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Abstract 12 

The uncertainties and the stability of a neutron sensitive MCP/Timepix detector when operating in the 13 

event timing mode for quantitative image analysis at a pulsed neutron source were investigated.  The 14 

dominant component to the uncertainty arises from the counting statistics.  The contribution of the overlap 15 

correction to the uncertainty was concluded to be negligible from considerations based on the error 16 

propagation even if a pixel occupation probability is more than 50%.  We, additionally, have taken into 17 

account the multiple counting effect in consideration of the counting statistics.  Furthermore, the detection 18 

efficiency of this detector system changes under relatively high neutron fluxes due to the ageing effects of 19 

current Microchannel Plates.  Since this efficiency change is position-dependent, it induces a memory image. 20 

The memory effect can be significantly reduced with correction procedures using the rate equations 21 

describing the permanent gain degradation and the scrubbing effect on the inner surfaces of the MCP pores.  22 
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resolved imaging 24 
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1.  Introduction 1 

Energy resolved neutron imaging is an emerging method which is likely to expand the capabilities the 2 

analysis options of neutrons in materials science.  Energy resolved images can effectively be acquired by 3 

combining a pulsed neutron source and a time-resolving camera by using the neutron time-of-flight (TOF) 4 

method.  Pulsed neutron source facilities have built or are preparing to build instruments for energy selective 5 

neutron imaging, such as RADEN in J-PARC and IMAT in ISIS, which is just now under commissioning 6 

[1-3].  These instruments have a relatively high neutron fluxes of more than 107 neutrons/cm2/s.  Therefore, 7 

the requirements for neutron imaging detectors include not only time-resolving capabilities but also stability 8 

under high neutron flux operation.  Since at present the performance of the time-resolved neutron imaging 9 

systems does not fully meet requirements for operations at pulsed neutron sources [4], many detectors for this 10 

purpose are being developed. A promising candidate is a borated-microchannel plate (MCP) detector 11 

combined with Timepix chip, which is a high performance application-specific integrated circuit (ASIC) 12 

readout chip [5-6].  This type of detector, now being installed at the ISIS pulsed neutron source as the 13 

time-resolving neutron imaging camera, is a position sensitive neutron counting detector with 55m pixel 14 

size, with 512x512 pixels active area.  The relatively small pixel size of the Timepix chip reduces count rates 15 

per pixel to a moderate level. Thus, this detector can operate under high flux conditions [7-8] and also 16 

perform time-resolved detection of each neutron using the event timing mode of the Timepix chip [5-6].   17 

Due to its spatial and time resolving capabilities, the MCP/Timepix detector has been considered and 18 

used for a wide range of neutron applications, such as neutron resonance transmission imaging and stress 19 

mapping via Bragg-edge analysis [9-10]. In these applications, shape information of TOF spectra, such as 20 

profiles and positions of resonances or Bragg-edges, is more important than measuring accurate transmittance 21 

values. Therefore, quantitative evaluation of detected neutron counts in the MCP/Timepix detector has hardly 22 

been discussed so far.  In this paper, we discuss the uncertainties and stability on the MCP/Timepix detector 23 

under operating conditions at a pulsed neutron source, which are important characteristics to perform 24 

quantitative neutron transmission analyses.   25 

For counting detectors, the count rate uncertainty is considered mainly based on counting statistics or 26 
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Poisson statistics. However, under relatively high neutron flux situation, the MCP/Timepix system has severe 1 

counting loss or dead time effects based on the overlap effect [11]. Since this effect distorts the TOF spectrum 2 

shape, a correction procedure as proposed by A.S. Tremsin et al. [11] is essential. Here we consider the 3 

uncertainties of this correction procedure. 4 

In energy-resolved imaging, neutrons are shared across a large number of energy channels. This means 5 

that each measurement usually requires relatively long acquisition times, typically of the order of many hours.  6 

Neutron imaging requires ‘flat field’ or ‘open beam’ measurements for normalization purposes to correct for 7 

spatial and temporal non-uniformities of neutron beam intensity and detector sensitivities. These open beam 8 

measurements are time-consuming, and hence time-stability is one of the essential characteristics of a neutron 9 

imaging camera. The MCP/Timepix detector satisfies the requirements for stable operation under relatively 10 

low neutron fluxes. The IMAT beamline adopted the MCP/Timepix detector as one of the neutron imaging 11 

detectors. However, for operation on relatively high neutron flux instruments, such as RADEN and IMAT, 12 

the long term stability of the detector should be confirmed for full-scale operation. These aspects will be 13 

extensively addressed in this paper.   14 

 15 

2. Camera system and experimental set-up 16 

2.1 Neutron sensitive MCP/Timepix detector 17 

The position sensitive photon, ion and neutron counting capabilities of MCP detectors have been 18 

