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Since the objects of interaction change according to the energy 
(wavelength), they show various characteristics.

Fast

Slow

Name Energy Velocity Temperature Wavelength Interaction 
size

Applications

Fast 
neutron

> 500 keV > 107 m/s > 6×109 K <40 fm Atomic 
nuclei

Nuclear physics

Thermal 
neutron

25 meV 2200 m/s 300 K 1.8 Å Atoms

Crystal

Neutron scattering

(Inelastic, diffraction)

Cold 
neutron

2  meV 600 m/s 23 K 6 Å Molecular 
structure 

Neutron scattering

(Small angle, reflectometry)

Very 
cold 

neutron

50 µeV 100 m/s 0.6 K 40Å Large 
molecular 
structure

Neutron scattering

(Small angle scattering,

Interferometer)

Ultra 
cold 

neutron

300 neV 8 m/s 3 mK 50 nm 1 million 
atoms

Fundamental physics

Neutrons with various energies



Difficulty of neutron detection
• The difficulty in neutron detection is due to the fact                          

“a neutron is disappear when it is detected”.

• Very wide energy range, from MeV to neV
– 15 order of magnitude!
– People do not refer to gamma detectors, cameras, and 

antennas as photon detector groups.
– You can not say “let us call a guy who can talk all neutron 

detector”

https://doi.org/10.1140/epjc/s10052-018-5845-6

• Just a detection, is no so difficult, 
but people require other 
information :
– Position
– Timing
– Energy
– Also with good efficiency.



Talk outline
• Principle of neutron detec/on

Introduc/ons of 
• Fast neutron
• thermal/cold neutron detectors at 

J-PARC

• UCN detectors
– DUNia, CASCADE, Li-glass
– CF4 detector at PSI
– 10B detector at MAINZ
– Emulsion detector 
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Detection principle

• Neutrons are detected by  
– Measuring by recoil (only for fast neutrons)
– Ion induced nuclear reac6ons: (n,p), (n,α), (n,gamma), or 

(n,fission)

• The energy is determined by spectroscopy
– Time of flight  (dE/E = 10-2 – 10-4)
– Bragg reflec6on (dλ/λ = 10-3 – 10-4)
– Gravita6onal spectrometer (dE/E = 10-3 – 10-4 for UCNs)
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Fast neutron detection
• Neutron detectable by its kinetic energy is 

classified “Fast” neutrons.

• Easy way to measure is just thermalized, and 
count by thermal detector.
– loses almost information of initial one. 

• Liquid scintillator (C6D6) is well used for fast 
neutron detection.
– Fast timing of ns
– Not good energy resolution
– TOF is only way to get energy
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Neutron detector in 
polyethylene  

2.2. Analysis

Pulse-height and pulse shape discrimination was performed
for all of the events detected by the liquid scintillators. These

events were analyzed both online and off line. All detectors were
gain matched and calibrated to set the calibration position in the
light spectrum using the Compton edge of a 60Co gamma source.
As in the past, the d+d reaction was used to show the detector
response and to set the calibration point for the d+d reaction
(Fig. 4). For the ToF gate analysis at Ed¼16 MeV, the light output
of the detector for selecting monoenergetic neutrons was
measured using the method described by Naqvi et al. [7]. The
ToF spectrum was obtained using the target as the start and the
neutron detector (C6D6) as the stop detector. The flight path
from the target to the neutron detector was 0.914 m. To
select monoenergetic neutrons, a four-channel wide gate
(0.102 ns/channel) on the PSD-gated ToF spectrum was combined
and projected onto a 1D spectrum. Three distinct mono-energetic
neutrons obtained from the PSD-gated timing are shown in
Figs. 5 and 6. This utilizes the broad neutron energy spectrum that
result from the d+27Al reaction on the thick target.

3. Conclusions

We have demonstrated the advantages of both large and small
C6D6 detectors for fast neutron spectroscopy. Although the results
of these experiments clearly indicate that neutron ToF technique
is necessary in a region where a broad spread of neutron energy
exist, it also is important to note that, for strictly monoenergetic
neutrons with EnZ2 MeV, this detector can be used directly to
determine the neutron energy response without ToF. In the
future, we hope to accurately model these detectors and from the
complete understanding of the detector response functions
deduce cross-sections of various nuclear reactions involving
neutrons without use of ToF.
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Thermal neutron detectors
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• 3He + n → t + p + 765 keV   ( 5333 b )

• 14N + n → t + p + 626 keV   ( 1.868 b )

• 6Li + n → t + α + 4738  keV ( 940 b )

• 10B + n → 7Li + α + 2.3 (or 2.8) MeV   (3838 b)

• 157Gd + n → Gd+γ’s +29-182 keV ( 48890 b )

• Gas amplification 

Strong against gamma rays 

• Scintillation + PMT/SSD

Fast

• Semi-conductor detectors

Not for High radiation condition

• Film (imaging plate, emulsion)

No time information

Need special read-out

How to measure neutrons:
1. Convert neutrons to charged particles.

2. Detect the charged particles.
Detection

• Multi channel

• Resistive divider

Neutron conversion

Read-out



3He propor$onal counter
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Anode wire

n

t

3He PSD tube

＋ＨＶ

Track length
~100 um

Electrons 

p
Wall

3He + n → t (191 keV) + p (572 keV)  :    5333+/-7 b 

• 10 atm of 3He with 2% of CO2 in stainless steel (0.5 mm)

• Diameter of one or half inch

• Length of 50 - 100 cm

Wall effect makes low energy,
but have cutoff at 191 keV.

Energy spectrum 

Resistive division

Resolu^on of the resis^ve division is ~5 mm



J-PARC BL20 (iMATERIA)

PSD amplifier unit

VME power rack

SCSI-VME module 
PSD2K module

USB/SCSI
Macintosh or windows95

high voltage ~ +2000V

Kicker pulse

Data 
Acqusition 
Software 
(Lab View)

flat cables

60cm

10cm

other computers

control computer

3He tube in MLF
A unit of 8-half inch 3He tubes Circuits



Pixelated neutron imaging detector (µNID)

•Neutron detection via 3He

•3-dimensional tracking of decay 
pattern with energy via time-over-
threshold (TOT)

•100 µm spatial resolution

•~0.6 µs time resolution

•gamma sensitivity <10-12

•Mcps rate capability

~5
0 

cm

Drift 
cage

µPIC

Aluminum 
vessel

9 
cm

32.8 cm

400 µm

10 x 10 cm² area
2D strip readout

JD Parker, CROSS-Tokai, BL22 Group

TOT for proton-triton track

Proton Trito
n

Neutron

Digital encoder with time-over-threshold (TOT)

Threshold
µPIC

Discriminator

Time-above-threshold
(∝ energy dep.) Neutron position reconstruction via template 

fit to TOT distribution

J.D. Parker et. al, 
NIMA 726 (2013)

~3.5 cm

~100 µm (σ)

With TOT
fitting

137Cs
No source

‘Energy’ 
cut

Neutrons

γ’s

Gamma  rejection

J.D. Parker et. al, 
NIMA 697 (2013)

εγ< 10-12(95%CL)

Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 9. (a) Photograph of the beam fil-
ter insertion device, (b) neutron energy-
dependent transmission rates of the fil-
ters measured by the LiTA12 detector
system, and (c) neutron transmission
rates at 1 eV as a function of filter thick-
ness for Pb, Bi, and acrylic resin fil-
ters. Lines are the results of fitting by an
exponential function.

FIG. 10. Counting-type detectors at RADEN. Shown here
are photographs of the micropattern detectors �NID (a) and
nGEM (b), and the Li-glass scintillator pixel detector LiTA12
(c) currently in use at RADEN for energy-resolved neu-
tron imaging. Example images of a Gd test target taken at
RADEN are shown in (d)–(f) for the corresponding detector
on the left.

Rev. Sci. Instrum. 91, 043302 (2020); doi: 10.1063/1.5136034 91, 043302-9

© Author(s) 2020



Neutron Gas electron multiplier (GEM) detector

• No need for expensive 3He gas 
• No pressurized chamber 

• Good 2D spacial resolution 1 mm (FWHM)
• Fast (15 ns)
• Insensitive for gamma-rays.
• Available for 180 kcps.
• Efficiency is limited. 

