D Munteanu 
  
S Moindjie 
  
J L Autran 
  
  
  
A water tank muon spectrometer for the characterization of low energy atmospheric muons

Keywords: Atmospheric muons, low energy muons, cosmic rays, muon flux, muon spectrometer, sea level muon intensity, differential spectrum, integral spectrum

In this work, a water tank muon spectrometer was designed, assembled and operated to measure the energy distribution of low energy atmospheric muon flux induced by cosmic-rays at sea level in the energy range 100-500 MeV. The principle of this experiment is to use water as muon moderator inserted between two coincidence detectors to select the cutoff energy below which muons can no longer be detected. The differential and integral muon spectra are then derived from successive measurements by varying the liquid height within the water tank.

The instrument was entirely characterized and modeled in terms of detector efficiency, cutoff energy and counting rate. Experimental data are reported for the energy distribution of muon flux at sea level (43°N of latitude) and finally compared with literature survey.

Introduction

Muons are the most abundant energetic charged particles at sea level where they arrive with an average flux of about ≈1 muon per square centimeter and per minute and with an average energy of about 4 GeV [START_REF] Cecchini | Atmospheric muons: Experimental aspects[END_REF]. Their characterization provides important information on the physics of primary cosmic rays and on the production mechanisms of atmospheric cascades. An abundant literature exists for muons at ground level and underground but the overwhelming majority of works rather concerns high-energy physics with energy ranges above a few GeV and beyond [START_REF] Grieder | Cosmic Rays at Earth[END_REF]. Literature surveys on atmospheric muons [START_REF] Grieder | Cosmic Rays at Earth[END_REF][START_REF] Allkofer | A survey on the recent measurements of the absolute vertical cosmic-ray muon flux at sea level[END_REF][START_REF] Rastin | An accurate measurement of the sea-level muon spectrum within the range 4 to 3000 GeV/c[END_REF][START_REF] Kremer | Measurements of Ground-Level Muons at Two Geomagnetic Locations[END_REF][START_REF] Naumov | Atmospheric muons and neutrinos[END_REF][START_REF] Gaisser | Atmospheric muons and neutrinos[END_REF] show that there is a clear lack of experimental data typically below a few hundred MeV. In another field of interest, i.e. in radiation effects on modern electronics, the interest for low energy muons is rapidly growing due to the potential role that they can play in failure mechanisms of nanoscale digital integrated circuits [START_REF] Autran | Soft Errors: From Particles to Circuits[END_REF][START_REF] Munteanu | Modeling and Simulation of Single-Event Effects in Digital Devices and ICs[END_REF]. Even if the research effort has so far focused mainly on the errors induced by atmospheric neutrons in electronics [START_REF] Autran | Soft-errors induced by terrestrial neutrons and natural alpha-particle emitters in advanced memory circuits at ground level[END_REF][START_REF] Leray | Effects of atmospheric neutrons on devices, at sea level and in avionics embedded systems[END_REF][START_REF] Autran | Real-time soft-error testing of 40 nm SRAMs[END_REF][START_REF] Semikh | The plateau de bure neutron monitor: Design, operation and Monte-Carlo simulation[END_REF][START_REF] Autran | Real-time soft-error rate measurements: A review[END_REF], the effects of muons can no longer be neglected. Indeed, recent investigations demonstrated the importance of these particles in the production of soft errors in the most advanced CMOS technologies [START_REF] Sierawski | Muon-induced single event upsets in deep-submicron technology[END_REF][START_REF] Sierawski | Effects of scaling on muon-induced soft errors[END_REF][START_REF] Serre | Effects of Low Energy Muons on Electronics: Physical Insights and Geant4 Simulation[END_REF][START_REF] Roche | Technology downscaling worsening radiation effects in bulk: SOI to the rescue[END_REF]. The probability of memory upsets was shown to increase near the energy region corresponding to muon stopping in the circuit semiconductor material, indicative of direct ionization effects [START_REF] Sierawski | Effects of scaling on muon-induced soft errors[END_REF]. The characterization of low energy muon distributions at ground level is thus a challenging issue for the prediction of radiation effects in microelectronics; this corresponds to the initial motivation of the present work.

In this context, we recently developed a muon telescope to measure the cosmic-ray induced atmospheric muon flux at sea level (43°N of latitude) in terms of vertical muon intensity and zenithal angle dependence [START_REF] Autran | Characterization of Atmospheric Muons at Sea Level Using a Cosmic Ray Telescope[END_REF]. However, the energy distribution of the muon flux cannot be measured with the instrument developed in [START_REF] Autran | Characterization of Atmospheric Muons at Sea Level Using a Cosmic Ray Telescope[END_REF]. In the present work, we thus developed a new instrument, called "water tank muon spectrometer" to precisely measure the energy distribution of atmospheric muons in the range of hundreds of MeV. The principle of this experiment is to use water as muon moderator sandwiched between two detectors in coincidence to select the cutoff energy below which the muons will no longer be detected. It is then possible to determine the energy distribution of muon flux by varying the water height in the water reservoir. This paper details the main characteristics of this instrument including its complete characterization and modeling and reports our first measurements of the muon differential and integral flux in the range 100-500 MeV conducted at sea level in Marseille (43° N of latitude).

