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Scintillator-based Timepix3 detector for neutron spin-echo techniques
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A scintillator-based Timepix3 (TPX3) detector was developed to resolve the high-frequency modulation of a neutron
beam in both spatial and temporal domains, as required for neutron spin-echo experiments. In this system, light from a
scintillator is manipulated with an optical lens and is intensified using an image intensifier, making it detectable with the
TPX3 chip. Two different scintillators, namely °LiF:ZnS(Ag) and ®Lil:Eu, were investigated to achieve the high resolu-
tion needed for spin-echo modulated small-angle neutron scattering (SEMSANS) and modulation of intensity with zero
effort (MIEZE). The methodology for conducting event-mode analysis is described, including the optimization of clus-
tering parameters for both scintillators. The detector with both scintillators was characterized with respect to detection
efficiency, spatial resolution, count rate, uniformity, and y-sensitivity. The °LiF:ZnS(Ag) scintillator-based detector
achieved a spatial resolution of 200 um and count rate capability of 1.1 x 103 cps, while the °Lil:Eu scintillator-based
detector demonstrated a spatial resolution of 250 um and a count rate capability exceeding 2.9 x 10° cps. Furthermore,
high-frequency intensity modulations in both spatial and temporal domains were successfully observed, confirming the

suitability of this detector for SEMSANS and MIEZE techniques, respectively.

I. INTRODUCTION 48

49

Neutron spin-echo (NSE) is a technique to measure quasi- *
elastic neutron scattering,! which uses Larmor precession of
neutron spin to label the neutron energy change with high %
precision.? Variants of NSE introduce intensity modulation 53
either in the spatial or temporal domain such as spin-echo
modulated small angle neutron scattering (SEMSANS)? and 53
modulation of intensity with zero effort (MIEZE)*. The SEM- 5

57
58

59
OThe author to whom correspondence may be addressed: funamaf@ornl.gov

SANS technique encodes the change of the neutron’s trajec-
tory into the Larmor phase such that the spatial correlation
functions can be measured directly in real space. The length
scale known as spin-echo length is proportional to the fre-
quency of the intensity modulation in space. Hence, to ac-
cess longer spin-echo length, a detector with a high spatial
resolution is required. The MIEZE technique enables us to
measure the temporal correlation function of the sample by
modulating the neutron beam in the time domain. Its achiev-
able resolution, dictated by Fourier time, is proportional to
the frequency of the intensity modulation in time. To mea-
sure slower dynamics, i.e., longer Fourier time, a detector
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with a high temporal resolution is crucial. Dedicated MIEZE.:s
beamlines, such as RESEDA in FRM-II° and VIN-ROSE? inus
J-PARC, utilize MIEZE frequencies up to several MHz’ andizo
400 kHz®, respectively. This necessitates a temporal resolu-i:
tion in the sub-microsecond range to resolve the modulations.2
Additionally, the thickness of the detection plane must be thinizs
to ensure homogeneous path lengths for the detected neutronizs

trajectories.”1° 125

Since the SEMSANS signal is measured in the direct beam,'*
it is possible to combine SEMSANS with a conventional'®
small-angle neutron scattering (SANS) to extend the dynamic'®
range.’ For future SANS instruments such as CENTAUR at'®
the Second Target Station in Oak Ridge National Laboratory'®
(ORNL), which intends to integrate a SEMSANS option,!!
the ideal detector should possess several key features. These!3
include high spatial resolution (0.2 mm or better), the ca-13
pability to perform time-of-flight (ToF) measurements, low'
sensitivity to y-radiation (y-sensitivity), a high count rate'®
capability, and minimal footprint within the neutron beam.3
In previous SEMSANS experiments, various detectors have!*
been used to resolve the spatial modulation of the neutron'3
beam, including charge-coupled devices (CCD)>!'%!3, micro-1%
channel plates (MCP)!413, and wavelength-shifting (WLS)
fiber!®!7 detectors. The CCD camera is a relatively cost-14!
effective option for high spatial resolution. However, it op-1#2
erates as a charge-integrating detector, which imposes limita-143
tions on its temporal resolution due to the frame rate, making'+
it inefficient for ToF measurements.!®!® MCP detectors of-14
fer both high spatial and temporal resolution, making them?¢
a valuable choice for both SEMSANS and MIEZE experi-'+
ments. However, MCP detectors require a dedicated vacuum®
chamber and readout system positioned behind the detection'®
plane, which presents a significant challenge in integrating'®
them into SANS-SEMSANS setups. Furthermore, the field™
of view (FoV) is constrained by the readout chip size and'
is not adjustable.!* A WLS fiber detector has been used as'®
SEMSANS detectors in combination with SANS.!7 Tt allows!*
the detector’s electronics to be positioned outside the neutron'ss
beam, reducing the impact of parasitic scattering from the de-1¢
tector. However, the achievable spatial resolution of WLSs
fiber detectors is generally limited to around 1 mm.2%-2! 158

