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Abstract: The FAMU (Fisica degli Atomi Muonici) experiment at the RIKEN RAL pulsed muon
facility will measure the proton Zemach radius with high precision, thus contributing to the solution
of the so-called “proton radius puzzle”. The situation is now confused and new measurements will
help reduce the discrepancy as measured with electrons or muons. To this aim, FAMU will make
use of a high-intensity pulsed muon beam at RIKEN-RAL impinging on a cryogenic hydrogen
target and a tunable Mid-infrared (MIR) laser emitting at about 6.78 µm, to measure the hyperfine
(HFS) splitting of the 1S state of muonic hydrogen. The injection of light into the cryogenic target
and its monitoring via dedicated MIR sensors is an asset for the experiment. A possible solution is
via specialty MIR fibres based on hollow core waveguides or polycrystalline fibres. Two dedicated
setups based on pulsed QCL lasers, from Alpes Laser, emitting around 6.78 µm have been used to
study the fibre attenuation while the high energy laser specifically developed for the FAMU project
has been used to study the damage threshold at high energies. The alignment of MIR laser radiation
into an optical cavity presents criticalities due to geometrical constraints. Its control requires the use
of small and sensitive detectors. The results obtained with a quantum IR sensor with an integrated
circuit for signal processing are reported.
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Lasers; Photon detectors for UV, visible and IR photons (solid-state)
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1 Introduction

The recent Lamb shift experiment at PSI and the controversy about the proton size [1] raised the
interest in the hyperfine splitting measurements of muonic hydrogen [2]. This measurement allows
the extraction of the Zemach radius of the proton, which is the only observable parameter that
characterizes both its charge and magnetic distributions. The FAMU (Fisica degli Atomi Muonici)
project will be the first experiment aimed at measuring the hyperfine splitting (HFS) in the muonic-
hydrogen atom ground state. Its experimental method requires a detection system suited for time
resolved X-ray spectroscopy using HPGe detectors and scintillating counters based on LaBr3(Ce)
crystals [3–5]. The FAMU experiment will be performed at the RIKEN RAL facility where a high
intensity pulsed muon beam is available. The interaction of the muon beam with a hydrogen gas
mixture produces muonic hydrogen (µp) atoms. In subsequent collisions with H2 molecules, the µp
de-excites at thermalized µp in the (1S)F=0 state. Afterwards, the muon from muonic hydrogen is
transferred to the nucleus of a heavier gas added to the hydrogen (such as oxygen) and such transfer is
detected by observing the characteristic relaxation X-rays spectrum. This process occurs at typical
time scale of 300 ns after the µp formation. If in the time interval between the µp thermalization
and the muon transfer to oxygen, the muonic hydrogen atoms absorb a photon at the resonance
frequency provided by a laser source, a hyperfine para-to-ortho transition ((1S)F=0 → (1S)F=1) is
promoted and, in the following collisional de-excitation to the para spin state, they are accelerated
by ∼0.12 eV [6]. The resonance frequency photon is provided by a tunable (near 6.78 µm) high
energy Mid-Infrared (MIR) laser source based on a difference frequency generation (DFG) non-
linear process. The laser system uses a non-linear crystal and nanosecond pulses generated by
single frequency Nd:YAG and Cr:forsterite [7, 8] lasers at 1064 nm and 1262 nm, respectively.
The number of atoms that have undergone the above sequence can be determined by observing a
change of the time spectrum distribution of the characteristic X-rays emitted after the transfer of the
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muon from the muonic hydrogen to the nucleus of oxygen added to the hydrogen target. Indeed,
the transfer rate is an energy-dependent process in the epithermal energy range. One of the main
drawbacks of using such wavelength is its high absorption in air due to the presence of water vapour.
Therefore, the major concern related to the laser light transport from the laser source to the gas
target cavity are the laser losses. One possibility is the use of a vacuum tube or, as an alternative, a
vapour-free gas pipeline. In this case, one of the possible disadvantages may arise from alignment
difficulties due to geometrical constraints and the possible surge of vibrations as the two systems,
laser and target, are decoupled. Therefore, a possible solution may come from the use of fibre optics
transparent to MIR radiation. This arrangement would have the advantage of avoiding the building
up of a dedicated beam transport channel with the associated alignment issues. However, in the
initial stages of the experiment the “direct injection” has been preferred. In this case, the alignment
of the MIR laser beam will be controlled by the use of small and sensitive detectors. The results
obtained with a quantum IR sensor with an integrated circuit for signal processing are reported.