Normal GEM

10B GEM 

Read-out

10B cathode
Ar-CO2

128-128 XY stlips (0.8mm-pitch)

T. Shinohara et al., Rev. Sci. Instrum. 91, 043302 (2020); https://doi.org/10.1063/1.5136034 

10Boron coated on a GEM
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Scintillation-based neutron detector
Reactions for scintillation :

• 6Li +  n →  t + α + 4738  keV ( 940 b )

• 10B + n → 7Li + α + 2.3 (or 2.8) MeV   (3840 b)

• 157Gd + n → Gd+γ’s +29-182 keV ( 48890 b )

Scinti. host λem (nm) Light yield (photon) T (ns) Density

neutron MeV γ
6Li-glass(Ce) 395 6000 4000 75 2.5

6LiF/ZnS(Ag) 450 160000 75000 ～1000 2.6

6LiI(Eu) 470 50000 12000 1400 4.1
6Li6Gd(BO3)3 385,415 50000 14000 200/800 3.5

Gd2O2S 510 3000 40000 ～1000 7.3

Scintillators for neutrons

Photon detectors :

• PMT    Larger detection area, multi-anode, available 

• MPPC  Low cost, Easy Pixelization, weak for radiation

• CCD     High resolution, slow, weak for radiation 



RPMT detector

Scintillator:  ZnS/6LiF 6Li-glasss
Effective area 35×35mm2(φ3 PMT)

       60×60mm2(φ5 PMT)
spatial resolution（FWHM）0.5～0.8mm
efficiency        20-30%  ＠cold neutron
counting rate 20kcps@10% dead time

compact DAQ system    USB2.0 transfer
 → 100BASE network  (NEUNETsystem at J-PARC) 

Easy to use  and  good performance

SANS(F-, mf-, vcn-), Spin Echo, 
Reflectometer, Pulse Imaging, ・・・

Hirota et.al., Phys. Chem. Chem. Phys. , 2005, 7, 1836

TOF : available

Scintillator + Resistive division 2D-PMT
• Detection area of φ100 mm
• Spacial resolution < 1 mm (FWHM) 
• Easy to handle

When compared with existing 2D detectors, this neutron
detector has two distinctive advantages: good spatial resolu-
tion and low background by gamma ray. In order to quantita-
tively investigate these advantages, this neutron detector has
been used in various applications. Fig. 7 shows a typical result
for small-angle neutron scattering at C3-1-2-1 (NOP beam
port) in JRR-3. The cold neutron beam (0.95 nm wavelength)
was focused by a superconducting sextupole magnet.11 The
sample material was a kind of fluoropolymer, F(CF2)12-
(CH2)20H. We obtained a q range of two orders of magnitude
and four orders of intensity in a 1-h exposure time. The dashed
line in Fig. 7 shows the results of the background measure-
ment. There is no count rate in q o 0.01 region because of the
small solid angle of the detector. Good S/N ratio of five orders
of magnitude can be seen. The source of this background is
mainly room neutron background.

Conclusion

We are developing new neutron detectors for neutron spin echo
and small angle scattering. This detector consists of a PSPMT
and a fast and compact DAQ system. The effective area of
neutron detection is about 60 cm2. The Mieze type spin echo
method can be applied for scintillator thickness of 0.25 mm.
We obtained good spatial resolution of less than 1 mm2, and
low gamma-detection efficiency of about 10!9, which suits
small angle neutron scattering. The detection efficiency for
0.95 nm wavelength cold neutron is about 30%. Although
the raw 2D-data has strong distortion, the corrected image
indicates good performance by the SANS measurement.
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High counting rate  Li Pixel Detector   

Scintillator:  6Li-glasss    (GS20)
     16 ×16 pixels  (2.1×2.1 × 1 mmt /pixel)
Effective area 50×50 mm2

spatial resolution  3 mm
efficiency        40%  ＠thermal neutron
counting rate 2-3 Mcps/ detector

LiTA detector

T. Shinohara et al., Rev. Sci. Instrum. 91, 043302 (2020); https://doi.org/10.1063/1.5136034 
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FIG. 9. (a) Photograph of the beam fil-
ter insertion device, (b) neutron energy-
dependent transmission rates of the fil-
ters measured by the LiTA12 detector
system, and (c) neutron transmission
rates at 1 eV as a function of filter thick-
ness for Pb, Bi, and acrylic resin fil-
ters. Lines are the results of fitting by an
exponential function.

FIG. 10. Counting-type detectors at RADEN. Shown here
are photographs of the micropattern detectors �NID (a) and
nGEM (b), and the Li-glass scintillator pixel detector LiTA12
(c) currently in use at RADEN for energy-resolved neu-
tron imaging. Example images of a Gd test target taken at
RADEN are shown in (d)–(f) for the corresponding detector
on the left.

Rev. Sci. Instrum. 91, 043302 (2020); doi: 10.1063/1.5136034 91, 043302-9

© Author(s) 2020

Pixelated scintillators + Grid-PMT
• Fast
• Higher efficiency
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Scintillator detector development

Scintillator / Wavelength shifting fiber detector

• Stable operation with photon counting method
• Simple structure
• High flexibility in detector design

Scintillator   
(frontside) 

Scintillator (backside) 

WLS fiber array

6Li:ZnS screens

B 4
C 

bl
oc

k

Slide from Tatsuya Nakamura (JAEA)
T. Nakamura et al., NIMA 784 (2015) 202–207 
https://doi.org/10.1016/j.nima.2014.12.035

Resolution 2-3 mm (FWHM)

25 cm

https://doi.org/10.1016/j.nima.2014.12.035


iBIX

4 mm resolution
2d detector

Senju

3 mm resolution
Linear (ISIS type)

0.5 mm resolution
2d detector

Takumi
2008- 2011- 2008-

34 detectors (in operation) 41 detectors (in operation) 12 detectors (in operation)

Scintillation detectors installed at the MLF 

Technology transferred from ISIS(UK)

Slide from Tatsuya Nakamura (JAEA)



How accurate can we know the 
neutron detector efficiency?

17
Evan R. Adamek et al., EPJ Web of Conferences 219, 10004 (2019) https://doi.org/10.1051/epjconf/201921910004

• The neutron detection 
efficiency can not be 100%.

• The coincidence method at 
NIST Alpha-Gamma 
– Using coincidence method 

of two Ge detector gives 
super accuracy. 

– The accuracy of the 
efficiency was 4.8x10-4.

EPJ Web of Conferences 219, 10004 (2019) https://doi.org/10.1051/epjconf/201921910004
PPNS 2018

Figure 1. Layout of the Alpha-Gamma target mount showing
the detectors. The neutron beam is incident from the right of the
image.

flight tube to the apparatus to induce the capture reaction.
By investigating the detection rates of alphas and gammas
(rα and rγ , respectively) emitted from a thin target, it is
possible to derive an expression for the gamma efficiency
incorporating both the solid angle and the photopeak
efficiency

εγ =
1

bαγ

rγ ,thin

rα,thin
$AG . (3)

By calibrating the gamma detectors in this fashion, the thin
target can be swapped for the thick target and the absolute
neutron rate can be obtained

Rn =
rγ ,thick

εγ bαγ

= rγ ,thick
rα,thin

rγ ,thin

1
$AG

. (4)

Note that the branching ratio cancels in this expression,
and so it is not an input to the measurement. For a beam
measurement, a thick measurement run is bookended by
two thin measurement runs, with each run lasting about
one day. For each detector, a lower and upper energy
threshold is set to define a region of interest for the
desired particle. As seen in Fig. 2, the windows on the
HPGe detectors are set to capture the 478 keV gamma
peak while the α detector window is defined by its lower
threshold below the pair of alpha peaks from the two
capture processes (see Fig. 3). The rα/rγ ratio for each of
the thin runs is computed from the detector count rates and
interpolated to produce the effective ratio at the time of the
thick measurement; this eliminates any linear drift in the
gamma detector response. The thick target run represents
the direct measurement of the beam given the calibration
provided by the thin measurement.

In computing Eq. (3) and (4), it is necessary to know
the solid angle of the α detector. This is determined
through measurement of a well-calibrated alpha source,
namely a 239Pu deposit on silicon. In a separate
experiment, this source is placed in a low solid angle

Figure 2. Spectra from the Alpha-Gamma HPGe detectors during
thin target (top) and thick target (bottom) measurement runs. The
boxed region of each spectrum is maginfied, with the lower and
upper SCA thresholds indicated.

precision counting stack and the α rates are measured with
an apertured surface barrier detector. The background-
subtracted counts within the region of interest give the
emission rate of the source multiplied by the known
counting stack solid angle. With the rate thus determined,
the Pu source is installed into the apparatus and the ratio
of the measured alpha rate, rPu,AG , to the known emission
rate, RPu,emitted , determines the solid angle.

2.2. Calibrating the BL2 flux monitor

The absolute neutron counting that Alpha-Gamma
provides is used to calibrate a flux monitor on the same
beam to sub-0.1% precision. The typical form of the flux
monitor is shown in Fig. 4. Four surface barrier charged
particle detectors are placed symmetrically about a target
consisting of 6LiF deposited on a silicon substrate that is
positioned normal to the beam. The geometry is defined by
a precisely measured rigid structure which provides fixed
apertures in front of each detector location. The capture
reaction of neutrons on lithium is

n +6 Li → α(2070 keV) +3 H(2720 keV). (5)

The alpha and triton signals are easily identified in the
spectrum. The signal rate, rF M , is determined by summing
the counts above the preset thresholds (shown in Fig. 3)
for each detector, and intercomparison of these count
rates provides verification of symmetric positioning. By
calibrating the flux monitor on the same monochromatic
beamline as Alpha-Gamma, knowledge of three factors in

2

https://doi.org/10.1051/epjconf/201921910004


Ultra cold neutron (UCN)
• UCNs are reflected on the surface of 

materials.
• Thus, we need accelerate UCNs 

– Al window has VF = 50 neV 
– Usually, falling 100 neV (1 m) 

• For spectroscopy
– UCN cranks
– TOF with chopper
– Gravity spectrometer

UCN:
Energy ～ 200 neV
Velocity ～ 5 m/s
Wavelength ～ 50 nm

G. Bison et al., Eur. Phys. J. A (2022) 58:103 
https://doi.org/10.1140/epja/s10050-022-00747-1

Eur. Phys. J. A (2022) 58 :103 Page 7 of 16 103

Fig. 5 Setup with the standard
storage bottle elevated by
1200 mm above beamport
West-1

Fig. 6 The setup for the
storage measurement was
attached to beamport West-1
replacing the short guide and
detector in Fig. 1 after shutter 2.
There, a crank-shaped guide and
the standard storage bottle
including shutter 3, shutter 4
and the detector were mounted

UCN

Beamport
Safety 
window

Height

Shutter-4Shutter-3

Standard
storage bottle

Detector

ID=100 mm
L=1000 mm
NiMo on 
acrylic glass

Shutter-1 Shutter-2

stainless steel
ID=200 mm
L=1000 mm

Ping-Pong 
storage bottle
ID=180 mm
L=1000 mm
NiMo on glass

their energy accordingly and hence increase transmission
through the aluminum entrance window of the detector.

