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Abstract. Neutron detection by MWPC based on 10B4C coatings can surpass in performance the one 

utilising 3He-gas in terms of position resolution and count rate capability at similar detection efficiency [1-

3]. The use of m2-size foils coated by 10B4C demands the development of a mechanical concept to avoid 
deformations of the neutron sensitive surface due to their own weight and the electrostatic forces resulting 

from high voltage for operation. To preserve a flat shape of the converter, a pressure gradient is applied 

between its both sides [4]. The design shall allow a stacking of detection modules consisting of sequenced 

elements [converter/x-y-multi-wire planes/converter] in few mm proximity. A multiple stacking of the 

detector modules is needed to accumulate a sufficient high detection efficiency for diffraction with thermal 
neutrons over the entire detector [2]. The MWPC is planned to have fifteen detection modules corresponding 

to an efficiency equivalent of 30 converters coated with 1.2 µm of 10B4C. Efficiency simulations of a 

converter coating thickness-profile from 0.6 µm up to 1.2 µm prognoses a conversion rate up to 50 % for 

thermal neutrons and the presented design parameters of the 1-m2 MWPC allow a position resolution of 2 

mm.  

1 Introduction 

Multi-Wire-Proportional-Chambers (MWPC) are used 

for a two-dimensional position-sensitive detection of 

radiation fields [5]. They consists of corresponding x- 

and y-sensitive detection wire planes immersed in 

stopping-gas, which releases charged particles when hit 

by ionizing radiation. The released primary electrons 

from ionised gas are accelerated towards the closest 

detection wire of a wire plane, which is set under high 

voltage (HV). The radial gradient of the electric field 

surrounding a detection wire is the main source of 

kinetic energy gain for the primary ionisation electrons. 

The acceleration and charge multiplication process is 

confined to a distance of a couple of hundreds µm 

around the detection wire [6]. The charge multiplication 

starts when the kinetic energy transferred by the electric 

field gradient to the primary ionisation electrons is high 

enough to further ionise the gas atoms and give rise to a 

charge avalanche. The process of generating electrons 

close to the detection wire in a sufficient number to 

trigger electric pulses in modern amplification 

electronics is called gas amplification. In the following 

sections, the neutron-sensitivity and neutron-event 

position-encoding techniques of a MWPC will be 

discussed. This introduces the special type of a MWPC, 

which offers a 2D-position sensitive neutron detection. 
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1.1 Techniques for neutron-sensitivity of 

MWPC 

Neutron-sensitive MWPCs for a 2D-position 

registration are very useful for application in various 

neutron scattering techniques as conducted in neutron 

scattering research centers like ILL (France) [7], SNS 

(USA) [8], MLZ (Germany) [9] or J-PARC (Japan) [10] 

and in many more places worldwide and soon at the 

European Spallation Source (ESS) in Lund (Sweden)  

[11]. Their advantage over other neutron detector 

technologies are the low gamma sensitivity and a fast 

response compared to scintillator detectors as well as a 

spatially more homogenous response with a higher 

spatial resolution compared to tube detectors on the 

costs of sophisticated manufacturing techniques. The 

sensitivity of a MWPC to (thermal) neutrons is achieved 

by the introduction of an additional material in the gas 

volume, which converts the uncharged neutrons into 

charged primary particles by an appropriate conversion 

reaction [12]. The neutron sensitivity of a MWPC goes 

on top on the sensitivity for ionizing radiation. The 

design of a MWPC-Position Sensitive Neutron Detector 

(PSND) therefore has to trade-off strongly the 

sensitivity for neutrons over the sensitivity for other 

ionizing radiation fields as emitted by many parasitic 

sources including high-energy cosmic particles [13] in 

the field of use. Typical isotopes for this application are 

the ones with a large cross-section for neutron induced 



fission, possessing simultaneously a low-Z number and 

being in a low density aggregate state, thus offering a 

low absorption probability for gamma radiation [6]. 

Therefore, they are the choice for neutron converting 

materials [14]. Reactions of the type xY(n,α)(x-3) are in 

the focus for neutron conversion processes. 

Conventionally, the 3He-gas or a  10B-containing 

material are used for the conversion of neutrons into 

charged particles [15-16]. In addition, fissionable 

materials like 233-238U, 157Gd, or 6Li-isotope, etc. are in 

use [17].  

Neutron detectors based on 3He- or 10BF3-gas have been 

extensively used for detection of thermal neutrons. 

However, further deployment of such detectors is 

currently constrained by the dramatic increase of 3He-

price (so called “3He-crisis” [18]). Moreover, in case of 
10BF3-gas, the toxicity of larger gas volumes at places of 

use gets an issue with improved modern safety standards 

[19]. One way to construct large area PSND under these 

circumstances is to switch from gas to solid-state 

converter containing 10B. A drawback of the switch to 

solid-state converter is the accompanied strongly limited 

(to micrometres) ion-escape-length (=ion travel range) 

from the conversion point in the coating prior the 

primary ions enter the stopping-gas-volume for the 

detection process. The short ion escape length in the 

converter material limits the probability for the ions 

created far away from the converter/stopping-gas-

interface to enter the adjacent detection gas volume to 

trigger the detection process. The maximum efficiency 

of this detection process with ion generation in solid  

converter and their transfer to stopping gas scales with 

the ion population reaching out the stopping gas volume.  

