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Why we developed Kalliope ?

µ+ 
muon e+ 

positron

To handle (instantaneous) high count 
rate of pulsed muon decay, 

inexpensive, multi-stop TDC was 
necessary. 

1ns resolution, 65µs window TDC
detectors

ForwardBackward

pulse-µSR (t0 from J-PARC RCS)

time
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104~5 µ+/pulse÷10-6 s = 10~100 Gcps

1000ch detectors 
20% solid angle

e+ hit rate: 2~20 Mcps
500~50ns separation

τ=2.2µs



SiPM, ASIC and FPGA: key elements for high density
Kalliope=KEK Advanced Linear and Logic-board 
Integrated Optical detector for Positrons and 
Electrons

KEK, Kalliopeで

KEK highlight, Jan. 24, 2013 (in Japanese)
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32ch/board ~1k$

2009~2013          PMT 256ch

5x NIM-bins 
3x 19’ racks

PMT

optical 
fiber

TDC+memory
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optical fiber 
MPPC

scintillator

scintillator

2014~MPPC 1280ch



2ch detector(2008)

Development of Kalliope (2010~2016) 
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Spectrometers at work in MLF, J-PARC (2016- )

Advanced Research Targeted Experimental Muon Instrument at S-line
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2017

←S-line

J-PARC MLF muon=MUSE

ARTEMIS 

ARTEMIS-type ←D-line
←U-line

K.M. Kojima et al. J. Phys: Conf. Ser., 551, 012063, (2014).
K.M. Kojima et al. JPS Conf. Proc. (2018).✓S1 spectrometer

(ARTEMIS)

For general µSR 
1280ch of  

1cm3 scintillators  
40 Kalliope units

J-PARC 
Center

✓D1 spectrometer

For high-field µSR 
3008ch of □1x1mm  
scintillation fibers 
94 Kalliope units 

(waiting for a test with beam)

5Tesla (CYCLOPS)



After dead time correction τ=50ns

τ=300nsDistortion from electronics

Volume2014 analog board  
has dead time of τ~50ns. 
Pile up corrected under  

200 M events/hour hit rate. 

200M/3600sec/25Hz/1000ch 
=2 events/frame/pair counter 
~4-5 e+/frame/single counter 

(2µs/5=400ns signal separation)

Before dead time correction Volume2014

Volume2012

Al 100x100mm, slits full open at S1, MLF J-PARC: ~200M events/h
Improvement of ASIC: Volume2012→2014
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K.M. Kojima et al. JPS Conf. Proc. (2018).

pileup correction possible 
Handles >2Mcps 

There was a report of 
 dropped trigger at 1MW,  

full slit open. 
Bottle neck at GbEthernet transfer ?
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Ultra-slow muon production at the RIKEN-RAL muon facility
based on muonium emission from silica aerogel

S. Okada,∗1 S. Aikawa,∗1 G. Beer,∗2 J. Brewer,∗3 K. Ishida,∗1 M. Iwasaki,∗1 S. Kanda,∗4 H. Kawai,∗5

R. Kitamura,∗4 Y. Ma,∗1 G. Marshall,∗3 T. Mibe,∗6 Y. Oishi,∗1 A. Olin,∗3 M. Otani,∗6 N. Saito,∗6 M. Sato,∗1

M. Tabata,∗5 and T. Tsukihana∗7

Positive muons having an energy of a few eV, the
so-called ultra-slow muons, are generated by laser ion-
ization of thermal muonium atoms (Mu) in vacuum.
By accelerating them through an electrostatic field,
a variable-energy muon beam with an extraordinar-
ily small energy spread can be realized1,2). This tech-
nique has therefore attracted attention for advanced
µSR studies and for measurement of the muon anoma-
lous magnetic moment, g-2, and electric dipole mo-
ment at J-PARC3).