2.2.3 Measurements

The measurements were performed over a period of several
days and thus the UCN source performance changed dur-
ing this time, e.g., due to changing proton current or sD2
surface degradation [21]. In order to compensate for these
changes, the measurements were scaled such that the counts
measured simultaneously at beamport West-2 would match
the value of 2 × 106 UCNs/pulse, an average value mea-
sured at beamport West-2 during this period. In addition, in
Ref. [21] it was found and explained that the ratio of count
rates between beamports West-1 and West-2 is constant for a
certain integrated beam current on target after conditioning
and then decreases linearly over time as visible in Fig. 8 of
Ref. [21]. This behavior was parametrized and used as correc-
tion for the West-2 normalization, however with an assumed
large absolute error of up to 0.05 on the correction factor. In

most of the cases, measurements were repeated three times
at a specific height. Proton beam pulses of 5.4 s length every
300 s, the longest ones allowed at the time of these measure-
ments, were used with a proton beam current of 2.2 mA.
A 1 m guide connecting beamport shutter 1 and shutter 2,
namely the storage bottle from the ping-pong measurement
described in Sect. 2.1, were part of the beamline at the time of
the measurements. Shutter 1 stayed always open during the
storage measurement. Shutter 2 closed in a storage measure-
ment at the same time as shutter 3 at the start of the storage
period in order to minimize the number of UCNs leaking
into the storage bottle. In order to determine the number of
leaked UCNs, we performed leakage measurements during
which shutter 3 stayed permanently closed, while the other
shutters were operated like in a storage measurement.

2.2.4 Results and discussion

The height dependence of the UCN density measured after
storage times of 2 s, 20 s, 50 s is plotted in Fig. 7. The corre-
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The measured scattering length is an average over the 
atoms of the mirror and is independent of the crystalline 
state and of the diffuse scattering. The Debye-Waller fac- 
tor is unity. Since the critical angles are small and the 
wavelength distribution in the beam can never be known 
exactly, the accuracy ( Ah/b) is restricted to the order of 
f 1 Om2 for absolute determinations and f 1 Oe3 for relative 
determinations.4* All kinds of plane mirrors and interfaces 
are suitable for the reflection measurements. This method 
recently has gained interest for surface studies as we11.42,43 

3.3. Gravity Refractometer 

In the gravity refractometer (Fig. 2) by Maier-Leib- 
nitzU and Koester,45 slow neutrons fall by gravity. Hereby 
they gain an energy m,gfh, which is of the same magnitude 
as the mean potential energy P = 2?rh 2Nbc/ m, of neutrons 
in matter. gf denotes the effective gravitational accelera- 
tion acting on the free neutron, and h is the height of fall. 
A falling neutron beam (or neutron wave) is reflected from 
a horizontal mirror if m,gfh is smaller than v; otherwise 
the neutrons can penetrate the mirror. The critical height 
for total reflection is reached at h, according to 

m,gfh, = 2?rh2Nbcf m,. (3.3) 

The mean scattering length density Nb, of the mirror sub- 
stance is directly proportional to the critical fall height, 
which is the only quantity to be measured. All other 
quantities are well-established fundamental constants. 
Thus, a very high accuracy for the scattering density be- 
comes possible. In practice, accuracies of Ah/b = k( l-3) 
X 10e4 for the scattering length have been achieved.46 
This high accuracy can be obtained only for liquid mirrors 
with a high content of the element under investigation. 

a--- 3480 y225Oq b-4 

b n 

Figure 3. Experimental setup for Christiansen-filter measurements. (a) 
Beam collimation: a, b, slits (0.4 mm); c, stopper, I, filter; and 2, 
neutron counter. (b) Cross-cut of the Christiansen filter: 1, powder; 
2, liquid; 3, glass; 4, spacer; 5, liquid slit, d = 1 or 0.5 mm (after 
Koester et al.‘9). 

3.4. Christiansen-Filter Technique 

Small-angle scattering of neutrons by mixtures of 
powders with liquids can be used as an indicator for a 
balance method, where this kind of scattering does not 
arise when the scattering densities Nb, of powder and liq- 
uid are equal. In this technique a well-collimated beam 
of cold neutrons passes through the filter. This technique 
is based on the analogue to light optic phenomena de- 
scribed by Christiansen in 1 884.47 

The unscattered part is completely stopped by an 
absorber placed in front of the neutron counter, so that 
only the scattered part is detected. In this arrangement 
(Fig. 3) the point of balance 

Nb,( liquid) = Nb,( powder) (3.4) 

can be experimentally found by changing the scattering 
density of the liquid and by measuring the disappearance 
of the scattering (see Koester and Knopp8). 

Liquids of various scattering densities over a wide 
Nb, range are available by mixing different parts of two 
compounds of very different Nb, values (for example, 

‘0 
z .E 
P 

Fii 2. Principle of the neutron-gravity refractometer (after Koe&@*46). 

H20/D20) whose Nb, values can be determined very ex- 
actly in the gravity refractometer. The Christiansen-filter 
technique is also applicable to thin wires in liquids or to 
powders in gases under various pressures. The method is 
useful and reliable for determinations of scattering lengths 
with medium accuracies to within Ah/b = f 1 X low3 to 
+l X 10m2. It is particularly applicable to small amounts 

70 Atomic Data and Nuclear Data Tables, Vol. 49, No. 1, September 1991 L. Koester et al.,. At. Data Nucl. Data Tables 49 (1991) 65-120, 
https://doi.org/10.1140/epja/i2017-12195-7
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Detector Housing
CASCADE-U 100

Gas In/Out

Prop to hold the 
detector

Teflon ring 

Adapter to Wilson-flange

Top-flange

Sidewall-flange

Bottom-flange

A massive detector housing integrates the UCN detector
front-end. It will accommodate the readout electronics on
the backside as well. The housing consists of bottom-,
sidewall- and top-flange, which are sealed with O-rings. The
top-flange together with a special Wilson-flange are
designed to accommodate the detector to the UCN beam
pipe. A special ring made of Teflon insulates detector
electrically from the beam pipe to reduce electromagnetic
noise introduced by surrounding instrumentation like turbo-
pumps and HF-generators.

The top- and the Wilson-flange are designed to hold a thin
entrance window and to seal the detector against the
vacuum of the UCN beam pipe. The entrance window can
be removed easily.
The detector housing is designed to be operated with
variable counting gas pressures between 0.1 bar and 1
bar absolute pressure, if the detector is connected to the
evacuated UCN beam pipe.

Bottom-flange
with shielding of the readout electronics

Top-flange with 
Teflon insulating ring and 

special Wilson-flange designed 
to fit the UCN beam pipe 

CASCADE-U 2D-100 
detector system

Shielding of the readout 
electronics

Analogue Out: Lemo 
connector

HV In: SHV connector

Digital Out: SCSI3 connector
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CASCADE-U

CASCADE-U detector types
Part Name Technical Data
1D-100 1D readout structure with size 100mm x 100mm 

structured in 64 strips with 1.56 mm pitch.
2D-100 2D readout structure with size 100mm x 100mm 

structured in 8x8 pixel with size of 12.5mm x 
12.5mm.

1D-200 1D readout structure with size 200mm x 200mm 
structured in 128 strips with 1.56 mm pitch.

2D-200 2D readout structure with size 200mm x 200mm 
structured in 16x16 pixel with size of 12.5mm x 
12.5mm.

The CASCADE-U neutron detector concept

The CASCADE neutron detector concept was adapted for
the application as a UCN-detector (CASCADE-U). It is a
GEM-based hybrid, solid converter gas detector for
efficient and position sensitive detection of very- and ultra-
cold neutrons. The detector concept is based on using a
solid 10B neutron converter layer in a common gas detector
system, which guarantees sub-microsecond absolute time
resolution and insensitivity to Gamma-rays. UCN-detection
efficiency (meaning the probability that an incoming UCN
will traverse the window and be detected) can thus be
found more than 90%. GEM-technology (invented by
CERN) provides inherently a rate capacity on the order of
107 n/cm2s.