MIR radiation around 6–7 µm has also important applications for biomedical diagnostics,
environmental monitoring as well as isotope analysis. It is known, for example, that any disease
process is preceded by changes in the metabolism of the affected cells or organs. Thus, new
technologies such as Fourier transform infrared spectroscopy (FTIR) has emerged as a valuable
alternative to detect bio-molecular changes in the fields of biology andmedicine yielding information
on a biologic state in early medical diagnosis [9, 10]. Infrared optical fibres based on chalcogenide
glass have been used as sensor for the determination of volatile organic pollutants in groundwater
motivated by the lack of fast and cost-efficient state-of-the-art techniques on the one hand and
the increasing demands of national and international directives concerning the quality of water on
the other [11, 12]. Fibre-optic components show enhanced versatility with respect to bulk optics,
mostly in terms of flexible beam guidance and compactness. Furthermore, fibres could also be
deployed advantageously as modal wave-front filters, optical path delay length control or for multi-
axial beam combining [13]. There are various fields of application for infrared fibres, each one
requiring specific fibre properties such as: nulling interferometry [14], high precision imaging and
spectroscopy [15].

2 Tests of optical fibres in MID-IR range

The performance of an optical fibre for the transport of a specific radiation is determined evaluating
the attenuation, A, or the attenuation coefficient, α, that is the attenuation per unit length expressed
in dB:

A = 10 log
(

Pref
Pout

)
(2.1)

α =
10
z

log
(

Pref
Pout

)
(2.2)

where Pref is a reference power such as the input power into the fibre, Pout is the output power from
the fibre and z is the fibre length. In the literature [16], the optical fibres used for the transport
of radiation in the range 6–7 um are: polycrystalline Silver Halide fibres, Hollow glass fibres and
Chalcogenide glass fibres. The reported attenuation coefficient, α, is of the order of 1 dB/m.

Therefore, the following optical fibres have been selected for the initial tests:
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• Hollow Fibre HF500MWLW-SMA-1m internal diameter (ID) = 500 µm; MWLW Silver Io-
dide coating for λ = 5–12 µm; SMA connectors, from Opto-Knowledge Systems

• RF-Se-300 multimode LW mid-infrared Chalcogenide glass fibre for λ = 1.5–9.7 µm,
ID = 300 µm, FC connectors, from IRFLEX

• PIR AgCl:AgBr Polycrystalline fibre, cores of 410 µm and 860 µm, from ArtPhotonics

Two are the main requirements the selected optical fibres have to meet in order to be imple-
mented in the laser transport line:

1. Present a low attenuation coefficient in the wavelength range 6.78–6.80 µm,

2. Have a damage threshold capable to withstand the high energy laser at around 6.80 µm (energy
of about 1mJ with pulse duration of 10 ns).

For this purpose, different measurement campaigns have been performed to address this issue.
In particular, two QCL lasers have been used to investigate the fibres attenuation with different
operative and injection conditions, whereas a DFG based high energy laser beam has been used to
study the damage threshold of the different fibre materials.

2.1 Tests with cryogenic pulsed QCL laser

The layout of the measurement system is shown in figure 1. We used a pulsed Distributed-feedback
Quantum cascade laser (DFB-QCL, #sb 1486 DN, Alpes Lasers Technology). The QCL was
operated with pulse duration of 100 ns, repetition rate of 200 kHz. The operation temperature was
changing from 80K to 150K allowing to have a single mode operation in the wavelength range
between 6780 and 6825 nm with a line width less than 1 nm. Operating the laser at this duty cycle
(2%) allows to reach an average power of 12mW. The beam from the laser was collimated by a Ge
lens of 25.4mm focal length (L1) and then focused by a ZnSe lens of 40mm focal length (L2) on
a SMA/FC adapter after two reflexions on gold coating mirrors M1 and M2. The reference fibre
(orange jacket) was connected to the fibre to be tested (green jacket) by a mating adapter and the
output light was collected by a power meter via an adapter (figure 1).