One of the key issues with ultra-slow muon pro-
duction is how to generate more Mu in vacuum. Re-
cently, we successfully observed Mu emission into vac-
uum from a silica aerogel with a uniform surface4),
and subsequently realized that a silica aerogel having
a non-uniform structure with hole-like regions created
by laser ablation leads to an emission that is higher
than that for uniform one by one order of magnitude5).
Compared to the conventional tungsten heated to 2300
K1,2), this room-temperature silica-aerogel has signif-
icant advantages: it is easy to handle because of no
significant heat radiation; its lower Mu energy distribu-
tion leads to a smaller emittance of the ionized source;
its smaller spatial spread and smaller Doppler broad-
ening results in more efficient use of the available laser
power.

As the next step, we will perform a demonstration
and R&D study of the actual ultra-slow muon produc-
tion using a silica-aerogel target at the RIKEN-RAL
muon facility (Port 3). The new experimental setup
is shown in Fig. 1. Ultra-slow muons will be ex-
tracted at an angle of 45-degrees to avoid a straight
beam background with a rotationally-symmetric elec-
trostatic field (SOA lens); these muons will be detected
by a Micro-Channel Plate (MCP) detector with a slit
system to evaluate the beam characteristics. The Mu
spin is controlled using three-axis Helmholtz coils. A
µSR counter set is used for measurement of the Mu
production rate, control of Mu spin and optimization
of stopping.

Commissioning runs without the laser system were
peformed in September and December 2015. After in-
stalling the laser system in early 2016, we plan to pro-

∗1 RIKEN Nishina Center
∗2 Department of Physics and Astronomy, UVic
∗3 Science Division, TRIUMF
∗4 Department of Physics, The University of Tokyo
∗5 Department of Physics, Chiba University
∗6 IPNS, KEK
∗7 RIKEN Center for Advanced Photonics

duce the first ultra-slow muon beam with an aerogel
target. Then, we hope to start optimization towards
a higher yield with the shape of the structured aero-
gel target and by efficiently increasing the Lyman-α
irradiation using reflection mirrors installed near the
target.
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Fig. 1. New experimental setup at the Port 3 beam line

of the RIKEN-RAL muon facility for ultra-slow muon

study based on muonium emission from a silica aerogel

target.
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Development of a slow muon detection system
for a muon acceleration

R. Kitamura∗1,∗2 for the J-PARC muon g-2/EDM Collaboration

The measured value of the muon anomalous mag-
netic moment (g-2) differs from the theoretical value by
about three standard deviations1). Given that muon
anomalous magnetic moment may provide important
evidence for the physics beyond the Standard Model,
more precise measurements are awaited. A new exper-
iment for the precise measurement of the g-2 and the
search for the muon EDM using novel techniques has
been planned at J-PARC. One of the most important
techniques is the world’s first muon RF acceleration to
212 MeV.

For efficient beam capture in the RF accelerator,
the input muon beam should have low emittance and
low energy (5.6 keV in our case). The conventional
surface muon beam typically has 4 MeV energy and
large emittance; therefore we plan to develop the low-
emittance input beam by using the following method.
The muon beam is irradiated onto a thin metal foil.
Some of the muons are decelerated to the sub-keV2)

band after passing the foil. Subsequent acceleration to
5.6 keV by an electro-static“ SOA lens” will give us a
low-emittance beam.

An experiment to establish the muon deceleration
and electro-static acceleration was planned in Feb.
2016. Figure 1 shows the experimental setup. After de-
celeration and acceleration, the muons are transported
to the detection system by a series of electro-static
quadrupoles and an electro-static bending. The detec-
tion system consists of a microchannel plate (MCP)
surrounded by scintillation counters with MPPCs. In
this paper, we report on the development of the slow
muon detection system.

