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Abstract 9 

 We propose a novel neutron detector that realized flat-response using information of a spatial 10 

distribution of thermal neutrons in a moderator. The proposed detector consists of a 3He Position Sensitive 11 

Proportional Counter (PSPC) and a cylindrical moderator surrounding the 3He PSPC. The cylindrical 12 

detector is irradiated by neutrons along the cylinder axis. The spatial response of the 3He PSPC are used to 13 

correct the detector response into flat-response. We adopte a weighting method to achieve flat-response, in 14 

which detected neutrons weighted depending on their detected positions are accumulated as the detector 15 

response. Through Monte Carlo simulation studies, we confirm that the flat-response neutron detector can be 16 

realized by correcting the response of the proposed detector using the weights determined by a Multiple Least 17 

Square Method (MLSM). Additionally, fundamental property of the 3He PSPC is experimentally 18 

investigated to check applicability to the proposed flat-response neutron detector. We conclude that we 19 

should take account of the end effect when determining the weights and correcting the detector response. 20 
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1.  Introduction 1 

Detection efficiencies of neutron detectors generally depend on incident neutron energy. When an 2 

absolute neutron fluence is to be determined, outputs of neutron monitors should be corrected using 3 

information on a neutron energy spectrum. Therefore, neutron detectors with an detection efficiency 4 

independent of incident neutron energy are useful in many fields of neutron science and engineering [1]. This 5 

type of detectors is referred to as “flat-response neutron detector.” The flat–response means that the response, 6 

which is defined as detected counts per incident neutron, is constant independent of incident neutron energy. 7 

The standard flat-response detector is based on neutron moderation through elastic and/or inelastic scatterings. 8 

Cross sections of most neutron capture reactions decrease according to the “1/v law.” The most of neutron 9 

detectors, therefore, are more sensitive for slow neutrons than fast neutrons. To effectively detect fast neutrons, 10 

the neutron detectors should be covered with a neutron moderator consisting of light elements. The neutron 11 

moderator makes the detection efficiency high for fast neutrons. Slow neutrons, however, have the 12 

probability that they are captured in the moderator and escape from it before they reach the detector. Because 13 

both effects cancel out each other, the neutron detectors surrounded with the moderator tend to be insensitive 14 

to incident neutron energy. The long counter is a well known standard flat-response neutron detector. The 15 

combination of a BF3 tube and the cylindrical moderator was firstly suggested as a flat-response neutron 16 

detector by A. O. Hansen and M. L. McKibben [2]. The direction of incident neutrons is restricted into a 17 

single direction by a boron oxide neutron shield surrounded with a paraffin moderator. The long counter, 18 

however, shows depression in the detection efficiency in low energy region. Some holes are provided on the 19 

front surface of the long counter to prevent this depression. 20 

The energy-response of this type detector depends on various geometric parameters, such as a 21 

thickness of the moderator, a diameter and a depth of the holes and so on. To design the flat-response 22 

detector using these geometric parameters, a large number of trials using the Monte Carlo simulations 23 

and/or basic experiments are required. Therefore, the perfect flatness has not been achieved yet.  24 

In the detectors described above, however, the incident neutrons penetrate some distance along the 25 

cylinder axis depending on incident neutron energy. The average penetration depth increases with increase of 26 
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the neutron energy [3][4]. We have proposed utilization of the information on the spatial distribution of the 1 

detected neutrons by the thermal neutron detector in the long counter to achieve completely flat-response. 2 

The BF3 counter in a long counter is replaced with the 3He position sensitive proportional counter (PSPC) [5]. 3 

The neutron response of this detector can be corrected using the information on the thermal neutron 4 

distribution in the long counter obtained with the 3He PSPC. 5 

In this paper, we propose the response correction method using spatial distribution of detected 6 

neutrons by the 3He PSPC to achieve the completely flat-response. We discuss the response correction 7 

algorithms for a flat-response neutron detector with the 3He PSPC through MCNP Monte Carlo simulation 8 

studies [6]. We additionally discuss the property of the 3He PSPC through basic experiments to check 9 

applicability to the proposed flat-response neutron detector. 10 

 11 

2. Detector Response 12 

Figure 1 shows the geometry of the designed detector. The BF3 thermal neutron detector of a long 13 

counter was replaced with a 20 cm long 3He PSPC. The PSPC was surrounded with a polyethylene 14 

moderator. Polyethylene is a useful moderator because of high content of hydrogen atoms and suitability for 15 

machining. Neutrons entered from the left surface of the detector in Fig. 1. We calculated the spatial neutron 16 

distribution detected by 3He(n,p) reactions in the 3He PSPC through Monte Carlo simulations using the 17 

MCNP code. The 20 cm long 3He PSPC was virtually divided into 20 regions with a 1cm width. Figure 2 18 

shows the calculated spatial responses for parallel mono-energetic neutron beams with energies ranging from 19 

