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Fig. 2. Above: The time evolution of the muon polarisation in a polycrystalline mosaic of (a) p-NPNN
[2], (b) 3-QNNN [5] and (c) p-PYNN [9] crystals in ZF as a function of temperature. Below: The
corresponding ZF muon spin rotation frequency in (d) p-NPNN, (e) 3-QNNN, and (f) p-PYNN as a
function of temperature. The left hand scale shows the corresponding internal field. The dotted lines are
fits to the S = 1

2 molecular field model. In (d), the solid line shows a fit of M(T ) / (1° (T/TC)
Æ)Ø

with Æ = 1.7± 0.4 and Ø = 0.36 ± 0.05 (see [2]).

a free muon were to attach to a p-NPNN molecule, the resulting electronic spin-state
would be a doublet (S = 1

2 , fig. 3(b)). (Such a state could also form if Mu performed
a substitution reaction with a bound hydrogen, provided the liberated free hydrogen
could escape.) For S 6= 0, the hyperfine field at the muon-site would produce an un-
observably large precession frequency and we conclude that the observed precession
signal is due to singlet (diamagnetic) states.
Figure 3(d) shows the effect of applying a LF of up to 500 G to the sample at a

temperature of 400mK (i.e. in the magnetically ordered state). Increasing the field
leads to significant damping of the oscillations and also to an increase in the oscillation
frequency (see [2]). Also, the initial asymmetry rises (repolarises) with increasing LF,
an indication of a significant fraction of either doublet or triplet electronic spin states
(fig. 3 (b) and (c)). Smaller, but non-zero, paramagnetic fractions are found in all
nitronyl nitroxides which we have studied.
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Fig. 1. Molecular structure of nitronyl nitroxides studied using µSR.

lations can be seen. The oscillation frequency as a function of temperature is shown
in fig. 2(d).
In fig. 2 (b) and (e), the corresponding results are shown for a polycrystalline

sample of 3-quinolyl nitronyl nitroxide (3-QNNN) [4,5]. A lower Curie temperature
is observed (approximately 210 mK) and the local field at the muon site is much
lower than in p-NPNN. The reduced local field is consistent with a canted magnetic
structure [4] which is suggested by the crystal structure [6]. Our recent measurements
using the PSI spin-rotator on single crystals of 3-QNNN support this view. There is
also a large fast-relaxing component which becomes progressively more prominent as
the temperature is decreased, resulting in a sharp loss of asymmetry at short times
below TC. Though their crystal structures are different, the molecular overlaps in both
p-NPNN and 3-QNNN favour bulk ferromagnetic interactions [7] and our µSR results
show that ordering indeed occurs.
The crystal structure of p-PYNN is very different and consists of one-dimensional

chains in which molecules are arranged side-by-side and head-to-tail [8,9]. This
favours ferromagnetic interactions along the chain but the inter-chain interactions are
thought to be antiferromagnetic [10]. Our µSR results on this material (fig. 2 (c) and
(f)) show weak oscillations below ª90 mK superimposed on a large background [9].
This temperature coincides with a sharp peak observed in the a.c. susceptibility [10].
The oscillations are probably due to intra-chain ferromagnetic ordering which may be
stabilised by the inter-chain interactions. The most important inter-chain interactions
are between a given molecule and its eight inter-chain nearest neighbours. Four of
these will have the same orientation, four will be inverted: it is plausible that this
leads to competing inter-chain interactions of opposite sign and thus a large spread in
local field values and consequently the large damping rates.
To understand the nature of the implanted muon state in nitronyl nitroxides,

longitudinal-field (LF) measurements have been carried out on the material with the
clearest oscillations: p-NPNN. Directly following implantation of a muon in a sam-
ple, electron capture can occur. In this case the species that attaches to a particular
p-NPNN molecule is Mu= µ+e° with a single electronic spin. Since each p-NPNN
molecule also contains one unpaired spin, the resulting electronic spin-state of the
muonated radical is a singlet (S = 0, fig. 3(a)) or a triplet (S = 1, fig. 3(c)). If instead
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An example of Quantum Sensor
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Figure 1. Schematic diagram of a CB-KID 
structure for imaging. The 10B absorption 
layer is deposited on top of double Nb 
meanderlines. 

 Figure 2. Diagram of signal generation and 
propagation along the stripline of CB-KID with a 
pitch p. A positive signal propagates toward the 
upstream of the DC bias current while it is 
reversed toward the downstream of the current. 