The detector has the conceptual advantage of insensitivity to magnetic
fields, minimal sensitivity to thermal neutron- as well as gamma-background
(always present at UCN-sources) and finally high robustness. The detector
works with ordinary counting gases under normal pressure. This in turn
allows to minimize detector window thickness. Cleaning by constant
throughput of fresh counting gas avoids ageing effects, which guarantees
long term stability and long lifetime of the detector.
Highly integrated ASIC-technology is used to realize hundreds of individual
detection channels at non-proportional cost. The actual CASCADE-U detector
design uses an ASIC electronic front-end paired with an adaptable integrated
FPGA data processing unit to provide high rate capacity.

Measurement done with 
CASCADE-U 2D-200

• Very high efficiency of more than 90% for ultra-cold neutrons (4 m/s) and very cold neutrons through entrance window 
coated with 10B on inner side. 

• Position resolution due to 1- or 2-dimensioal readout structure (customized solutions available). 

• High count rate capacity of 10 MHz/cm2 (10% dead time) due to the micro-structured GEM-foils. In combination with the 
ASIC/FPGA readout electronics count rate capability of up to 40 MHz.

• Polarization analysis through entrance window iron coated on outer side (tested successfully).

• No γγγγ-background: Low Z converter material 10B, the high energy of the α can easily be detected and small drift gaps amplify 
the enormous difference in ionization density, a fast electron from gamma interaction creates in the counting gas as 
opposed to an alpha particle from neutron conversion.

• Long term stability due to continuous purge of cheap counting gas through detector.

Pulse Height 
Spectrum

Detection Efficiency

“Startup of the high-intensity ultracold neutron source at the Paul 
Scherrer Institute”, B. Lauss et. al., DOI 10.1007/s10751-012-0578-7

4. Sectional drawing (scale incorrect): 

 Strelkov A.V. 2 

DUNia-10:  A simple proportional counter 
sealed with
3He — 10±0.5 Torr
CH4 — 8±0.5 Torr
Ar — up to 1.1 atm.

100 um thin 
Al window 
with funnels

CASCADE :All-in-one 2D-detector 
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Table 1. Properties of the glass scintillators.

Scintillator GS20 GS30
6Li enriched 6Li depleted

Total Li content (%) 6.6 6.6
6Li fraction (%) 95 0.01

6Li density (cm−3) [17] 1.716 × 1022 1.806 × 1018

2 Overview of detector technology

2.1 6Li scintillating glass detector

The scintillating glass is doped with 6Li, which has a high
neutron capture cross-section of order 105 bn at UCN en-
ergies. The charged particles in the reaction:

6Li + n → α(2.05MeV) + t(2.73MeV) (1)

are detected.
In order to reduce the effect of an α or triton escaping

the glass, two optically-bonded pieces of scintillating glass
are used. This type of scintillating stack detector was pi-
oneered by the group at LPC Caen [18–21]. The upper
layer is 60µm thick depleted 6Li glass (GS30), and the
lower layer is 120µm thick doped 6Li glass (GS20), which
allows the resultant particles to deposit their full energy
within the scintillating glass2. The 6Li content and density
of these scintillators is summarized in table 1.

Optical contacting of the two layers was performed
by Thales-Seso in France, and a method of checking the
doped side of the glass was developed at the University
of Winnipeg [22]. The scintillation light is then guided
via an ultra-violet transmitting acrylic light-guide to its
corresponding photomultiplier tube outside the detector
vacuum region. Each of the nine tiles of scintillating glass
light is detected by a Hamamatsu R7600U Photomulti-
plier Tube (PMT). The scintillation following neutron cap-
ture gives a fast event signal with rise time of 6 ns and a
fall time of about 55 ns [23–25]. There is also a slower
decaying light component up to 2µs.

The detector design is similar to the detector devel-
oped for the nEDM experiment at PSI, and also em-
ployed at PSI for UCN monitoring [21, 26]. These detec-
tors have some sensitivity to gamma-ray and thermal neu-
tron backgrounds. Background contamination largely due
to gamma-ray interactions in the light-guides is discussed
further in the paper in sects. 4.1 and 5.3.

Making the scintillating Li glass as thin as possible
reduces this sensitivity to both thermal neutron captures
and to γ-ray scintillation backgrounds. The mean range
of the α is 5.3µm and the mean range of the triton is
34.7µm, meaning that a glass thinner than about 50µm
could also result in an efficiency loss as the charged parti-
cles produced in the neutron capture escape the glass be-
fore stopping. In addition, the gamma-ray interactions in

2 GS20 and GS30 were purchased from Applied Scintillation
Technologies, now Scintacor, 8 Roydonbury Industrial Estate,
Horsecroft Road, Harlow, CM19 5BZ, UK.

Fig. 1. (Color online) Three-dimensional drawing of the UCN
detector and enclosure (top), and a photo of the detector (bot-
tom). The detector enclosure is made of Al, and the rim of the
adapter flange which UCN can hit is coated with 1 µm Ni by
thermal evaporation.

the light-guides can be rejected by Pulse-Shape Discrimi-
nation (PSD) since these signals do not have a slow decay-
ing component and are therefore shorter (FWHM approx.
20 ns) than the scintillation signal from the lithium glass.

In order to handle UCN rates up to ∼ 1MHz, the 6Li
detector face is segmented into 9 tiles. This reduces pile-
up. A photograph and a drawing of the detector are shown
in fig. 1. Details about the detector readout are presented
in sect. 2.2.

The detector enclosure was machined from Al, and
an adapter flange which has a rim which UCN can hit
was coated with 1µm of natural abundance Ni. The 6Li
glass tile side lengths are 29mm, and the opening on the
adapter flange is 81mm.
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any losses. Above this rates, a fraction of the data was
not written to the disc. The charge associated with the
neutron full-energy peak was unchanged up to a rate of
2 × 105 counts/s. Above this value, a slight shift towards
larger charges was observed (15% from 1.9×104 to 5.6×105

counts/s). This effect is attributed to a delayed emission
of photons with a typical decay time of the order of µs.
At high counting rates, the pile-up of such tail shifts mea-
sured charges towards larger values. The origin of such a
delayed emission is not fully understood. However, even
at the largest rate, 106 count/s, neutron detection could
still be achieved. When repeating measurements at low
counting rates, no change in the charge distribution was
observed as already noticed in ref. [15] where no aging ef-
fect is observed with an absorbed number of neutrons of
1013 cm−3.

4.1 Summary

Single GS10 and GS20 scintillators are well suited for
UCN detection [15] while GS3 and GS30 glasses are nearly
transparent to UCN. Their thickness has to be as low as
possible in order to minimize the contributions from the
gamma and thermal neutrons but large enough to fully
stop UCN. The high 6Li enrichment of GS20 (95% of 6Li)
allows the use of scintillators thinner than the GS10 ones
which contain natural Li (7.5% of 6Li). For GS20, full
UCN detection can be achieved with thicknesses lower
than 100µm (although mechanical fragility may become
an issue). The critical velocity and the amount of edge
events are larger for GS20 than for GS10. The latter fea-
ture is a serious drawback when the discrimination be-
tween the edge events and the gamma contributions is
blurred by the use of light guides. For GS10 scintillators,
a thickness between 150µm and 200µm is large enough
to fully stop UCN. Their critical velocity as well as their
amount of edge events are smaller favoring their choice
for UCN detection with a single scintillator. The GS10
detection efficiency is similar to the gas detector efficiency
as long as its thickness is large enough to fully stop the
fastest UCN. Coupled to a R11187 Hamamatsu PMT, the
scintillators are able to handle counting rates up to 106

counts/s although a specific treatment of pile-up events is
necessary.

5 UCN detection with a stack of scintillators

5.1 Principle and charge distribution

The neutron-gamma discrimination and the pile-up treat-
ment can be further improved by suppressing the edge
events. This was demonstrated with a stack of two scin-
tillators consisting of a 6Li-depleted scintillator located in
front of a 6Li enriched scintillator. A sketch of such an
arrangement is shown in fig. 6. According to table 1, the
6Li-depleted glass is nearly transparent to UCN whereas
the enriched one stops all UCN. When an edge event takes
place close to the entrance window of the 6Li-enriched

Fig. 6. Sketch of the scintillator stack with an edge event
occurring close to the entrance window of the 6Li enriched
scintillator.

scintillator, the escaping particle is travelling into the
6Li-depleted scintillator where it is stopped. As a result,
the full energy of the neutron capture is recovered and
two well-separated contributions can be distinguished: the
gamma interactions, Čerenkov events, electronic noise at
low charge, and the full-energy peak at large charge. Ide-
ally, the thickness of the first scintillator has to be slightly
larger than the triton range (37µm), and the thickness
of the second stage must be at least equal to five times
the UCN mean free path in the 6Li-enriched scintillator.
Both thicknesses have to be as small as possible in order
to reduce the gamma interaction probability as well as
the amount of deposited energy from the gamma interac-
tions [16].

