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neutron imaging detectors:  

I. Square channels with 10B doping. 
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Berkeley, CA 94720, USA  

bNOVA Scientific, Inc. 660 Main St. P.O. Box 928 Sturbridge, MA 01566, USA  

 

Abstract 

 Microchannel plate (MCP) event-counting imaging detectors with very high spatial 

resolution (~10 µm) and timing accuracy (~100 ps) are widely employed for the detection 

and imaging applications of electrons and ions, as well as UV and X-ray photons. 

Recently it was demonstrated that the many advantages of MCPs are also applicable to 

neutron detection with high 2-dimensional spatial resolution. Boron, enriched in the 

isotope 10B, was added to the MCP glass structure to enhance the neutron interaction 

within the MCP through the 10B(n,α)7Li reaction. The energetic charged particle reaction 

products release secondary electrons directly into MCP channels, initiating an electron 

avalanche and a subsequent strong output pulse. In this paper we present a detailed model 

for calculating the quantum detection efficiency of MCP neutron detectors incorporating 
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10B, for the specific case of square channel MCP geometry. This model predicts that for 

thermal neutrons (0.025 eV), MCP detection efficiencies of up to 78% are possible using 

square channels. We also show theoretically that square channel MCPs should have a 

very sharp (~ 17 mrad) angular drop in sensitivity for detection of normal incidence 

neutrons, opening up new possibilities for angle-sensitive neutron imaging as well as 

collimation. The calculations can be used to optimize MCP neutron detection efficiency 

for a variety of applications. In a subsequent companion paper, the model will be 

extended to the case of hexagonally-packed circular channels. 

 

Keywords: Neutron detection, Detection efficiency, Neutron imaging 

1. Introduction 

In the present paper we study the detection efficiency for thermal neutrons based 

on neutron-to-charged particle conversion in 10B-doped microchannel plates (MCPs) with 

square channels. Fraser and Pearson [1],[2] first suggested that the direct addition of 

boron into the MCP glass structure could substantially enhance MCP neutron sensitivity, 

while simultaneously preserving the many beneficial features of MCP imaging detectors. 

Later we implemented this concept and then experimentally confirmed it, using cold and 

thermal neutron beams at the NIST research reactor [3]. Recently, this work was 

extended to encompass related but more novel detector structures, such as the 

microsphere plate (MSP), Nova ‘microfiber’ plate (MFP), and the second generation 

Nova ‘microreticulated’ plate (MRPTM). 
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In the MCP neutron detection method, the neutron-induced nuclear reaction -

10B(n,α)7Li - occurs within few micron-thin glass channel walls, which contain at least 

several percent by weight of 10B. The alpha and 7Li charged particle reaction products, 

moving 180o apart to conserve momentum, emerge from the channel wall surfaces into an 

open channel. As these heavy particles cross the surface, a relatively large number of 

secondary electrons and other species [4] (H-/+, OH-,…) are liberated to generate a strong 

electron avalanche and output pulse in the usual manner [5]. Moreover, once within an 

open channel, an energetic alpha or 7Li particle will interact twice with a channel wall 

surface – first upon entry into the channel, and then again after crossing the evacuated 

channel to strike the opposite wall – virtually insuring the generation of a detectable 

output pulse [1]. Thus, the useful detection characteristics of MCPs can be very 

effectively applied to neutron detection and imaging, with position sensitivity on the 

order of 10 µm and timing accuracy down to ~100 ps [6],[7]. 

 

In the present paper, we focus on the efficiency of neutron detection using 10B-

doped MCPs, for both the case of single neutrons where precise interaction coordinates 

within the channel wall can be assigned, as well as the case of a neutron beam where an 

averaging process may be used. 

 

Finally, in the interest of brevity this paper is limited to the square pore MCP 

geometry. This is due to the relatively straightforward solid geometry of square packing, 

as compared with the greater complexities of hexagonally-packed cylinders or circular 

channels for the interaction with the spherical geometry of escape of alpha and 7Li 
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reaction products. Given the lack of commercially available square channel MCPs at 

present, and the universal availability of circular channel MCPs, a companion paper for 

the latter geometry is also being prepared. 

 

2. Neutron detection efficiency for a single neutron 

The neutron detection efficiency Qn of a 10B-doped MCP detector is given by the product 

of three terms, 

Qn = P1 * P2 * P3        (1) 

where P1 is the fraction of incident neutrons absorbed by the MCP structure, P2 is the 

fraction of those interactions that generate an electron avalanche within an MCP channel, 

and P3 is the fraction of avalanches actually registered by the readout electronics system. 

However, the primary detection process consists of the multiplication of the first two 

terms P1 and P2. For the first term P1, we calculate the probability of neutron absorption 

and interaction through the reaction 10B(n,α)7Li within the bulk MCP glass composition 

(Section 2.1). Competing radiation reactions in the matrix are considered negligible in 

this work, although strictly this depends upon the exact glass composition and radiation 

present.   The second term P2 addresses the escape into an open channel of at least one of 

the reaction products (Section 2.2). We assume that, once created, an electron avalanche 

always yields a detectable electron pulse. This implies that P3 = 1. Obviously, this latter 

assumption is contingent upon details of MCP detector operation, such as use of 

appropriate bias voltages, the use of multiple MCPs in ‘converter/amplifier’ 

configuration, as well as the provision of adequate gain and dynamic range for the pulse 

readout electronics. In practice, judicious care in optimizing these factors can indeed be 
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effective, giving confidence in the assignment of unit probability for avalanche detection, 

it becomes reasonable to have P1 and P2 as the main focus of this paper. 

 

The neutron detection sensitivity of a boron-doped MCP exploits the well-known 

10B(n,α)7Li reaction, depicted in the following diagram: 

 

When an incident neutron interacts with a 10B atom, the 4He (alpha particle) and 

7Li nuclei reaction products are emitted in opposite directions, sharing the Q-value 

energy released in the reaction. Both the (n,α) cross-section and natural abundance of 10B 

are 3837 b and 19.9%, respectively, with the branching ratios between the ground state 

(7Li + α) and excited state (7Li* + α) being, respectively, 6% and 94%. The energies of 

emitted 4He nuclei are 1777 and 1472 keV for the first and second reactions, respectively, 

while the 7Li nuclei energies are 1014 and 838 keV. The Q-value of the reaction is very 

large compared with the thermal neutron energy, thus the oppositely directed reaction 

products essentially share the Q-value energy. For neutron energies above the thermal 

region (0.025 eV) and up toward the MeV region, the 10B cross-section varies inversely 

and smoothly with neutron velocity, with no significant structure or resonance. 
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In most solid neutron detection schemes, P1 increases as the density of absorber 

nuclei increases – but usually at the expense of a corresponding decrease in P2, due to the 

rather limited range (several microns) of the reaction products. In sharp contrast MCP 

neutron detection is highly unique, in that its microscopic structure can circumvent this 

problem, through use of micron-thin walls alternating with open channels (Fig. 1). 

 

Given the MeV energies of the alpha and 7Li particles, we can assume that at least 

several electrons (and possibly other species, such as H+/-, OH-, etc.) are emitted from one 

or both MCP channel walls that are struck, and that these secondaries will subsequently 

be multiplied along the channel. Indeed, it has been shown that for singly charged He+ 

ions with energies over a few keV there is at least one induced electron emitted from the 

MCP glass wall [8],[9]. These authors also report that ions with a higher energy induce 

the emission of multiple electrons from the MCP glass. Assuming the MCP axial 

accelerating field is sufficiently strong (~1 kV/mm), so that each secondary electron 

striking the MCP wall has an energy above the threshold value of about 20-30 eV [10], 

an avalanche of electrons will subsequently be produced. Standard photon or particle-

counting MCP detectors operate at gains of about 106-107, and various readout options 

have been developed depending upon the specific combination of detector parameters 

desired (such as counting rate, spatial resolution requirements, need for multi-particle 

detection, etc.). All these widely used methods can be applied to neutron detection - 

given that subsequent to the initial neutron detection event, the MCP detection process is 

essentially the same. 
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Aside from the dominating issues of neutron absorption, interaction, and 

secondary particle escape and avalanche formation within MCPs, there may of course be 

secondary issues concerned with, for example, the generation and detection within the 

MCP structure of prompt gamma rays from neutron interactions, as well as the ultimate 

disposition of the Q-value energy in terms of thermal dissipation.  For purposes of this 

paper, these are considered of much lesser significance and are neglected in the following 

discussion. 