2.2. Delay-line CB-KID  
We describe the principle of delay-line CB-KID. In the delay-line CB-KID, the position of neutron 
nuclear reaction is detected from a time difference of the travelling signal caused by irradiating pulse 
neutrons on the 10B layer. Figure 2 shows a hot spot on the Nb nanowire (stripline) and the signal 
transmission along the stripline. The signal is caused by the hot spot when the stripline is biased by the 
DC current while the hot spot is caused by the nuclear reaction between 10B and neutron. The nuclear 
reaction 10B(n, 4He)7Li mostly releases a 4He particle of 1.47 MeV and a 7Li particle of 0.88 MeV, and 
the local energy dissipation of each projectile is used to create a hot spot on the Nb nanowire stripline 
of the detector. When energy is added to the superconducting Nb meanderline, the Cooper pair density 
decreases locally. This leads to a generation of a pair of pulsed voltage signals according to equation 
(1), of which the sign (polarity) is dependent on the current direction. Each voltage signal propagates to 
both ends of the meander line as a pair of electromagnetic wave packets. Since the fractional lengths of 
the striplines, on which the signals move, are different from each other, the arrival timestamps of the 
signals at both ends are also different from each other. From the difference in the arrival timestamps of 
the signals at both ends of the meander line, we can calculate the position of the hot spot as  

ݔ = ௧
ଶ



 , ୶ݒ 
on the basis of the ceiling function of x in units of the segment length L and a pitch p of line and space. 
Our system is able to identify a position of a local meso-excitation from a difference in arrival 
timestamps of the two signals of opposite polarities. This means that only four readout channels are 
enough to conduct a large area imaging, and is in marked contrast with the exiting other techniques. 
 

3. Experimental principle and setup 
Our neutron detector was cooled down to a temperature below Tc of Nb using a 4K Gifford–McMahon 
�*0��UHIULJHUDWRU��7KH�VLJQDO�ZDV�DPSOL¿HG�E\�DQ�XOWUD-low-QRLVH�DPSOL¿HU��1)�6$-430 F5) and was 
detected by a 2.5GHz sampling digital oscilloscope (Teledyne LeCroy HDO4104-MS). Neutron 
irradiation experiments were performed with the pulsed neutrons at the beam line BL10 in J-PARC. 
Figure 3 shows a schematic diagram of experimental setup. The cryostat has an anti-vibration 
mechanism to prevent the detector from mechanical displacements to ensure high resolution 
measurements. The whole system is controlled by the LabVIEW program on the windows OS. We store 
the whole wave form signals to perform data analyses after completing the data acquisition. 

1ns TDC (2018-2023)
Belle-II and J-PARC muon
↓
30ps TDC (2024-)
J-PARC Hadron hall

1.5µm pitch Nb-Superconducting meander lines 15x15mm
30 ps TDC is developed in KEK and shared all in Japan.

Preliminary

(Mar. 4 2024)
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Fig. 1. Schematic of the CB-KID system. (a) Stacked layers of a supercon-
ducting Nb ground plane, X and Y superconducting Nb meander lines, and a
10B neutron capture layer, where each layer is separated by insulating SiO2
layers. (b) Cross-sectional image of the CB-KID.

energy-resolved neutron imager, and it was used to investigate
neutron transmission imaging, tomography, NRTI, and strain
mapping [18].

In this article, we employed a delay-line CB-KID to perform
neutron transmission imaging for a Gd–Al alloy sample con-
taining GdAl3 single crystals. Single crystals of GdAl3 were
observed with the spatial resolution of at least 27.7 and 23.4 µm
for the x- and y-directions, respectively. We represent a clear
resonance dip of 155Gd even on a limited area of 15 µm ×
12 µm and Gd selective NRTI result.

II. EXPERIMENTAL METHOD

A. Delay-Line Current-Biased Kinetic-Inductance Detector

The delay-line CB-KID was fabricated on a SiO2/Si substrate.
It has stacking layers of a superconducting Nb ground plane, X
and Y superconducting Nb meander lines, and a 10B neutron
conversion layer as shown in Fig. 1. Each layer was separated
by an insulating SiO2 layer. The thickness of each layers are
as follows: 300 nm for the Nb ground plane; 350 nm for the
SiO2 layer; 50 nm for the Y meander line; 150 nm for the
SiO2 layer; 50 nm for the X meander line; 150 nm for the
SiO2 layer; and 70 nm for 10B layer. The X and Y meander
lines of width 0.9 µm and total length 151 m were folded
10 000 times with 0.6 µm spacing. Therefore, the repetition
pitch p and length of each segment h were 1.5 µm and 15.1 mm,
respectively. The device was fabricated in the clean room for
analog–digital superconductivity (CRAVITY) at the National
Institute of Advanced Industrial Science and Technology. A 10B
layer was deposited by electron-beam deposition under ultrahigh
vacuum.

We obtained the penetration depth (λs) 115 nm and the kinetic
inductance of the meander line Lk ∼ 56µH at 7.9 K with the
two-fluid model, where we take a superconducting transition
temperatureTc = 8.5 K and the penetration depth of Nb meander
lines λs = 60 nm at 4.2 K. The nuclear reaction between 10B
atoms and incident neutrons at the neutron conversion layer
creates charged particles, including (7Li ions and α-particles).
One of the particles could hit both theX and Y superconducting
meander lines, and thus, a transient reduction ofns occurs locally
at the hot spot.