In MIEZE experiments, several types of detectors have™
been used. One of the detectors is CASCADE, which is'®
equipped with six layers of solid '"B-coated gas electron'®
multipliers (GEM) and is used at the RESEDA beamline at'®
FRMIIL?? These '°B layers are approximately 1 um each,"™
with distances of 4.5 or 6.9 mm between them.”> The CAS-"*"
CADE detector has a high temporal resolution and a substan-"*"
tial rate capability of 10 MHz/cm? while maintaining low y-"*°
sensitivity.”* However, the efficiency of each layer for neu-""
trons with a wavelength of 5 A is 12%.2* As the MIEZE fre-'*
quency increases, the modulation becomes more localized,
reducing the number of foils available for use and subse-
quently compromising detection efficiency.?> Another detec-'%°
tor configuration used in MIEZE experiments is a detector
composed of a SLi-glass scintillator with a thickness of 0.217
mm coupled to a photomultiplier tube, employed at the VIN-1n
ROSE in J-PARC.? This detector offers relatively high detec-17.

tion efficiency, exceeding 50% for neutron wavelengths longer
than 3.5 A.2° However, ®Li-glass scintillators have notable y-
sensitivity,”’ and they tend to yield fewer photons per thermal
neutron than LiF:ZnS scintillators.?32° Furthermore, unlike
LiF:ZnS scintillators, the pulse shapes for neutrons and y-rays
are similar for ®Li-glass scintillator, making it challenging to
discriminate these events.>®3% To enhance the efficiency of
MIEZE measurements, there is a need for the development of
detectors with improved detection efficiency, temporal resolu-
tion, and y-discrimination capabilities.

Recently, a neutron detector with Timepix3 (TPX3) chip??
has been developed in combination with an image intensi-
fier, optical lens, and scintillator such that the time-of-arrival
(ToA) and time-over-threshold (ToT) can be registered simul-
taneously on each pixel with up to 80 Mhits/s.>* Here the hit
denotes a detection event. The ToT is the time that the signal is
over a specified threshold, which is proportional to the amount
of charge collected. The TPX3 chip consists of 256 <256 pix-
els, each measuring 5555 um?. This detection system is ca-
pable of time-stamping with a precision of 1.56 ns. Neutron
and Y events can be distinguished using the characteristics of
light emission patterns, which enables us to conduct experi-
ments with a high signal-to-noise ratio. Conducting centroid-
ing calculation for the photons due to a neutron event, the pre-
cise location of the neutron events can be obtained. Further-
more, the FoV can be tailored relatively easily by optimizing
the configuration of the optics. The scintillator can also be
changed easily depending on the resolution required in either
time or space domain. By using a reflective optical mirror,
the electronics for the detection system can be positioned out
of the direct beam and hence reduce its footprint and poten-
tial radiation damage to the detector. These features make
this detector promising for either SEMSANS or MIEZE tech-
nique. However, the detailed analysis method to perform the
event-mode analysis (clustering and centroiding calculations)
to determine the neutron events is not yet presented. This is a
critical step to extend the application of this system given the
variety of choices of scintillators which have different light
yield and decay times.

This article presents the development and performance as-
sessment of a scintillator-based TPX3 detector utilizing two
different scintillators LiF:ZnS(Ag) and Lil:Eu. The detec-
tor has been optimized to meet the demanding requirements
of high spatial and temporal resolution for SEMSANS and
MIEZE techniques, respectively. Section II provides an in-
depth exploration of the detector’s design, while Section III
elaborates on the event-mode analysis methodology. The ex-
perimental results characterizing the developed detector are
detailed in Section IV, and a comprehensive presentation of
the outcomes from SEMSANS and MIEZE measurements can
be found in Section V.