10-3 to 20 MeV. The spatial response is defined as the number of detected neutrons per incident neutron at 20 

each position in the 3He PSPC. In Fig. 2, the peak positions in the spatial response shift to deeper positions 21 

from the surface with increasing neutron energy. These results indicate that the peak positions depend on the 22 

incident neutron energies and we can estimate the information on incident neutron energies from the spatial 23 

distribution of the detected neutrons. 24 

 25 

3. Discussion on Response Correction Algorithms 26 
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3.1 Weighting method 1 

We propose the response correction method using the spatial response obtained with the 3He PSPC 2 

to improve the flatness of the response. We have adopted the weighting method to achieve the flat-response. 3 

In the conventional long counter, the response R is obtained by summing up all spatial responses over the 4 

whole counter and is written as; 5 

 ∑=
i

iRR  (1), 6 

where Ri is the spatial response at ith position. On the other hand, in the weighting method, each detection 7 

position has an individual weight and each spatial response is multiplied by these weight. The whole response 8 

Rc of the detector is obtained by summing up all the corrected spatial responses as follows; 9 

 ∑ ×=
i

iic wRR  (2), 10 

where wi is the weight at ith position. In this technique, the detected neutrons weighted depending on each 11 

detected position are summed up as the response. 12 

 13 

3.2 Simple Least Square Method (SLSM) 14 

We firstly adopt the simple least square method (SLSM) to determine the individual weights. Figure 15 

3 shows the conceptual drawing of determining the individual weights, where Rs is a “standard response” that 16 

is the target value of the corrected response.  The weights are derived from the spatial responses at some 17 

standard energy points to reduce the residual errors ∆(E) between the standard and corrected responses by 18 

means of the least square algorithm given as; 19 
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 (3), 20 

where Ej is jth standard energy. At eight standard energy points (10-3, 10-2, 10-1, 1, 5, 10, 15 and 20 MeV), 21 

spatial responses were calculated by using MCNP code, where the detector were irradiated by 107 neutrons 22 

for each energy. These spatial responses were used to determine the weights using Eq. (3). Figure 4 shows 23 
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the corrected response using the derived weights. The corrected responses are constant for the standard 1 

energy points. However, uncertainties of these corrected responses are relatively large. The spatial responses 2 

were also calculated for the other energy points, as well as at the standard energy points. The corrected 3 

responses at the energy points that are not used for weight determination are drastically scattering. The 4 

derived weights are considered to be trapped into local solution that is not the true one. This is considered that 5 

the derived weights are determined to make responses strictly constant at the standard energy points despite 6 

the fact that raw responses used for weight determination have statistical uncertainties. 7 

 8 

3.3 Multiple Least Square Method (MLSM) 9 

 To solve the problem discussed above, we tried to improve the weight determination algorithm. In 10 

the SLSM, the weights are determined to make the responses strictly constant using only one response having 11 

statistical uncertainty, that is not a strictly true value, at each standard energy point. This results in oscillation 12 

of corrected responses as shown in Fig. 5 a). We, therefore, have proposed to use multiple responses with 13 

statistical fluctuation for each standard energy point as shown in Fig. 5 b). A number of the independent 14 

responses, including the spatial responses, were calculated and used for determining the weights according to 15 

Eq. (3). 16 

 The ten spatial responses were actually calculated for each standard energy point, where the detector 17 

was irradiated by 106 neutrons in each response calculation. The total statistical uncertainty for each energy 18 

point is consequently equal to the case of the SLSM. We determined the weights using 80 responses, i.e. 10 19 

responses at 8 energy points. We refer to this weight determination method as a Multiple Least Square 20 

Method (MLSM). Figure 6 shows the corrected responses using the weights determined by the MLSM. 21 

Oscillation of the corrected responses is dramatically suppressed as compared with the case of the SLSM. 22 

The flatness of the corrected responses is improved as compared with the raw responses. We confirm that the 23 

flat-response can be achieved by correcting the response of the proposed detector that has the 3He PSPC at 24 

the center of the cylindrical moderator, using the weights determined by the MLSM.  25 

 26 
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 1 

4. Experimental Characterization of 3He PSPC 2 

 In above simulation studies, a neutron detection position in the 3He PSPC is just the position 3 

occurring 3He(n,p) reaction. However there is in fact some difference between the actual reaction position and 4 

the position outputted from the detector. In this section, we discuss the properties of the 3He PSPC that is 5 

important when correcting the detector response. We fabricated the 3He PSPC to characterize its fundamental 6 

properties, such as pulse height spectra and spatial profile of detected neutrons. The active length and the 7 

inner diameter of the tube were 21.6 and 1.32 cm, respectively. The filling gas was 0.7 atm 3He and 0.3 atm 8 

