes with natB coating thicker 
than 4.5 μm have shown some cracks along the film surface and could not be used 
effectively. 

 
Fig. 8: A comparison between 10B-coated cathode (left) and a normal cathode (right) 

4.3 Neutron detection test 
Following the initial tests to ensure functionality of the GEM detector, the normal 

cathode was replaced by a 1-μm 10B-coated cathode. The detector was then moved to a 
test station. The layout of the test station is shown in Fig. 9. 
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Fig. 9: Neutron test setup 

 
The 5-cm Polyethylene (PE) sheets were used to thermalize fast neutrons from 

241Am/Be, while 10-cm lead bricks were used to shield gamma. The thickness of PE sheets 
was optimized at 5 cm for the highest yield of thermal neutrons measured using 3He 
neutron detector. Also, to ensure the least counts of gamma contributed to neutron counts, 
a gamma-sensitive Geiger counter was used to measure backgrounds in two cases: with 
and without 241Am/Be above the detector. Results showed that no significant differences 
between two cases were observed, thus 10-cm lead bricks were sufficient for gamma 
shielding. A gas mixture of Ar/CO2 (70:30) was flowed through the GEM detector to 
measure count rates (efficiencies) and signal amplitudes (gains), while varying voltages 
from -3,900 up to -4,400 V in 50-V increments. To determine the average thermal neutron 
count rate and signal amplitude for each voltage, 10 sets of 5 minutes long measurement 
were performed. Counts and amplitudes of signals larger than threshold level (35 A.U.) 
were used to find average values. After completing all required measurement for a 1-μm 
10B-coated cathode, the cathode was replaced by a 2.5, 3.5, and 4.5-μm natB coated 
cathodes respectively and all above procedures were repeated. 

 
 

5. Result  
5.1 Initial functionality test 

In order to understand how fast the GEM detector can fully operate after flowing the 
gas, a test had been done by measuring counts of detection as a function of times. The 
result is shown in Fig. 10. 
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The result had shown that the time required for the detector to fully operate was around 
30 minutes while the detector took about 30-40 minutes after closing the gas to reduce its 
performance by half and took about 70 minutes to completely stop the functionality of the 
detector. 

Since the GEM detector requires gas to continuously flow through the chamber, gas 
properties could play a major role in defining the detector properties. One property of the 
gas that is considered vital to radiation detection is its flow rates. In normal operation, the 
appropriate flow rates, which enable new gas molecules to sufficiently replace depleted 
gas molecules, should be in the region of 10 times the volume of the chamber per one 
hour. Since the GEM prototype has approximately 0.3-L chamber, the appropriate flow rate 
would be 3L/hr. We would like to investigate whether faster flow rates would have effects 
on the detector with the standard prototyped design shown in Fig. 11 and Fig. 12. 

Fig. 10: A plot showing counts of detection as a function of time. 
 

Gas closed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gas opened 
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In order to investigate the effects of the gas flow rates, active area of the detector was 
divided into 36 positions. Am-241, which emits 59-keV gamma, was placed on each 
position for different flow rates (3.0, 4.5, 7.5, and 10.5 L/hr) measured using a direct-read 
flowmeter and a fixed voltage supply at -4050 V. The number of counts was then used to 
plot a 3-D contour using OriginPro for uniformity investigation. Results are shown in Fig. 
13. 

Fig. 11: Top view of the GEM prototype. 
 

Fig. 12: Side view of the GEM prototype. 
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Fig. 13 shows that, even higher flow rates, no significant difference in uniformity was 
found for a 10 cm x 10 cm GEM prototype. The relative gains and counts at the center of 
the active area for different gas flow rates (3.0, 4.5, 7.5, and 10.5 L/hr) and different voltage 
supplied (-3900 V to -4400 V in 50-V increment) were also tested by placing Am-241 at 
the center of the detector and measuring its counts detected and the average amplitudes 
of the signals. Results are shown in Fig. 14 and Fig. 15. 

Fig. 13: Results of uniformity test for flow rates: (a) 3 L/hr (b) 4.5 L/hr (c) 7.5 L/hr and (d) 10.5 L/hr. 
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Fig. 14: Results of counts as a function of voltages supplied for different gas flow rates. 
 

Fig. 15: Results of average amplitude of signals as a function of 
voltages supplied for different gas flow rates. 
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Fig. 13-15 show very surprising results as ones might expect changes or non-uniformity 
in the GEM detector as faster flow rates may create turbulence inside the chamber. 
However, from a gas flow simulation using COMSOL, it has been shown that the gas 
flowed above the GEM foils (above active area) is relatively uniform, regardless of flow 
rates. Results from simulation are shown in Fig. 16. 

 

As shown in Fig. 16, the gas distribution at the center of the drift cathode and the 
topmost GEM foil is relatively uniform and constant for all flow rates simulated. Most of 
faster gases pass around the active area and possibly create turbulence outside the active 
area. Hence, once we tested on the uniformity and gains of the detector, they were all 
relatively the same.  