The MCP counts the number of muons with energy
in the order of a few keV. The gains of MCP for sev-
eral kinds of particles including low-energy electrons
were measured in order to confirm the muon detec-
tion capability3). The measured gain for the electron
with 500 eV was 2.1 × 107 and is sufficiently large for
the detection. The gain depends on the number of
secondary electrons generated by the bombardment of
the incident particle on the surface of the MCP. The
estimated number of secondary electrons for the low-
energy muon is expected to be more than that for the
electron based on our measurements and the calcula-
tion of the energy deposit. We conclude that the ex-
pected gain for the muon is sufficiently high to count
the low-energy muons.

The scintillation counters are utilized for muon iden-
tification by detecting the decay positron from the

∗1 RIKEN Nishina Center
∗2 Department of Physics, University of Tokyo

Fig. 1. Detection system for the slow muons comprising de-

tectors (MCP and decay positron counters), the electro-

static lens, and the electro-static bending.

muon stopped in the MCP. A large acceptance and
a large light yield are required to detect as many de-
cay positrons as possible with high efficiencies. The
positron counters consist of plastic scintillators, wave-
length shifting fibers, and MPPCs to satisfy those re-
quirements. In the cosmic-ray test, we observed the
mean light yields of more than 120 photo emissions
and obtained counting efficiencies of more than 99.8 %
with 90 % confidence level4).

Finally, the expected signal and background rates
were evaluated using the GEANT4 simulation. The
simulation showed that the dominant backgrounds at
the MCP were decay positrons from incident beam
muons; many muons were stopped at the thin metal
foil used for the deceleration or the electro-static bend-
ing, and subsequently the decay positrons directly im-
pacted the MCP. A lead shield configuration was op-
timized with the simulation in order to reject these
positron backgrounds. The noise to signal ratio after
the optimization was evaluated to be 4.9 × 10−3. We
concluded that it is sufficiently low for the experiment.

In summary, we developed two kinds of detectors,
MCP and positron counters, to measure the intensity
of the slow muons. We confirmed their good perfor-
mances and we are ready for demonstration with the
muon beam.
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Particle Detectors 21

Electron detector 
Segmented scintillation 

counter with SiPM readout

Muon detector 
Thin scintillation fiber 

hodoscope
■ Particle detectors were developed for the muonium HFS experiment 

and demonstrated by the highest intensity pulsed beam at J-PARC.

S. Kanda for the MuSEUM Collaboration, Proceedings of Science, PoS(INPC2016)170, in press.  
S. Kanda for the MuSEUM Collaboration, Proceedings of Science, PoS(PhotoDet2015)036 (2016).  
S. Kanda for the MuSEUM Collaboration, RIKEN APR Vol. 48 (2016). 
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Positron Detector

Muon Beam

Gas Chamber
& RF Cavity

Magnetic Shield

Online Beam
Profile Monitor

Readout
Electronics

Fig. 3 Picture of the apparatus for the zero-field measurements installed at the D2 experimental area of
MUSE D-Line

(3) The error from the beam profile monitor measuring every muon pulse with a precision
of 1 mm would result in a shift of 3 Hz, or 0.6 ppb and 6 ppb, respectively. The effect
on the longitudinal muon stopping distribution measured with an equal precision by
the offline 3D muon beam monitor is less severe, and would only account in a shift of
1 Hz, or 0.2 ppb and 2 ppb, respectively.

(4) The quadratic dependence of the gas density extrapolation to the zero density limit will
be improved by our ability to measure at lower Kr gas density with a longer cavity.
The systematic uncertainty would be reduced to a shift of 5 Hz, thus contributing 1.0
ppb and 5 ppb, respectively.

After considering all other error sources, the tentative error budget for systematic uncer-
tainty in our experiment is at present estimated to about ∼ 2 ppb for δ("ν) and ∼ 20 ppb
for δ(µµ/µp), respectively, and at zero field ∼ 8 ppb for δ("νZF ).