 

Before describing the square channel model, we first consider why this is the 

optimal MCP geometry for maximizing neutron detection efficiency. Fig. 2 shows two-

dimensional (2D) projections of various MCP channel formats: circular, hexagonal and 

square. Upon inspection, MCPs with circular channels would appear to have a lower 

escape probability for the reaction products into open channels. A 2D projection shows 

that there is a larger area corresponding to the “no-escape” zone, as compared with a 

square or hexagonal channel geometry.  In the 3D case, the relative volume of the no-

escape zone for a circular channel geometry is higher. For hexagonal channels, the escape 

probability lies somewhere between the probabilities for circular and square channels. 

However, the efficiency of neutron absorption would still be higher for the circular 

channel case.  Indeed, the total detection efficiency (proportional to the product of 

probabilities of neutron absorption and alpha or 7Li escape into an MCP pore) can be 

shown to be lower for circular channels, as most of the increase in the absorption 

probability is due to areas where the escape probability is zero. Furthermore, a square 

channel MCP can still have the same absorption efficiency as a circular channel MCP, 
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provided the thickness LMCP of the square-pore MCP is increased. On the other hand, a 

lower escape probability in a circular channel geometry cannot similarly be compensated. 

We thus focus our attention on square channels in our initial model for calculating MCP 

neutron detection efficiency – not only because it is simpler to treat mathematically – but 

also because it has the most efficient MCP channel geometry, as compared with circular 

and hexagonal channels. We are currently evaluating a square channel microchannel 

plate, where every other row is shifted by half a channel width. This MCP geometry 

design is even more efficient in terms of detection efficiency for reasons that will become 

obvious later in this paper. 

 

2.1. Probability P1 of neutron absorption 

The probability that a neutron is absorbed inside an MCP is given by [2] 

( )effB LNP σ10exp11 −−=      (2) 

where N10B is the number of 10B atoms per unit volume of the MCP structure, σ is the 

cross section for the 10B (n,α) reaction, and Leff is the effective path length of a neutron 

inside the MCP. It is well known that σ is a function of neutron energy, is generally 

inversely proportional to the neutron velocity [11]), and for 10B, is essentially 

structureless - at least up to fast neutron energies (~500 keV). For thermal neutrons 

having an energy 0.025 eV, the cross section is 3837 barns, with the isotope 10B 

constituting 19.9% of natural boron. Method of calculation of parameters N10B and Leff  is 

described in Appendixes A and B. 
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2.1.1. Stacking MCPs to attain greater neutron absorption 

To attain the highest possible MCP detection efficiency for neutrons, the initial 

goal in the detection process should be the attainment of near-unity interaction 

probability in the MCP glass structure. Here, the MCP must be made sufficiently thick in 

combination with a high number density of 10B atoms in the glass to absorb essentially all 

incident neutrons.  Obviously, single MCP thickness cannot be increased indefinitely, 

given the simultaneous requirements that channel walls be made as thin as possible (to 

permit reaction product escape into open channels, discussed below in Sect. 2.2), and that 

appropriate channel length-to-diameter (LMCP/d) ratios are limited within the range of 

LMCP/d ~ 40 to 175. The LMCP/d constraint is due to considerations of the physics of the 

channel electron multiplication process, as well as pragmatic manufacturing issues. 

Extensive studies carried out in the past show that LMCP/d ratios ranging from 40-60 (for 

optimized ‘analog’ imaging) to 80-175 (for pulse counting free of ion feedback noise) 

essentially bracket the working limits of effective MCP operation. MCP manufacturing 

processes add their own constraints; for example, the chemistry of the acid core-etch 

process or corrosion reaction, which rapidly becomes unfavorable due to the increasing 

channel internal surface to volume ratio as channel diameters approach only a few 

microns. Finally, there are pragmatic device mounting issues, where the handling of 

voltage levels of several thousand volts across very thin sub-mm glass wafers becomes a 

formidable task. 

 

For all these reasons, it becomes attractive to simply stack several MCPs together, 

in the widely used chevron or Z-stack arrangement [5]. Not only are pulse-counting gain 
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levels of ~106 to 107 reached, allowing electronic imaging readout methods to be used, 

but total neutron absorption is also increased, as determined by the overall MCP 

thickness. At the same time, the two or more detectors can be stacked (see Fig. 3) in order 

to increase the absorption efficiency to virtually 100%, as used commonly with other 

neutron detection devices. The grids collecting signal electrons, shown in Fig. 3, can be 

replaced by a position-sensitive anode made of materials nominally transparent to 

neutrons, thus providing position sensitivity in the stacked detector. 

 

Finally, gamma rays and minimum ionizing particles (e.g., cosmic ray muons) 

produce weak interactions via the photoelectric effect, Compton effect or pair production, 

and scales with MCP thickness with a detection efficiency of ~1-2% per mm [12] for 

most channel geometries. At first glance, this might seem attractive as the 10B(n,α)7Li 

reaction yields a 0.48 MeV gamma ray (94% branching ratio) when the excited lithium 

nucleus quickly (~0.1 ps) returns to its ground state. This event would only add to the 

detection efficiency. However, this addition would be quite insignificant compared with 

the signal from the alpha particle and 7Li reaction products. Thus simply increasing MCP 

thickness may not be a desirable approach, particularly in sensitive neutron detection 

applications where minimizing the simultaneous detection sensitivity of gammas is 

critical. In some neutron detection applications, a relatively high flux gamma ray field 

may accompany the neutron signal, creating a background interference. The competing 

requirements of maximum bulk neutron absorption with minimum bulk gamma 

absorption can therefore work at cross purposes. Neutron-gamma discrimination using 

techniques such as pulse analysis or fast timing, commonly employed with other solid-
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state neutron detection schemes [13], and the separation of neutron capture and electron 

multiplication in front- and back-MCPs [14] are currently under investigation. 

 

2.2. Escape probability P2 of 4He and 7Li nuclei reaction products 

A reaction product, either an alpha or 7Li particle, has to escape into an open 

MCP channel to initiate an electron avalanche. If both the alpha and the 7Li escape into a 

channel, only one of them needs be taken into account, since either particle corresponds 

to the same neutron capture event. Therefore, we first calculate the higher probability of 

alpha escape into an MCP channel and then consider those 7Li particles cases where the 

associated alpha is completely absorbed by the MCP glass (i.e., does not escape into an 

open channel).  

 

In the present model, we assume that if neutron absorption inside an MCP wall 

happens within the escape range from the pore, then the alpha (and/or 7Li) particle 

escapes into the MCP pore and produces an electron avalanche with unit probability. This 

assumption corresponds to the lowest estimate of probability P2. Secondary effects 

leading to electron cascades, due to knock-on particles, induced x-ray emission, reaction 

gamma, etc. are ignored. The ranges of alpha and 7Li particles depend on their energies; 

for the current neutron-sensitive MCP glass compositions developed by Nova, the escape 

ranges R1 are approximately 3.54 µm for 1472 keV and 4.23 µm for 1777 keV alpha, 

while for 7Li the ranges R2 are 1.91 µm and 2.15 µm for 838 and 1014 keV 7Li. Values 

were calculated using SRIM 2000, The Stopping and Range of Ions in Matter, a set of 

computer programs developed through the works of Ziegler, et al. [15]. For simplicity the 



12 

modeled detection efficiency presented in this paper uses "averaged" escape ranges of 

R1=3.54 and R2=2 µm. 