CF4, which shortens the range of 3He(n,p) reaction products. The anode was a resistive nickel-chromium 9 

alloy wire with a 10 µm diameter. The applied voltage to the anode wire was 850 V. The collected charge 10 

was read out from both sides of the anode wire. The relative position of a detected neutron along the tube is 11 

derived from Sr/(Sl+Sr), where the origin is the left end of the tube, where Sl and Sr were output signals from 12 

left and right sides of the tube, respectively. Total deposition energy is the sum of these signals, i.e. Sl+Sr. 13 

To verify the property on position sensing, the fabricated detector, covered by five Cd sheets with 14 

2cm width and 2 cm spacing, was irradiated by neutrons from a 252Cf neutron source surrounded by a 15 

polyethylene moderator. Figure 7 shows the deposited energy spectrum. There are a clear full energy 16 

deposition peak and the structures caused by a wall effect and/or an end effect. Since the filling gas pressure 17 

was insufficient to fully stop the products of a neutron absorption reaction in the active region, the structure 18 

caused by events escaping both products, a proton and a triton, was observed. Figure 8 shows the spatial 19 

profiles obtained only for the full energy deposition events and for events occurring the wall and/or the end 20 

effects. Both profiles have a similar trend in the center region but have an obvious difference in the edge 21 

regions. When a full energy deposition event occurs, both proton and triton produced by a neutron absorption 22 

reaction are fully stopped within the active region of the tube. Since the filling gas pressure was low, both 23 

products must be projected into a nearly parallel direction to the tube axis to deposit full energy. In other 24 

words, neutron absorptions must be occurred at the longer distance from the edge of the tube active region 25 

than the range of tritons, which have the shorter range than protons, for full energy deposition. Consequently, 26 
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no full energy deposition events can occur within the edge region. When determining the weights and 1 

correcting the detector response, we should take account of these properties.  2 

 3 

 4 

5. Conclusions 5 

 We proposed a novel neutron detector that realized flat-response using information of a 6 

spatial distribution of thermal neutrons in a moderator. The proposed detector consists of the 3He PSPC and 7 

the cylindrical moderator surrounding the 3He PSPC. The cylindrical detector is irradiated by neutrons along 8 

the cylinder axis and the spatial response of the 3He PSPC are used to correct the detector response into 9 

flat-response. We adopted the weighting method to achieve flat-response, in which detected neutrons 10 

weighted depending on each detected position are summed up as the detector response. Through the MCNP 11 

Monte Carlo simulation studies, we confirmed that the flat-response neutron detector can be achieved by 12 

correcting the response of the proposed detector using the weights determined by the MLSM. We 13 

additionally performed the fundamental experiments using the fabricated 3He PSPC to check applicability to 14 

the proposed flat-response neutron detector. We concluded that we should take account of the end effect to 15 

determine the weights and to correct the detector response. 16 

 As future works, we will try to experimentally verify the feasibility of the proposed flat-response 17 

neutron detector. For these purposes, we should make the fundamental experiments at mono-energetic and 18 

broad spectrum standard neutron fields. 19 

 20 

 21 

 22 
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Captions 16 

Figure 1  Fundamental Configuration of the proposed flat-response neutron detector. 17 

Figure 2  Calculated spatial distribution of neutron detection position in the 3He PSPC for various incident 18 

neutron energies. 19 

Figure 3  Conceptual drawing of determining the individual weights 20 

Figure 4  Corrected response using the weights derived from Eq. (3) by using SLSM a) at standard energy 21 
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points (10-3, 10-2, 10-1, 1, 5, 10, 15 and 20 MeV) and b) at other energy points. 1 

Figure 5  Conceptual drawing of a) Simple Least Square Method (SLSM) and b) Multiple Least Square 2 

Method (MLSM). 3 

Figure 6  Corrected response using the weights derived by using MLSM. 4 

Figure 7  Energy deposition spectrum obtained by the fabricated 3He PSPC. 5 

Figure 8  Spatial profiles obtained by 3He PSPC. Profiles obtained from full energy full energy deposition 6 

events and events occurring the wall and/or end effects are plotted for a comparison. 7 
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Figure 1  Fundamental Configuration of the proposed flat-response neutron detector. 7 
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Figure 2  Calculated spatial distribution of neutron detection position in the 3He PSPC for various incident 8 

neutron energies. 9 
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Figure 3  Conceptual drawing of determining the individual weights 8 
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Figure 4  Corrected response using the weights derived from Eq. (3) by using SLSM a) at standard energy 3 

points (10-3, 10-2, 10-1, 1, 5, 10, 15 and 20 MeV) and b) at other energy points. 4 

a) 
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 Figure 5  Conceptual drawing of a) Simple Least Square Method (SLSM) and b) Multiple Least Square 8 

Method (MLSM). 9 
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Figure 6  Corrected response using the weights derived by using MLSM. 5 
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Figure 7  Energy deposition spectrum obtained by the fabricated 3He PSPC. 4 
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Figure 8  Spatial profiles obtained by 3He PSPC. Profiles obtained from full energy full energy deposition 5 

events and events occurring the wall and/or end effects are plotted for a comparison. 6 

 7 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