Nevertheless, ion-range simulations and the good 

controllable deposition properties of 10B4C coatings on 

the lightweight material aluminium [1, 20-22] shifted 

the development of PSND in the last decade towards 
10B4C-coating-based detection techniques [22-24]. The 

good sputtering properties supports the manufacturing 

of large area converters. In 10B-based neutron 

converters, the following Neutron- induced fission-

reaction takes place [25] (with kinetic energy in the 

round brackets): 

 
𝑛 + 𝐵 

10    
 →  

{
𝐿𝑖 (840 𝑘𝑒𝑉) + 𝛼(1470 𝑘𝑒𝑉) + 𝛾(480 𝑘𝑒𝑉) 

7 ,  94 % (𝐴)

𝐿𝑖(1015 𝑘𝑒𝑉) + 𝛼 
7 (1770 𝑘𝑒𝑉), 6%    (𝐵)
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The charged-particles emerging from the (n,10B)-

reaction ionize the stopping-gas thereby generating the 

primary electrons, which set off the charge avalanche 

near the wires and makes possible the detection process  

[5].  

1.2 Size of active area and position resolution 

The size of the active area of a PSND at a constant 

sample-detector distance defines the accessible range of 

wave-vector transfers covered in one detector 

configuration for a given scattering/diffraction 

experiment at a  chosen pulse and wavelength band [26]. 

Therefore, the application of large area (m 2-size) 

detectors at Time-of-Flight (ToF)-diffractometers 

contributes substantially to a shortening of the 

acquisition time in a measurement [27]. The current 

state-of-the-art engineering neutron-diffraction beam 

lines like BEER [28], TAKUMI [29], IMAT [30], 

SMARTS [31], ENGINE-X [32] or VULCAN [33] offer 

a  1-2 m sample to detector distance to accommodate the 

typical size, complex engineering in-situ sample 

environment. These instruments offer a resolution ΔQ/Q 

down to 0.1% for thermal neutrons. The approximation 

for the resolution of the wave-vector transfer for a  ToF-

diffractometer is expressed by Eq.(2) (see [26], page 142 

or [34], page 107). This relation can be used to estimate 

the upper limit for the spatial resolution of the detector 

for a set of source and diffractometer parameters 

(operational wavelength band, pulse length) in order to 

achieve the required ΔQ/Q: 
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with Δt = chopper pulse length, ToF = Time of Flight  

from chopper to detector, L= Length of flight path, ΔL 

= uncertainty in flight path from the chopper to the 

detector, ΔΘ = recorded Bragg-peak width at the 

detector position, folded with detector resolution, 

incident beam divergence and scattered beam size and 

Θ = Bragg angle of the reflection. For long instruments 

(>100 m), the first term of Eq.(2) contributes with about 

0.01 % to ΔQ/Q. The main variable contributions to 

ΔQ/Q in Eq.(2) result from the variations of the pulse 

length Δt and to the same order of magnitude from the 

Bragg-peak width ΔΘ in the scattering plane, which is 

typically dominated by the fixed horizontal beam 

divergence of about 5 - 25 mrad. At a distance of 2 m 

between sample and the detector, a  position resolution 

of a couple of mm in the horizontal scattering plane 

contributes only with a few mrad to the Bragg-peak 

width ΔΘ, but it allows for a sufficient spatial sampling 

of the Bragg-peak shape in the scattering plane. This 

motivates the envisaged couple of mm large position 

resolution of a modern ToF-diffraction detector.  

1.3 Techniques for 2D-position encoding of  

MWPC-PSND 

For the two-dimensional neutron-event position 

determination in a MWPC-PSND, two methods of 

position encoding are conventionally used.  

The most common position encoding technique is the 

resistive-wire method. There, the accumulated charge is 

deposited on the detection wire closest to the location of 

the neutron capture by the converter material. The 

deposited electron charge is measured after its travel to 

both ends of the wire as a voltage pulse-height [35]. The 

voltage pulse-heigths measured at each end of the 

detection wire are proportional to the ratios of the 

electric charges that pass through the corresponding 

fraction of the total length measured from the detection 

point and their specific Ohmic-resistance.  The relative 

position of the neutron event along the wire is given by 

the ratio of the partial and the total (sum) pulse-heights.  



This method requires that the number of readout 

channels and Analog-to-Digital Converters (ADCs) 

equals the number of wire-ends in the detector (e.g., 

twice the number of single wires). 

A second type of position encoding in a MWPC-PSND 

is the delay-line method [6]. In this method, one end of 

every single detection wire is connected to a unit cell of 

a delay-line ladder circuit consisting of a resistive, 

capacitive and inductive element. The number of the 

unit cells in the delay-line ladder circuits corresponds to 

the number of wires in each of the both x- and y-wire 

planes. At both ends of this ladder circuit (= delay line) 