demonstrated previously with several readout technologies [12-14].  The neutron sensitive MCP used in this 19 

work contains boron and gadolinium in the glass matrix.  Boron atoms work as a converter from slow 20 

neutrons to energetic charged particles, such as alphas and 7Li ions through 10B(n, )7Li  reactions.  When 21 

these energetic particles impact onto inner surface of MCP pores, several electrons are emitted.  The emitted 22 

electrons are multiplied by the MCP and are detected by readout components.  Since these multiplied 23 

electrons are confined within a MCP pore, position sensitive detection up to the limit of the pore-to-pore 24 

spacing is achieved by using position-sensitive readout electronics.  The neutron sensitive MCP detector 25 

discussed here employs the Timepix readout chip, paired with Medipix2 and developed at CERN [15].  26 
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The present detector consists of a chevron stack of MCPs positioned at 0.8 mm distance from 1 

Timepix ASIC readout [6].  The Timepix chip has 256x256 pixels with 55 m pixel size.  Each pixel has a 2 

preamplifier and can be operated at the rate of 100kHz/pixel. The readout of the present neutron sensitive 3 

MCP/Timepix detector used a 2x2 array of the Timepix chips with approximately 180 m gap between each 4 

chip.  This means the detector has 512x512 pixels and the field of view is 28x28 mm2 in total. The top MCP, 5 

which is neutron sensitive and manufactured by Nova Scientific, Inc., is 50 mm in diameter, 0.8 mm thick 6 

and has 8 m pores hexagonally packed with 10.5 m pitch. The bottom MCP, which is just for electron 7 

multiplication and manufactured by Hamamatsu Photonics, are 5 cm in diameter, 0.6 mm thick and have 10 8 

m pores with 12 m pitch.  The applied voltage to the MCP stack was 2550 V for the data used in this 9 

paper. 10 

The Timepix ASICs has three data acquisition modes; event counting mode, event timing mode and 11 

event centroiding mode.  For energy-resolved imaging, we can apply the event timing mode, in which the 12 

time of arrival of individual neutron signals relative to trigger signals is measured.  Each pixel in the 13 

Timepix has a 14 bit register, which is used to store the timing information before it is transferred to the data 14 

processing unit, which is based on field-programmable gate arrays (FPGA).  The data readout takes places 15 

at the end of every ‘shutter period’, which is an arbitrarily adjustable data acquisition period in a pulsed 16 

source time frame (i.e. between successive proton/neutron pulses of the source). Multiple shutter periods can 17 

also be defined in a frame. The data transfer from the Timepix to the FPGA requires 320 s to complete for 18 

all pixel data. The following unit creates three dimensional histograms, with two dimensions in space and one 19 

dimension in time of flight, based on the transferred data.  Since only one event can be stored in each pixel 20 

for a given shutter period, second or subsequent events are rejected until data are transferred at the end of the 21 

shutter period.  The case of an occupied pixel during the shutter period constitutes an overlap effect which 22 

induces dead time or counting loss.  The TOF spectrum shape could be severely distorted under high flux 23 

conditions.  The overlap effect can be alleviated by either implementation of shorter acquisition shutters or 24 

reducing the neutron flux.  The MCP/Timepix system used here can be set-up with a total of 250 shutters. 25 

When the lengths of the individual shutter periods are shortened a larger number of readout sequences is to be 26 
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performed for each neutron pulse. During these 320 s data transfer gaps, no data are recorded, introducing 1 

the larger number of gaps in the measured spectra.  Hence the number and positions of the shutter periods 2 

need to be carefully selected.   3 

 4 

2.2. Experimental setup   5 

Characterization tests described in this paper were performed on the Larmor beamline in ISIS.  The Larmor 6 

is one of the beamlines of ISIS Target Station 2 (TS2), which operates with 10 Hz repetition rate.  This 7 

beamline is fundamentally a multi-purpose instrument for small angle neutron scattering (SANS), diffraction 8 

and spectroscopy utilizing the larmor precession of polarized neutrons.  However, since the beam size of the 9 