Il. SCINTILLATOR-BASED TIMEPIX3 DETECTOR

The overall configuration of the detector setup is presented
in Figure 1. The scintillator is confined by a borated alu-
minum mask along with a 0.5 mm silicon wafer and it gener-
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ates the photon clusters by scintillation. A mirror is employed
to reflect the scintillation light, which is then focused onto the
photocathode surface of the image intensifier via an optical
lens.>>3¢ The optical lens, featuring a focal length of 50 mm
with an f-stop of 0.95, interfaces with the image intensifier,
comprising a photocathode, two microchannel plates, a P47
phosphor, and a relay lens, as detailed in Ref.3”. This inten-
sified image is further transformed into electrons by a silicon
sensor and is ultimately detected using the TPX3 chip, as dis-
cussed in Ref.33.

The FoV of the detector is approximately 3030 mm?. No-
tably, the curved corners of the mask margin with a radius of
3.2 mm are shown in Figure 1(a). The design of the FoV
was specifically tailored to align with the typical beam size
that traverses the magnetic Wollaston prism (MWP).3® This
configuration is well-suited for SEMSANS measurements. It
is worth noting that the FoV can be increased by replacing
the optical lens or adjusting the distance between the lens and
scintillator, which is preferred for MIEZE experiments.

We evaluated two scintillators, LiF:ZnS(Ag) (EJ-426HD
from Eljen Technology, Inc.)*® and Lil:Eu (Radiation Mon-
itoring Devices, Inc.)***2, both with thicknesses of approx-
imately 0.25 mm. We opted for LiF:ZnS(Ag) for SEM-
SANS measurements, primarily due to its exceptional bright-
ness among neutron scintillators, which enhances spatial res-
olution through centroiding calculations. The typical decay
time for neutron events with this scintillator is approximately
10 us.** However, the scintillation light exhibits a prolonged
afterglow with around 10% of light persisting after 85 ps.**
Additionally, LiF:ZnS(Ag) is not transparent to its scintilla-
tion light, and the light emitted from the scintillator depends
on the thickness and interaction depth of the neutron. Con-
versely, we explored Lil:Eu for its applicability to the MIEZE
technique, given its short decay time of 1.4 us and relatively
high light yield in response to neutron events.**> The Lil:Eu
is a micro-columnar thin film, and is transparent to its scin-
tillation light, but must be hermetically packaged due to its
hydroscopic nature. Note that the decay time of the P47 phos-
phor in the image intensifier is approximately 100 ns,*® which
is shorter than those of LiF:ZnS(Ag) and Lil:Eu, so it should
not affect the temporal resolution of the detector significantly.
A summary of the key characteristics of both scintillators is
presented in Table I.

TABLE I. Characteristics of the investigated scintillators

Scintillators ‘ LiF:ZnS(Ag) Lil:Eu
Thickness [mm)] ~0.25 ~0.25

Light yield [Photons/neutron]?8:4347 ~160,000  ~100,000
Decay time [ps]“o’43 ~10 ~1.4

The raw data are obtained via SERVAL software provided
by Amsterdam Scientific Instruments (ASI). As the raw datazs
files (.tpx3) are large, it imposes great challenges for dataz.
storage and analysis on the local instrument computer. Tozs
synchronize the data acquisition and instrument control, wezzs
have employed an EPICS (Experimental Physics and Indus-27
trial Control System) based driver, which is also known as thezs

=T
imlensifier

il

Crotcal lens

-

e r o=

(b)
TPXI deteeior -
wRilicom sensor
"
......... HI."I. :‘. II."l..'H
e - Phosphor

Ienage inlensificr - -

e, Micra-channed
--il-‘".. Flﬂl.ﬂ

u g Phypcesthode

(opiical lens =0
Harzded nluminuem
sk

5_"i|'||'|ll||:|l-|r

Mewtron

=

Filicon -,»,E;j'._-r Ciptical mirroe

FIG. 1. The scintillator-based TPX3 detector is visually represented
as: (a) Displays a front view of the entire experimental arrangement.
The length of the ruler is 305 mm. (b) Features a side view of the
schematic diagram illustrating the key components and structure of
the detector.