a pre-amplifier is connected. Its function is to increase 

the microvolt pulse passed and damped through a certain 

number of unit-cells to a millivolt level as needed for the 

further signal processing. The resistive, capacitive and 

inductive elements within the delay-line unit cell are 

chosen so that the propagation speed of a typically 

shaped event pulse is slowed down to about 1 ns per unit 

cell transient. Therefore, the traveling time of an event-

pulse towards the ends of the delay-line fed-in by a 

detection wire at a  certain position of the delay-line 

circuit increases by the integer number m of transient 

times (here: 1 ns) resulting from the passage through m 

delay-units [6]. The precise measurement of the time 

difference between the delayed pulses at the ends of the 

delay-line allows determining the number m of passed 

delaying unit cells of the dela y-line circuit and therefore 

determining the number m of passed wires with their 

specific geometric distance from each other. For a single 

detection module, the x- and y-position components of 

a certain neutron event can be determined within the 

same time-correlation radius corresponding to the time-

delay of a whole x- or y-delay-line length. The 

registered arrival-time differences for the x- and y-

components become converted by the number of passed 

delay-time steps (mx and my) and by the corresponding 

geometric wire-pitch in a wire-plane (here: 2 mm) to 

(x,y)-event positions in mm within one detection 

module. The position determination of a neutron event 

using x- and y-delay-lines for one detection plane is 

reduced practically to a time difference measurement 

with a Time-to-Digital-Converter (TDC) unit instead of 

pulse-height determination using many ADCs, as in the 

case of the resistive wire scheme. 

The advantage of the delay-line position-encoding over 

resistive-wire scheme becomes evident for detector 

systems consisting of a large amount of detection wires. 

In these systems, the delay-line techniques requires a 

much smaller number of amplifiers compared to 

resistive-wire method since one delay-line serves as 

pulse collector for many hundreds of detection wires and 

needs only one amplifier at every one of its two ends. In 

contrast to this, the resistive-wire method needs one 

amplifier at each end of every one of the many hundreds 

of detection wires. This leads to a much lower number 

of read-out channels and connecting feedthroughs 

between the detection volume and the outside space of 

the detector for the delay-line method compared to the 

resistive-wire method. With modern electronics and 

Printed Circuit Board (PCB) layout techniques, delay-

lines circuits with their resistive, capacitive and 

inductive character can be realized on PCB without 

using individual resistors, capacitors and inductances. A 

corresponding, geometric guidance of the conductor 

paths on the PCB-board with terminals for the detection 

wires replaces all three electric elements.  

1.4 Count-rate capability of a MWPC 

The count-rate capability of a single detection module is 

derived from the detection performance of the TDC for 

a single pulse in the x- and y-delay-line read-out. For 

typical conversion process times (from neutron hit to 

electron avalanche end on the detection wire) of the 

order of 80 - 100 ns and a total length of the delay-line 

of e.g., 500 ns, the count-rate capability of a single -

detection module can be estimated to 150 – 200 kcps 

[36-38]. Therefore, the full detector assembly, which 

should consist of fifteen independent detection modules 

giving rise to a global count rate capability of  15 times 

150 – 200 kcps can be estimated to max. 3 Mcps. 

The constructional advantage of delay-line read-out 

holds as long as the event-rate on a single detection- 

wire-plane stays below the above estimated value. For 

higher count-rate situations, the single-resistive-wire  

read-out coupled to fast but costly ADC is preferable.  

2 Development of the detector design  

The conception and description of the detector design 

discussed in this study follows the basic, methodical 

engineering order as applied for the design development 

of complex machines: from interior to the exterior [39-

40]. Therefore, the simulations of the ion traces from the 

converter to the detection wires are the starting point in 

chapter 2.1 for the interior detector design. These 

simulations define the converter thickness and the 

converter-to-wire distance. In chapter 2.2, the next 

higher hierarchic level of the detector assembly is 

considered; here the detection performance is simulated 

resulting from the geometric design of the detection 

module and the internal organisation of detection 

modules within the detector. Finally, the mechanical 

design of the detection modules and for the detector 

housing (the exterior) is discussed in chapter 2.3. The 

mechanical design of the exterior shall ensure a stable 

operation of the detector in its environment. 

2.1 Simulations of the ion travel ranges 

involved in the detection process  

The ion-stopping process in solids and gases is governed 

by the strong and repulsive Coulomb-interaction 

between the positive ions and the positive nucleus of the 

stopping medium. This give rise to a stopping-power 

curve with a Bragg-like shape including a sharp cut-off 

energy. This leads to a strong correlation between the 

ion-energy and the ion-travel range in the stopping 

medium [41].  To ensure an efficient and localized 

electron collection by the detection wire system, the 

ranges and shapes of the traces of the released ions in 

and out of the conversion coating need to be evaluated. 

The ion ranges in the stopping gas are important to fix 

an appropriate detection-wire to converter distance. The 



divergence of the ion tracks allow us to estimate the 

lower limit of the position resolution given by the gas 

amplification. The kinetic energies of the ions escaping 

from the point of conversion in the converter, which is 

given by the conservation of momentum and energy for 

the nuclear reaction Eq.(1) and the stopping power in 

solid 10B4C are reported in [42-43]. For the branches (A) 

and (B) of the conversion reactions in Eq.(1), the 

maximum ranges of α and 7Li ions in solid 10B coating 

are [43]: 

 

Branch (A) of Eq.(1):  

• Ion range for α-particle: 3.2 µm and 7Li-ion: 1.5 µm 

 

Branch (B) of Eq.(1):  

• Ion range for α-particle: 3.9 µm and 7Li-ion: 1.7 µm 

 

In order to allow the ions produced in both reaction 

branches described above to escape from the conversion 

layer with enough kinetic energy and ionise the adjacent 

detection gas, the converter thickness is chosen below 

the shortest ion-range in the coating. As demonstrated in 

[1,6,14,44], the appropriate 10B4C converter thickness 

for thermal neutron detectors with a gas-amplification 

processes at 1 bar pressure in adjacent to the stopping 

gas volume is 1.2 µm 10B4C. This 10B4C converter 

coating thickness is a reasonable trade-off between 

neutron capture probability in the converter and a high 

enough ion escape efficiency out of the converter 

combined with a high enough kinetic energy of the ions 

emitted from a single 10B4C layer. 