Larmor is roughly 30x30mm2, it can be used as a test beamline for the MCP detector, which has 28x28mm2 10 

sensitive area.  This beamline also has a similar neutron spectrum to the neutron imaging beamline IMAT 11 

because it views the same coupled hydrogen moderator.  The both beamlines have the maximum neutron 12 

intensity around 3 angstroms in wavelength.  In these tests, the flight path between the neutron source and 13 

the MCP/Timepix detector was roughly 26 m.  At that position, the neutron flux was approximately 5x106 14 

n/cm2/s. 15 

 16 

3.  Uncertainty in time-resolved mode 17 

3.1  Overlap correction 18 

As described above, the MCP/Timepix detectors suffer from the overlap effect when operating in a 19 

time-resolved mode, which is related to the fact that only event per pixel can be registered.  Figure 1 shows 20 

an example of TOF spectra obtained at Larmor with the neutron sensitive MCP/Timepix detector.  These 21 

are open beam or flat field  TOF spectra, which were obtained without any sample. In this case, the neutron 22 

flux was approximately 5x106 n/cm2/s and the data readout was divided into three shutter periods.  The TOF 23 

spectrum was severely distorted and has significant discontinuous points at the readout gaps due to the 24 

overlap effect.  However, this distortion can be corrected with the method proposed by A.S. Tremsin et 25 

al.[11].  The corrected TOF spectrum is also plotted in Fig. 1. 26 
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Here, we discuss procedures of the overlap correction.  This correction technique can only be 1 

applied to the experiments where neutron pulses with periodical and constant shape are irradiated in each 2 

measurement, such as time of flight experiments with pulsed neutron sources and static objects.  In the event 3 

timing mode of the Timepix chip, only one event per pixel can be stored in a register for a given shutter 4 

period or each readout period, because of the way the Timepix of current generation determines the time of 5 

event through the clock counter.  This means that the following events are rejected in an already occupied 6 

pixel with a previous event until the register is refreshed. The occupied pixel is considered to be a dead pixel. 7 

However, for neutron pulses with periodical and constant shape, the pixel occupied probability at a given 8 

timing Pocp(ti) can be predicted from the measured data themselves using  9 
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where Pfree(ti) is the probability not occupied pixel with the previous event or the free pixel probability.  f is 16 

the overlap correction factor and defined as 17 
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The corrected TOF spectrum shown in Fig. 1 was obtained with this correction procedure.  The pixel 19 

occupied probability Pocp(ti) is also plotted in Fig. 1.  In this case, although the occupied probability is more 20 

than 50% at the maximum, the corrected spectrum is smoothly connected at the gaps and this correction 21 
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seems to work properly.   1 

Next, we discuss the uncertainty in this correction procedure.  The uncertainty of the correction 2 

factor f is derived from Eq. (3) as following: 3 
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Note that the event occurring probability p might be relatively high under high neutron flux conditions and 11 

the counting statistics should be considered based on the Binominal distribution rather than Poisson statistics.  12 

Consequently, the relative uncertainty of the corrected factor f is written as 13 
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We would like to know the contribution of this correction factor to the real or corrected neutron counts N(ti).  15 

The uncertainty of the corrected neutron counts is derived from Eq. (2) using: 16 
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where ( )iC tC  is the relative uncertainty of the recorded counts and written by ( )itC1  based on the 18 
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Poisson statistics.  The relative contribution of the correction factor to the counting statistics into the 1 

uncertainty is written as 2 
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Finally, we can obtain the following equation: 4 
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In this equation, the second term in the square root stands for contribution of the overlap correction.  6 

Although the contribution depends on the pixel occupation probability Pocp(ti), the maximum contribution is 7 

N(ti)/S, which is usually quite small, even if pixels are fully occupied.  This equation suggests that the 8 

uncertainty contribution from the overlap correction is quite small and negligible under typical neutron flux 9 

conditions at ISIS, in which the detector can be normally operated. 10 

 11 

 12 

3.2  Multiple counting effect 13 

When considering the counting statistics in the MCP/Timepix detector, we also have to take into 14 

account the multiple counting effect, in which a single neutron might induce multiple counting events in the 15 

Timepix.  In the neutron sensitive MCP/Timepix detector, the multiplied electron cloud in the MCP might 16 

spread over several neighboring pixels before reaching the Timepix chip.  In the event timing mode, the 17 

events exceeding the threshold signal level are counted.  The multiple counting occurs when signals in 18 

neighboring pixels exceeds the threshold simultaneously.  Figure 2 shows an example image of the multiple 19 

counting effect, in which separately distributed neutron events can be seen due to its quite short acquisition 20 

time.  Some spots consist of not only one pixel but also neighboring two or three pixels.  The counting 21 

statistics based on Poisson statistics should be considered for the number of events.  However, the apparent 22 
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recorded counts is larger than the real neutron events.  This means that the expected relative statistical 1 

uncertainty from the recorded counts becomes smaller than the real one.   2 

 Since the amount of electron cloud for each neutron event depends on an interaction position of 3 