ADTimePix3 areaDetector driver.*® To facilitate the data re-
duction, the data were then transferred to the analysis server
in real-time by a so-called ADARA software (Accelerating
Data Acquisition Reduction and Analysis).** The raw data are
subsequently processed by Sophiread®®! to transform it into
neutron events, a subject explored in the following section.
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I1l. EVENT-MODE ANALYSIS METHOD

In addition to the photon clusters resulting from each neu-
tron capture, the raw image Figure 2(a) also contains events
from afterglow, y-radiation, and electric noise. To enhance
neutron event reconstruction with improved resolution, we
conducted an event-mode analysis utilizing Sophiread, an
open-source software developed at ORNL.’%3! The event-
mode analysis comprises two fundamental steps: clustering
and centroiding. Clustering is crucial to optimize parame-
ters and identify photons originating from neutron events con-
sidering the variations of scintillation light yield and decay
time among different scintillators. The grid-based adaptive
box search (ABS) method was employed in this study, as de-
picted in Figure 2(b). It allowed us to extract unique clusters
from each neutron capture, with each cluster represented in
distinct colors. The second step involves centroiding, which
aims to estimate the position where the neutron interacts with
the scintillator. Figure 2(c) shows the centroided results. A
straightforward weighted centroid formula is applied to each
clustered photon as described in Ref.>® where the ToT of each
hit serves as the weight.

To optimize the ABS calculation for a scintillator-based
TPX3 detector, three key parameters are relevant: ABS
length, ABS time, and minimum number of photon hits per
cluster. ABS length, denoted as /, defines the expansion of
the search box in both the x and y directions. Specifically, if
the first hit coordinate is (xp, yo), the search box expands to
(xo £ 1,y0x1). The ABS time ¢ defines a temporal constraint,
aligning with the decay time of each scintillator, during which
the ABS is conducted. Specifically, if the first hit is observed
at time 7y, the ABS is conducted between ty — ¢ and 7o +¢. If
the search concludes within this range, a new cluster is created
with the next hit as the first entry. In our study, with a fixed
magnification and a constant FoV of approximately 30x30
mm?, the ABS length remains at five pixels for both scintilla-
tors. Figure 2(a) and (b) demonstrate that this setting performs
well to extract photon clusters due to neutron events. The ABS
time was set at 40 ps for measurements with LiF:ZnS(Ag)
and 1.4 ps for Lil:Eu scintillators, considering their respec-
tive decay times. For LiF:ZnS(Ag), the ABS time exceeds
the reported decay time to account for the extended afterglow
effect. In MIEZE measurements, achieving high temporal res-
olution hinges on accurately determining the ToA for neutron
events. Since scintillation light exhibits a rising edge prop-
erty, and a lengthy decay time and afterglow,’” the ToA of the
first hit within clustered photons is employed as the reference
ToA for the neutron event. This reference point is important
for measuring ToF precisely.

Because the neutron deposits more energy into the scintil-
lator, its cluster size tends to be larger than those resulting
from 7y-rays or afterglow. Therefore, the determination of the
minimum number of photon hits per cluster is essential for
identifying neutron events. To establish the minimum num-2ss
ber of hits, two measurements were conducted at the neutronzer
detector test station CG-1A3* at High Flux Isotope Reactorzss
(HFIR), using a neutron beam with a wavelength of 4.22 Az
and a divergence of 14 mrad. First, the transmissions of bothzeo
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FIG. 2. The event-mode analysis results for data acquired using the
LiF:ZnS(Ag) scintillator. (a) The raw image, which combines all of
the observed photon hits, afterglow, y-radiation, and electric noise.
(b) The clustered image, generated through the grid-based adap-
tive box search (ABS) method, with different colors distinguishing
unique clusters. The clustering conditions specified in Table II for
LiF:ZnS(Ag) are applied. (c) The centroided neutron image. The
ToT values for each hit in the unique cluster are used as weights for
the centroiding calculation.

LiF:ZnS(Ag) and Lil:Eu scintillators were measured using a
3He detector with a 1-inch diameter filled with 8 bar of >He.
An 8 mm-thick borated float glass attenuator was placed at
the beam port exit to prevent detector saturation. The mea-
sured transmissions were 0.546 +0.001 and 0.53 £0.01 for
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LiF:ZnS(Ag) and Lil:Eu, respectively. Second, neutron de-
tection efficiencies, compared to the 3He detector, were mea-
sured for the TPX3 detector with both scintillators using a 2
mm-diameter pinhole slit. The *He and TPX3 detectors were
placed 50 and 130 mm away from the slit for each measure-
ment. The range of interest of 4 x 4 mm? was selected to
minimize the background for the TPX3 measurements. The
count rate of LiF:ZnS(Ag) and Lil:Eu scintillator measure-
ments were 66 £ 0.5 cps and 72 £ 0.5 cps, respectively. With
these low count rates, the probability of more than two neu-
trons hitting the detector within the ABS time range was low.
The count rates of the background measurements for both
scintillators were about 0.3 cps. Considering the transmis-
sion results, neutron detection efficiencies were expected to
be close to 0.45 and 0.47 for LiF:ZnS(Ag) and Lil:Eu, re-
spectively, as the scintillator thickness is thin enough to allow
sufficient transmission of scintillation light.”® The scattering
cross-section of both scintillators is also negligibly small com-
pared to the large absorption cross-section due to the ®Li.