Fig. 1. Simulation set-up with point of conversion, 1.2 µm 

thick 10B4C coating, 6 mm x 6 mm stopping gas volume and 

the anticipated escape cone of the ions. 

 

The simulations of ion-tracks consider the 10B(n,α)7Li-

conversion in Eq.(1) to take place at 0.6 µm depth from 

the surface of  a  1.2 µm thick  10B4C layer. The ions enter 

from left orthogonally (Fig. 1) in to a 6 mm x 6 mm 

extended stopping-gas volume. This configuration 

should cover the most in all likelihood conversion 

situation with the ion-travel range in the stopping-gas. 

Indeed the conversion can take place at any depth of the 

1.2 µm thick 10B4C, but statistically the probability for 

the conversion reaction increases with higher 

penetration depth of the neutron. At the same time for 

the neutron detection process also the ion-escape-

process and its descending probability with the larger 

depth of the conversion point from the surface has to be 

taken in to account. The ion ranges from branch (A) and 

(B) represent the upper limit for travel paths of the 

corresponding ions in the solid converter. Because of 

this, these maximum travel ranges and the converter 

thickness span in the directional space an escape cone 

(with maximum probability for the ion transfer in to the 

stopping gas) oriented with its axis parallel to the 

converter normal direction, with an opening angle 

resulting from 2 times the cosine between the converter 

thickness (here: 1.2 µm) and the maximum travel range 

(here for the α-particle from branch (B): 3.9 µm). That 

is an angle of 72° from the normal direction of the 

converter plane or a cone described by a  solid angle of 

144° as shown in Fig. 1. 

Typically, the ions from the solid converter within this 

solid angle/cone will enter the stopping-gas volume. But 

only those with the shortest travel range in the solid  

(elongation of the orthogonal direction to the converter 

plane) have the highest kinetic energy left for the travel 

in the stopping gas and generate consequently the 

longest ion tracks there. These ions are taken into 

account in the TRIM-simulations.  

Due to the large surface of the envisaged detector 

housing and the m2-size neutron entrance window, the 

limitations by breaking stress of constructional materials 

need to be considered. The structural materials taken 

into account allows for a  maximal possible pressure 

gradient between the inside space of the detector 

housing and a  variable ambient pressure environment to 

about Δ ±100 mbar. In summary, the simulations of ion 

ranges in the detector volume filled with the stopping-

gas are performed under ambient pressure condition, at 

1000 mbar Ar/CF4 (80%/20%) using the TRIM-

software [45-46] an under the assumptions that:  

 
• the conversion process takes place 0.6 µm from the     

     surface of the solid, 1.2 µm thick 10B4C-converter  

  

  • the ions travel after generation through the solid     

    conversion coating and enter orthogonally oriented    

    into the 6 mm x 6 mm extended stopping gas volume 

 

• the ions travel and get stopped in the stopping gas  

   volume adjacent to the 10B4C surface consists of       

   Ar/CF4 (80%/20%) at 1000 mbar 

 

The corresponding ion tracks and their ranges in the 

stopping gas volume, called “Target depth” for a volume 

box of 6 mm x 6 mm are presented in Fig.2 and Fig.3. 

The visualization of the ion tracks in Fig.2 demonstrates 

clearly that the high kinetic energy of the α-particles 

gives rise to a less divergent ion beam in the stopping 

process compared to the 7Li-ions normalized to an 

identic ion range. A strong straggling effect of the ion 

trajectories appears in the last tenths of the travel range. 

In Fig.3 is demonstrated, that the straggling parameter 

decreases with both, the decrease of the ion weight and 

 



increase of kinetic ion energy. Fig.2 and 3 represent the 

primary charges only.  

 

Fig. 2. Simulated tracks for α and 7Li-ions by TRIM-software 
for (A) and (B) branch of the 10B(n,α)7Li-reaction in Eq.(1) 

taken place at 0.6 µm depth from the surface of  a 1.2 µm thick  
10B4C layer. The ions enter from left orthogonally in to a 6 mm 

x 6 mm extended Ar/CF4 (80%/20%) at 1000 mbar gas volume 

(black background). The green bar on the right hand side in all 
plots marks the 10B4C coating and the yellow bar marks the x-

detection wires at 3 mm and y-detection wires at 6 mm away 

from the ion emitting 10B4C coating. Top row for branch (A) 

and bottom row for (B) of reaction Eq.(1). 

 
Fig. 3. Ion ranges histograms simulated by SRIM software for 

(A) and (B) branch of the 10B(n,α)7Li-reaction in Eq.(1) taken 

place at 0.6 µm depth from the surface of  a 1.2 µm thick  10B4C 
layer. The ions enter from left orthogonally in to a 6 mm 

extended Ar/CF4 (80%/20%) at 1000 mbar gas volume.  The 

x-axis of each of these histograms represent the normal 

distance from the 10B4C converter surface (x = 0 mm) in the 

stopping gas volume within the range of 0 – 6 mm. Top row 
for branch (A) and bottom row for (B) of reaction Eq.(1). 

The gas ionisation and amplifica tion processes are not 

included in the TRIM-calculations in Fig. 2 and 3. 