 

Assigning position coordinates (X,Y) to the point of neutron interaction, we first 

calculate P2
α - the probability of escape into a channel for the alpha particle, then add the 

escape probability P2
Li of a 7Li particle corresponding to an alpha that is absorbed by the 

channel wall:  

),(),(),( 222 YXPYXPYXP Li+= α      (3) 

 

The emission of the alpha and 7Li reaction products is isotropically distributed 

from the point of a thermal neutron interaction. Another key feature of the MCP neutron 

capture process is the fact that alpha and 7Li particles are emitted diametrically. Therefore 

we can precisely calculate the probability P2
Li, corresponding to those 7Li particles 

associated with alpha particles absorbed by the channel wall glass. A detailed description 

of our model for calculating parameters P2
α(X,Y) and P2

Li(X,Y) is described in Appendix 

C. 

 

3. Averaged probability of neutron detection 

The probability of single neutron detection, as described in Sect. 2, depends upon 

the position (x0,y0) of neutron impact upon the MCP surface, and angle (θ,ϕ) of the 

trajectory relative to the MCP axis. However, there is also interest in the less demanding 

case of imaging the flux of relatively intense (105-109 cm-2 s-1) beams of neutrons, such as 
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in radiography or scattering applications with research reactor sources.  In this case, the 

relevant quantity of interest for assessing detection efficiency will be the averaged 

probability of neutron detection, which will now be derived. 

 

In section 2.1 we estimated the probability P1 of neutron absorption with the MCP 

wall, but not the precise location within the wall where the absorption event occurred. To 

properly calculate the escape probability P2 of the alpha and 7Li particle reaction 

products, we must first know the coordinates (X,Y) of the point of neutron absorption. 

Obviously, when the neutron is absorbed closer to the wall surface, there is a greater 

chance for the reaction products to escape into an open channel and to initiate an electron 

avalanche. 

 

Given a distribution function ρ2(X,Y) of the neutron absorption within an MCP 

wall we can calculate the averaged probability <P2>=<P2(X,Y)> that either of the two 

reaction particles will escape into an open channel:  

( )

∫ ∫
∫ ∫==

dXYXdY

dXYXYXPdY
YXPP

),(2

),(2,
),( 2

22 ρ

ρ
  (4) 

For a neutron beam with a uniform intensity distribution on the scale of 10-15 µm 

(MCP pitch) (that is, to ignore effects of self shielding) the distribution function ρ2(X,Y) 

can be assumed to be a constant (the coordinates (X,Y) of the neutron absorption can be 

assumed uniformly distributed within the MCP walls, typically a few µm thick). 

Subsequently the integral of (4) becomes: 
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The averaging of (5) is carried out over areas I and II, which are shaded in Fig. 4. 

By symmetry, any position X,Y within the channel wall can be represented by a 

corresponding point within the shaded area, where there are two regions: Region I, inside 

the wall parallel to the Y-axis (where 0 <= Y < d/2) and denoted by ( ),(2 YXP I ), and 

Region II, inside the intersection between this wall and the perpendicular wall  

(d/2 <=Y <(d+W)/2), aligned with the X-axis, and denoted by ( ),(2 YXP II ).  The averaged 

probabilities ),(2 YXP I  and ),(2 YXP II  in (5) are normalized by the corresponding area, 

to obtain the total averaged escape probability ),(2 YXP .  Finally, the total averaged 

detection efficiency is given by 

32001 ),(),( PYXPyxPP =     (6) 

For a highly-collimated (parallel) neutron beam normally incident (θ=π/2) to an 

MCP with zero degree channel bias (i.e., channels normal to the MCP input face) the 

averaged probability <P1(x0,y0) > is found from: 

( )
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P
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For the case of non-normal neutron incidence (θ between θmin and θmax), and given 

that essentially all neutron beams used in research have a width greater than 10-15 µm 

(the MCP pore-to-pore period), we can continue to assume that the coordinates (X,Y) for 

neutron absorption are uniformly distributed (due to the finite thickness of the MCP walls 
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and large aspect ratio LMCP/d). Thus (5) and (6) can still be used to obtain the averaged 

detection efficiency, whereas (7) cannot be used. Instead, a more comprehensive 

averaging can be substituted for the latter, using integration to obtain <P1>: 
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where ρ1(x0,y0,θ,ϕ) is the distribution function for incident neutrons. The simplification 

evident in (8) is again based on the assumption that the neutron beam is larger than the 

channel pitch, and that the function ρ1(x0,y0,θ,ϕ) is assumed constant within the limits of 

integration for coordinates (x0,y0)∈[0,d+W], so that ρ1(x0,y0,θ,ϕ)≈ ρ1(θ,ϕ). 

 

4. Model predictions 

The neutron detection efficiency is a parameter of great interest in most neutron 

detection applications, particularly at low neutron fluence. Until recently, MCPs have 

been optimized for the sensitive detection of many other types of particles – electrons, 

ions, and especially photons in the spectral range extending from soft X-ray wavelengths 

down to the visible, where photocathodes are usually employed. The individual MCP 

channel input surfaces (in some cases coated with a photocathode) convert incident 
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particles into secondary electrons, which then develop electron cascades and detectable 

pulses. For neutrons, the MCP bulk material itself acts as an analogue ‘photocathode’ or 

converter, where an incident neutron is converted by boron absorption into secondary 

ionizing particles that then enter the MCP channels, liberating further secondary particles 

(e.g., electrons, protons, OH- ions, etc.) that then create electron cascades and output 

pulses. 

As described earlier, the efficiency of this conversion process depends upon the 

product P1 * P2 - the probability P1 of neutron absorption in the MCP glass walls that are 

doped with 10B atoms and the subsequent probability of escape into a channel, P2, of at 

least one of the alpha or 7Li charged particles. We use this model to derive expressions 

for P1 and P2 to allow prediction of absolute MCP neutron detection efficiencies, 

optimized through careful choice of MCP parameters such as channel dimensions d, and 

channel pitch or spacing (hence wall thickness W), and the overall MCP thickness LMCP. 

Also important is the level of boron-doping incorporated in the alkali lead silicate glass, 

which is constrained by complex and exacting fiber draw and MCP fabrication processes.  

Obviously, there can be severe constraints on variations allowed in the structural 

variables of MCPs (e.g., d, W, and LMCP), including allowances for proper electrical 

operation, issues involving mechanical strength, and even issues of cost. For example, it 

is desirable to minimize the channel wall thickness in order to maximize the escape 

probability P2 of the reaction products. However, the MCPs having the thinnest channel 

walls, corresponding to the smallest channel diameters (2 microns, available 

commercially from Burle [16]), represent a considerable technological achievement in its 

own right, given the fragility of submicron glass channel walls and the very high applied 
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fields (~10 kV/mm) that must be sustained across the MCP glass, needed to accelerate 

secondary electrons above the first crossover potential (~20 eV) before striking the 

opposing channel wall [10]. Unfortunately, one of the essential MCP manufacturing steps 

of acid core etch becomes essentially impossible for large LMCP/d ratios (>500:1), 

especially given the presence of boron, which only increases acid solubility. Various 

tradeoffs and compromises in MCP design must be made. Therefore, the simulation 

results presented in this section correspond to a reasonable set of MCP parameters 

realistically attainable with current manufacturing practices, and assume a level of 10B 

doping of 10 mole percent. 