10B(n,)7Li and Gd reaction along the pore, leading to a variation in gain, the number of shared pixels has a 4 

certain distribution.  Under the MCP setting used in this paper, the number of shared pixel or spot size in 5 

each event M was determined to be 1.7 pixels on average with the standard deviation of 1.1 pixels.  Since 6 

the apparent recorded counts C is the product of the average spot size M  and the real number of neutron 7 

events N, the relative uncertainty of C is written as: 8 
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where 
M

  is the standard deviation of the average spot size but not the one of each spot size M .  Since 10 

M  is the average of each spot size Mi (i=1, 2,…, N) for N spots, 
M

  is given as: 11 
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Therefore, we can modify Eq. (10) as follows: 13 
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Note that the relative uncertainty of the recorded counts is not just C1 , which is simply expected from 15 

Poisson statistics, but should be multiplied with the factor shown in Eq. (12). 16 

 17 

 18 

3.3  Validation 19 

First, Figure 3 shows an example of the open beam TOF spectrum with the uncertainty determined 20 

by the procedures described above.  From the enlarged plots Fig. 3 b), the expected uncertainty values are 21 

consistent with actual fluctuation.  In order to quantitatively validate the procedures, we evaluated the 22 

fluctuation characteristics in several repeated measurements under the same condition.  The uncertainty 23 
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discussed above can be expected from a single measurement based on counting statistics.  This expected 1 

uncertainty should be consistent with the standard deviation obtained from repeated measurements under the 2 

same condition.  Open beam images with the acquisition time of 1 min were repeatedly measured 10 times 3 

at the Larmor beamline, in which the flux was 5x106 n/cm2/s.  The same shutter periods were selected as for 4 

the spectra in Fig. 1.  Figure 4 shows comparisons between the expected relative standard deviations from 5 

the above procedure and the deviations evaluated from the repeated measurements.  These deviations were 6 

evaluated for the corrected neutron counts in a time bin at the almost beginning of the first shutter, at which 7 

TOF = 10.5 ms.  In order to check the dependence of these deviation on counting statistics, these counts 8 

were integrated for various sizes of regions of interest.  The expected deviations with no account of the 9 

multiple counting effect are also plotted.  Although the standard deviation values from the repeated 10 

measurements are quite scattered due to its small number of trials, the expected values are consistent with the 11 

actual ones under various statistical conditions.  Since the deviations with no account of the multiple 12 

counting effect are systematically underestimated, this effect should be considered to reasonably evaluate the 13 

uncertainty.  Finally, we check the contribution of the overlap correction.  In Fig. 3 a), we see no significant 14 

difference between the relative standard deviations with/without the correction.  In this case, although the 15 

pixel occupation probability Pocp(ti) was more than 60% at the end of the first shutter period (TOF=24.5 ms), 16 

the uncertainty can be expected from simple counting statistics.  This is consistent with the prediction 17 

discussed above, because N(ti)/S, which stands for the maximum correction contribution to the uncertainty, 18 

was less than 5x10-3 in this case.  In addition, we confirmed that the counting statistics has stronger 19 

contribution to the uncertainty than the overlap correction.  This also means that, if pixels are almost fully 20 

occupied and the recorded counts become close to zero, the uncertainty based on the counting statistics 21 

becomes quite large.  From this point of view, the shutter periods should be carefully selected to avoid 22 

severe occupation of pixels and to keep the expected uncertainty to less than the required level.   23 

 24 

 25 

4. Memory effects 26 
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4.1  Characteristics of memory effects 1 

Since the detector stability is a very important characteristic for quantitative data analysis, we 2 

investigated the time trend of the detection efficiency of the MCP/Timepix detector.  If the neutron beam 3 

intensity is constant, the open beam images should not be changing for a time-independent detection 4 

efficiency.  Comparisons of open beam images is the simplest check of the detector stability.  For this 5 

purpose, acquired images in tomography measurements could be a reasonable data set, because total 6 

measurement times are long and usually several open beam images are acquired for checking purposes. 7 

Figure 5 shows an experimental schedule of tomography measurements used in this comparison.  In this 8 

experiment, 90 measurements with 40 min each, which means that the total measurement time was 60 hours, 9 

were conducted at the Larmor beam line with a flux of 5x106 n/cm2/s.  The sample was a steel cylinder with 10 

26 mm diameter and 20 mm height.  For the tomography acquisition, the sample was rotated along the 11 

vertical cylinder axis, and 75 projection images were acquired for 50 hours in total.  The projection images 12 

were very similar because the sample was axially symmetric.  Before and after the sample projection 13 

measurements, several open beam images were acquired.  At the end, additional cylinder sample 14 

projections were measured with two different views, which were side and cross sectional views.  In the 15 

analysis discussed in this section, white beam images, which is integrated for the entire TOF range, are taken 16 

into account to evaluate the relative long-term stability. 17 

Since the MCP/Timepix detector is expected to have a some fixed-pattern pixel-to-pixel distortions due 18 

to MCP structure and the neutron beam itself is not perfectly uniform, the images should be normalized with 19 

a given open beam image, especially if small differences are to be detected between different projections.  20 