However, the primary ion tracks can be regarded as 

origins of the gas amplification and charge avalanches if 

they are located close enough to the detection wire. 

Therefore, the radial distribution of these charges close 

to the detection wires influences the number of wires 

collecting the signal resulting from the detection 

process. This is quantified by the radial straggle 

parameter (in µm) [47] mentioned in Fig.3. Therefore, 

the simulated radial straggling parameter within the 

range of 210 – 270 µm can be regarded as the lowest 

value for a position resolution limit resulting from the 

gas ionization process when projected on a detection 

wire-plane. At the end of the ion-tracks, the charge cloud 

is enlarged to a diameter of about 1.8 mm which is less 

than the detection wire pitch.  The range of the 

straggling parameter and the shape of the ion tracks 

ensures that the envisaged 2 mm position resolution of 

the detector, which corresponds to the wire-pitch in a x- 

or y-wire plane, is not impaired by the gas ionization 

process. For the stopping gas considered in these 

calculations, Ar/CF4 (80%/20%) at 1000 mbar pressure, 

the ions are confined in a range of 1.8 - 5.5 mm distance 

in forward direction from the 10B4C converter surface.  

It is worth mentioning that the position resolution that 

could be achieved with MWPC with 10B4C-coated 

cathodes was intensively studied in the GEANT4 

simulations of a detector designed for neutron 

diffraction studies [48]. In that study, the detector unit 

consisted of two thin identical wire counters sharing a 

segmented cathode and enclosed in a common housing 

filled with Ar/CO2 (80%/20%) gas. The wire planes 

were positioned at a  distance of 3.5 mm from the Boron 

converter and the distance between the wires was 17 

mm. The full detector had cylindrical geometry and 

consisted of several detector units placed vertically 

around the sample and titled such that the angle between 

the Boron converter and the incoming neutron beam was 

10°, as shown in Fig. 3 of [48]. Due to the tilting of the 

segment, the projection of the coated side on the 

entrance window of the detector becomes proportional 

to the product between the wire pitch and tan(10°). This 

gives rise to a horizontal spatial resolution of ∼2.1 mm 

(FWHM). GEANT4 predicted a value of 2.96(6) mm 

(FWHM) for the spatial resolution of the proposed 

design, which was investigated by scanning across the 

wires with a collimated beam and recording the events 

collected by each wire, see Fig. 7 in Section 3.2 of  [48]. 

That result is a  good indication that spatial resolutions 

below 3 mm can be achieved with MWPC with 10B-

coated cathodes. We believe that this value can be 

further refined by replacing the CO2 quenching gas with 

one with a higher stopping power, such as CF4. 

For an optimal trade-off between position resolution and 

charge accumulation on the detection wire, dista nces of 

3 mm and 6 mm for the x- and y-wire-planes with 

respect to the converter surface seem to be the best 

compromise. The relative geometric configuration 

(stacking sequence) of the x- and y-detection wire-plane 

confined between the two, face-to-face oriented 

converters, within one detection module is as following: 

 

 
 

 

 



[n-converter/3mm-gap/ 

                  /x-wire-plane/3mm-gap/y-wire-plane/ 

                                            /3mm-gap/(n+1)-converter] 

                                                                                   (3) 

 

where n and (n+1) numerate the converter with in the 

full detector assembly in the detection module n (with n 

= 1 for the first module hit by neutrons). The stacking 

sequence is mirror-symmetric with respect to the central 

3mm-gap in Eq.(3), which is found between the x- and 

y-wire planes. This mirror symmetric configuration with 

respect to the central 3mm-gap allows for an equal 

charge distribution on both x- and y-detection wire 

planes from both face-to-face oriented 10B4C coatings.  

Fig. 4. Cross-section cut through one detection plane with 

stopping-gas-volume and two adjacent compensation volumes 
(blue shaded space) with 10B4C-converter coatings and high 

voltage supply for x- and y-wires planes. The sequencing and 

spacing is as described in formula (3) above. 

The stacking sequence Eq.(3) is a building block of a 

modular-designed detector, which consist of n of such 

detection modules. These detection modules are 

immersed in a common stopping-gas volume. The 

resulting converter-face-to-face-distance of 9 mm (see 

Eq.(3)) defines the ToF-timing precision within one 

detection module and therefore for the entire detector 

assembly, since the origin of an conversion event is 

untraceable for the detection wire system to the 

particular n or (n+1) converter. The back-to-back 

distance of adjacent detection modules is 10 mm (not 

included in the stacking sequence Eq.(3) above). This 10 

mm-space contains the compensation volumes, which 

will be introduced in the next section. 

The gas-gaps between the wire-planes and the 

converter-surfaces have to be kept constant during the 

detector operation. As already mentioned above, during 

the operation of the detector, one of the two wire-planes 

of a detection module is set under HV in order to 

accelerate the primary electrons and increase their 

kinetic energy to a value, which is high enough to set-

off secondary gas ionisation and amplification. The 

electric field between the converter plane, held at ground 

potential, and the wire-plane under high-voltage, gives 

rise to an attractive force between these two 

components. During the detector operation this can lead 

to a non-uniform converter-to-wire distance (gas-gap), 

which results in an inhomogeneous detection efficiency 

distribution over the entire detection plane. To 

counteract the approach of the detection wires to the 

converter surface, a  patented compensation volume 

design, had been developed by the Hereon research 

centre [4]. The compensation volume is allocated, as 

presented in Fig. 4, behind each converter plane and it is 

completely separated from the detection gas volume.  