In Figure 3, the measured efficiency is depicted in relation
to different minimum number of photon hits per cluster em-
ployed for identifying neutron events. Here, the detection effi-
ciency is the counts measured with the TPX3 detector, which
uses the specific minimum number of photon hits per cluster
to define neutron events, divided by the counts measured with
the 3He detector. As the minimum number of hits increases,
the efficiency decreases due to the more stringent discrimina-
tion in neutron events that come with small clusters. The de-
tection efficiency of LiF:ZnS(Ag) consistently surpasses thatsss
of Lil:Eu at the same minimum number of photon hits set-ss
ting. This is primarily owing to the higher light yield ofss0
LiF:ZnS(Ag), as detailed in Table I. For optimal results,s«
we observed that minimum number of hits of 28 and 18 hitsss
align with the maximum detection efficiency obtained with thess
transmission results for the TPX3 detector with LiF:ZnS(Ag)ss
and Lil:Eu, respectively. To mitigate the risk of misclassify-zss
ing background as neutron events, we opted for slightly largersss
minimum hits—30 and 20 hits—for LiF:ZnS(Ag) and Lil:Eu
scintillators, respectively. Consequently, the neutron detec-
tion efficiencies at 4.22 A stand at 4241% and 46+1% for,,,
LiF:ZnS(Ag) and Lil:Eu, respectively.

For reference, Table II provides a summary of the estab-
lished clustering parameters, which are subsequently utilized,
in the detector characterization measurements discussed in___
Section 1V, as well as in the SEMSANS and MIEZE exper-_
iments outlined in Section V.
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TABLE II. Clustering parameters using Sophiread to determine pho-***

ton clusters due to neutron events. ABS length defines the expansion3®
of the search box. ABS time defines a time range during which the3ss

ABS is conducted. 357
Scintillators ‘ LiF:ZnS(Ag) Lil:Eu **
ABS length [pixels] 5 5 ®
ABS time [us] 40 1.4 360
Minimum number of photon hits 361

h 30 20
per cluster [hits] 362

363

364

0.8 ; , .
LiF:ZnS(Ag), ABS time: 40 us —e—
07+ ® Efficiency via transmission: 0.45 - - - - |
) Lil:Eu, ABS time: 1.4 us —o—
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FIG. 3. The neutron detection efficiency with varying minimum
number of photon hits per cluster for LiF:ZnS(Ag) and Lil:Eu scin-
tillators, utilizing a neutron wavelength of 4.22 A. The detection effi-
ciency is the counts measured with the TPX3 detector, which use the
specific minimum number of photon hits per cluster to define neu-
tron events, divided by the counts measured with the 3He detector.
Dashed lines in the graph represent the maximum detection efficien-
cies determined via transmission measurements for each scintillator.

IV. DETECTOR CHARACTERIZATION

The developed TPX3 detector, equipped with LiF:ZnS(Ag)
and Lil:Eu scintillators, was characterized in terms of detec-
tion efficiency, spatial resolution, count rate capability, uni-
formity, and y-sensitivity. These experiments were primarily
carried out at CG-1A in HFIR facility using neutrons with a
wavelength of 4.22 A. The details of the detection efficiency
measurements were described in Section III. The detection
efficiencies for LiF:ZnS(Ag) and Lil:Eu scintillators at 4.22
A are 424:1% and 46+1%, respectively.