 
 
 

Fig. 16: Results of gas flow simulation inside the GEM detector using COMSOL for flow rates (a) 3 L/hr 
(b) 4.5 L/hr (c) 7.5 L/hr and (d) 10.5 L/hr. 
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5.2 Neutron detection test 
For thermal neutron tests, 1-μm 10B and 2.5, 3.5, 4.5-μm natB-coated cathodes were 

used as neutron converters with Ar/CO2 (70:30) flowing through the detector. Results of 
count rates (counts/minute), which represent relative efficiencies, and signal amplitudes, 
which represent gains of the detector, for each combination are shown in Fig. 17 and Fig. 
18. 

 
Fig. 17: Count rates of the GEM-based neutron detector 

 

 
Fig. 18: Signal amplitudes of the GEM-based neutron detector 
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Fig. 17 shows that thermal neutron count rates increased as voltage supplied increased 
and reached plateau when the voltage was approximately 4,200 V. Also, the setup, which 
the cathode was coated by 1-μm 10B, had the highest count rates compared to any other 
thickness of natB. This is because 10B has higher neutron absorption cross section than 
natB, leading to more interactions between thermal neutrons and boron nuclei. However, 
as thicknesses of natB increased, the count rates of detection also increased as more natB 
nuclei were available for interactions. Fig. 18 shows that signal amplitudes increased as 
voltage supplied increased. The increase in the amplitudes was caused by stronger electric 
fields inside GEM holes, hence, resulted in more ability to amplify electrons. 

 
6. Conclusion and Discussion  

In addition to the ability to detect ionizing particles, the Gas Electron Multiplier (GEM) 
detector could also be used as thermal neutron detectors. The performance in the detection 
depends on types of neutron converters applied to the detector, leading to different detection 
mechanisms. Detection of thermal neutrons relies on nuclear interactions between thermal 
neutrons and nuclei of neutron converters, which in this research, are either 10B or natB. The 
GEM with its cathode coated by 1-μm 10B had the highest detection count rates, despite its 
thinnest coating compared to natB. However, as thickness of natB coating increased, the GEM 
could detect thermal neutrons with higher efficiencies. For gains of the detector, signal 
amplitudes increased as the supplied voltages increased for all types/thicknesses of boron. 
These results does not only show capabilities of the GEM detector to detect neutrons but also 
present ideas and references for researchers to select suitable neutron converters for different 
applications. 
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7.   Appendix  
7.1 Manuscript entitled “Recent developments in GEM-based neutron detectors” published on 
Journal of Physics: Conference series 



 
 
 
 
 

18 
 
 
 
 
 



 
 
 
 
 

19 
 
 
 
 
 



 
 
 
 
 

20 
 
 
 
 
 



 
 
 
 
 

21 
 
 
 
 
 



 
 
 
 
 

22 
 
 
 
 
 



 
 
 
 
 

23 
 
 
 
 
 



 
 
 
 
 

24 
 
 
 
 
 



 
 
 
 
 

25 
 
 
 
 
 

 



 
 
 
 
 

26 
 
 
 
 
 

 7.2 Manuscript entitled “Investigation on Properties of the 10 cm × 10 cm GEM Prototype” which 
is currently under review for publication on Maejo International Journal of Science and 
Technology. 
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7.3 Manuscript entitle “Comparisons of GEM-Based Neutron Detectors with 10B/natB-coated 

Cathode and Ar/CO2 (He/CO2) Gas Flow”, which is under review for publication on 

“Chiang Mai Journal of Science” 
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7.4 Manuscript entitled “Comparison of a GEM-based Fast Neutron Detector Using 
4He/CO2 and 4He/CO2/C4H10 Gas Mixtures”, which is currently under review for 

publication on “Kuwait Journal of Science”. 
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8.   Output (Acknowledge the Thailand Research Fund)  
8.1 International Journal Publication 
 K. Saenboonruang*, “Recent developments in GEM-based neutron detectors”, Journal 

of Physics: Conference Series 611 (2015) 012016 

 K. Saenboonruang*, P. Kumphiranon, K. Kulasri, and A. Ritthitong, “Investigation on 
Properties of the 10 cm × 10 cm GEM Prototype”  
(Under review for publication on “Maejo International Journal of Science and Technology”) 

 K. Saenboonruang*, P. Kumphiranon, J. Channuie, and T. Vilaithong, “Comparisons 

of GEM-Based Neutron Detectors with 10B/natB-coated Cathode and Ar/CO2 

(He/CO2) Gas Flow” (under review for publication on “Chiang Mai Journal of 

Science”) 

 K. Saenboonruang*, P. Kumphiranon, K. Chirapatpimol, T. Vilaithong, “Comparison 

of a GEM-based Fast Neutron Detector Using 4He/CO2 and 4He/CO2/C4H10 Gas 

Mixtures” (under review for publication on “Kuwait Journal of Science”) 

8.2 Applications 

 Teaching materials for classes: 

 “Selected Topics in Applied Radiation and Isotopes” 

 “Nuclear Facilities” 

 “Nuclear Sciences” 

 “Seminar” 

8.3 International Conference 

 K. Saenboonruang*, “Recent developments in GEM-based neutron detectors”, 

International Nuclear Science and Technology Conference 2014 (INST2014), 

Bangkok, Thailand, 30-31 August, 2014. 

 
 

 