The gas pressure in these compensation volumes can be 

adjusted individually and independently from the gas 

pressure in the detection volume in front of the 

converter. The application of a lower pressure in the 

compensation volume compared to the detection volume 

pulls the converter plate away from the detection wire 

planes and counteracts the attractive force resulting 

from the electric field between these two detection 

module components. The size and direction of the 

pressure gradient between the detection and 

compensation volumes separated by the converter plate 

can be set according to a feedback signal resulting from 

the converter deflection measured by means of laser spot 

shifts on the backside of the converter plate. This 

deflection control system for the converter plate is 

installed in every one of the fifteen detection modules. 

It allows the individual adjustment of every module. For 

a detailed description of the construction and operation 

of this system, the reader is asked to consult the 

reference [4].                          

2.2 Efficiency simulations of the detection 

modules using GEANT4  

The ions-track simulations in the previous section for 

the 10B4C-coating and the Ar/CF4 (80%/20%) stopping- 

gas were performed with the help of the TRIM/SRIM 

software package to determine the distance between the 

converter surface and the detection wire-planes that is 

necessary in order to achieve the desired electron yield 

from the detection event on the detection wires. 

In this chapter, the simulations on the next higher 

hierarchic level (at the level of the whole detector) are 

described. They were conducted in order to assess the 

neutron-detection performance of the complete detector 

assembly consisting of the n detection modules. These 

simulations assumed neutron incidence perpendicular 

on the converter plane and are performed by using the 

GEANT4 [49-52] software package. The main goal of 

these simulations was to find a reasonable balance 

between the number n of detection modules and the 

refined thickness of the 10B4C converter coating in the 

subsequent detection modules traversed by the neutron 

beam at the desired detection efficiency for a specific 

neutron spectrum foreseen for the MWPC-PSND.  

The efficiency of the proposed design was investigated 

by building the theoretical model of the detector and 

tracking the slowing down of the 7Li- and α-reaction 

products through the converter and counting gas until 

they came to total rest. 

 



 

The energy deposited in the gas through ionization was 

used to generate the combined (both ions) pulse-height 

spectrum. The efficiencies represented graphically in 

Fig. 6 of the manuscript were calculated by taking the 

ratio between the total number of counts in the pulse-

height spectra recorded for each configuration and the 

total number of incident neutrons impinging upon the 

detector. The results represent a measure for the 

absorption, conversion, and escape efficiency only, i.e., 

εabs* εconversion*εescape, not the total detection efficiency, 

εdet, which also depends on the ability to collect the 

charge generated in the gas volume, εdet = εabs* 

εconversion*εescape*εcollection. Previous experience with 

operating a similar MWPC design indicated that the 

efficiency for collecting the charge generated in the gas 

is greater than 90 % [53]. Moreover, in the real detector, 

an energy threshold must be also applied to the 

individual pulses in order to eliminate those generated 

by the γ-background. Such a threshold was not 

considered in the present calculations. However, typical 

values for the n-γ discrimination threshold in the 10B-

based gas detectors lie between 100-150 keV, which 

leads to a reduction of the detection efficiency by less 

than 10%, as shown in Fig. 4 of [54].    

 

Fig. 5. COMSOL-simulations of the electric potential (V) 
(red=positive, blue=negative) for the detector design proposed 

in the present work. The detector design parameters are 

marked in the figure. 

The electric field configuration for one x/y-wires-plane 

detector module under HV (Ux= +2000 V / Uy= -150 V) 

is presented in Fig.5. The electric field configuration 

inside one detection module had been calculated using 

the COMSOL-simulation-package and serves to 

visualise the E-field homogeneity and demonstrates the 

input configuration for the GEANT4 simulations.  

Fig.6(A) represents the simulated efficiency 

contributions from each subsequent module consisting 

of a stack of 15. Each module contains two 1.2 µm-thick 
10B4C converter layers. The calculations were performed 

with monochromatic neutrons at wavelengths 1, 2.5, 4 

and 5 Å. The plots indicate that the efficiency 

contribution drops from one to the next module even 

though the modules contain a neutron absorbing coating 

of the same thickness. This behaviour can be observed 

for each of the four values of the neutron-energy 

considered in the calculations. The efficiency drop has 

its origin in the continuous extraction of neutrons from 

the transmitted neutron beam by every subsequent  

 
Fig. 6. (A) Efficiency contributions from single, subsequent 

detection modules consisting of two converters coated by 1.2 

µm 10B4C for monochromatic neutrons at 1 Å (blue), 2.5 Å 

(green), 4 Å (violet) and 5 Å (red). The front 10B4C-double 

layer is marked with the number “1”. (B) Efficiency 
contributions of subsequent modules consisting of two 

different coating thicknesses of the 10B4C converters for 

monochromatic neutrons at 1 Å (blue), 2.5 Å (green), 4 Å 

(violet) and 5 Å (red). The first three modules have 0.6 µm and 

the further twelve modules have 1.2 µm thick 10B4C-coatings. 
(C) Efficiency spectrum integrated over 15 modules with 1.2 

µm thick 10B4C (red), over 3 modules coated by 0.6 µm and 12 

modules coated by 1.2 µm thick 10B4C (red) and finally over 6 

modules coated by 0.6 µm and 9 modules coated by 1.2 µm 

thick 10B4C (green; dashed).  