A. Spatial resolution

A 6 mm (width) x 9 mm (height) slit was positioned 3500
mm from the scintillator, defining the beam collimation in
conjunction with the 30x30 mm? detection area of the TPX3
detector. Additionally, a line-pair target was attached to the
borated aluminum mask immediately in front of the scintilla-
tor. Figure 4 presents the transmission images of the line-pair
target using (a) a raw image captured with LiF:ZnS(Ag), (b)
a centroided neutron image taken with LiF:ZnS(Ag), and (c)
a centroided neutron image captured with Lil:Eu scintillators.
These transmission images were derived from both with and
without the target, each acquired over a 30 minute measure-
ment. The raw image is an integration of all hits based on
the intrinsic sensor resolution of the TPX3 chip, binned into
256 %256 pixels, with the pixel scale converted to millimeters.
The centroided neutron events are binned into 512 x512 pixels
and also converted to millimeter scale. A comparison between
Figures 4(a) and (b) underscores the spatial resolution im-
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provement achieved through clustering and centroiding. Fig-
ures 4(b) and (c) show that LiF:ZnS(Ag) and Lil:Eu scintilla-
tors enable the resolution of lines with widths of 200 pm and
250 um, respectively. Modulated transfer functions (MTF), as
described in Ref.>*, for both images are displayed in Figure 5.
The MTF values for LiF:ZnS(Ag) and Lil:Eu scintillators are
0.51 and 0.19 at 2 line-pairs/mm (or 250 pm resolution). With
LiF:ZnS(Ag), a spatial resolution of 2.5 line-pairs/mm (or 200
pum) is achieved with MTF 0.28, meeting the spatial resolution
requﬁement for a SEMSANS detector at STS as proposed in
Ref."".

B. Count rate capability

Count rate capabilities were assessed by comparing the
measured counts with respect to a low-efficiency beam mon-
itor. Several attenuators of varying thicknesses were used to
adjust the neutron intensities on the detector and hence gauge
the linearity of detected counts. The neutron beam was col-
limated to be 20x20 mm? beam size on the detection area
with a divergence of 21 mrad. Figure 6 illustrates the count
rate of the TPX3 detector with LiF:ZnS(Ag) and Lil:Eu scin-
tillators plotted against the count rate measured with the low-
efficiency beam monitor. The LiF:ZnS(Ag) results demon-
strate linear count rate response with increasing neutron flux
except at the highest count rate with 1.6 x 10° cps. The linear
fitting yields an R? value of 0.998 when excluding the data
point with the highest count rate. The maximum count rate
without encountering non-linearity is 1.1 x 10° cps, equiva-
lent to 2.8 x 10* cps/cm?.

In contrast, the Lil:Eu scintillator shows no count rate sat-
uration, exemplified by an R? value of 0.9996. The maxi-
mum measured count rate is at least 2.9 x 10> cps, equivalent
to 7.3 x 10* cps/cm?. It is important to note that the quoted
count rates are limited by the maximum flux for this measure-
ment. This high count rate capability underscores the suit-
ability of the TPX3 detector with the Lil:Eu scintillator for
MIEZE measurements, which demand high temporal resolu-
tion.

C. Uniformity

To assess the distribution of detection efficiency across the
FoV, uniformity measurements were conducted by placing a
25.4 mm thick high-density polyethylene plate at a distance
of 170 mm from the detector surface to create a uniform beam
through the incoherent scattering of hydrogen atoms.

Figure 7(a) displays the images obtained with the
LiF:ZnS(Ag) scintillator. In Figure 7(b)(1) and (2), the av-
eraged intensities along the x and y directions, respectively,
are presented. Integrated intensities were normalized against
the maximum intensity. The maximum variation in the region
spanning from 12 to 30 mm along the x and y directions is
12% and 9%, respectively. These results affirm that the detec-
tion efficiency is uniform throughout the entire detection area.
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FIG. 4. Line-pair target images obtained with LiF:ZnS(Ag) and
Lil:Eu scintillators are presented in (a) a raw image at intrinsic sen-
sor resolution (256 <256 pixels) using LiF:ZnS(Ag) scintillator, and
(b) and (c) centroided neutron images using LiF:ZnS(Ag) and Lil:Eu
scintillators, respectively, binned in 512x512 pixels. The feature di-
mensions of the top column for the line-pair target are 500, 400, 300,
250, 200, and 150 pm for (a) and (b). For (c), these dimensions are
750, 500, 400, 300, 250, and 200 um. All figures’ feature pixels are
converted to millimeter scale.
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Similar measurements were conducted with the Lil:Eu scintil-+3
lator and the results are summarized in Figure 8. While there**
is a 12% variation along the y-direction, as observed in Fig-+¥
ure 8 (b) (1), there is a slight non-uniform distribution along?*3
the x-axis, as seen in Figure 8 (a) and (b) (2), with a 17%**
variation within the 12 to 30 mm range. This variation could*®
be attributed to the inhomogeneity of the °Li and Eu density*:
in the Lil:Eu scintillator. Nevertheless, the flexibility to re-s
place the scintillator in this detector and the ability to correctss
the detection efficiency distribution using a correction map, ass
detailed in Ref.”>, provide potential solutions. aas
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FIG. 7. Uniformity measurements conducted with LiF:ZnS(Ag)
scintillators. (a) displays the measured image, while (b) shows the
integrated counts along the x and y directions. The measured counts
have been normalized to the highest count.