Figure 1. Experimental arrangement for the attenuation measurement with a pulsed DFB-QCL laser.
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For the measurements we proceeded as follow:

1. We measured the output power from the SMA (A1) or FC (A2) fibre adapter,

2. The reference fibre was connected between A1 or A2 adapter and the power meter, and a first
measurement is taken, Pref .

3. Afterword, the fibre under test was connected between the reference fibre and the power meter
and a second measurement is taken, Pout.

4. We connected another fibre to the previously mounted fibre and we measured the output
power.

At our disposal we had two 50 cm long fibres and one 1m long fibre for both the hollow and
chalcogenide glass fibre. For the Silver Halide we had just a 2m long fibre. With this procedure both
the coupling and the transmission/attenuation factor could be evaluated. We denoted such value as
total losses. The insertion loss due to the mating fibre adapter has been measured by comparing
for example the output power from a 1m long fibre and two 50 cm long fibres. As detector we
used an Ophir power meter (model 3A-SH; thermopile; spectral range: 0.19–20 µm; power range:
10 µW–3W) and a Kolmar detector (model KMPV11-0.5-J2; HgCdTe photodiode. peak cut-off
wavelength: 10.5 µm; sensing area: 0.5 × 0.5mm).

2.2 Tests with pulsed pigtailed QCL laser

The laser used in this second set of measurements is a pulsed pigtailed HHL-696 Alpes Laser QCL,
complemented by an external cooling circuit, in order to reach -40◦C. The temperature control
allowed to scan the laser emission between 6780 to 6816 nm by changing the operative temperature
from +20◦C to -40◦C. The emission power is almost constant over the range of wavelength with an
average power at the maximum supplied current (1.35A) of around 3.5mW. The employed laser
has the following features:

- Pulse duration of 20 ns and repetition rate of 1MHz.

- Single mode with line width <1.3 nm.

A CaF lens with 20mm focal length is directly mounted on the laser base together with a SMA
fibre holder adapter as it can be seen in figure 2.

In this case, we performed two kind ofmeasurements to evaluate both the attenuation coefficient
and the total losses due to attenuation and injection. For the measurement of the attenuation
coefficient, we proceeded as follow:

1. A 50 cm long fibre is connected directly to the power meter and a first power measurement is
taken (Pref).

2. Afterword, we changed the fibre with a 1m long fibre and a second measurement is taken
(Pout).

The attenuation coefficient in then calculated by eq. (2.1). For the evaluation of the total losses,
we proceeded as follow:
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Figure 2. Pigtailed QCL Laser head (B) mounted on a water cooled base (C). In the figure the S-2 pulser
(A), the injection optics (D) and the fibre to be tested (E) are also shown.

1. The emitted power from the laser is taken after the lens/SMA adapter (Pref)

2. Afterword, we connect a 50 cm long fibre and a second measurement is taken (Pout).

The total losses are then calculated by eq. (2.2).

2.3 Tests for the evaluation of the damage threshold

The laser, developed in collaboration with the Elettra Sincrotrone Labs in Trieste, has to satisfy
strict requirements to be of interest for the FAMU experiment in order to excite an efficient spin flip
transition of the muonic hydrogen. The laser system is divided into two main units.

1. The Cr:Fo master-oscillator power- amplifier (MOPA) [8]. It is made of a Cr:Fo based
oscillator delivering a very narrow linewidth (0.5 pm), single longitudinal mode (SLM)
pulsed laser light centred at 1262 nm and a four-stage amplifier unit. The total output energy
is 24mJ at 25Hz.

2. The second subsystem is a Nd:YAG, laser with 18 ns pulse duration, jitter 0.5 ns, 25Hz
repetition rate, and a maximum output of < 300mJ. This laser is seeded with a highly stable
fibre laser at 1064 nm.