4 Commissioning test experiment

Commissioning test experiments at zero field were performed in February and June 2016
at the D2 experimental area (D-Line) of the MUSE facility. A picture of the apparatus is
shown in Fig. 3. As already briefly mentioned, the 3D muon stopping distribution in the
gas chamber and the magnetic field map in the cavity were measured. The gas chamber and
the gas handling system were baked out, and build-up tests and residual gas Q-mass spec-
troscopy measurements were performed. The RF power stability was determined by a RF
power meter, and a network analyzer was used to measure the resonance line by adjusting
the resonance frequency.

During the first beam measurement of 30 hours carried out in February, no significant
signal could be observed, mainly due to the lack of statistics. In June, however, after sev-
eral trials we could observe our first resonance peak by measuring alternatively RF ON
and OFF for two minutes over a period of one hour, and by taking the difference. This
method reduces frequency drift from RF power dissipation in the cavity. Only backward
positron counters were used due to a relatively large prompt background from positrons
in the beamline. The resonance was measured at pressure of 1 atm, and scanned over

MuSEUM (Mu0 hyperfine parameter) 
＠J-PARC MLF

Mu0(µ+−e-) creation＠RIKEN RAL

~1000ch 
segmented  
scintillators 
+SiPM

Kalliope’s



Fiber tracker using Kalliope  

(16 MPPCs)×9
(■1x1mm2 fiber)×144

Air pressure in duct(Kalliope)×5

@J-PARC MLF, S. Matoba et al.
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Extension of firmware for Long window & DC application (2016-)  9

Original Kalliope firmware for Pulse mode

65µs=fixed time window

ch0

ch1

ch31

SiTCP data transfer to PC

start

memory
packet formation

start

Kalliope DC mode firmware (no fixed time window. Start can be random) 

chN
SiTCP

start 
=TDC reset

SiTCP

start 
=TDC reset



Kalliope for neutron imaging @ BL11, MLF, J-PARC (40ms window) 10

H. Shishido, T. Ishida et al. PR Applied (2018).

HIROAKI SHISHIDO et al. PHYS. REV. APPLIED 10, 044044 (2018)
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y
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FIG. 1. (a) Schematic of the
CBKID system. An X CBKID
meander is orthogonal to a Y
CBKID meander. The 10B con-
version layer is deposited on the
CBKID system. Bias currents I x

b
and I y

b are fed to the X and
Y meander lines independently
by constant dc voltage sources
through 10-k! resistors. Both
ends of the two meander lines
are connected to the channels,
Ch1, Ch2, Ch3, and Ch4, of a
Kalliope-dc readout circuit. One
pair, the positive and the neg-
ative pulses from the X detec-
tor, is measured by Ch4 and
Ch3. The other pair, the pos-
itive and the negative pulses
from the Y detector, is mea-
sured by Ch2 and Ch1. Laser
microscope images exhibit (b)
rounded turning points to ensure
smooth signal transmission and
(c) the regular intersections of
the XY meanders. The pitch
of the meander p (2 µm) and
the length of meander seg-
ment h (10.5 mm) are indicated
in the figure. (d) Schematic
cross-sectional image of the XY
CBKID system.

ends of the X (Ch3, Ch4) and Y (Ch1, Ch2) meander lines,
respectively. l (52.5 m) is the total length of the meander
line while vx and vy are the propagation velocities for the X
and Y meander lines, respectively. It is noteworthy that t0
can be determined independently in the X and Y meander
lines. If the signals appearing on Ch1, Ch2, Ch3, and Ch4
originate from the same hit event, the elapsed time t0 in the
X and Y meander lines should coincide. This coincidence
is the criterion to select a genuine combination of a signal
quartet in our measurement, even if several signals exist
simultaneously on a meander line. Therefore, a CBKID has
a good multihit tolerance if the readout circuit is high speed
enough. After identifying the signal quartet, the neutron-
incidence position X and Y is determined as

X = ceil
!

(tCh4 − tCh3)vx

2h

"
p, (7)

Y = ceil
!