The test of a stack prototype was already reported in
ref. [16]. The edge events contribution was strongly re-
duced. However, due to a light-collection defect at the
interface between the two glasses, a double peak struc-
ture was then observed instead of the expected single full-
energy peak. Since optical grease or glue cannot be applied
at the glass-to-glass interface without lowering the detec-
tion efficiency, the method of optical contact bonding was
used. With this technique no substance is required: attrac-
tive forces (Van der Waals and/or covalent forces) strongly
bond the touching faces and therefore ensure the optical
contact. This holds when the contact surfaces are very
clean and extremely flat, requiring a dedicated polishing
procedure leading to a final mean roughness of the or-
der of nm. The Société Européenne de Systèmes Optiques
(SESO) carried out this bonding method between GS30
and GS20 plates. The bonding was performed with 2mm
thick scintillators in order to be able to apply the neces-
sary pressure to their external faces. Then the scintillator
thicknesses were decreased by polishing, down to 60µm
for the GS30 and 120µm for the GS20. Further abrasion
was not possible due to the fragility of glasses.

This scintillator stack was tested at the ILL PF2/TES
beam line with the setup described in sect. 3.1. The stack
had a diameter of 25.4mm. It was directly placed at the
center of a 76.2mm diameter PMT (Photonis XP3112).
Optical grease (Saint-Gobain BC-630) was applied be-
tween the stack and the PMT. The charge distribution
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Fig. 7. Charge distribution measured with a GS30-GS20 stack
using the optical contact bonding technique. The charge was
integrated between 0 and 300 ns.

measured with the FASTER acquisition system is shown
in fig. 7. The charge distribution exhibits two contribu-
tions: a full-energy peak well separated from the low-
charge contribution. Such a feature permits the improve-
ment of the neutron-gamma discrimination with respect
to a single scintillator.

5.2 Search for the best stack combination

The search for the most efficient stack was performed with
two 6Li-depleted scintillators for the entrance, a GS3 and
a GS30, and two scintillators for the backing, a GS10
(natural 6Li content) and a GS20 (enriched in 6Li). For
the first stage, different thicknesses were used. The UCN
counting rates of the following combinations GS3-GS10,
GS30-GS10, GS3-GS3-GS10, GS3-GS20 and GS30-GS20
were measured with the setup described in sect. 3.1 at the
PF2/TES beam line at ILL. For these measurements, op-
tical contact bonding was not used, instead, scintillators
were held together by a PTFE ring. All scintillators had a
diameter of 25.4mm, a thickness of 100µm and two pol-
ished faces. For each measurement, the detector block was
dismounted and installed back again on the beam line with
a new scintillator stack. The counting rate reproducibil-
ity of such an operation was measured to be around 2%
while the statistical error was below 0.5%. The neutron-
gamma discrimination used a single threshold applied in
the charge distribution.

In a first step, the UCN counting rates of the backing
scintillator, i.e. the GS10 or GS20 scintillators, were mea-
sured. They were consistent within the error bars. Then,
the stacks’ counting rates were measured and normalized
to the counting rates measured with the backing scintil-
lator. Results are summarized in table 3. As expected,
the stack detection efficiency decreases with the thick-
ness of the first layer. This is clearly observed with the
GS3-GS3-GS10 combination for which two 100µm thick
GS3 scintillators were used in front of a GS10. This de-
crease is attributed to UCN scattering at the scintillator
surface and n-gamma reactions since UCN capture in 6Li-
depleted scintillators was measured at the level of a few
% (sect. 3.1). The GS30 scintillator had a 7 to 8% larger

Table 3. Relative detection efficiencies measured for six scin-
tillator stacks. The efficiencies presented in the table corre-
spond to the counting rates measured by the scintillator stack
divided by the counting rate measured by the single scintilla-
tor used as the backing of the stack. The asterisk indicates a
GS30-GS20 stack with a thickness of 60 µm for the GS30 and
120 µm for the GS20.

Stack GS30-GS10 GS3-GS10 GS3-GS3-GS10

Efficiency/GS10 80.6 ± 2.3% 72.2 ± 2.1% 54.2 ± 1.6%

Stack GS30-GS20∗ GS30-GS20 GS3-GS20

Efficiency/GS20 95.0 ± 2.7% 88.0 ± 2.5% 81.3 ± 2.3%

transmission than the GS3 scintillator whatever scintilla-
tor (GS10 or GS20) was used for the backing. The stacks
made with GS20 for the backing were more efficient than
the ones made with GS10. The counting rates of the GS3-
GS20 and the GS30-GS20 were respectively 9% and 8%
larger than the ones of GS3-GS10 and GS30-GS10.

5.3 Summary

The optimal combination is the GS30-GS20 arrangement.
The technique of optical contact bonding was applied for
this stack. The GS30 thickness was reduced to 60 µm while
the backing thickness was set to 120 µm (sect. 5.1). The
stack efficiency relative to a single GS20 is reported in
table 3 for the GS30-GS20 (marked with the asterisk). The
reduction of the GS30 thickness increases its transmission
and results in the largest measured relative efficiency of
95% among the tested stacks.

6 Segmented detection system: NANOSC

A new detector based on the GS30-GS20 scintillator stack
was designed for the nEDM experiment at PSI [34]. The
main goal was to build a detector with high rate capability
and high detection efficiency. Its name, NANOSC, stands
for NANO (nine) Scintillator Counters.

6.1 Mechanical design

The detector is made of nine independent channels (fig. 8).
For each channel, a square 28× 28mm2 GS30-GS20 scin-
tillator stack with a total thickness of 170± 10µm is cou-
pled to an 80mm long PMMA light guide and a pho-
tomultiplier tube (R11187 Hamamatsu). Although thin-
ner scintillators would have been better suited, it was
not possible to produce lower thicknesses due to glass
fragility: 170±10µm is the minimum thickness that could
be achieved for scintillator stacks. The backing scintilla-
tor (GS20) is glued to the light guide while optical grease
is used between the light guide and the PMT. The light
guides are wrapped with two PTFE layers. The PMTs are
in air while the scintillators are in vacuum. The vacuum
tightness is accomplished by a plate with nine holes into

6Li enriched

6Li depleted

Combination of 6Li depleted/enriched can reduce wall effect.

Eur. Phys. J. A (2016) 52: 326 Page 3 of 12

Fig. 1. Setup used for the scintillators tests at the ILL PF2
beam lines. The T-shaped junction in the guides is located just
in front of the beam dump.

Fig. 2. Pulse height distribution measured with a 100 µm thick
6Li-enriched scintillator (GS20). See text for details.

suppressed by placing the detector upstream from a T-
shaped junction and curved guide section (fig. 1). Three
types of scintillators were studied: 6Li-depleted scintilla-
tors (GS3), natural 6Li content scintillators (GS10) and
6Li-enriched scintillators (GS20). The scintillators had a
nominal diameter of 25.4mm and a thickness of 100µm.
The two scintillator faces were polished. In order to max-
imize the light collection, they were placed directly on a
76.2mm diameter PMT entrance window in front of the
photocathode center (Photonis XP53X2). Optical grease
(Saint-Gobain BC-630) was used at the interface between
the glass scintillators and the PMT except for the GS3
scintillator (fig. 4). Pulses were amplified by an Ortec 570
amplifier and their amplitudes were digitized with an Or-
tec ADC. The neutron and the total counting rate were
of the order 1.5 × 103 neutron/s and 6 × 103 count/s for
both the GS10 and GS20 measurements.

The pulse height distributions are shown in figs. 2, 3
and 4. Three components are visible: the electronic noise
and gamma interactions at low amplitudes, the edge
events in the intermediate range and the full-energy peak
at large amplitudes. The full-energy peak corresponds to
neutron captures taking place in the scintillator bulk: the
alpha particles and tritons are stopped within the glass
and their energy is fully deposited in the scintillator. The
edge events are induced by neutron captures occurring
close to the scintillator’s entrance window. The alpha par-
ticle or the triton escapes from the glass and only a frac-
tion of the neutron capture energy is deposited in the scin-
tillator. The energy deposition of the gamma interaction
is small because of the low thicknesses (100 µm) of the

Fig. 3. Pulse height distribution measured with a 100 µm thick
natural 6Li content scintillator (GS10). See text for details.

Fig. 4. Pulse height distribution measured with a 100 µm thick
6Li-depleted scintillator (GS3). See text for details.

scintillators. A detailed study of the gamma interactions
within such scintillators was already reported in ref. [16].

The amount of edge events depends on the UCN mean
free path (table 1) and the triton and alpha particle
ranges, being equal to respectively 36µm and 7µm for
the studied scintillators [30]. Since the UCN mean free
path mostly depends on the scintillators’ 6Li content (and
slightly on the UCN energy spectrum), the edge fraction
varies from one scintillator type to another. For the tests
reported here, 43% of the UCN interactions in the 6Li-
enriched scintillator (GS20) lead to edge events, while this
fraction decreases to 31% in the natural 6Li content scin-
tillators (GS10). The main uncertainty comes from the
measurement reproducibility which is at the 2% level. The
shape of the edge events distribution is slightly different
for the GS10 and the GS20. For the GS20, the UCN mean
free path is much shorter than the particle ranges. There-
fore, the escaping triton or alpha particle deposits little
energy in the glass and the edge events distribution is
mainly located at low charge close to the gamma distribu-
tion. It mainly corresponds to the energy of the trapped
ionizing particle (mostly the alpha particle since the triton
range is 5 times larger). On the other hand, the escaping
particle has a longer path in the GS10 scintillator since
the neutron capture takes place at a deeper location in
the scintillator. This causes the edge event distribution to
be more spread out (fig. 3).