Figure 6 a) shows an open beam image acquired after the tomography scan, and then normalized with 21 

another open beam image before the sample scan.  The resulting, normalized image shows a relative change 22 

in the detection efficiency.  We can recognize an obvious shadow or memory shape of the sample in this 23 

open beam or flat field image.  This is a clear evidence of the memory effect in the MCP/Timepix detector.  24 

In order to discuss characteristics of the memory effect, temporal trends in the efficiency were investigated at 25 

various positions of the pixel matrix.  Figure 7 shows temporal trends of the neutron counts at the center, top 26 
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right and bottom right positions, for which the regions of interest (ROIs) are also shown in Fig. 6.  At the top 1 

right region, which was always outside the sample and fully irradiated over the entire period, the neutron 2 

counts first increased and then decreased gradually.  At the center position, although the counts were quite 3 

low behind the sample, the counts started to increase again after the sample was removed.  The bottom right 4 

position was first blocked with the sample during the tomography projections and then irradiated with the 5 

second open beam.  This region was relatively freshly irradiated with the second open beam as well as the 6 

center position.  After the second open beam, which was longer than the first one, this region was blocked 7 

with the sample once and then fully irradiated without the sample shielding again.  At this region, the 8 

detection efficiency decreased while pixels were shielded by the sample, i.e. for reduced neutron irradiation.  9 

From these behaviors, the memory effect is considered to result from two different effects, related to an 10 

increase and a reduction of the detection efficiency.   11 

The effect decreasing the efficiency in the MCP detector is well known as modification of inner surfaces 12 

of the MCP pores, which works as a secondary electron emitter in the electron multiplication process, due to 13 

intense electron impacts [16].  Since this effect deteriorates the MCP gain, the detection efficiency or the 14 

probability for signals exceeding the threshold level also decreases.  This induces permanent damage in the 15 

MCP and is physically unrecoverable for the present generation of neutron sensitive MCP, although some 16 

promising new technology of MCP manufacturing substantially alleviates that problem.  Since the electron 17 

impacts onto the inner surfaces of the MCP pores are proportional to the number of irradiated neutrons, the 18 

detection efficiency decreases with increasing neutron irradiation.  For the current generation of MCPs the 19 

technical document from the manufacturer says that the MCP gain decreases by roughly 10% for the 20 

accumulated electron charge of 0.5 C/cm2 [16].  Deterioration of the detection efficiency was 21 

experimentally evaluated to be roughly 5% for 70 hours neutron irradiation at the Larmor beamline with a 22 

flux of 5x106 n/cm2/s, for which the neutron fluence was 1012 n/cm2.  The accumulated electron charge for 23 

the irradiation was roughly 0.05 C/cm2, assuming that a single neutron event generates 5x105 electrons and 24 

the event generating probability is 50%.  The expected gain deterioration is roughly 1%.  However the 25 

relationship between the MCP gain and the detection efficiency may not be linear and is unknown.  26 
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Considering this ambiguity and individual characteristics of MCPs, this rough expectation is almost 1 

consistent with the experimental results shown in Fig. 7. 2 

On the other hand, the effect increasing the efficiency is more complicated.  The efficiency increases 3 

with the neutron irradiation and then saturates.  However, if the irradiation is stopped or significantly 4 

reduced, the efficiency decreases again as shown at the bottom right region in Fig. 7.  We have two possible 5 

models to explain this behavior.  In the first possible model, “something” is charged up in the detector with 6 

neutron irradiation, causing an increase of the efficiency.  Since this is simultaneously discharged with a 7 

certain time constant, the efficiency decreases once the irradiation is stopped .  The second possibility is that 8 

“something” is deposited in the detector at first and this induces a decrease of the efficiency.  One of the 9 

candidates of “something” is residual gas molecules.  This can be scrubbed with neutron irradiation or 10 

multiplied electron impacts, causing an increase of the efficiency, and also re-deposit to the detector surface 11 

with a certain time constant.  Given the small diameters of the MCP pores, the gas flow resistivity is also 12 

high.  The scrubbed gas molecules, therefore, cannot easily move to the outside of the pores.  Under this 13 

situation, this model has position dependency.  In the both models, the efficiency increases with the neutron 14 

irradiation and decreases when the irradiation stops.  We note that the charge-up model is more difficult to 15 

explain the efficiency rise.  For example, electrons can be accumulated on the inner surfaces of MCP pores, 16 

preferentially near the bottom side of the MCP.  As a consequence, the electric field inside the MCP pores is 17 

decreased and the MCP gain is lowered.  In addition, since the resistivity on inner surfaces of the MCP pores 18 

is moderate, it is difficult to explain the long time constant observed in the experiments.  On the other hand, 19 

we can more easily imagine that “something” disturbs the neutron detection and decreases the efficiency.  In 20 

this paper, we attempted to explain the efficiency increase by using the second possibility.   21 