(tCh2 − tCh1)vy

2h

"
p, (8)

where h is the length of a single microstrip segment and
p is the repetition pitch for the meander line. The spatial

resolution is predominantly limited by the timing resolu-
tion of the measurement. The function “ceil” converts the
signal-propagation length along the meander to the number
of turns in the meander lines used for signal traveling. The
acquired data are processed according to the abovemen-
tioned procedures on a data-processing computer to obtain
a neutron transmission image.

III. DETECTOR DESIGN AND EXPERIMENTAL
SETUP

A. Detector design
Figure 1 shows the schematic of our delay-line CBKID

system. An enriched-10B neutron-absorption layer is
superimposed on top of the X and Y meander lines, which
are orthogonal to each other in the line segment direction.
A laser microscope image of the X meander line in Fig. 1
shows that all the turning points are rounded to ensure
smooth propagations of the electromagnetic waves along
the whole meander line. We also note that the meander-line
width is kept constant including in the turning section. The
rounded turning points are intended to reduce the reflec-
tion of the pulsed signals from the unmatched impedance
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FIG. 3. Typical signals from Ch1 (red), Ch2 (black), Ch3
(blue), and Ch4 (green) at T = 4.15 K. Here, note that the neu-
trons are generated at t = 0 ms. Ch4 and Ch3 represent a pair: the
positive and negative pulses from the X detector fed by the bias
current I x

b = 0.16 mA. Ch2 and Ch1 are another pair: the positive
and negative pulses from the Y detector fed by I y

b = 0.48 mA.

bias currents of I x
b = 0.16 mA and I y

b = 0.48 mA. The sig-
nal widths observed from the X meander in Ch3 and Ch4
are a few times wider than those from the Y meander in
Ch1 and Ch2, but they are still within the order of a few
tens of ns. These widths enable high-speed measurements
and energy-dispersive neutron imaging with the combina-
tion of the TOF technique in a pulsed neutron source. We
estimate the detection-rate tolerance to be as high as a few
tens of MHz because CBKIDs can handle multihit events.

C. Energy-integrated neutron imaging and spatial
resolution

To evaluate the spatial resolution of our CBKID imag-
ing system experimentally, we conduct a neutron-imaging
demonstration by using a well-shaped neutron absorber

as a test pattern. The test absorber comprises a 50-µm-
thick stainless-steel mesh (15 × 15 mm2 in size), wherein
100 × 100-µm2 square holes are arrayed in a square lat-
tice (lattice constant 250 µm). Each hole is tightly filled by
very fine 10B particles. Because the stainless mesh is fab-
ricated by a wet etching technique, the corners and edges
of the square hole are somewhat rounded [see an optical
photograph shown in Fig. 4(b)]. In Fig. 4(a), we show
the neutron-radiography image of the 10B dot array, which
matches the photo image of the test pattern. Measurements
are performed at T = 4.15 K with I x

b = 0.16 mA and I y
b =

0.48 mA for 30.4 h at 200-kW beam power with an inci-
dent neutron wavelength λ ranging from 0.05 to 1.13 nm.
We reconstruct a neutron image from the corrected-signal
detecting times in Ch1, Ch2, Ch3, and Ch4 by using Eqs.
(7) and (8). The color scale indicates the number of events
(NOE) over 30.4 h. The hole size and repetition period are
estimated from the neutron imaging as 106 and 249 µm,
respectively, in the Y direction, whereas, in the X direc-
tion, they are 111 and 244 µm, respectively. The hole size
and repetition are in fairly good agreement with the 100 ×
100-µm2 hole and the pitch of 250 µm in the metal mesh.