 

module. This observation is in-line with the well-known 

Beer-Lambert-law for neutron absorption in matter. In 

Fig. 6(B) the individual efficiencies were simulated for 

the same neutron energies as in Fig. 6(A), but the 

thickness of the converter in the first three modules was 

reduced by a factor of two (i.e., 0.6 µm of 10B4C) while  

 
 

 
 

 

 



the thickness of all the other layers was left unchanged 

(1.2 µm of 10B4C). Consequently, the efficiency 

contribution of the first three modules dropped down 

compared to Fig.6 (A). However, the 4th module and the 

following ones have a higher efficiency contribution 

when compared to the 4 th module in Fig. 6(A): compare 

10 % at 5 Å in Fig. 6(B) to 7 % at 5 Å in Fig. 6(A). Thus, 

the variation of the converter thickness leads to a change 

in the efficiency distribution over the entire detector 

stack, and consequently to a change in the count-rate per 

detection module. This effect can help improve both the 

local and global count-rate capability of the detector, as 

the number of detected neutrons is more evenly 

distributed over the first 4-5 modules and not anymore  

concentrated in the first two (see Fig. 6(B)). The spread 

of the count-rate over the depth of the detector becomes 

more important when operating at cold neutron energy. 

Cold neutrons have a high probability to be detected 

within a few µm of 10B4C, leading to much larger count-

rates in the first two detection modules compared to the 

subsequent ones. Furthermore, using thinner converter 

coatings in the detection modules that are first exposed 

to the neutron beam leads to a slight improvement of the 

overall detection efficiency (~8 %) for cold neutrons, as 

seen in Fig. 6(C).  

In the thermal regime, however, a  detector stack 

consisting of 15 detection modules, all comprising 
10B4C converter layers with 1.2 µm thickness, has an 

overall detection efficiency that is slightly higher than 

the stacks built with converter 10B4C-coatings of 

variable thickness. The explanation for this is that for 

higher energy neutrons, the ion-escape length dominates 

over the neutron-absorption length. For the low-energy 

neutrons, the conversion point is statistically closer to 

the converter surface and the ion-escape probability 

increases compared to the case of higher neutron 

energies. Numerical details of these considerations can 

be found in [2].  

The results of these simulations indicate that the overall 

efficiency of the detector stack is influenced by reducing 

the thickness of the 10B4C converter coating applied on 

the first few modules located close to the entrance 

window of the detector. The economic advantage of 

doing this is that it reduces the sputtering (coating) time 

and the amount of converter material used in the coating 

process, with positive effects on the total costs and 

manufacturing time of the detector.  However, this 

simulation case also makes it clear that the converter 

coating thickness in the stacked detection modules 

needs to be adapted to the neutron energy-range and 

application for which the detector is intended to be used. 

The simulated efficiency values are summarized in 

Tab.1. 

 

 

Tab.1. Summary of plot Fig. 6(C). 

 

 

 

2.3 Mechanical design and strain simulations 

of the detector modules and detector housing  

The hardware exterior of the detector is a gas-tight 

housing. The detector housing represents the interface 

between the detector and the ambient space. It consists 

of three sub-components 1. neutron entrance window, 2. 

top-cover and 3. the back-plate. The functions of the first 

two components are a loss-free transmission of neutrons   

to the detection modules in the housing. The second 

function is the protection of the well-defined stopping-

gas volume from changes of ambient conditions and 

parameters like temperature and atmospheric pressure. 

The back-plate has three functions. The first function is 

a mechanical, rigid support for the detection modules to 

ensure minimal displacement of wires and converters 

during transport and operation. The second function of  

the back-plate is to offer a mechanical interface and a  

distribution base for loads during vertical mounting of 

the detector in a support structure for operation at a 

beamline or for transportation purpose. Last but not 

least, the third function of the back-plate, is the 

provision of a mechanical platform for the electronic 

and media feedthroughs to the inside components like 

the wire-planes with their signal- and HV-lines and the 

detection modules with their gas- and USB-data-lines. 

The shape of these three mechanical sub-components, 

their material grade and thicknesses had been designed 

for ± 0.1 bar pressure difference between the ambient 

pressure (corresponding to the average air pressure in 

Lund/SWE of 1000 mbar) and the pressure of the 

stopping-gas inside the detector. The weight limitations 

for the whole detector assembly and the large surface 

area of the detector housing as well as high mechanical 

load resulting from the envisaged pressure difference of 

max. 0.1 bar between in- and outside of the detector, 

makes a (Computed Aided Design) CAD-supported 

design simulation essential. Therefore, the mechanical 

loads in the housing and particularly in the converter 

support-frames of the detection modules were simulated 

by means of the (Finite Element Method) FEM-

techniques using the concept of the von-Mises-tension 

[55]. These simulations delivered the von-Mises 

tensions and the local deformations of the components 

at the operational conditions as presented in Tab.2 

Neut. 
wave- 

length 

[Å] 

15x 

[1.2 µm] 
10B4C 

integr. 

efficiency 

[in %] 

3x 

[0.6 µm] + 

12x 
[1.2 µm] 

 10B4C 

integr. 

efficiency 

[in %] 

6x 

[0.6 µm] + 

9x 
[1.2 µm] 

 10B4C 

integr. 

efficiency 

[in %] 

1 36.6 34.8 32.8 

2.5 56.8 56.9 56.9 

4 62.5 65.7 66.5 

5 63.6 67.7 69.9 
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for the corresponding envisaged material grades [56]. 