 

4.1. Probability of neutron absorption P1 

The probability of neutron absorption P1 for a single neutron is a function of 

neutron path inside the MCP glass walls Leff, (2). Fig. 5 shows the portion of Leff relative 

to MCP thickness LMCP as a function of incidence angle θ for fixed angles ϕ. The point of 

neutron incidence (x0,y0) in these calculations was chosen to be in the center of the MCP 

wall. The path of neutron travel within the MCP glass quickly reaches (within a few 

degrees) the value equal to (1 – Aopen) , where Aopen = W2/(d+W)2 and is the open area of 

the MCP (Aopen = 64% for the case of the MCP modeled in Fig. 5). There are exceptions 

at angles ϕ = 0, 90, 180 and 270 degrees, when the neutron always travels within the 

MCP glass if the incidence point (x0,y0) lies on the MCP wall. The probability of neutron 

absorption P1 averaged over incidence points (x0,y0) as a function of incidence angle θ 

(for fixed angles ϕ) is shown in Fig. 6. The averaging was performed assuming that the 

spatial distribution of the incident neutron beam was uniform within 10 µm. The 
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absorption probability is essentially independent of angle ϕ, except for the special cases ϕ 

= 0, 90, 180 and 270 degrees. P1 reaches a plateau within a few degrees relative to the 

MCP normal. The efficiency of neutron detection consequently exhibits a sharp drop, 

when the MCP pore axis coincides with the axis of neutron incidence whenever the 

neutron beam is collimated to within d/LMCP radians. 

 

Our experimental measurements of neutron absorption [17], performed with 

microchannel plates with circular pores support the validity of the absorption part of our 

model. The results of the absorption probability calculations for an MCP with 8 µm pores 

on 11.5 µm centers based on the model described in Section 2.1 (modified for circular-

pore geometry) agree with the experimental data obtained at the neutron guide beam line 

(NG-0) at the National Institute of Standards and Technology, a neutron beam with 

average energy of 5 meV. In the near future we hope to produce neutron collimators with 

good angular selectivity by substantially increasing the MCP aspect ratio (LMCP/d). 

 

Fig. 7 presents the calculated averaged probability of neutron absorption P1 as a 

function of both angles θ and ϕ for square-pore MCP (the same MCP as in Fig. 5 and 

Fig. 6). In Fig. 7.a there is no correction for the MCP area loss due to MCP tilt relative to 

the incident neutron beam (the width of the neutron beam is much smaller than the MCP 

width), while the same data corrected for ~ sin(θ) area loss is shown in Fig. 7.b 

(corresponding to the case when the width of the neutron beam is comparable or larger 

than the MCP width). In both cases variation in P1 is quite small for the incidence angles 
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θ in the range of 70° to 88°. Note the 4-fold symmetry along the ϕ-axis seen in these 

figures, which can be attributed to the invariance of MCP geometry to 90° rotations. 

The stacking of three boron-doped MCPs obviously does not lead to a threefold 

increase of absorption probability P1, since the second MCP detects only those neutrons 

not detected by the first MCP. However, a stack of only three 1 mm thick MCPs with 8 

µm pores (which can be manufactured using current technology) increases the absorption 

probability from 0.52 to 0.9 (see Fig. 8). The results shown in Fig. 8 correspond to a stack 

of three MCPs identical to the ones simulated in Fig. 5 and Fig. 6. Thus 90% of thermal 

neutrons should be absorbed within the MCP glass for a stack of three 125:1 LMCP/d, 8 

µm pore and 2 µm wall MCPs with currently achievable level of 10 mole percent 10B 

doping. 

 

4.2. Escape probability P2 of alpha and/or 7Li particles 

The probability P2 that at least one of the particles produced in the neutron-boron 

reaction escapes into an MCP pore is clearly a function of MCP wall thickness. The 

thinner the walls, the larger the probability P2. Depending on application, an appropriate 

combination of MCP structural parameters can be chosen, with the thickness of MCP 

walls d and the MCP pore width W among them. We start the simulation with the 

function P2
α(X,Y) from (44) for an MCP with 8 µm pores and 2 µm walls. Fig. 9 shows 

the escape probability for alpha particles (solid line) as a function of y0 position along the 

MCP wall with a fixed value of x0 (depth within the wall, see Fig. 4). P2
 α (X,Y) decreases 

from 0.7 to 0.5 as the neutron capture point moves closer to the pore corner (y0 = 4 µm) 

and then stays the same in region II of Fig. 4.  This is because the radius of the escape 
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sphere (R1, the range for alpha particles) is larger than the wall thickness W. Our model 

accounts for both emission to the left pore and emission to the right pore.  There is no 

significant change of probability P2
α (X,Y) with variation of position x0 within the wall 

(Fig. 9.a, Fig. 9.b, Fig. 9.c), except for the region close to the pore corner (3 µm < x0 < 4 

µm) for the same reason that W is smaller than R1.  

 

The dashed line in Fig. 9 represents the probability P2
Li(X,Y) of 7Li particle 

escape into an MCP pore, only for the case when an alpha is absorbed in the MCP wall 

glass. Those are the only particles that result in separate events, contributing to the total 

probability of neutron detection P2. From Fig. 9, P2
Li(X,Y) has a strong dependence on 

both x0 and y0 positions of the neutron capture reaction. The closer x0 is to the MCP wall, 

the larger the contribution of 7Li particles to the detection process, since more alpha 

particles (which are emitted into the opposite pore) are absorbed in the MCP glass. Thus 

the total probability of neutron detection P2(X,Y) increases as the neutron is absorbed 

closer to the MCP wall surface. More detailed information on the dependence of escape 

probability from both x0 and y0 for the same MCP geometry is shown in Fig. 10-Fig. 12.a. 

The dark area in the insert in Fig. 10 shows the region of the MCP wall for which the data 

are presented. The probability P2(X,Y) of at least one particle escaping into a pore reaches 

unity, when a neutron is absorbed far from the corner (away from the perpendicular wall) 

and close to the wall surface.  The minimum of P2(X,Y) is correspondingly in the middle 

of the MCP wall crossover. Fig. 12.b shows simulation results for an MCP with a pore 

diameter and wall thickness that is twice as large as that depicted in Fig. 11.a. 
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Once the functions P2
α (X,Y) and P2

Li(X,Y) are known, it is possible to calculate 

the averaged escape probabilities P2
α and P2

Li from (5) and thus find the second term (P2) 

of (1) required for the calculation of the neutron detection efficiency of a 10B-doped MCP 

detector. For the reasons explained in Section 3, functions P2
α (X,Y) and P2

Li(X,Y) should 

be averaged over regions I and II (Fig. 4), in order to find <P2>. The averaged escape 

probabilities for alpha and 7Li particles are presented in Fig. 13 and Fig. 14 as functions 

of the MCP pore width d and the wall thickness W.  When the MCP pore width is a few 

times larger than the wall thickness, the alpha particle escape probability is not a strong 

function of pore width; this probability decreases with the increase of the wall thickness 

W. On the other hand, the contribution from 7Li recoil particles has its maximum at a wall 

thickness W corresponding to 4 µm, but this contribution does not exceed about 22% for 

the range of parameters d and W under consideration.  

The averaged escape probability P2 as a function of both parameters, d and W 

(Fig. 15.a), and as a function of the pore width d only (with wall thickness fixed, Fig. 