D. y-sensitivity

The 7y-sensitivities for both scintillators were investigated
using a calibrated '*’Cs y-source with an activity of 9.2 uCi.
Comparisons between neutron and Y spectra obtained with
LiF:ZnS(Ag) and Lil:Eu were based on the number of pho-
ton hits per cluster, showcased in Figure 9(a) and (b). Inten-
sities are normalized against the level with one photon hit per
cluster, while the dashed lines in the graphs indicate the min-
imum number of photon hits per cluster as shown in Table
II for each scintillator. These visual representations highlight
the potential utility of the number of photon hits per cluster
for y-event discrimination. Additionally, these findings un-
derscore the suitability of the minimum number of photon hits
per cluster, established in the analysis, as effective thresholds
for discriminating y-rays.

Using the minimum number of photon hits per cluster out-
lined in Table II, the 7y-sensitivities for each scintillator were
measured. y-sensitivity is determined by calculating the ra-
tio of detected events to the number of y-rays emitted by the
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FIG. 8. Uniformity measurements conducted with Lil:Eu scintilla-
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source within the solid angle covered by the detector. Ideally,zes
this value should be low to ensure that y-events are not mistak-4s+
enly identified as neutron events. The measured y-sensitivities4ss
with the LiF:ZnS(Ag) and Lil:Eu scintillators are approxi-4es
mately 10~7 and 107, respectively. The higher y-sensitivityss7
of the Lil:Eu scintillator can be attributed to two factors: 1)4ss
the use of a smaller minimum number of hits per cluster tose
determine neutron events, as shown in Table II and Figure 9+
(b), and 2) the higher electron density of Lil:Eu, which allowss
Y-rays to deposit more energy into the scintillator. Reducings
Y-sensitivity is possible by increasing the minimum number ofazs
hits per cluster in the ABS calculation, particularly for Lil:Eusr.
as depicted in Figure 9 (b), although it decreases neutron ef-ass
ficiency as illustrated in Figure 3. However, this flexibilityass
enables us to optimally operate this detector based on the -4
background levels in experiments. 478

120

1
b [} LafFzfnsd Az
W l. Meutron #
g A 137
" T b
P H:I-I 57 T
£ W
,_E W
E
Z I tﬁ.
o R o (T
.-.l'-l EL 100 150 200 250
1y
:% (b Lil:Eu
el I.'|'- Mewiron  #
g [ e g
Py Lsr &
g
E MW
B 3
E N
£ w' -
i f
N T
LY Tl 1 4 .
&l i

0 20 40 i)
Mumber of photon hits per ¢lusfer [hits]

FIG. 9. Neutron and '37Cs v spectra as a function of the number of
photon hits per cluster were acquired with (a) LiF:ZnS(Ag) and (b)
Lil:Eu. The dashed lines in both figures (a) and (b) indicate 30 and
20 hits per cluster, respectively, as determined by neutron detection
efficiency measurements in Section III and summarized in Table II.
These spectra are normalized using the intensities corresponding to
one photon hit per cluster.

V. SEMSANS AND MIEZE EXPERIMENTS

A SEMSANS experiment was conducted at the polarized
neutron development beamline HB-2D in HFIR.>® Combin-
ing a graphite monochromator with an angle of 78.6° and
100 mm thick Be filter at room temperature, a neutron beam
with a wavelength of 4.25 A is delivered to the beamline. For
SEMSANS experiments requiring high spatial resolution, the
LiF:ZnS(Ag) scintillator was employed. MWPs and a guide
field, were utilized to generate SEMSANS signals by varying
the applied current for the MWP while maintaining the SEM-
SANS focusing condition.>!3