According to the particle and heavy ion transport code system
simulations, the energy deposition by 7Li-ions is comparable to
that by α-particles [20]. Therefore, one can expect a similar
transient reduction in ns regardless of whether a 7Li particle
or an α particle is incident to a sensitive area of the CB-KID
detector.

A local transient reduction of ns induces a transient change
in local kinetic inductance. When a dc bias current Ib is passed
through the meander lines, a pair of voltage pulses are generated
at the hot spot, and each pulse propagates toward both ends of the
meander line as an electromagnetic wave. A voltage V across
the hot spot is expressed as

V = Ib
dL

dt
# Ib

dLk

dt
= −ms∆lIb

n2
sq

2
sS

dns

dt
(1)

whereL is inductance;Lk is kinetic inductance;∆l andS are the
hot-spot length and cross-sectional area of the superconducting
wire, respectively; and and ms and qs are the effective mass and
electric charge of the Cooper pair, respectively.

Meander lines with the ground plane are regarded as super-
conducting microstriplines, and thus, they can transmit high-
frequency waves with lower attenuation even for the 151-m-
length traveling [21], [22]. The meander line acts as a super-
conducting detector and a delay line for the pulsed signals.
Therefore, one can determine the hot-spot positions on the
detector with only four signal leads. The hot-spot positions x
and y are determined by

x = ceil

[
(tCh4 − tCh3)vx

2h

]
p (2)

y = ceil

[
(tCh2 − tCh1)vy

2h

]
p (3)

where tCh1, tCh2, tCh3, and tCh4 are the corresponding times-
tamps of the signals received at Ch1, Ch2, Ch3, and Ch4, respec-
tively, and vx = 5.966× 107 m/s and vy = 5.469× 107 m/s are
signal propagation velocities for the X and Y meander lines,
respectively, at T = 7.9 K in this CB-KID.

We note that pixel sizes are not uniform by integerization
processing in (2) and (3). Pixel size in the x-direction contains
majority of 3 µm and a few of 1.5 µm. That is, the y-direction
consists of about the same number of 1.5 and 3 µm.

If we assume events occurs at t0, it is determined by

t0 =
tCh4 + tCh3

2
− l

2vx
(4)

or

t0 =
tCh2 + tCh1

2
− l

2vy
. (5)

These t0 should be the same if the signal quartet originated
from the same event. This coincidence check act as a good
criterion to distinguish the correct quartets from the bundle of

Authorized licensed use limited to: High Energy Accelerator Research Organization. Downloaded on January 30,2022 at 19:16:06 UTC from IEEE Xplore.  Restrictions apply. 
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Quantum sensors vs. Diffusion knowledge from CMMS probes
Low temperature 

Slope µ Ea
Intercept µ τ0

Rattling of 8Li+
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NuTimeLAMPF

DR
• Superconducting 

Helmholtz
• 5 T / z, 2.5 mT / x
• 15 mK to 10 K

• Superconducting Solenoid
• 7.0 T / z
• 4He cryostat: 2 – 330 K

• 4 x Helmholtz
• 0.3 T / z, 10 mT / x, y
• Miss Piggy: 1.7 – 330 K
• Gas flow: 2.8 – 330 K
• Oven: 290 – 900 K

Helios
• Superconducting Solenoid
• 6 T / z, 2 mT / y
• Circulator: 250 – 475 K
• Gas flow: 2.8 – 330 K
• Oven: 290 – 900 K

μSR Spectrometers (=Sample environment + Detectors and DAQ) 
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βNMR

• Maximum magnetic field: 9 T
• Maximum magnetic field with 

RF: 6.55 T
• Temperature: 4 – 320 K 

Low-field βNQR

• Magnetic field: 0 – 24 mT
• Normal cryostat: 4 – 320 K
• Cryo-oven: 4 – 400 K

Mid-field βNQR

• NSERC RTI funded + TRIUMF 
contribution

• Commissioned 2022
• Magnetic field: 0 – 0.2T
• Cryo-oven: 4 – 400 K

β-NMR Spectrometers (=Sample environment + Detectors and DAQ) 
From Iain’s slide



Quantum Materials research in Quantum Strategy at TRIUMF

CMMS has strong a background on 
• How quantum sensors (molecular or semiconductor-based) will behave.
• Detectors, Cryogenics, Magnets and Beamlines.
• Theory of many-body (electron) wavefunctions. 

TRIUMF is a small and maneuverable society
• Close collaborations with interdisciplinary fields will be easy and beneficial.

Quantum is a good keyword to tie us together !