15.b), thus indicates that rather high neutron detection efficiencies can clearly be 

achieved. The escape probability P2 for an MCP having 8 µm pores with 2 µm walls (as 

is typical for current commercial MCP devices), can even be as high as ~78%. Taking 

into account the fact that the absorption probability P1 can approach unity (for a stacked 

detector configuration, Section 2.1.1) and the fact that the probability of generating an 

electron avalanche P3 can be close to unity (see Section 2), it is evident that very efficient 

neutron counting using MCP-based detectors with high spatial resolution (~10 µm) and 

sub-nanosecond timing capability becomes feasible. 
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Appendix A 

Number density of 10B atoms in MCP glass 

 The number of boron atoms per cm3 in MCP glass can be found using 

32

32
10

%*
2

OB

OBglass
B M

m
N

ρ
=     (9) 

where ρglass is the MCP glass density, 
32

% OBm and 
32OBM  are respectively the mass 

percentage of B2O3 molecules in the glass and the mass of one B2O3 molecule. 
32

% OBm  

can be found from the formula 
∑

=

i
ii

OBOB
OB m

m
m

µ
µ

3232

32
% , where the denominator is the 

effective atomic weight, summed over all glass constituents and approximately equal to  

90 for typical commercial MCP glasses. 
32OBm  and 

32OBµ  are, respectively, the atomic 

mass of a B2O3 molecule and the mole fraction of B2O3 in the glass. The number of boron 

atoms per unit volume in MCP glass can therefore be found from 
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Appendix B 

Leff  - effective length of neutron path within the MCP structure 

We will calculate the neutron absorption path length through the MCP as a 

function of position and angle,  Leff = Leff(x0,y0,θ,ϕ).  This is essentially determined by the 

integrated path length within MCP channel walls, since traversal of open channels, does 

not contribute to absorption. We start with the assumption that a neutron lands on the 

MCP input surface at point (x0,y0) with angles of incidence θ and ϕ as shown in Fig. 16. 

Depending upon parameters (x0,y0,θ,ϕ), a neutron crosses multiple MCP channels as it 

travels from the MCP input to output surface. For normal incidence, where θ = π/2, the 

effective path length Leff = LMCP if (x0,y0) lies within an MCP wall; otherwise, Leff = 0 if 

(x0,y0) is within the MCP open channel.  We have  
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where d and W respectively refer to the MCP channel width and wall thickness. The 

value L1eff for the case where θ ≠ π/2 is given by  
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where Sx
(pore) and Sy

(pore) are respectively the projections along the x, y coordinate axes of 

the neutron path inside the MCP pore or channel (Fig. 17), whereas (x1
'-x0

') and (y1
'-y0

') 
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are the projections of the total neutron path (i.e., channel plus wall). Points (x0
',y0

') and 

(x1
',y1

') are, respectively, the starting point and endpoint of neutron travel within the 

MCP, with the origin chosen such that the range of both x0
' and y0

' is always [0,W+d].  

Thus 
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xxx +
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−=′ *int 0

00      (13.a) 

( )dW
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−=′ *int 0

00      (13.b) 

ϕθ cos01 ctgLxx MCP+′=′      (14.a) 

ϕθ sin01 ctgLyy MCP+′=′      (14.b) 

The function int(ξ) used in eq. (13) is defined as the integer value of a positive real 

number ξ (without rounding to the closest integer). For negative ξ,  it is the negative 

integer value with 1 subtracted (e.g. int(0.877) = 0, int(21.32) = 21, int(-2.14) = -3, etc.). 

 

Clearly  Sy
(pore) = 0 for ϕ = 0 or ϕ = π,  and Sx

(pore) = 0 for ϕ = π/2 or ϕ = 2π/3 (as 

the neutron travels along x and y-axes, respectively). To find Sx
(pore) and Sy

(pore) for cases 

when they are not equal to zero, we will initially determine the minimum and maximum 

indices of the channels which a neutron crosses during its travel within an MCP, 
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where  
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 ′′= 10 ,max yyye     (17.b) 

Let us now sum all the projections of the neutron travel within individual channels, 
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where xi
(pore) and yj

(pore) are projections of the neutron path within individual MCP 

channels for the simple cases when, respectively, either Sy
(pore) or Sx

(pore) are equal to zero. 

These projections can be found from 
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where xi
s and xi

e are the left and right boundaries of the i-th MCP channel, 

( )iWdx s
i += , ( ) diWdx e

i ++=     (20.a) 

and yj
s and yj

e are the bottom and top boundaries of the j-th MCP channel, 

( ) jWdy s
j += , ( ) djWdy e

j ++=     (20.b) 

For the remaining case, when ϕ ≠ 0, π/2, π, and 2π/3, the projections of the neutron path 

within the ij-th MCP pore xij
(pore) and yij

(pore) are given by  
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where the line represented by  y=kx+b corresponds to the neutron travel path in the XY-

plane, with coefficients k and b found from: 
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Having thus found N10B and Leff,, we can now calculate the probability of position- 

and angle-dependent single neutron absorption P1 ≡ P1(x0,y0,θ,ϕ) from (2). For sake of 

brevity, the results of calculations for the probability of a single neutron absorption are 

intentionally not shown. The probability averaged over all possible incidence positions 

(x0,y0) is discussed in Sections 3 and 4. For most applications it is this averaged 

probability which characterizes the detector performance since in many applications 

utilizing neutron beams the beam dimensions are typically much larger than the channel-

to-channel spacing (or pitch of MCPs), typically on the order of 10-15 µm. 
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Appendix C 

Escape probability P2
α (X,Y) and P2

Li (X,Y) of the alpha and 7Li 

particles 

 

We introduce an imaginary sphere with radius set equal to the particle escape 

range, with the center at the point of neutron reaction. A portion of the sphere surface 

(areas 1,3 and 7 in Fig. 18 falls within the MCP channel wall, and corresponds to 

particles that fail to escape into an open channel, while other portions of the surface fall 

within the open channel.  This corresponds to alpha or 7Li particles that enter into the 

open channel and initiate an electron avalanche. The probability of alpha or 7Li particle 

escape into an open MCP channel is the ratio of the sphere surface contained inside an 

open channel to the total surface area 4πR2. In the most general case, the escape sphere 

consists of up to nine separate components (see Fig. 18), discussed in detail in Sections 

C.1 and C.2. Fig. 18 depicts only one hemisphere of alpha emission, located to the right, 

while the emission of recoil 7Li is represented by the hemisphere on the left, which has a 

smaller radius (i.e., 7Li particles corresponding to alphas emitted to the right can only be 

emitted to the left). 

 

C.1 Escape probability P2
α (X,Y) of the alpha particle 

First we consider the escape probability P2
α(0) for an alpha particle when it is far 

from the corner of a channel, that is for Y in the range 
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120 RdY −<≤     (22), 

where d is the channel width. We limit ourselves here only to positive values of Y, since  

the equations for negative Y are completely symmetric with respect to the coordinate 

system origin at the center of the MCP channel wall. The distance to the nearest MCP 

channel is 

xWL m
2

=±      (23) 

 

where L+ corresponds to emission to the right, with L- emission to the left.  

 

For Y as determined by (22), the escape probability is the ratio of that part of the  

escape sphere 0,αS , lying within an MCP channel (the combined areas 2, 3 and 4 of Fig. 

18 and including portions of the left hemisphere not depicted in the figure) to the total 

spherical surface 4πR2. The portion of the sphere lying within an open MCP channel is 

cut by the plane of a channel wall (either X=W/2 or X=-W/2). The escape probability 

then becomes: 
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There is no particle escape into an open channel when L± is less than R, since particles 

must travel a distance > R before they reach the channel surface. 

 

When the escape sphere cuts into the perpendicular wall (where the walls parallel 

to the x-axis will subsequently be referred to as ‘perpendicular’ walls), 

22 1 dYRd <≤− ,      (27) 

the situation becomes more complicated. Here, a portion of the escape sphere will 

correspond to alpha or 7Li particles emitted into the perpendicular MCP wall. Therefore, 

we must subtract Area 1 of the escape sphere from the hemisphere shown in Fig. 19. 

These particles, emitted into Areas 1 and 3, will not contribute at all to the neutron 

detection process. Emission into Area 2 corresponds to particles that exit the MCP 

channel wall and then strike the surface of the perpendicular wall, inducing an electron 

avalanche. We therefore need not subtract from the escape probability P2
α(0), the total 

escape sphere area subtended within the perpendicular channel wall Swall,1.  Area 1 of the 

escape sphere can be found by first calculating the combined areas 1 and 2 (Swall,1 or the 

surface subtended by the perpendicular wall and the plane X = ±W/2 for left- and right-

escaping particles), and then subtracting the Area 2 from the escape sphere, -Swall,2 . The 

reason we first calculate the area of the combined portions is that Area 2 vanishes when 

the Y coordinate lies in the range WdYd +≤≤ 22 ; see Section C.1.2, below. 