These two laser wavelengths are combined in a LiInS2 crystal (NLC) with dimensions 7 ×
7 × 20mm3, to perform difference frequency generation (DFG). The DFG process gives access to
a broad MIR region 6445–6935 nm with an efficiency of 1.4% with respect to the energy of the
Nd:YAG pump (560 µJ with 39mJ from the Nd:YAG). In our case, we have been able to produce
up to 140 µJ in single pass and 560 µJ in double pass configuration. The scheme of the laser system
for DFG is shown in figure 3.
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Figure 3. Laser scheme for DFG non-linear process.

3 Results ad discussion

In this section, we present the results obtained using the three lasers described in sections 2.1, 2.2, 2.3.

3.1 Transmission tests

In figure 4, the total losses (i.e. the combination of both the attenuation and laser to fibre coupling)
as a function of the fibre length for three different fibres are illustrated. For this measurement
we used the cryogenic pulsed QCL laser with the emission wavelength set at λ = 6789.3 nm. As
expected, the attenuation increases by increasing the length of fibres, with the attenuation for the
hollow fibre always higher than the chalcogenide glass fibre. During this set of measurements, we
had at our disposal a 2m long Silver Halide fibre with an attenuation slightly above 5 dB.

Figure 5 shows the total losses as a function of the focusing length for the three fibres (50 cm
long: hollow and chalcogenide glass fibres; 200 cm long: Silver Halide fibre). As it can be clearly
seen, the hollow fibre presents a minimum of attenuation when using a lens with 150mm focal
length. The other fibres do not seem to be affected by such injection parameter. Also in this case, the
Silver Halide fibre presents lower values of attenuation. A possible explanation for this behaviour
can be the following: although coupling light into a hollow fibre is relatively simple given the
large core, both transmission and beam quality can be adversely affected if the proper focal length
optic is not used. In general, the beam should enter with a small angle into the fibre that is with a
relatively gradual focus. Optimal coupling into the lowest order mode occurs when the ratio of the
focused spot size to the fibre internal diameter, ID, is 2ω0/ID = 0.64 [17, 18], where ω0 is the beam
waist. In our case, for ID = 500 µm and a laser beam diameter 5mm we get a focal length of about
160mm. All measurements in figures 4–5 have been corrected by removing the attenuation due
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to the insertion loss caused by the use of fibre mating adapter. Its contribution has been estimated
for different laser emission wavelengths. Mean insertion loss values of 0.8, 1.5 and 2 dB have been
obtained for the chalcogenide glass, Silver Halide fibres with 400 µm and 800 µm, respectively.

Figure 4. Total losses as a function of the fibre
length for three different fibres: Hollow fibre (O.-
K.S.), Chalcogenide glass fibre (IRFLEX) and Silver
Halide glass fibre (Art Photonics). Focusing lens:
Ge = 200mm. The laser emission wavelength is
λ = 6789.3 nm. Tests performed using the cryogenic
pulsed QCL laser.

Figure 5. Fibre total losses as a function of the
focal length for the three tested fibres. In this case,
the fibre length is 50 cm for the Hollow fibre (O.-
K.S.) and Chalcogenide glass fibre (IRFLEX), and
200 cm for the Silver Halide (Art Photonics). Tests
performed using the cryogenic pulsed QCL laser.

In figure 6, the total losses are displayed as a function of the laser emitting wavelength. These
are obtained by comparing the output power measured at the laser exit and the power measured
after 50 cm long fibre. This and the following measurements have been performed using the pulsed
pigtailed QCL laser. As it can be clearly seen, the lowest losses are achieved for the Silver Halide
glass fibre (Artphotonics) with 800 µm core with values of about 1.5 dB in the whole range of
wavelengths. Larger core diameter thus provides less attenuation, most likely due to a better laser-
fibre coupling. Conversely, the performance of the hollow fibre presents very high losses (>6 dB)
with a high uncertainty especially in the wavelength range 6787–6796 nm.