The water tank muon spectrometer

Experimental setup

The experimental setup is presented in Figure 1. The muon spectrometer was developed using a dedicated metallic tower structure capable to support heavy load (two metric tons of water in storage tanks) between the two detectors installed at the top and the bottom of the structure. The two detectors are square plastic scintillators (surface of 50x50 cm 2 , thickness of 5 cm, housed in 1.5 mm of aluminum plate). The plastic scintillator is made of polyvinyltoluene (PVT) and fabricated by Eljen Technology (EJ-200) [20]. This plastic is highly sensitive to charged particles: its typical stopping power for 1 GeV muons is 2.132 MeV/cm [21]. Each scintillator has a photomultiplier tube (PM) directly integrated in the assembly; the tube is placed in a housing positioned in the bulk material and optically coupled using a high refractive index optical coupling medium at the bottom of the housing (polished surface with an optical quality). The PMs are Hamamatsu model R6427 with 28 mm tube diameter, 25 mm round photocathode and 10-stage photomultiplier. The assembly (PM+scintillator) is mounted in an aluminum housing (thickness 1.5 mm) that ensures a permanent light sealing. This solution also offers a simplification of detector design by eliminating support hardware to maintain contact between the scintillator material and the PM. between the front and back detectors separated by a distance of 2.815 m. PM signals as well as time-of-flights converted in voltage pulses using a time-to-amplitude converter (TAC) are digitized using multi-channel analyzers (MCAs based on 16k ADCs). For piloting the experiment, we have developed dedicated Visual Basic software that allows the acquisition of the muon count rate as function of the water level in the water tank. The two polyethylene water tanks have a thickness of about 3 mm except the bottom of the tanks, which has a thickness of 9 mm. The second tank is installed on a stainless steel plate about 2 mm thick.

The variation of the water level was carried out manually by filling or emptying the tanks by a step of 100 L, which corresponds to a water height of 9 cm. An additional layer of lead with a thickness of 50 mm was optionally added just below the top detector in order to verify that low energy gamma rays and electrons are satisfactorily rejected in the detector response. 

Spectrometer calibration

In order to optimize the spectrometer operation and to be sure that the spectrometer detects and counts only atmospheric muons, a careful calibration of the instrument has been performed, very similarly to that carried out in [START_REF] Autran | Characterization of Atmospheric Muons at Sea Level Using a Cosmic Ray Telescope[END_REF] for the cosmic ray telescope. The calibration procedure consists in the following three steps:

(i) the detection threshold of the pulses coming out of each PM has been fine-tuned (around 130 mV), which ensures that the low-energy peak (due to the PM noise and the contribution of ambient gamma radiation) is well rejected, the counting rate thus only corresponding to the contribution of the sole charged atmospheric muons (see Fig. 3 in [START_REF] Autran | Characterization of Atmospheric Muons at Sea Level Using a Cosmic Ray Telescope[END_REF] for details) ;

(ii) the nominal value of the supplying voltage (around 1500 V) for each PM has been carefully selected in order to operate in the middle of the plateau of the PM counting rate -voltage characteristics ;

(iii) a calibration of the electronic acquisition chain has been also conducted to determine the MCA channel number versus time proportionality. The MCA was calibrated to a resolution of approximately 160 bins/ns.

Finally, since a detector may sometimes miss (i.e. do not detect) a muon passing through, the efficiency, η, of each detector has been carefully determined using the calibration procedure described in [START_REF] Autran | Characterization of Atmospheric Muons at Sea Level Using a Cosmic Ray Telescope[END_REF]. We found η F = 99% and η B = 99% for the front and the back detector, respectively.

Spectrometer modeling and simulation

Cutoff energy

To be detected by the back detector, muons must cross the instrument with a minimal energy, depending on the level of water in the tanks, called cutoff energy (E min ). Extensive simulations using TRIM (Transport of Ions in Matter) Monte Carlo simulation code [START_REF] Ziegler | The Stopping and Range of Ions in Matter[END_REF] have been performed to determine the cutoff energy of the spectrometer for each water level in the tanks. In these simulations we have taken into account the exact 1D stack of materials that the muons pass through from the metal roof of the building to the back detector, including the first floor (air and concrete slab) and the different materials of the spectrometer. Muons have been emulated in TRIM by applying a simple "mass scaling" to protons, as suggested in [START_REF] Tang | SEMM-2: A new generation of single-event-effect modeling tools[END_REF].