G. Ban et al., Eur. Phys. J. A 52, 326 (2016). 
https://doi.org/10.1140/epja/i2016-16326-4

6Li enriched

6Li enriched/depleted
stacked 

https://doi.org/10.1140/epja/i2017-12195-7
https://doi.org/10.1140/epja/i2016-16326-4
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A novel UCN detector

nEDM - 2011            Saenz W.                                                             4

GADGET detector developed by LPC
3He and CF4 gas mixture:

1. UCN absorption

n + 3He → p (0.57 MeV) + t (0.19 MeV)

2. CF4 scintillation due to p and t 
ionization/excitation.

3. Light collection by 3 PM tubes 
working in coincidences

n2EDM experimental setup

        Requirements:

● High detection efficiency

● High counting rate capability (105  Hz)

● Low sensitivity to gamma-rays

● Background discrimination

nEDM - 2011            Saenz W.                                                             3



Zero-potential 10B UCN detector 

Fermi potential of 10B is -3.2 neV !!
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Emulsion gel （AgBr・I crystals 
 dispersed in gelatin） 

Nuclear emulsion -  a high position resolution tracking   
  detector for ionizing particles. 

           Fog (chemical noise)  
                          Fog Density (FD)～3／(10mm)3 

Microscopic view (after development) 

emulsion film for OPERA 
 experiment  

Cross sectional view 

3 

Emulsion layer 

Emulsion layer 

Base (plastic) 
coating 

Before 
development 

After  
development 

N. Naganawa et al., UCN workshop at Mainz (Mar.2016)
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High spatial resolution emulsion for ultracold neutrons

Structure of the detector
(cross section)

Estimated Resolution < 100 nm (𝜽 ≤ 0.9 rad)
à1~2 order higher than existing detectors

· Fine-grained nuclear emulsion gel (Nagoya Univ.) 
· Especially high resolution
· Strong against 𝜸 –ray background

Principle of track formation

AgBr crystals

Sputtered at KURRI

N. Naganawa et al., Eur. Phys. J. C (2018) 78:959
https://doi.org/10.1140/epjc/s10052-018-6395-7

Tracks from neutron absorptions

Absorption efficiency ~41%
(velocity of neutrons ～10 m/s)

https://doi.org/10.1140/epjc/s10052-018-6395-7


Estimation of spatial resolution using tracks
Position data of grains of alpha 
tacks from absorption

extrapolation
to middle of the 
10B4Clayer

Position errors at middle of 10B4C layer:

・ Transverse:  independent to angles
→resolution：11 nm

・ Longitudinal: depend on angles (q)
whole acceptance (0≦tanq≦13.8)

        →resotution: 11 nm ～ 1μm
tanq < 1.9  (34% of whole statistics)
→resolution: 11 - 99 nm

Eur. Phys. J. C (2018) 78:959



Figure 15. Fit result of the absorption points around the Gd grating edge. The blue histogram data is an

excerpt of the data in Figure 14 for !! modulo "" > 5.0 µm. The red line shows the result of the least squares

fit of Equation 3.6 to the data.

4 Measurement of the spatial distribution of quantized UCNs

As a demonstration of our emulsion detector, we attempted to measure the spatial distribution of

UCNs that take quantized states in the potential well created between the Pseudo-Fermi potential

of a horizontal flat mirror and the gravitational potential of the Earth, a system commonly known

as ‘quantum bouncer’ [22]. This experiment was conducted at PF2 of the Institut Laue-Langevin.

The experimental setup is shown in Figure 16. A combination of a flat mirror with a rough ab-

sorber/scatterer on top, separated by precision spacers of nominal thickness 30 µm creates a selector

for vertical energy states of neutrons [23]. Neutrons colliding with the rough upper surface are

scattered and absorbed. The probability of this removal of neutrons from the system is proportional

to the overlap of the wave function with the rough surface of the upper absorber/scatterer. The

slit width is chosen such that this overlap is practically zero for the ground state, and large for

higher, unwanted states. At the exit of the selector, neutrons arrive in a well-defined superposition

of quantum states that can be computed analytically. The mirror, absorber/scatterer and vacuum

chamber in Figure 16 were taken from the qBounce experiment [3]. Both the flat mirror and the

rough absorber/scatterer are made of borosilicate glass. The size of the mirror was 15 cm and

20 cm in the #- and $-axes, respectively. The size of the absorber/scatterer was 15 cm and 10 cm

in the #-axis and the $-axis directions, respectively. All parts of the setup were installed in a

vacuum chamber, and the detector was exposed with UCNs for 16 hours in a vacuum of 1 Pa or less,

where the scattering by air can be neglected. The beam flux was estimated to be 0.21 neutrons/s
for the region exposed to neutrons from an actual measurement using a gas detector with a 10B

layer [5]. The velocity distribution of the UCNs was measured using an aperture system as shown

– 14 –
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Schematic view of Gd slit

SEM image

27

Aperture ~3 mm
Pitch 9 mm
Gd thickness = ~9.8 mm

Fabricated by T. Samoto
(Tohoku Univ.), 
used BL22 at J-PARC
Physics Procedia 88 ( 2017) 217 – 223

Test with Gd slit

66 μm x 66 μm used

Emulsion image irradiated with the Gd slit

Makers for 
position calibration

Spacial resolution achieved to 0.56 um(1σ)! 

N. Muto et al., J. Instrum, 17 (2022) P07014.
https://doi.org/10.1088/1748-0221/17/07/P07014

https://doi.org/10.1088/1748-0221/17/07/P07014
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Falling 30 um

Preliminary

Neutrons
(~10 m/s)

Mirror

Absorber/scatterer

Vacuum chamber

Emulsion 
in holder

𝑦

State selector

Quantum states by gravity at ILL



Application for Imaging
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FIG. 17. Distribution of the L(10–90%) edge response is shown for (a) 165 optical images and (b) 165 simulated images. The red dotted lines in both panels are the
respective Gaussian fitting curves.

FIG. 18. (a) Photograph of the
Siemens star test pattern. It consists of
a thin layer of gadolinium on a quartz
substrate and is housed in an alumi-
num frame. (b) Optical image of the
Siemens star test pattern. (c)
Photograph of the developed detector
irradiated with the neutron beam
through the pattern. (d) Image of the
recorded pattern in the nuclear emul-
sion showing the innermost edges. The
sizes of the vertical and horizontal
directions correspond to 360 and
300 μm, respectively.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 133, 054902 (2023); doi: 10.1063/5.0131098 133, 054902-12

Published under an exclusive license by AIP Publishing

A. Muneem et al., J. Appl. Phys. 133, 054902 (2023) 
https://doi.org/10.1063/5.0131098

• The emulsion detector is going to 
be applied for neutron imaging.

• Tracking is not used. 

• But even just black/white photo 
image, the spacial resolution 
achieved to be 0.94 um (1σ).

• Efficiency ~1% for cold neutrons.

• Already, available for sub-micro 
imaging, but the contrast is the 
challenge.

https://doi.org/10.1063/5.0131098


Summary
• Detection of neutron is difficult, because it disappear when 

it is detected.

• Many type of thermal neutron used for dedicated purpose.
– See more in the backup

• UCN detection is more difficult.

• I don’t know any person who know all neutron detectors.
– Let us share the information!
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BL22 detectors and their specifications

Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

A. Counting-type detectors
For carrying out energy-resolved neutron imaging in the high-

rate, high-background environment at RADEN, we use cutting-
edge detector systems, which were developed in Japan, employ-
ing micropattern detectors or fast Li-glass scintillators, coupled
with high-speed FPGA (Field Programmable Gate Array)-based
data acquisition (DAQ) systems. These counting-type detectors
measure each incident neutron event to achieve the sub-�s time
resolution necessary for the accurate determination of neutron
energy via time-of-flight and provide for event-by-event background
rejection.

The photographs of the counting-type imaging detector sys-
tems currently available at RADEN are shown in Figs. 10(a)–10(c)
along with images of a Gd test target32 taken at RADEN in
Figs. 10(d)–10(f) for each detector. The detector systems include
the �NID,33 a micropattern detector developed at Kyoto Univer-
sity and manufactured by Dai Nippon Printing Co., Ltd., and the
nGEM micropattern34 and LiTA12 Li-glass scintillator pixel detec-
tors,35 both developed at KEK and manufactured by Bee Beans
Technologies Co., Ltd., and Japan Neutron Optics, Inc., respec-
tively. These detectors cover a range of spatial resolutions from
several millimeters down to 100 �m and provide neutron counting
rates up to 8 Mcps. Additionally, the �NID and nGEM detectors
can be controlled via the MLF standard instrument control soft-
ware framework (IROHA2), described in Sec. V A, allowing for
automated measurements. The main performance features of these
detectors are listed in Table IV, and each is discussed below in
more detail.