As a comparison, we report in figure 7 the output power at the exit of a 50 cm long hollow
and Silver Halide glass (ID 800 µm) fibre as a function of the laser wavelengths and at different
supplied powers. Since the power transmitted by the hollow fibre around 6789 nm and at 6796 nm
is nearly negligible, the total losses corresponding to such values are very high as already reported
in figure 6 (Left panel). The sudden drop around these two wavelength (also partially present for
the Silver Halide fibre: right panel of figure 7) is due to the absorption by water vapour in air.
Figure 8 reports the result of the transmittance simulation of MIR light between 6710 and 6860 nm
at a pressure of 1 bar, a temperature of 296K and an optical path of 1 cm using the high-resolution
transmission molecular absorption database (HITRAN) [19].

Figure 8 gives two transmittance minima at about 6787 and 6793 nm which correspond fairly
well with those found experimentally at 6789 and 6794/5 nm. Thus, hollow fibres provide an
additional absorption at those wavelengths due to both the presence of water vapour in the core and
adsorbed on the core surface.
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Figure 6. (Left panel) Total losses due to the laser-fibre coupling obtained by comparing the output
power measured at the laser exit and the power measured after 50 cm long fibre. (Right panel) Attenuation
coefficient obtained by comparing the output power from a 50 cm long fibre and the 1m long fibre. Tests
performed using the cryogenic pulsed QCL laser.

Figure 7. Power measured at the exit of a 50 cm long hollow fibre (Left panel) and at the exit of a 50 cm long
Silver Halide glass fibre with ID 800 µm (Right panel) as a function of the laser wavelength and at different
supplied powers. Tests performed using the cryogenic pulsed QCL laser.

Figure 8. Transmittance of MIR light between 6710 and 6860 nm at a pressure of 1 bar, a temperature
of 296K and an optical path of 1 cm using the high-resolution transmission molecular absorption database
(HITRAN).
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3.2 Damage tests

It is known that for an ideal surface, the optical damage threshold at the surface is close to that
of the bulk medium. In practice, the damage threshold at the surface can be much lower than
that of the bulk because of the presence of defects and contaminations. For example, it has been
shown that the optical damage threshold at 1064 nm is close to 480GW/cm2 in bulk silica due
to electron avalanche and independent of pulse width for pulse durations above 100 ps [20]. For
shorter pulses, the avalanche evolves more slowly than the pulse envelope, leading to a slightly
higher threshold [20]. In our case, the damage threshold of MIR fibres has never been tested at the
specific wavelength around 6785 nm using a 10 ns high energy pulsed laser. The peak energies, the
optical fibres have been exposed to, in the tests described in sections 2.1 and 2.2 were of the order of
tens of nJ. At the Elettra Sincrotrone Labs in Trieste, the laser has been designed to deliver energies
which are in the range of mJ. Therefore, our purpose was to test the capability of these MIR fibres
to transport the laser light at such high energies observing any eventual damage threshold. The tests
were performed up to about 200 µJ.

Figure 9. Energy transmitted by the different optical fibres; for the OptoKnowledge fibres (hollow) the
subscripts 1 and 2 refers to different focusing lengths: “1” CaF 150mm, “2” CaF 200mm. For the other
fibres a Ge 200mm focusing lens has been used. Laser wavelength λ= 6787.51 nm. Measurements performed
using an Ophir power meter.

Figure 9 shows the results of the energy transmitted by the different fibres as a function of laser
light energy, obtained at a laser wavelength λ = 6787.51 nm. The energy transmitted is linear in the
range 20–200 µJ showing no damage to the fibres at power densities of about 107 W/cm2. The total
losses obtained in these tests confirmed those obtained in previous tests (section 3.1) including the
tests on the hollow fibres that shows a higher transmittance when the light is focused using 150mm
focal length.