 22 

 23 

4.2  Correction procedures 24 

We propose the correction procedures for the memory effect assuming the model described above.  25 

Since various processes should be considered simultaneously, the following rate equations are applied:   26 
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where Ci,; the recorded counts of i th measurement, ts, i, te, i; start and end time of i th measurement, A; the 6 

pixel area, f(t); the neutron flux on the detector surface, (t); the detection efficiency, 0; the initial detection 7 

efficiency, D(t), SC(t); contribution factors of the permanent damage and the scrubbing effect in the detection 8 

efficiency, D; the decay constant of the permanent damage, F; the irradiated neutron fluence, ; the 9 

efficiency reduction coefficient with the deposited molecules, N(t); the fraction of deposition, ; the scrubbing 10 

coefficient, RB; the re-deposition time constant.  Eq. (15) stands for the permanent damage depending on 11 

the irradiated neutrons.  Eq. (17) includes the scrubbing effect and “re-deposition effect” of the “something”.  12 

Since the N(t) stands for the fraction of deposited surface, N(t)=1 means that the surface is fully deposited.  13 

Since the neutron flux f(t) on the detector surface depends on the sample transmittance Ti in i th measurement, 14 

this parameter can be written as: 15 

 ( ) ( ) ( )tiBTtfTtf pii == 0  (18), 16 

where f0(t); the flux without the sample, ip(t); the proton current at the neutron source, B; the conversion 17 

constant from the proton current to the neutron flux.  In our case, the proton current was used as relative 18 

neutron intensity instead of the absolute open beam neutron flux f0(t). 19 

 By modifying Eq. (13), the modified transmittance Ti’ in the i th measurement can be derived as 20 

follows: 21 
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where ’=/0 and D’=D/0.  We know the recorded counts Ci and the open beam flux f0(t), which is 4 

obtained from time trend of the proton beam current.  The parameters D’, , ’ and RB should be constant 5 

and are tuning parameters in the correction procedure.  The initial values D(0) and SC(0) can be unity at the 6 

beginning of the measurement.  The transmittance Ti or Ti’ in i th measurement is usually an unknown 7 

factor and D(t) and SC(t) also depend on Ti’.  However, once Ti’ is fixed, D(t) and SC(t) can be calculated 8 

numerically by using (15’), (16) and (17’).  The dominator of Eq. (13’) can also be integrated numerically.  9 

By repeating these procedures in the i th measurement, we can iteratively determine the modified 10 

transmittance Ti’.  The transmittance Ti should be unity for all open beam measurements.  This means that 11 

the modified transmittance Ti’ should be constant even if 0 is unknown.  The parameters D’, , ‘ and RB 12 

must be tuned to realize this limitation.  Note that if 0 is unknown, these parameters can be tuned.  13 

Following this parameter tuning procedure, one can obtain the initial detection efficiency 0 as the constant 14 

value of Ti’ in the open beam measurements.  This tuning procedure might be automatically performed but 15 

we have applied a manual tuning process based on a trial and error approach in this paper.  As a future work, 16 

we aim to develop an automated parameter tuning algorithm.  In principle, the initial deposition fraction 17 

N(0) should be unity.  However, this value might be reduced by unknown neutron irradiation before starting 18 

a measurement.  For example, we usually irradiated the detector without data recording for detector position 19 

alignment purposes before a measurement.  The parameter N(0) can also be determined iteratively in the 20 

processes described above.  The purpose of measurements is usually to obtain the transmittance of samples.  21 

The final outcome in the above procedures is the modified transmittance Ti’, which is the product of the 22 

transmittance Ti and the initial detection efficiency 0.  Since the initial efficiency 0 might depend on the 23 

position in the detector, we can obtain the corrected transmittance images by normalizing with an image of 24 