C.1.1 Area of the surface on the escape sphere Swall,1 

subtended by a perpendicular MCP wall  

The equation for the surface of a sphere with radius R is 
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Substituting variables 0xxt −= , 0yyu −=  and 0zzv −= , we move the center of the 

escape sphere into the (t,u,v) center of coordinates. The element of the surface of this 

sphere can thus be expressed as [18] 
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Deriving t from (28) and substituting in (29) we obtain 
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The area of the escape sphere subtended by the perpendicular channel wall (i.e., 

the combined Areas 1 and 2 of Fig. 19) can be found by integrating (30) with a proper 

selection of integration limits (with u varying between u0 and u1 as in Fig. 19.b, and v 

varying between 222 uLR −−−  and 222 uLR −− ): 
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where L is the distance from the sphere center to the channel wall defined by (23) (Fig. 

19.b), and 22 LRr −=  is the radius of the circle at the intersection of the plane  

u=Const and the escape sphere. Integrating (31), we obtain 
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where  
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for 222 LRu −< , 0≠L , and LR ≠ , while for other parameters H(u) is expressed by:  
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Note that H(u)=0 for LR ≤ , because here the escape sphere does not intersect the 

perpendicular channel wall at all.  

 

The probability that an alpha particle is emitted into the combined Areas 1 and 2 

of the escape sphere, for the region where Y lies in the range determined by (27), is 

R
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We now must determine the limits of integration u0 and u1, which correspond to distances 

from the sphere center to the sides of the perpendicular wall along the Y-axis. If only one 

side of the perpendicular wall crosses the escape sphere (where |u0|>r or |u1|>r), then the 

limits of integration should be set to the radius 22 LRr −= . 

 

It follows that  
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C.1.2 Probability of alpha particle absorption in a 

perpendicular channel wall 

As mentioned earlier, some alpha particles do escape into an open channel and 

also strike a perpendicular channel wall, thereby producing an electron avalanche. In the 

opposite case, where the alpha is unable to escape into a channel, because it is absorbed 

by a perpendicular channel wall (Area 1 on the escape surface of Fig. 19), we must 

subtract the surface area of Section 2 (Fig. 19) on the escape sphere Swall,2 (which exists 

only for Y in the range of (27). Then, Swall,2 can be determined in the same manner as  

Swall,1, with the integration done within the range u∈ [u0',u1'] and 
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So that  







≤

>



 ′−′

=
0*;0

0*;)()(2),(
01

0101
2,,

uu

uuuGuGRYXSwall    (38) 

Similar to the limits of integration u0 and u1 in (36), u0’ and u1’ are determined by the 

following equation:  
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where  
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It is to be noted from (36) that u0 and u1 are nonzero and have the same sign. G(u) in (38) 

is obtained by integrating (37): 
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for the cases u and L nonzero and not equal to Rsin(β), L nonzero, and LR > , while for 

other parameters G(u) is expressed by: 
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Finally we calculate the probability of emission into Area 2 of the escape sphere: 

2
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Thus for Y in the range of (27) the probability that an alpha particle is emitted into a 

channel is  
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Note that escape to both sides of the channel wall (at distance L+ and L- from the point of 

neutron capture) is taken into account in (44). 

 

For Y values in the range 

WdYd +≤≤ 2/2/       (45) 

the escape probability P2
α can still be calculated from (44), since Area 2 of the escape 

sphere (Fig. 20) vanishes (i.e, from (38) Pwall,2 = 0 as u0 becomes negative). 

 

C.2 7Li escape probability P2
Li(X,Y) when alpha is absorbed within the 

MCP channel wall  

As discussed above, only those 7Li particles emitted diametrically to its paired 

alpha particle that is entirely absorbed within an MCP channel wall are considered in 

total detection efficiency calculations. If the alpha is emitted nominally to the right as 

viewed from the point of neutron reaction, then the associated 7Li particle is emitted 

nominally to the left (and vice versa - unless they both are emitted parallel to the plane X 

= Const, and both particles are contained within the wall). As before in the case of the 

alpha escape probability, we start with the simplest case P2
Li(0) (the total escape 

probability of 7Li into an MCP channel), when a neutron is absorbed far from the corner 

of a channel with Y in the range as in (22), 120 RdY −<≤   
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where SLi,0 represents the combined areas 2 and 3 of Fig. 21: 

( )20, ),()( RXLFXSLi
±± =      (47) 

We now subtract those 7Li particles corresponding to alphas emitted into an open 

channel. Fig. 21 shows schematically Area 2 (SLi,1) on the escape sphere, which has to be 

subtracted from SLi,0 (the combined areas 2 and 3). The only 7Li particles contributing to 

the total detection efficiency will be those emitted into angles corresponding to Area 3 on 

the escape sphere (assuming such an area exists, as it depends on the W,R1,R2 and X 

parameters in Fig. 21.b-d).  The area of the surface 2, -SLi,1, which is to be subtracted 

from SLi,0, can be found from: 
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When a neutron is absorbed far from the channel corner, this absorption can result 

in both alpha and 7Li particles escaping into a channel. However, both of those particles 

correspond to only a single neutron event. The probability of 7Li particles not 

contributing to the neutron detection event, is 

[ ])()(
4

1)(),( 1,1,2
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)1(
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2 XSXS

R
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LiLi −+ +=≡
π

  (48) 
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and the probability of 7Li contributing to the unique detection event is then determined by 

),(),()()(),( )3(
2

)2(
2

)1(
2

)0(
22 YXPYXPXPXPYXP LiLiLiLiLi +−−=  (49) 

The two new terms introduced in equation (49) take into account the case of 

particle absorption in the perpendicular MCP wall: P2
Li(2) is the probability of a Li 

particle being absorbed in the perpendicular MCP wall, and P2
Li(3) is the probability of Li 

escaping into the open channel, with the corresponding recoil alpha particle being totally 

absorbed by the perpendicular channel wall.   

 

C.2.1 Probability P2
Li(2) of 7Li absorption in a perpendicular 

channel wall   

If a neutron is absorbed close to the channel corner, certain 7Li particles will be 

entirely absorbed inside the MCP perpendicular walls (similar to case of alpha absorption 

discussed in Section C.1.2). Here, the calculation is complicated by the fact that we have 

to subtract only those Li particles absorbed in the wall, which were not taken into account 

in P2
Li(1). Therefore, we first calculate the probability of 7Li particle emission into the 

perpendicular wall, but with a new escape range R2: 
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Some of the 7Li particles emitted into the perpendicular wall were already   

accounted for as ‘non-escaping’ particles in the previous section (SLi,1 in. (48) as well as 

the corresponding surface Area 2 in Fig. 21). We reduce Pwall
Li(1) by subtracting those 

particles already accounted for in (50), shown as Area 1 in Fig. 22.  
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Pwall,1(X,Y) is calculated by combining (33)-(36), and Pwall,2(X,Y) is calculated from (38)-

(43). For Pwall,1(X,Y), we set u0
±≡u0(R2,L±) and u1

±≡u1(R2,L±)), and for Pwall,2(X,Y) we 

replace d, R, W and L by d’, R2, W’ and L’;  
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Finally, the probability that Li particles are emitted into the perpendicular channel 

wall but are not taken into account in P2
Li(1) is 

( )),(),(),( )2()1()2(
2 YXPYXPYXP Li

wall
Li

wall
Li −=     (53) 
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C.2.2 The probability P2
Li(3) of 7Li escaping into the channel, 

with the corresponding alpha particle being entirely absorbed 

in a perpendicular MCP wall 

In previous sections we eliminated recoil 7Li particles that correspond to the alpha 

particles emitted into an open channel, P2
Li(1) (with none of the alpha particles emitted 

into the perpendicular wall). We then continued calculating the probability that the 7Li 

particle itself is absorbed by the perpendicular MCP wall, P2
Li(2). We now have to correct 

P2
Li(1) for those recoil 7Li particles that are emitted into a channel but with the 

corresponding alpha particles absorbed entirely by the perpendicular channel wall (Area 

3 in Fig. 23). As in previous sections, we take into account emission both to the left and 

right: 
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wallHe
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wallHe
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We first calculate u0 and u1 from (36), for either L+ or L- and R=R1 ; 

u0
±≡u0(R1,L±); u1

±≡u1(R1,L±). (For the remainder of this section, u0 and u1 denote the 

values calculated from (36) using L± and R1.)  There are two possible combinations of the 

parameters X, Y, d and W leading to different equations for calculation of GLi
α-wall(X,Y).  