During the damage tests, we also investigated the behaviour of a MIR sensor developed for
detecting human presence. This is justified by the need to align the laser beam in an experimental
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setup with strong geometrical constraint [21, 22]. We used the AK9752 module, a very low
power and small (2.2mm × 2.2mm) IR sensor. It is composed of a quantum IR sensor and an
integrated circuit for signal processing. An integral analog-to-digital converter provides 16-bits
data outputs [23]. These characteristics make this detector suitable to be employed in the alignment
operation of the laser beam in the FAMU experiment. We tested the response to the laser light
at different energies using the beam line of the FAMU laser. The response of the sensor between
24 and 218 µJ is linear with a R-Square (statistical measure that represents the proportion of the
variance for a dependent variable that is explained by an independent variable or variables in a
regression model,1 [24]) of about 0.98, as it can be observed in figure 10.

Figure 10. Sensor’s output signal as a function of laser energy. The range of energy spans between 24 and
218 µJ. The red line represents a linear fit (R-Square = 0.977).

4 Conclusions

The use of optical fibres to convey the MIR laser beam at 6785 nm has been addressed in this paper.
Three different fibres have been investigated: a hollow fibre and two polycrystalline glass fibres.
The results showed that Silver Halide glass fibres perform better than the other two fibres and that
increasing the core diameter the attenuation is reduced. In particular, we found that the Silver Halide
glass fibre with a core diameter of 800 µm provided an attenuation coefficient <1 dB/m and total
losses (accounting for the attenuation and injection losses) for a 50 cm long fibre of about 1.5 dB. No
damage threshold is present up to about 200 µJ. Further tests are necessary to extent the range of the
threshold to energies >1–2mJ. These results make the Silver Halide glass fibres promising for their
implementation in the FAMU experiment, thus significantly reducing the criticalities associated
with the “direct injection”.

1https://www.investopedia.com/terms/r/regression.asp.
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The alignment of MIR laser radiation in the FAMU experiment is not an easy task due to
the specific laser light wavelength and the geometrical constraints which demand for small and
sensitive detectors. The results obtained for a quantum IR sensor with an integrated circuit for
signal processing revealed that the sensor response is linear within 24 and 218 µJ with a R-Square
of 0.97 and therefore suitable for the FAMU alignment process.

References

[1] R. Pohl et al., The size of the proton, Nature 466 (2010) 213.
[2] D. Bakalov et al., Experimental method to measure the hyperfine splitting of muomic hydrogen
(µ−p)1S , Phys. Lett. A 172 (1993) 277.

[3] FAMU collaboration, Steps towards the hyperfine splitting measurement of the muonic hydrogen
ground state: pulsed muon beam and detection system characterization, 2016 JINST 11 P05007
[arXiv:1604.01572].

[4] M. Bonesini, The FAMU experiment at RIKEN RAL for a precise measure of the proton radius,
PoS(EPS-HEP2019)132.

[5] C. Pizzolotto et al., The FAMU experiment: muonic hydrogen high precision spectroscopy studies,
submitted to Eur. Phys. J. A.

[6] A. Adamczak et al., On the use of a H2 −O2 gas target in muonic hydrogen atom hyperfine splitting
experiments, Hyperfine Interact. 136 (2001) 1.

[7] L.I. Stoychev et al., Pulse amplification in a Cr4+:forsterite single longitudinal mode (SLM)
multi-pass amplifier, Laser Phys. 29 (2019) 065801.

[8] L.I. Stoychev et al., 24mJ Cr+4:forsterite four-stage master-oscillator power-amplifier laser system for
high resolution mid-infrared spectroscopy, Rev. Sci. Instrum. 90 (2019) 093002.

[9] J. Keirsse et al., Chalcogenide glass fibres used as biosensors, J. Non-Cryst. Solids 326-327 (2003)
430.