 16 

the open beam measurement. 1 

 In principle, the consideration based on the rate equations should be taken into account for intervals 2 

between each measurement, in which no neutron count is recorded usually.  This means that we have no 3 

information for determination of the sample transmittance in the intervals between the measurements.  In 4 

order to specify the situation, ideally, the detector entrance window should be fully shielded as soon as 5 

possible after the measurement is finished, because we used the accelerator proton current instead of the real 6 

open beam neutron flux f0(t).  For the measurements presented in this paper, the detector was irradiated for 7 

some intervals but shielded at other times.  Therefore, we used zero transmittance for the shielded intervals 8 

and the transmittance used in the previous measurement for the irradiated ones.  Since the irradiated 9 

intervals were relatively short compared with the characteristic time constants in the memory effect, no 10 

significant error is introduced from this process.   11 

 12 

 13 

4.3  Corrected results 14 

 After the manual parameter tuning procedures, we determined the parameters listed in Table 1.  15 

Figure 8 shows temporal trends of the calculated variables in the rate equations at the end of each 16 

measurement run.  The amount of the deposited molecules decreases during the neutron irradiation and 17 

reaches the equilibrium condition depending on the irradiated flux.  The detection efficiency was 18 

determined based on this deposited molecule amount and the permanent damage behavior.  The temporal 19 

trends of the efficiency are consistent with the recorded neutron counts shown in Fig. 7.  Consequently, we 20 

obtained almost constant values of the modified transmittance Ti’ for the open beam measurements.  The 21 

initial detection efficiency 0, additionally, can be estimated to be 0.075 from the modified transmittance for 22 

the open beam measurements, because Ti’ is defined as 0Ti.  This value is roughly consistent with the 23 

efficiency determined in the other measurement.  Note that this efficiency is not for neutrons in the entire 24 

spectrum but only for neutrons used in these measurements, which were with the wavelength from 1.5 to 5 25 

angstrom.  Since the initial detection efficiency shows also a position-dependent variation, the corrected 26 
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transmittance images can be obtained by normalizing with the modified transmittance image in a certain open 1 

beam measurement.  Figure 6 b) shows the corrected transmittance image.  The memory effect can 2 

significantly be reduced by the proposed correction procedures.  In this case, the standard deviation of the 3 

transmittance for all open beam measurements was improved from 2% to 0.3% with the correction.  We 4 

note that the scrubbing model is one of the candidates to explain the efficiency increase.  However, the 5 

typical behavior of the memory effect have been well characterized through this kind of analysis. 6 

 7 

 8 

5. Conclusions  9 

We discussed the uncertainty and the stability of the neutron sensitive MCP/Timepix detector when 10 

operated in the event timing mode for energy-resolved quantitative analysis at the ISIS pulsed neutron source.  11 

Under relatively high neutron flux of more than 106 n/cm2/s, the counting loss or the overlap effect becomes 12 

significant and should be corrected.  The contribution of this correction procedure to the uncertainty was 13 

concluded to be negligible from considerations based on the error propagation even if the pixel occupation 14 

probability is more than 50%.  This means that the dominant component to the uncertainty arises from the 15 

counting statistics.  However, for experiments where shutter lengths are too long and the pixel occupation 16 

probability reaches nearly 100%, the number of recorded counts becomes small resulting in poor counting 17 

statistics which would be a significant problem.  Therefore shutter lengths should be carefully chosen, i.e. 18 

shorter ones for high-flux time-of-flight regions.  This limitation will not be present in the next generation of 19 

Timepix readout, which has a sparsified event output and no readout gaps.  In the event timing mode, we, 20 

additionally, have to take into account the multiple counting effect, in which a single neutron event might 21 

induce multiple counts over neighboring pixels, in consideration of the counting statistics. 22 

The detection efficiency of this detector changes gradually under relatively high neutron flux due to 23 

the ageing effects of Microchannel Plates.  Since this change is position-dependent, this effect induces the 24 

memory image.  This efficiency change comes from two reasons: the permanent damage and the scrubbing 25 

effect, in which “something” disturbing the neutron detection is deposited in the detector and scrubbed with 26 



 18 

the neutron irradiation or the multiplied electron impacts.  At a moment, the origin of the scrubbing effect is 1 

unknown but identification of its origin would be a future work.  However, the memory effect can be 2 

significantly reduced with the correction procedures using the rate equations taking accounts of the damage 3 

and the scrubbing effect.  The typical behavior of the memory effect has been well characterized through the 4 

analysis.  The parameters used in the correction procedures were manually tuned through a large number of 5 

trail-and-error attempts.  Future work will focus on developing automated parameter tuning algorithm as 6 

part of the standard image analysis.   7 

 8 
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Table Captions 1 

 2 

Table 1  The parameters used in the correction procedures. 3 

 4 
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Table 1  The parameters used in the correction procedures.  1 