1. �NID—�PIC-based neutron imaging detector
The �NID, shown in Fig. 10(a), is based on a time projection

chamber (TPC) with an active gas volume of 100 × 100 × 25 mm3

and a micro-pixel chamber (�PIC) micropattern readout plane. The
�PIC has a 0.4-mm-pitch, two-dimensional strip readout that is cou-
pled to an FPGA-based modular data acquisition system for fast
data processing. To facilitate neutron detection, the detector vessel
is filled with a gas mixture of CF4–iC4H10–3He (45:5:50) at a total

TABLE IV. Performance of counting-type detectors at RADEN. The values for the
spatial resolution, peak count-rate capacity, and effective peak count-rate were con-
firmed at RADEN, where “peak count-rate capacity” and “effective peak count-rate”
refer to the global instantaneous peak rates (i.e., peak rates over the entire detection
area) at the absolute limit of the DAQ hardware and with less than 2% event loss,
respectively.

Detector �NID nGEM LiTA12

Type Micropattern Micropattern Scintillator
Neutron converter 3He 10B 6Li
Area (mm2) 100 × 100 100 × 100 49 × 49
Time resolution (ns) 250 15 40
Spatial resolution (mm) 0.1 1 3/0.7
Efficiency @25.3 meV (%) 26 10 23
Peak count-rate capacity 8 Mcps 4.6 Mcps 8 Mcps
Effective peak count-rate 1 Mcps 180 kcps 6 Mcps

pressure of 2 atm, providing a detection efficiency of 26% for ther-
mal neutrons. The charged particles released by the absorption of
a neutron on a 3He nucleus, namely, a proton and a triton, deposit
energy inside the active volume of the TPC by ionizing atoms within
the gas, stopping in a combined distance of about 4 mm. The cloud
of liberated electrons then drifts along an applied electric field of
1600 V/cm at constant velocity to the �PIC, where the electrons
undergo gas amplification and produce analog signals on the readout
strips. The three-dimensional track (two-dimensional strip readout
plus arrival time) and energy deposition (measured as the time for
which the analog signal on a strip exceeds a preset threshold volt-
age, referred to as time-over-threshold) of the resultant proton–triton
pair are recorded in the FPGA-based data encoder modules36 and
sent to a personal computer (PC) via Gigabit Ethernet. This detailed
tracking information allows the �NID to achieve the fine spatial res-
olution of 0.1 mm (at a modulation transfer function value, or MTF,
of 10%) shown in Fig. 10(d) and an excellent γ-ray sensitivity of less
than 10−12. The �NID also features a time resolution of 250 ns, a
peak count-rate capacity of 8 Mcps, and an effective peak count-rate
of 1 Mcps at less than 2% event loss.37 The development of the �NID
system is being actively pursued at RADEN, with efforts to improve
the spatial resolution and rate performance underway, as described
in Ref. 37.

2. nGEM—Boron-coated gas electron multiplier
The nGEM detector, shown in Fig. 10(b), uses a time projec-

tion chamber incorporating a drift cathode and a GEM (gas electron
multiplier), each coated with a thin layer of 10B (∼1 �m) to facil-
itate neutron detection, thereby achieving a detection efficiency of
about 10% for thermal neutrons. The reaction of a neutron with 10B
produces charged particles in the form of an alpha particle and a
7Li nucleus, one of which may escape the boron layer and enter the
Ar–CO2 (70:30, 1 atm) filling gas of the detector. The charge liber-
ated in the gas by this charged particle is amplified by a pair of nor-
mal GEMs and then read out via a 0.8-mm-pitch, two-dimensional
strip plane. These signals are processed by an FPGA-based data
acquisition board, and the resulting digitized neutron event data are
recorded to a PC via Gigabit Ethernet. By measuring the mean posi-
tion of the charge distribution of the resultant alpha or 7Li track,
the nGEM detector achieves a spatial resolution of about 1 mm, as
illustrated in Fig. 10(e). The nGEM also features an excellent time
resolution of 15 ns, a γ-ray sensitivity of 10−4, and a peak count-rate
capacity of 4.6 Mcps, with an effective peak count rate of 180 kcps
at 2% event loss. The spatial resolution and rate performance of the
nGEM were confirmed through on-beam tests at RADEN, as previ-
ously reported in Ref. 37. The γ-ray sensitivity of the nGEM is worse
than that of the �NID of Sec. IV A 1 due to the differences in the
neutron conversion mechanism and subsequent data analysis, but it
is still sufficient for energy-resolved neutron imaging experiments at
RADEN.

3. LiTA12—6Li time analyzer, model 2012
The LiTA12 (6Li Time Analyzer, Model 2012) Li-glass scintilla-

tor pixel detector, shown in Fig. 10(c), consists of a 16 × 16 array of
6Li-impregnated, cerium-activated glass scintillator pixels (scintilla-
tor type GS20), each of size 2.1 × 2.1 × 1 mm3. The scintillator pixels
are fixed in an opaque support frame, which both optically isolates
each pixel and matches the pixel spacing to a Hamamatsu H9500

Rev. Sci. Instrum. 91, 043302 (2020); doi: 10.1063/1.5136034 91, 043302-10

© Author(s) 2020
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FIG. 9. (a) Photograph of the beam fil-
ter insertion device, (b) neutron energy-
dependent transmission rates of the fil-
ters measured by the LiTA12 detector
system, and (c) neutron transmission
rates at 1 eV as a function of filter thick-
ness for Pb, Bi, and acrylic resin fil-
ters. Lines are the results of fitting by an
exponential function.

FIG. 10. Counting-type detectors at RADEN. Shown here
are photographs of the micropattern detectors �NID (a) and
nGEM (b), and the Li-glass scintillator pixel detector LiTA12
(c) currently in use at RADEN for energy-resolved neu-
tron imaging. Example images of a Gd test target taken at
RADEN are shown in (d)–(f) for the corresponding detector
on the left.

Rev. Sci. Instrum. 91, 043302 (2020); doi: 10.1063/1.5136034 91, 043302-9

© Author(s) 2020



FPMT Anger Detector

Flat panel PMT : H8500 series is used
Scintillator : ZnS/6LiF

Scintillation emission is measured at several pixels
and calculate the position from the center-of-gravity calculation.

The position resolution of the image is about 1mm.

Dead space can be reduced.
Large area is possible because dead space can be reduced.

n

Scintillator

Light Disperser

Flat panel PMT

Calculate “center of gravity”

n



Neutron Image Intensifier 日塔、波紋 22(2012)p322

• After the incident neutrons hit the phosphor and emit light, they are converted into 
photoelectrons by the photoelectric conversion film, amplified by the accelerating electric 
field and electron lens, and formed into an image on the output surface.

• The resulting image is captured by a camera such as a CCD.
• Characterized by high neutron sensitivity and good positional resolution.
• TOF measurement is also possible by devising an imaging system.



Compact CCD System

CCD

neutron beam

CCD: 1/2inch  656 x 484 pixsel
shutter: 1μsec  -  3600 sec 
data transfer: G bit  ethernet 
effective area:  53mm(H) x 40mm(V)
weight : 2kg  (w/o shield)
spatial resolution :   about 200μm 

This system is made for  contrast  imaging
measurement  at JRR-3 cold beam line (ULS).
  ・compact  and  easy handle
  ・use at very low background

exposure time:20sec @ 4.4 Å, 3x105 n/cm2/s

TOF : not-available



Cameras for Neutron Imaging (KUR E2, RANS, NUANS)

Neutron beam ZnS/6LiF 200μmt Scintillator

Al mirror

Cooled CCD
（bitran）

CCD and Scintillator system 

Position resolution : ~200 μm
Acquisition time : ~ min.
Video also available : (DC beam)



Semiconductor Pixel Detectors

ADVACAM HPC silicon pixel detector: LiF coated

• 55µm per side pixel detector: 256x256 pixel
• Maximum 30 frames/second → 45 fps
• USB2.0 transfer (USB powered)

Operates on both Win and Mac
• Currently, no TOF capability (another product is available)
• Large area can be achieved by arranging units
• Set a threshold and count only events above the threshold

↔ CCD does not allow threshold selng and integrates
• Excellent display program (compared to Bitran's program)



Energy resolution of C6D6
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pa r t i c l es f or i nc i den t gamma r ays and neu t rons . Th i s r e -
qu i r ed sepa r a t e pu l se he i gh t measur emen t s o f each sc i n t i l -
l a t or f or i nc i den t gamma r ays and neu t rons . A l l sc i n t i l l a -
t or s have 50 mm d i ame t e r and 50 mm he i gh t excep t
NE102A p l as t i c sc i n t i l l a t or , wh i ch has 50 mm d i ame t e r
and 25 mm he i gh t . The NE213 l i qu i d sc i n t i l l a t or and
NE102A p l as t i c sc i n t i l l a t or we r e supp l i ed by Nuc l ea r En -
t e rpr i se L i m i t ed , Sco t l and . The CA sc i n t i l l a t or was pr e -
pa r ed by m i x i ng deu t e r a t ed benzene (C 6D6 ) i . e . Benzene -
d6 (Hexadeu t e robenzo l ) w i t h sc i n t i l l a t i on agen t F l our a l l oy
TLA . The Benzene - d6 was pur chased f rom F l uka Chem i ka
w i t h a deu t e r i um concen t r a t i on be t t e r t han 99 . 5% wh i l e t he
F l our a l l oy TLA was pur chased f rom Beckman I ns t ru -
men t s I nc. , Ca l i f orn i a , USA. 100 m l deu t e r a t ed benzene
was m i xed w i t h 0 . 8 g o f t he F l our a l l oy . The sc i n t i l l a t or
was f i l l ed i n a bubb l e f r ee cy l i ndr i ca l a l um i n i um ce l l
coup l ed t o a f as t Thorn - EM I pho t omu l t i p l i e r t ube mode l
9815B .