The FEM-simulations had been performed using the 

“Solid Edge ST(110.00.12.004 x64) FEMapp (11.3.1)”-

software and the NX-Nastran (11.0) solver. For the 

operational parameters, it was assumed that the detector 

is erected vertically so that its entrance window surface 

normal is oriented orthogonally to the gravity (as 

indicated in Tab.2) and the ambient pressure is 0.1 bar 

higher than the stopping-gas pressure inside the 

detector. As described in reference [4], the 1m2-large 

Al-converter plates coated by 10B4C were clamped on 

support frames, which ensure a flat mounting of the 

converter surface in front of the wire-planes inside the 

detection module. The result of the FEM-optimization 

processes for supporting the 0.3 mm thick converter (Al 

99.5 %), is a  5 mm thick AlMg(3%) frame with a shape 

as presented in the column labelled “Single frame-

converter plate” in Tab.2. The frame has inside rounded 

corners to redistribute and reduces the von-Mises-

tensions to 105 MPa in this work piece. This shape 

should ideally offer the required stiffness for the 

envisaged converter flatness. The connected maximum 

deformation of the single frame and converter-plate 

assembly was calculated to about 0.4 mm at the outer 

edges of the converter and frame. This is expected to be 

in the acceptable range for operation.  

For the top part of the housing, a 5 mm thick Al-6061-

T6 base material and for the neutron entrance window a 

7 mm thick Al(99.5%) plate turned out to be appropriate 

(see column “housing and window” in Tab.2). This 

choice of material thicknesses and grades lead to a 

maximal deformation in the centre of the window of 18 

mm at an acceptable, von-Mises tension level of 

maximum 85 MPa.  For the “Back-plate” the FEM-

simulations yields a 35 mm thick Al-7021-T79 as a 

useful thickness and material grade (see column “Back-

plate” in Tab.2). In this configuration, a deformation of 

1 mm in the central region of the Back-plate at a 

maximal von-Mises tension of 50 MPa is expected. This 

tension is far below the considered material grade limits. 

These evaluations were performed for an overpressure 

of +0.1 bar in the housing compared to the outside 

pressure and in the gravity field oriented as above 

mentioned.  

3 Conclusions 

This parametric study demonstrate the technical 

feasibility of a 1m2-size neutron detector for a 

perpendicular neutron incidence using stacked detection 

modules consisting of multi-wire detection planes 

confined between 10B4C-coated converters. The 

conditions of operations (max. pressure difference and 

gravity field) had been considered in the design. The 

neutron-conversion and detection processes specific to 

the 10B4C converter coating and the characteristics of the 

Ar/CF4-stopping-gas indicate that a converter-to-wire 

distance of 3 mm offers a sufficient high charge yield 

from both 10B4C-converters on the detection wires of the 

x- and y-wire-plane in a single detection module. The 

ToF-timing precision of one detection module and 

therefore for the entire stacked detector assembly is 

consequently restricted to the neutron time-of-flight 

through the converter face-to-face distance of 9 mm.  

The position resolution of the detection wire-planes 

given by their 2 mm wire-pitch is not impaired by the 

pressure-range of the stopping-gas, which determine the 

maximal possible pressure load on the detector housing, 

as demonstrated in Sections 2.1 and 2.3. The thickness 

of the 10B4C-converter in the stacked detection modules 

assembly was optimised for a specific use-case neutron 

spectrum with the help of GEANT4 simulations. The 

results of this calculation provides the refined values for 

the 10B4C coating thicknesses in the sequenced 

converters.  The 10B4C thickness refinement leads to 

improved local and global count-rates loads at reduced 

manufacturing costs while still preserving the high 

overall detection efficiency of the entire detector 

assembly. Similar optimisations are also typically done 

for the gas-converter-based thermal neutron detectors 

such as 3He-tubes, by carefully inspecting the 

dependence of the gas-pressure vs. neutron efficiency. 

As seen in Section 2.2, the integrated neutron efficiency 

that can be achieved with a detector assembly like the 

one described in the present work is similar to what is 

currently possible to achieve with the pressurized  3He-

detectors. The manufacturing of the required converter 

shapes and sizes as well as the wire-planes is feasible by 

using conventional production techniques. The required 

stabilities of involved materials for the operational case 

of the detector are not in conflict with the commercially 

available lightweight material grades as shown in 

chapter 2.3. Hereon, formerly HZG and GKSS, 

successfully applied the MWPC-technology with 2D-

delay-line read-out to position-sensitive Neutron 

detectors based on 3He in the past to the REFSANS and 

SANS-1 instruments at MLZ [57] as well as at the 

ARES instrument of the Geesthacht Neutron Facility 

(GeNF) at FRG-1 [58]. These results motivated the 

researches to make the next certainly challenging but 

interesting step and to combine the delay-line 

technology with the solid state 10B4C-conveters. A 

successful realization of these kind of detectors would 

merge a 2D-sensive MWPC-neutron detector with a 

relative small number of read-out channels and with an 

affordable 3He-free neutron converter technology. This 

detector design would then contribute to overcome the 

“3He-crisis” mentioned in Chapter 1.1. The applications 

of these kind of detector technology is aiming for 

diffraction instruments with moderate position 

resolution requirements (≥ 2mm) at ESS and of cause at 

other neutron research facilities.    
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