Here, we discuss the spatial uncertainties δX and δY
expected from those in the propagation velocities (δv) and
the time stamps (δt). Following the regular expression for
error propagation, δX is expressed as

X ± δX = p(tCh4 ± δtCh4 − tCh3 ∓ δtCh3)(vx ± δvx)

2h
,

δX ≃ δvx

vx
x + pvx

2h
δtx, (9)

δtx = δtCh4 + δtCh3, (10)

where δtCh3 and δtCh4 are the measurement errors of the
detecting times in Ch3 and Ch4, respectively, and δvx is

(a) (c)

(d)

250 mm

100 mm

un
its

(b)

FIG. 4. (a) Neutron-radiography
imaging of the 10B dot array con-
tained in the stainless-steel mesh.
Neutrons with the neutron wave-
length λ ranging from 0.05 to
1.13 nm are used to construct the
image. (b) An optical photograph
of the test absorber, which com-
prises a 50-µm-thick stainless-
steel mesh. Each hole is tightly
filled by very fine 10B particles.
(c) The number of events (NOE)
along the red line in the image in
the 300 × 300 bin area for 30.4
h. (d) Numerical differentiation of
NOE as a function of y [see the red
line of (a)]. The solid line is a fit
to a Gaussian function to highlight
the 10B dot boundary.
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FIG. 3. Typical signals from Ch1 (red), Ch2 (black), Ch3
(blue), and Ch4 (green) at T = 4.15 K. Here, note that the neu-
trons are generated at t = 0 ms. Ch4 and Ch3 represent a pair: the
positive and negative pulses from the X detector fed by the bias
current I x

b = 0.16 mA. Ch2 and Ch1 are another pair: the positive
and negative pulses from the Y detector fed by I y

b = 0.48 mA.

bias currents of I x
b = 0.16 mA and I y

b = 0.48 mA. The sig-
nal widths observed from the X meander in Ch3 and Ch4
are a few times wider than those from the Y meander in
Ch1 and Ch2, but they are still within the order of a few
tens of ns. These widths enable high-speed measurements
and energy-dispersive neutron imaging with the combina-
tion of the TOF technique in a pulsed neutron source. We
estimate the detection-rate tolerance to be as high as a few
tens of MHz because CBKIDs can handle multihit events.

C. Energy-integrated neutron imaging and spatial
resolution

To evaluate the spatial resolution of our CBKID imag-
ing system experimentally, we conduct a neutron-imaging
demonstration by using a well-shaped neutron absorber

as a test pattern. The test absorber comprises a 50-µm-
thick stainless-steel mesh (15 × 15 mm2 in size), wherein
100 × 100-µm2 square holes are arrayed in a square lat-
tice (lattice constant 250 µm). Each hole is tightly filled by
very fine 10B particles. Because the stainless mesh is fab-
ricated by a wet etching technique, the corners and edges
of the square hole are somewhat rounded [see an optical
photograph shown in Fig. 4(b)]. In Fig. 4(a), we show
the neutron-radiography image of the 10B dot array, which
matches the photo image of the test pattern. Measurements
are performed at T = 4.15 K with I x

b = 0.16 mA and I y
b =

0.48 mA for 30.4 h at 200-kW beam power with an inci-
dent neutron wavelength λ ranging from 0.05 to 1.13 nm.
We reconstruct a neutron image from the corrected-signal
detecting times in Ch1, Ch2, Ch3, and Ch4 by using Eqs.
(7) and (8). The color scale indicates the number of events
(NOE) over 30.4 h. The hole size and repetition period are
estimated from the neutron imaging as 106 and 249 µm,
respectively, in the Y direction, whereas, in the X direc-
tion, they are 111 and 244 µm, respectively. The hole size
and repetition are in fairly good agreement with the 100 ×
100-µm2 hole and the pitch of 250 µm in the metal mesh.