[10] J. Keirsse et al., IR optical fibre sensor for biomedical applications, Vib. Spectrosc. 32 (2003) 23.
[11] P. Hahn et al., Detection of Hydrocarbons in Water by MIR Evanescent-Wave Spectroscopy with

Flattened Silver Halide Fibres, Appl. Spectrosc. 55 (2001) 39.
[12] K. Michel et al.,Monitoring of pollutant in waste water by infrared spectroscopy using chalcogenide

glass optical fibres, Sens. Actuator. B 101 (2004) 252.
[13] A. Ksendzov et al., Characterization of mid-infrared single mode fibres as modal filters, Appl. Opt. 46

(2007) 7957.
[14] A. Ksendzov et al.,Modal filtering for mid-infrared nulling interferometry using single mode silver

halide fibres, Appl. Opt. 47 (2008) 5728.
[15] J.M. Kriesel et al., Hollow core fiber optics for mid-wave and long-wave infrared spectroscopy, Proc.

SPIE 8018 (2011) 80180V.
[16] J.A. Harrington, Infrared fibres, in Handbook of Optics, M. Bass et al. eds., McGraw-Hill, New York

U.S.A. (2000).
[17] P. Patimisco et al., Low-Loss Coupling of Quantum Cascade Lasers into Hollow-Core Waveguides

with Single-Mode Output in the 3.7–7.6 µm Spectral Range, Sensors 16 (2016) 533.
[18] P. Patimisco et al., Hollow core waveguide as mid-infrared laser modal beam filter, J. Appl. Phys. 118

(2015) 113102.
[19] L.S. Rothman et al., The HITRAN2004 Molecular Spectroscopic Database, J. Quant. Spectrosc.

Radiat. Transfer 96 (2005) 139.

– 11 –

https://doi.org/10.1038/nature09250
https://doi.org/10.1016/0375-9601(93)91021-V
https://doi.org/10.1088/1748-0221/11/05/P05007
https://arxiv.org/abs/1604.01572
https://doi.org/10.1023/A:1015576825454
https://doi.org/10.1088/1555-6611/ab17cf
https://doi.org/10.1063/1.5115105
https://doi.org/10.1016/S0022-3093(03)00434-4
https://doi.org/10.1016/S0022-3093(03)00434-4
https://doi.org/10.1016/S0924-2031(03)00044-4
https://doi.org/10.1366/0003702011951407
https://doi.org/10.1016/j.snb.2004.03.014
https://doi.org/10.1364/AO.46.007957
https://doi.org/10.1364/AO.46.007957
https://doi.org/10.1364/AO.47.005728
https://doi.org/10.1117/12.882840
https://doi.org/10.1117/12.882840
https://doi.org/10.3390/s16040533
https://doi.org/10.1063/1.4930893
https://doi.org/10.1063/1.4930893
https://doi.org/10.1016/j.jqsrt.2004.10.008
https://doi.org/10.1016/j.jqsrt.2004.10.008


2
0
2
0
 
J
I
N
S
T
 
1
5
 
C
0
4
0
3
0

[20] B. Samson Nufern and L. Dong, Fiber lasers, in Handbook of Solid-State Lasers, Materials, Systems
and Applications, B. Denker and E. Shklovsky eds., Woodhead Publishing, Sawston U.K. (2013).

[21] E. Mocchiutti et al., First FAMU observation of muon transfer from µp atoms to higher-Z elements,
2018 JINST 13 P02019 [arXiv:1708.03172].

[22] A. Adamczak et al., The FAMU experiment at RIKEN-RAL to study the muon transfer rate from
hydrogen to other gases, 2018 JINST 13 P12033.

[23] https://html.alldatasheet.com/html-pdf/964691/AKM/AK9752/53/1/AK9752.html.
[24] J.L. Devore, Probability and Statistics for Engineering and the Sciences, eighth edition, Cengage

Learning, Boston U.S.A. (2011) [ISBN:978-0538733526].

– 12 –

https://doi.org/10.1088/1748-0221/13/02/P02019
https://arxiv.org/abs/1708.03172
https://doi.org/10.1088/1748-0221/13/12/P12033
https://html.alldatasheet.com/html-pdf/964691/AKM/AK9752/53/1/AK9752.html

	Introduction
	Tests of optical fibres in MID-IR range
	Tests with cryogenic pulsed QCL laser
	Tests with pulsed pigtailed QCL laser
	Tests for the evaluation of the damage threshold

	Results ad discussion
	Transmission tests
	Damage tests

	Conclusions