The first is: 

1)  0),(*),( 1110 >±±±± LRuLRu , as in Fig. 23a,b: 
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where both Pwall,1 and Pwall,2 are calculated from (33)-(35) and (38)-(43), respectively, 

with the parameters d, L, R and W changed to d’’, L’’, R2 and W’’.  L’’ is found from 

(56), d’’, and W’’ using the following: 
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The second combination is: 

2) 0),(*),( 1110 ≤±±±± LRuLRu , as in Fig. 23c: 
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where Pwall,1 is calculated from (33)-(35) with u0 and u1 changed to u0'' and u1'', L changed 

to L'' and R equal to R2. Next, L'', u0'' and u1'' are calculated from the following: 
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5.Figure captions 

Fig. 1 Schematic of neutron detection within a boron-doped MCP structure. 

Fig. 2. Comparison of circular-, hexagonal- and square-pore geometry for neutron detecting MCP. If 

neutron absorption is within area 1, the products of the reaction will escape into MCP pore and start an 

electron avalanche (detected neutron); area 2 corresponds to the case when reaction products get 

reabsorbed within the MCP wall –and the neutron is not detected. 

Fig. 3. Schematic diagram of "stacked" thermal neutron detector. A neutron capture reaction takes place in 

10B doped MCP converter positioned above standard MCP stack (MCP-amplifier). The output charge cloud 

is collected by a readout element that is transparent to neutrons (grid, cross delay line anode made of the 

necessary materials, etc.). The operating voltage of the detector does not increase with the number of MCP 

stacks. 

Fig. 4. Averaging the escape probability P2 over the neutron capture positions (X,Y) within the MCP wall. 

The averaging described by equation 5 is done separately for regions I (P2
I) and II (P2

II) 

Fig. 5. Calculated length of single neutron path within the MCP glass walls as a function of incidence angle 

θ for three different azimuths ϕ. d = 8 µm, W = 2µm, LMCP = 1000 µm, neutron energy 0.025 eV 

(σ(10B)=3837 barns), MCP glass has 10 mol percent of 10B, MCP glass density 3.86 g cm-3. The neutron 

incidence position is in the middle of MCP wall (x0,y0)=(W/2,W/2), see Fig. 17. 

Fig. 6. Averaged probability P1 of neutron absorption within the MCP glass as a function of incidence 

angle θ for different azimuths ϕ. Averaging is over possible positions (x0,y0) of the neutron incidence on the 

MCP surface. All parameters are the same as in Fig. 5. 

Fig. 7. Averaged probability P1 of neutron absorption within the MCP glass as a function of incidence 

angles θ and ϕ. Averaging is over possible positions (x0,y0) of neutron incidence on the MCP surface. All 
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parameters are the same as in Fig. 5. (a) no correction for the ~sin(θ) area loss (the MCP is assumed to be 

much larger than the neutron beam width). (b) corrected for the area loss. 

Fig. 8. Averaged probability P1 of neutron absorption within the MCP glass as a function of incidence 

angles θ and ϕ. No correction for the area loss (the MCP is assumed to be much larger than the neutron 

beam width). Averaging is over possible positions (x0,y0) of neutron incidence on the MCP surface. All 

parameters are the same as in Fig. 5, except the MCP thickness LMCP is 3000 µm. 

Fig. 9. Probability of escape into an MCP pore for 4He (P2
α(X=Const,Y), solid line), only 7Li in MCP pore 

with 4He absorbed in the MCP glass (P2
Li(X=Const,Y), dotted line) and the probability of at least one 

particle to escape into MCP pore (P2(X=Const,Y), dash - dotted line). MCP pore width is d = 8 µm, wall 

thickness W = 2µm. The escape ranges of 4He and 7Li particles are R1 = 3.5 µm and R2 = 2 µm, 

respectively. (a) X = 0 µm - center of the wall, escape probabilities are the smallest. (b) X = 0.5µm. (c) X = 

0.75µm. Y = 4µm corresponds to the corner of the MCP pore; Y = 5µm corresponds to the middle of 

crossing between the MCP glass walls, where the escape probability is minimal for both particles. Closer to 

the wall surface is the neutron capture point (X,Y), the larger are the escape probabilities. 

Fig. 10. Probability of 4He escape into MCP pore P2
α(X,Y) as a function of neutron absorption point (X,Y) 

for the MCP with pore width d = 8 µm and the wall thickness W = 2 µm. The insert shows the area inside 

the MCP wall for which the probability was calculated. 

Fig. 11. Probability of 7Li escape into MCP pore P2
Li(X,Y) with the recoil 4He being absorbed in the MCP 

glass. Parameters are the same as in Fig. 10. 

Fig. 12. Probability of at least one particle to escape into MCP pore - P2(X,Y). (a) MCP pore width is d = 8 

µm, wall thickness W = 2 µm. (b) the MCP pore width is d = 16 µm, the wall thickness W = 4 µm. The 

probability P2(X,Y) reaches unity when the neutron is absorbed close to the MCP wall surface and it drops 

to its minimum within crossing of the MCP walls. 
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Fig. 13. The averaged probability of 4He escape into MCP pore <P2
α(X,Y)> as a function of the MCP pore 

width d and wall thickness W. Averaging is done over all possible coordinates of neutron absorption (X,Y) 

according to (5) (see also Fig. 4). 

Fig. 14. The averaged probability of 7Li escape into MCP pore <P2
Li(X,Y)> as a function of the MCP pore 

width d and wall thickness W. Averaging is done over all possible coordinates of neutron absorption (X,Y), 

eq. 5, Fig. 4. 

Fig. 15. The averaged probability of at least one particle to escape into MCP pore - <P2(X,Y)> (a) as a 

function of the MCP pore width d and wall thickness W. (b) as a function of the MCP pore width d for a 

fixed MCP wall thickness W. Contribution of only 7Li particles to the total probability is also shown. 

Averaging is done over all possible coordinates of neutron absorption (X,Y), eq. 5, Fig. 4. 

Fig. 16. Schematic diagram of neutron capture in boron-doped MCP and system of coordinates used for 

calculation of absorption probability P1. 

Fig. 17. 2-D projection of neutron path in a microchannel plate with the wall thickness W and the pore 

width d.  

Fig. 18. The escape hemispheres corresponding to 4He emission to the right MCP pore and 7Li recoil 

emission to the left pore. 4He hemisphere: 1 - area on the escape sphere, corresponding to absorption of 

4He inside the MCP wall, parallel to y-axis. 2 - particles escaping into an MCP pore and contributing to the 

detection process. 3 - particles absorbed in the wall, parallel to x-axis. 4 – particles, which are emitted into 

an MCP pore and then strike the x-axis wall, contributing to the detection process. 7Li hemisphere: 5 - 7Li 

particles emitted into an MCP pore, corresponding to 4He particles also emitted into an MCP pore (not 

contributing to neutron detection). 6 – particles, which are emitted into an MCP pore and then strike the x-

axis wall, contributing to the detection process. 7 - particles absorbed in the wall, parallel to x-axis. 8 - 

recoil 7Li particles corresponding to 4He absorbed in the x-axis wall. These 7Li contribute to the detection 

process. 9- particles escaping into an MCP pore and contributing to the detection process. 
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Fig. 19. (a) Escape hemisphere for Y positions corresponding to (27). (b) 2-D projection of the escape 

sphere. 1 - area on the escape sphere, corresponding to absorption of 4He inside the "perpendicular" 

(parallel to x-axis) MCP wall. 2 - particles emitted into an MCP pore and then strike the x-axis wall, 

contributing to the detection process. 2 - particles absorbed by the MCP wall parallel to y-axis. 