The l i gh t ou t pu t measur emen t o f t he sc i n t i l l a t or s f or
monoene rge t i c gamma r ays was ca r r i ed ou t by acqu i r i ng a
Comp t on e l ec t ron r eco i l spec t rum f or 22 Na , 137Cs , " Mn
and 65 Zn sour ces . Add i t i ona l l y t he ene rgy r eso l u t i on o f 50
mm d i ame t e r CA was measur ed us i ng a gamma - gamma
co i nc i dence t echn i que desc r i bed e l sewhe r e i n de t a i l [10] .
I n t h i s measur emen t gamma r ays backsca t t e r ed f rom t he
C6 D6 sc i n t i l l a t or we r e de t ec t ed by a 50 mm t h i ck and 50
mm d i ame t e r NE213 de t ec t or p l aced a t a d i s t ance o f 50
mm f rom t he sc i n t i l l a t or . The measur emen t was a l so ca r -
r i ed ou t us i ng 22 Na , ' 37Cs , 54 Mn and 65 Zn sour ces . I n
t hese measur emen t s , t he dev i a t i on o f ene rgy Eh cor r e -
spond i ng t o t he ha l f - he i gh t o f t he Comp t on edge f rom t he
max i mum ene rgy o f t he Comp t on e l ec t ron ene rgy Ec was
de t e rm i ned sepe r a t e l y f or each gamma r ay sour ce . The
ene rgy r eso l u t i on AE , / E , and dev i a t i on pa r ame t e r (Eh -
E~) / Ec da t a f or t he C6D6 sc i n t i l l a t or a r e l i s t ed i n Tab l e 1 .
For t he sake o f compa r i son t he r esu l t s f or a sma l l CA
based deu t e r a t ed NE230 sc i n t i l l a t or f rom Re f . [11] a r e a l so
i nc l uded i n t he t ab l e . I n t he f o l l ow i ng d i scuss i on , t he l a rge
deu t e r a t ed sc i n t i l l a t or f abr i ca t ed a t ERL w i l l be ca l l ed
C6 D6 wh i l e t he sma l l one t es t ed ea r l i e r [11] w i l l be ca l l ed
NE230 .

The l i gh t ou t pu t o f t he C6D6 , NE213 and NE102A
sc i n t i l l a t or s f or monoene rge t i c neu t e rons was measur ed

Tab l e 1
Ene rgy r eso l u t i on da t a o f 50 mm d i ame t e r CA sc i n t i l l a t or
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us i ng t he procedur e desc r i bed i n Re f . [6] . The monoene r -
ge t i c neu t rons we r e se l ec t ed by a choos i ng 4 channe l w i de
ga t e on t he TOF spec t rum o f t he 24 ' Am- Be neu t ron
sour ce . The TOF spec t rum was gene r a t ed us i ng t he sc i n t i l -
l a t or unde r s t udy as a s t a r t de t ec t or and a 50 mm X 50 mm
(he i gh t X d i ame t e r ) NE213 de t ec t or as a s t op de t ec t or . The
s t a r t de t ec t or was p l aced ve r y c l ose t o t he sour ce wh i l e t he
s t op de t ec t or was p l aced a t a d i s t ance o f 35 cm f rom t he
sour ce . For each even t de t ec t ed by t he sc i n t i l l a t or unde r
s t udy a t i me - o f - f l i gh t , pu l se he i gh t and pu l se shape d i s -
c r i m i na t i on s i gna l we r e acqu i r ed even t by even t . The
expe r i men t was con t i nued ove r a pe r i od o f abou t 250
hour s us i ng a 0 . 35 C i 24 ' Am- Be neu t ron sour ce . I n t o t a l ,
4 X 10 6 even t s we r e s t or ed f or each sc i n t i l l a t or and we r e
subsequen t l y ana l yzed o f f - l i ne . I n orde r t o accommoda t e
d i f f e r en t ene rgy r anges w i t h i n t he pu l se he i gh t spec t rum ,
t he pu l se he i gh t spec t r a we r e acqu i r ed a t d i f f e r en t ga i n
se t t i ngs o f t he pu l se he i gh t amp l i f i e r . I n t he o f f - l i ne ana l y -
s i s , t he pu l se he i gh t cor r espond i ng t o each 4 channe l w i de
ga t e on t he TOF was sor t ed ou t and t he channe l cor r e -
spond i ng t o t he ha l f he i gh t o f t he r eco i l edge was de t e r -
m i ned . I n case o f NE213 and NE102A sc i n t i l l a t or s t he
channe l cor r espond i ng t o t he ha l f - he i gh t o f t he r eco i l edge
was ass i gned t o t he mean neu t ron ene rgy o f t he 4 channe l
w i de neu t ron TOF ga t e . I n t he case o f t he C 6 D6 sc i n t i l l a -
t or i t was ass i gned t o 88 . 9% o f t he mean neu t ron ene rgy .
The f i n i t e w i d t h o f t he ga t e r esu l t ed i n an unce r t a i n t y o f
abou t 2% i n t he mean neu t ron ene rg i es . F i g . 1 shows t he
TOF spec t rum o f t he C6 D6 de t ec t or f or 24 ' Am- Be neu -
t rons a l ong w i t h t he TOF ga t es f or neu t ron ene rg i es wh i l e
F i g . 2 shows a t yp i ca l sor t ed pu l se he i gh t spec t rum f or one
o f t he TOF ga t es f or t he C6D6 de t ec t or .

3 . Resu l t s and d i scuss i on

3 . 1 . Ene rgy r eso l u t i on o f t he C6 D6 sc i n t i l l a t or

The ene rgy r eso l u t i on DEc / E , o f t he C6D6 sc i n t i l l a t or
va r i es f rom 21 . 7 t o 11 . 9% ove r t he e l ec t ron ene rgy r ange
o f 0 . 34 t o 1 . 1 MeV r espec t i ve l y . Eh i s 13 . 17% h i ghe r t han
EC a t 0 . 341 MeV . As t he e l ec t ron ene rgy i nc r eases , Eh
approaches E , and a t 1 . 1 MeV e l ec t ron ene rgy , Eh i s on l y
7 . 6% h i ghe r t han Ec . S i nce t he NE230 sc i n t i l l a t or had a
sma l l e r vo l ume , i t i s expec t ed t o have be t t e r ene rgy r eso l u -
t i on and t he dev i a t i on pa r ame t e r s (Eh - E , ) / Ec . Due t o
be t t e r ene rgy r eso l u t i on , t he dev i a t i on pa r ame t e r (E h -
Ec ) / E c i s sma l l e r f or t he NE230 as compa r ed t o CA
de t ec t or . We have a l so made an emp i r i ca l f i t t o t he ene rgy
r eso l u t i on da t a o f bo t h t he de t ec t or s as a f unc t i on o f t he
e l ec t ron ene rgy us i ng t he r e l a t i on [10 , 11]

whe r e a , / 3 and y a r e coe f f i c i en t s ob t a i ned f rom t he f i t t o
t he da t a . Tab l e 2 shows t he va l ues o f r eso l u t i on coe f f i c i en t

I I c . NEUTRON / TOMOGRAPH I C DETECTORS

E l ec t ron C6 D6 sc i n t i l l a t or NE230 [11] sc i n t i l l a t or
ene rgy
(MeV)

AE~ / E , (E h - E , ) / E , AE , / E~ Eh - E~) / E~

0 . 341 21 . 70±0 . 2 13 . 17±2 . 2 12 . 9±1 . 5 10 . 4±1 . 9
0 . 477 18 . 20+0 . 2 9 . 93+1 . 8 9 . 2+1 . 1 5 . 2+1 . 6
0 . 639 16 . 15+0 . 2 9 . 23+1 . 0 8 . 8+1 . 2 3 . 9+1 . 1
0 . 907 12 . 51+0 . 3 6 . 22+0 . 7 8 . 0+1 . 3 3 . 5+0 . 4
1 . 062 11 . 90±0 . 5 7 . 57+ l . 2 7 . 1±1 . 0 2. 1±1 . 0

A.A. Naqvi et al., NIMA353(1994) 156-159
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Bonding wires (~30 um x 4) are clearly seen.

3 hours of irradiation

Irradiapon
Packaged into Al foil 
with emulsion detector.

A crystal oscillator tip