Here, we discuss the spatial uncertainties δX and δY
expected from those in the propagation velocities (δv) and
the time stamps (δt). Following the regular expression for
error propagation, δX is expressed as

X ± δX = p(tCh4 ± δtCh4 − tCh3 ∓ δtCh3)(vx ± δvx)

2h
,

δX ≃ δvx

vx
x + pvx

2h
δtx, (9)

δtx = δtCh4 + δtCh3, (10)

where δtCh3 and δtCh4 are the measurement errors of the
detecting times in Ch3 and Ch4, respectively, and δvx is
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FIG. 4. (a) Neutron-radiography
imaging of the 10B dot array con-
tained in the stainless-steel mesh.
Neutrons with the neutron wave-
length λ ranging from 0.05 to
1.13 nm are used to construct the
image. (b) An optical photograph
of the test absorber, which com-
prises a 50-µm-thick stainless-
steel mesh. Each hole is tightly
filled by very fine 10B particles.
(c) The number of events (NOE)
along the red line in the image in
the 300 × 300 bin area for 30.4
h. (d) Numerical differentiation of
NOE as a function of y [see the red
line of (a)]. The solid line is a fit
to a Gaussian function to highlight
the 10B dot boundary.
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(a) (b) (c) (d)

(e) (f) (g) (h)

×
×

TOF

FIG. 5. (a) The histogram of the NOE per histogram bin per detector area per pulse as a function of time of flight t or wavelength
λ. Black dotted lines correspond to the imaging wavelengths of λ = 0.05, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.1 nm. Two-dimensional
images of the neutron absorber recovered by neutrons are shown for several different wavelengths: (b) 0.0495 < λ < 0.0505 nm, (c)
0.099 < λ < 0.101 nm, (d) 0.297 < λ < 0.303 nm, (e) 0.495 < λ < 0.505 nm, (f) 0.693 < λ < 0.707 nm, (g) 0.891 < λ < 0.909 nm,
and (h) 1.089 < λ < 1.111 nm.

the measurement error in the propagation velocity in the X
meander line. Similarly,

δY ≃
δvy

vy
y +

pvy

2h
δty , (11)

δty = δtCh2 + δtCh1, (12)
where δtCh1 and δtCh2 are the measurement errors of the
detecting times in Ch1 and Ch2, respectively, and δvy is
the measurement error in the propagation velocity in the
Y meander line. We estimate δvx/vx and δvy/vy to be
1.29 × 10−5 and 1.26 × 10−5, respectively. In the evalu-
ation of the maximum value of x = y = 5 mm, the first
term of Eqs. (9) and (11), namely, the positional error
due to the uncertainty of the speed, is only approximately
6 × 10−2 µm, which is negligibly small. Therefore, the
second term in Eqs. (9) and (11), i.e., the uncertainty of
the time measurement, is the dominant source of the posi-
tional error. If we assume δtx and δty are the same with
the timing resolution of TDC of 1 ns, the correspond-
ing positional errors are δX = pvxδtx/2h = 8.8 µm and
δY = pvyδty/2h = 7.1 µm. We note that δY is smaller than
δX because vy is notably slower compared with vx. The
hole size and period as determined by neutron imaging are
all within the estimated errors, except for the size in the
X direction (111 ± 8.8-µm measurement vs. 100-µm test
pattern), but the discrepancy is small.

Figure 4(c) shows a line profile along the red line in
Fig. 4(a). We estimated the sharpness of the dot boundary

of the FWHM of each peak in the derivation shown by the
blue lines in Fig. 4(d). Averages of FWHM are less than 22
and 41 µm in the Y and X directions, respectively, which
is 3–5 times worse than the spatial uncertainty from the
TDC resolution. Higher spatial resolution in the Y direction
compared with that in the X direction is, again, consistent
with a slower propagation velocity along the Y meander
line compared with that along the X meander line. We note
that the origin of the error is partially due to the rounding of
the etched edges of the holes in the metal mesh. Also, the
time stamp determination from the fixed threshold voltage
for the analog pulse may involve a timing jitter and result
in the pulse-height distribution.