Fig. 20. (a) Escape hemisphere for Y-positions corresponding to (45). (b) 2-D projection of the escape 

sphere. 1 - area on the escape sphere, corresponding to absorption of 4He inside the "perpendicular" 

(parallel to x-axis) MCP wall. 

Fig. 21. (a) Escape hemispheres for 4He (right) and 7Li (left) for Y-positions corresponding to (27). (b)-(d) 

2-D projection of the escape spheres. (b) All 7Li particles add to the escape probability P2 as none of them 

correspond to recoil 4He escaped into an MCP pore. (c) L+' > L-: some Li add up to the detection efficiency. 

(d) L+' < L-: All 7Li particles correspond to 4He escaped into an MCP pore already: none of 7Li add to the 

escape probability P2. 1 - 4He particles are emitted into an MCP pore. 2 - 7Li particles that already have 

recoil 4He in the opposite MCP pore - not adding to the probability P2. 3 - 7Li particles emitted into an MCP 

pore while their corresponding 4He are absorbed within the wall glass should be counted as separate 

detection events adding to the probability P2. 

Fig. 22. Correction for Li particles emitted into the perpendicular wall, which were already subtracted in  

(48) and (49) as surface area 2 of Fig. 21 (or combined surfaces 1 and 2 in this figure). (a), (b) 4He 

escaping to the right and 7Li to the left for Y positions corresponding to (27). (c) Y positions corresponding 

to condition (45). 1 - 7Li particles emitted into the perpendicular wall, which were already subtracted as the 

ones already having recoil 4He in the MCP pore and to be added back as −),( YXF Li
wall . 2 - 7Li particles, 

which already have recoil 4He in the opposite MCP pore - not adding to the probability P2. 

Fig. 23. Correction for recoil Li particles corresponding to He particles emitted into the perpendicular MCP 

wall. Particles in area 3 have been eliminated from the detection process in (48) and (49) as surface area 2 

of Fig. 21 and have to be added back as P2Li(3). (a), (b) 4He escaping to the right and 7Li to the left for Y 

positions corresponding to (27). (c) Y positions corresponding to condition (45) 1 - 4He particles absorbed 

in the perpendicular wall. 2 - 4He particles, which are emitted into the MCP pore and then strike the x-axis 
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wall, contributing to the detection process. 3 - 7Li particles in the MCP pore, with the corresponding recoil 

4He absorbed in the "perpendicular" MCP wall, to be added back as P2Li(3). 

  



Fig.1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Fig. 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 - 2 -



 

Fig. 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

n

ϕ

θ
-4.5kV

-3.5kV

-0.5kV
 0 V
-4.5kV

-3.5kV

-0.5kV
 0 V

n 

e

10B doped  
MCP 

Amplifying MCPs 
Readout 

e



 

Fig. 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

d 

W 

x 

y 

z 

I 

II 



 

Fig. 5 
 

0

10

20

30

40

50

60

70

80

90

100

80 82 84 86 88 90

Angle of incidence θ (deg)

L
ef
f (

%
 o

f L
M
C
P

)
          .
          .
          .

ϕ=15ο

ϕ=30ο

ϕ=45ο

 
 
 
 
 

Fig. 6 
 

0.3

0.35

0.4

0.45

0.5

0.55

87 87.5 88 88.5 89 89.5 90

Angle of incidence θ (deg)

Pr
oa

bi
lit

y 
of

 a
bs

or
pt

io
n

          .
          .
          .
          .

ϕ=0ο

ϕ=15ο

ϕ=30ο

ϕ=45ο

ϕ=0ο

ϕ=15ο

ϕ=30ο
ϕ=45ο

 
 
 

z



 

Fig. 7.a 
 

 
 

 

Fig. 7.b 
 

 



 
 

Fig. 8 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Fig. 9 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5

Y0 position, µm

Es
ca

pe
 p

ro
ba

bi
lit

y

He
only Li
Total

X0=0 µm

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5

Y0 position, µm

Es
ca

pe
 p

ro
ba

bi
lit

y

He
only Li
Total

X0=0.5 µm

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5

Y0 position, µm

Es
ca

pe
 p

ro
ba

bi
lit

y

He
only Li
Total

X0=0.75 µm

 
 
 
 

a

b

c



Fig. 10 
 

 
 

Fig. 11 

 

x 

y 



Fig. 12.a 

 
 
 

Fig. 12.b 
 
 

 



Fig. 13 
 

 
 
 

Fig. 14 

 
 
 



Fig. 15.a 
 

 
 
 
 
 

Fig. 15.b 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

5 10 15 20 25

MCP pore width d, µm

Es
ca

pe
 p

ro
ba

bi
lit

y

W=2µm

W=3µm

W=4µm

W=6µm

7Li only

W=2µm

W=4µm

W=3µm W=6µm

 



Fig. 16 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

e x 

y

ϕ 

θ 

n 

LMCP 

z

(x0,y0)



Fig. 17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

x 

y 

(x0',y0') 

(x1',y1') 

ϕ

(xi
s,yj

s) (xi
e,yj

e) 

y=kx+b 

d 

W 



 
 

Fig. 18 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2 
8 

5 6 7 2 3 4 1

5 9 

z x

y 

MCP 
wall 



 
 

Fig. 19.a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1

2
3 



 
 

Fig. 19.b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

z x

y 

(x,y)

W/2 -W/2 

R1 

1 -  

2 -  

L+L- 

u0
+ 

u0
+' 

u1
+ 

u0
- 

u0
-' 

u1
- 

u1
-' 



 
 

Fig. 20.a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1



 

Fig. 20.b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

z x

y 

1 -  

(x,y)

R1 

W/2 -W/2 

L+L- 

u0
+ 

u1
+ 

u0
- 

u1
- 



 
 

Fig. 21.a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2 3 

1



 

Fig. 21.b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(x,y)

z x

y 

R2

R1

-W/2 W/2 

3 -  

L- L+



 

Fig. 21.c 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

-W/2 W/2 

z x

y 

R2

R1

1 -  

2 -  
3 -  

L+'

L- 

(x,y)

L+



 

Fig. 21.d 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

z x

y 

R2
R1

-W/2 W/2 

2 -  
1 -  

L+'

L- 

(x,y)

L+



 

Fig. 22.a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2 

1 



 

Fig. 22.b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

W/2 -W/2 

z x

y 
1 -  

2 -  

(x,y)

L+L- 

R1 

R2

L+'

W' 

d'/2-d/2 



 

Fig. 22.c 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

W/2 -W/2 

z x

y 

R1

(x,y)

L+L- 
1 -  

2 -  

L+'

R2



 

Fig 23.a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 

1 

2 



 

Fig. 23.b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

W/2 -W/2

z x

y 

R1

(x,y)

L+L- 

u0
+(R1,L+) 

u1
+(R1,L+) L+''

u0
+'(R1,L+) 

d''/2-d/2 

W'' 

1 -  

2 -  

3 -  



 

Fig. 23.c 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(x,y)

W/2 -W/2

z x

y 

R1

1 -  

3 -  

L+L- 

u0
+(R1,L+) 

u1
+(R1,L+) 

L+''

u0
-'' 

u1
-'' 