A 0.0055 cm x 0.0055 cm = 3.025x10-5 cm2 

B 5x106 (n/cm2/s)/40 A = 1.25x105 (n/cm2/s)/A 

D’ = D/0 1.2x10-12 (n/cm2)-1 = 9.0x10-14 (n/cm2)-1/0.075 

’ = /0 1.0x10-10 (n/cm2)-1 = 7.5x10-12 (n/cm2)-1/0.075 

RC 1.0x10-5 s-1 

 0.17 

 2 

3 
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 1 

Figure Captions 2 

 3 

Figure 1 a) Open beam TOF spectra obtained at Larmor with the neutron sensitive MCP/Timepix 4 

detector and b) its enlarged plot near a readout gap.  Three shutter periods (10 to 24.7, 25 to 5 

39.7, 40 to 50.7 ms) were selected.  The estimated integrated neutron flux was 5x106 6 

n/cm2/s. 7 

Figure 2 An example image of the multiple counting effect.  In this image, separately distributed 8 

neutron events are obtained due to a very short acquisition time of 1 seconds.  a) Entire field 9 

of view.  b) Enlarged image for the small square in Fig. 2 a).   10 

Figure 3 a) Open beam TOF spectrum with the uncertainty determined by the proposed procedures 11 

and b) its enlarged plot for the corrected spectrum. 12 

Figure 4 Comparisons between the expected relative standard deviations and the deviations evaluated 13 

from repeated measurements.  In order to check the dependence on counting statistics, 14 

relative uncertainties were extracted by summation over increasing region of interest (ROI), 15 

i.e. pixel numbers. 16 

Figure 5 An experimental schedule of tomography measurements and the sample photograph.  The 17 

sample was a steel cylinder with 26 mm diameter and 20 mm long.  The collection time 18 

was 40 min for each measurement. 19 

Figure 6 a) An open beam image acquired after the tomography scan and normalized with a different 20 

open beam image collected before the tomography scan.  b) The corrected transmittance 21 

image obtained from the same measurements.  The squares at the center, top right and 22 

bottom right show the regions of interest (ROIs) for temporal trends of the neutron counts 23 

shown in Fig. 7. 24 

 25 

Figure 7 Temporal trends of the neutron counts at the center, top right and bottom right squares shown 26 



 24 

in Fig. 6.  a) Overall plots,  b) Enlarged plots.  Open dots; Open beam.  Closed dots; 1 

Shielded with the sample. 2 

 3 

Figure 8 Temporal trends of the calculated variables in the rate equations at the end of each 4 

measurement run.  a) The deposition fraction N(te,i),  b) The normalized detection 5 

efficiency  (te,i)/0,  c) The modified transmittance Ti’. 6 

 7 

 8 
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Figure 1 a) Open beam TOF spectra obtained at Larmor with the neutron sensitive MCP/Timepix 5 

detector and b) its enlarged plot near a readout gap.  Three shutter periods (10 to 24.7, 25 to 6 

39.7, 40 to 50.7 ms) were selected.  The estimated integrated neutron flux was 5x106 7 

n/cm2/s. 8 

9 
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Figure 2 An example image of the multiple counting effect.  In this image, separately distributed 6 

neutron events are obtained due to a very short acquisition time of 1 second.  a) Entire field 7 

of view.  b) Enlarged image for the small square in Fig. 2 a).  8 
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Figure 3 a) Open beam TOF spectrum with the uncertainty determined by the proposed procedures 5 

and b) its enlarged plot for the corrected spectrum. 6 
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Figure 4 Comparisons between the expected relative standard deviations and the deviations evaluated 7 

from repeated measurements.  In order to check the dependence on counting statistics, 8 

relative uncertainties were extracted by summation over increasing region of interest (ROI), 9 

i.e. pixel numbers. 10 
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 9 

Figure 5 An experimental schedule of tomography measurements and the sample photograph.  The 10 

sample was a steel cylinder with 26 mm diameter and 20 mm long.  The collection time 11 

was 40 min for each measurement. 12 
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 6 

Figure 6 a) An open beam image acquired after the tomography scan and normalized with a different 7 

open beam image collected before the tomography scan.  b) The corrected transmittance 8 

image obtained from the same measurements.  The squares at the center, top right and 9 

bottom right show the regions of interest (ROIs) for temporal trends of the 10 

neutron counts shown in Fig. 7. 11 
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Figure 7 Temporal trends of the neutron counts at the center, top right and bottom right squares shown 6 

in Fig. 6.  a) Overall plots,  b) Enlarged plots.  Open dots; Open beam.  Closed dots; 7 

Shielded with the sample. 8 

9 
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Figure 8 Temporal trends of the calculated variables in the rate equations at the end of each 5 

measurement run.  a) The deposition fraction N(te,i),  b) The normalized detection 6 

efficiency  (te,i)/0,  c) The modified transmittance Ti’. 7 
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