An example of the measured SEMSANS signals is pre-
sented in Figure 10(a). The 10x10 mm? area at the cen-
ter of the FoV is shown. To mitigate the inhomogeneity of
the beam intensity profile, polarization measurements were
conducted.’’ The measured polarization, averaged along the
y-direction, is presented in Figure 10(b), where a sinusoidal fit
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yielded a period of 0.83 mm with a visibility of 0.60 = 0.01.s0s
The visibility is given by |A/B| when the fitting function issor
Asin(¢)+ B where ¢ is the phase. Ideally, the visibility shouldses
be one. The reasons why the visibility decreases to 0.6 are notso
only due to the limited spatial resolution of the detector butsio
also due to the inhomogeneity of the magnetic field integrals:
from the MWPs and instrumental polarization. This experi-si2
mental outcome demonstrates the detector’s capability to re-sis
solve sub-millimeter SEMSANS periods, meeting the require-si
ments for a future SEMSANS detector for the CENTAUR in-sis
strument at STS.!! 516
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FIG. 10. Measured SEMSANS signal utilizing the LiF:ZnS(Ag)s5+
scintillator. (a) Two-dimentional plolarization map. (b) Averagedss
SEMSANS signals along the y-direction. The visibility and period,ss
determined through sinusoidal fittings, are presented. 543

544

MIEZE experiments were performed at the cold neutron®*
polarization development beamlinethe CG-4B in HFIR. A%
monochromatic neutron beam with a wavelength of 5.5 A,W
which is achieved by reflecting the neutrons from a hot-5%
pressed silicon monochromator, was used. The Lil:Eu scin-54
tillator was employed to achieve high temporal resolution.>®
Two superconducting radio frequency (RF) spin flippers were®
employed to generate MIEZE signals.’®° The time-to-digital
converter (TDC) signal was supplied by a function generator,
which was synchronized to the same atomic clock together®
with the function generators for the RF flippers. The ToF of
a neutron relative to the TDC signal was calculated using thess.
ToA of the first hit in a cluster. 555

Figure 11 (a), (b), and (c) depict examples of measuredsss
MIEZE signals at frequencies of 100, 194, and 292 kHz, re-sss
spectively, using neutrons detected across the entire detectionsss

area. Sinusoidal fitting reveals visibilities and frequencies of
0.87£0.01, 0.64 +0.01, and 0.47 £0.01 for MIEZE signals
at 100, 194, and 292 kHz, respectively. As the modulation fre-
quency increases, the visibility diminishes. This is attributed
to the period of the signal approaching the time resolution of
the detector as well as the inhomogeneity of the magnetic field
integral of the instrument dephasing the neutron spin phase
of the beam. The thickness of the scintillator should not be
the main reason for the visibility drop because one period of
the MIEZE signal is approximately 2.5 mm for 5.5 A neutron
with the 292 kHz MIEZE frequency, which is approximately
10 times longer than the scintillator thickness. The results af-
firm that the scintillator-based TPX3 detector with the Lil:Eu
scintillator is well-suited for MIEZE experiments, taking into
account the measured visibility, high spatial resolution, and
low 7-sensitivity detailed in Sections IV A and IV D. These
experimental results also show that the temporal resolution of
sub-microsecond is achieved, which is shorter than the decay
time of the Lil:Eu scintillator, as shown in Table I, owing to
the event-mode analysis. To enhance its performance in mea-
suring higher-frequency MIEZE signals with improved visi-
bilities, employing a thinner scintillator with a shorter decay
time is advisable. Also, the flexibility of the setup makes it
feasible to have a large FoV to cover a large scattering angle
when needed.

VI. CONCLUSION

A scintillator-based TPX3 detector was developed for
SEMSANS and MIEZE techniques. The event-mode anal-
ysis method using the open-source software Sophiread was
presented, and the determination of clustering parameters
based on scintillator transmission and detection efficiency was
discussed. Specifically, two scintillators, LiF:ZnS(Ag) and
Lil:Eu, were characterized, and a summary of the measure-
ment results is provided in Table III. SEMSANS experiments
using LiF:ZnS(Ag) yielded a signal with a period of 0.83 mm
and visibility of 0.6 £0.01, demonstrating the suitability of
the developed detector for SEMSANS applications. MIEZE
experiments with Lil:Eu produced a signal with a frequency
of 292 kHz and a visibility of 0.47 £0.01, indicating that the
detector is suitable for MIEZE instruments due to its high de-
tection efficiency, spatial resolution, and low y-sensitivity.

Note that the usages of this detector are not limited to SEM-
SANS and MIEZE techniques. Considering the characteris-
tics summarized in Table III, this detector should perform well
for other techniques such as neutron imaging and reflectome-
try in both continuous and pulsed neutron sources.
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