D. Energy-resolved neutron imaging
In Fig. 5(a), the time distribution of detection events in

the delay-line CBKID is shown. The characteristic TOF or
λ dependence of the neutron flux [36] is well reproduced.
Here, we note that the delay-line CBKID has the capability
of high-energy resolution because of the sufficiently high
timing resolution of our system. The neutron wavelength
λ is proportional to the TOF and the neutron energy E as
λ (nm) = 28.2556 × t (s) = 0.9044/

√
E (eV) at BL10.

To demonstrate the high neutron-energy resolution, we
show the neutron images from seven different λ as dis-
criminated by the dotted lines in Fig. 5(a) with the
width of #λ/λ = ±1%. Figures 5(b)–5(h) present the neu-
tron imaging of the test pattern corresponding to each
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Kalliope DC mode used as TDC with 
1ns resolution + >40ms window  
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FIG. 5. (a) The histogram of the NOE per histogram bin per detector area per pulse as a function of time of flight t or wavelength
λ. Black dotted lines correspond to the imaging wavelengths of λ = 0.05, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.1 nm. Two-dimensional
images of the neutron absorber recovered by neutrons are shown for several different wavelengths: (b) 0.0495 < λ < 0.0505 nm, (c)
0.099 < λ < 0.101 nm, (d) 0.297 < λ < 0.303 nm, (e) 0.495 < λ < 0.505 nm, (f) 0.693 < λ < 0.707 nm, (g) 0.891 < λ < 0.909 nm,
and (h) 1.089 < λ < 1.111 nm.
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vy
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pvy

2h
δty , (11)
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compared with that in the X direction is, again, consistent
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line compared with that along the X meander line. We note
that the origin of the error is partially due to the rounding of
the etched edges of the holes in the metal mesh. Also, the
time stamp determination from the fixed threshold voltage
for the analog pulse may involve a timing jitter and result
in the pulse-height distribution.
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In Fig. 5(a), the time distribution of detection events in

the delay-line CBKID is shown. The characteristic TOF or
λ dependence of the neutron flux [36] is well reproduced.
Here, we note that the delay-line CBKID has the capability
of high-energy resolution because of the sufficiently high
timing resolution of our system. The neutron wavelength
λ is proportional to the TOF and the neutron energy E as
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To demonstrate the high neutron-energy resolution, we
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criminated by the dotted lines in Fig. 5(a) with the
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Kalliope	at	DC	muon	beam:	RCNP	MuSIC

DAQ	Hardware	(Kalliope	DC)

µSR	became	possible	with	Kalliope	DC	
at	RCNP-MuSIC	DC	muon	facility.		
LSB	of	TDC:	1	nsec	(not	good	enough	
for	DC-µSR)

Software	(ROOT	on	Linux)	

D. Tomono, A. Sato et al.
�11



TRIUMF DC muon beam application (>100kcps trigger)  12

TM=60k, TDC triggered on µ_gated=29k 

Kalliope survives to >100kcp start 
pulse (muons),  
1ns timing resolution is not enough 
for DC beam application.

TRIUMF TDC 
up to 50ps resolution

Kalliope 
1ns resolution 

sparse !

Nov. 2018@TRIUMF



TRIUMF 8Li beam application (20 s long window)  13

Kalliope handles high 
count rate ~10e-/10µs 

better than PMT. 

(Pulsed µSR at J-PARC 
has comparable rate.) 

Timing resolution 1ns is 
more than enough. 

20s long window worked 
with DC mode firmware.

July 2019@TRIUMF



Summary
• Kalliope (1ns resolution TDC) has been developed for pulsed muon 

measurements at MLF J-PARC.

• µSR spectrometers, as well as other pulsed muon measurements are running with 
Kalliope technology employed.

• DC mode firm ware was developed for neutron and DC beam muon 
measurements.

• Neutron imaging (BL11@MLF) and DC muon measurement (RCNP MuSIC) has 
become possible.

• TRIUMF β-NMR/NQR will benefit the high rate competency of Kalliope 
technology.

Part of Kalliope technology is available  
via OpenIT consortium