We estimate that signal pulses produced by a particle depositing around 2 MeV in the scintillator material of the detector can pass the constant fraction discriminator. Figure 3 and4 illustrate TRIM simulations used to determine the cutoff energy for a cumulative water level in the tanks of 150 cm. We consider an incident muon arriving in perpendicular incidence on the building roof with an incident energy of 374 MeV. The muon pass through the successive layers from the metallic roof to the back detector and its energy decreases until going to zero in the back detector where it definitely stops and is detected by the coincidence detection procedure. The variation of the muon energy and the energy lost in each layer are shown in Fig. 3 and4, respectively; the different layers crossed by the muon are also indicated in these figures. Our simulations show that muons with lower incident energies are stopped in the spectrometer layers before reaching the back detector (i.e. they will not be detected by the spectrometer), while muons with higher incident energies are systematically detected by the back detector. This means that the cutoff energy of the spectrometer for a water level of 150 cm is E min = 374 MeV. This value should be slightly higher for oblique tracks. The same procedure was used to determine the cutoff energy of the spectrometer for each level of water in the water tanks. Figure 5 shows the calculated cutoff energy of the spectrometer as a function of the cumulative height of the water level in the two water tanks. 

Modeling of the spectrometer counting rate

The spectrometer counting-rate has been numerically estimated from a model directly derived from the work of Sullivan [START_REF] Sullivan | Geometrical factor and directional response of single and multi-element particle telescopes[END_REF] and Thomas and Willis [START_REF] Thomas | Analytical derivation of the geometric factor of a particle detector having circular or rectangular geometry[END_REF]. Figure 6 introduces the notations used in the following. For an anisotropic distribution of incident muons I (m -2 s -1 sr -1 ) following a power cosine law with the zenithal angle θ:

I = 𝐼 ! 𝑐𝑜𝑠 ! (𝜃) (1) 
, the counting rate CR (s -1 ) of the spectrometer fixedly pointing in the vertical direction can be easily expressed as [START_REF] Thomas | Analytical derivation of the geometric factor of a particle detector having circular or rectangular geometry[END_REF]: where I 0 is the vertical muon flux (expressed in m -2 s -1 sr -1 ) integrated over the energy range of the instrument, η F and η B are the front and back detector efficiencies, respectively, and Ζ is the distance between the two square detectors of surface 4L 2 (see Figure 6).

CR = 𝐼 ! 𝜂 ! 𝜂 ! ! !!! ! ! ! ! ! !! ! ! ! ! ! !! ! ! !!! 𝑑𝑥 ! ! !! ! !! ! !! ! !! 𝑑𝑥 ! 𝑑𝑦 ! 𝑑𝑦 ! (2)
Assuming that the zenith angle distribution of muons follows Eq. ( 1) with a fixed value of exponent n in the energy range of interest of the instrument, Eq. ( 2) directly gives the value of I 0 for each experimental counting rate CR corresponding to a given water height in the tank, i.e. to a given cutoff energy E min .
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For n = 2, Eq. ( 2) can be expressed analytically and the counting rate of the instrument is then given by:

𝐶𝑅 !!! ! = 𝐼 ! 𝜂 ! 𝜂 ! ×2𝐿 ! ! !!! ! ! ! !!! ! ×𝑎𝑟𝑐𝑡𝑎𝑛 !! ! ! !!! ! -𝑍×𝑎𝑟𝑐𝑡𝑎𝑛 !! ! (3)
where the superscript "a" is for "analytical" and the subscript "n=2" indicates that this expression is restricted to this particular value of parameter n. The experimental data are obtained using an additional setup based on a plastic shelf described in [START_REF] Autran | Characterization of Atmospheric Muons at Sea Level Using a Cosmic Ray Telescope[END_REF]. The curve labeled "Model" is obtained from Eq. ( 3) with I 0 = 100 µ m -2 .s -1 .sr -1 and n = 2.0, as experimentally obtained in [START_REF] Autran | Characterization of Atmospheric Muons at Sea Level Using a Cosmic Ray Telescope[END_REF].

Experimental results: sea level measurements

The muon spectrometer has been assembled indoors, on the ground floor of the experimental hall of a steel-frame industrial building with a single floor (concrete slab, thickness 10 cm) and a metal roof. The building is located on the Aix-Marseille University campus of Saint-Jérôme (Marseille, France, +43.337732°N, +5.412108°E, altitude 118 m). To check the validity of the spectrometer counting-rate modeling (Eq. 3), we performed preliminary measurements by varying the distance Z between the two detectors, using a plastic resin shelf with seven regularly spaced shelves. In this case, the two detectors were temporarily removed from the spectrometer setup and aligned vertically on two shelves of this complementary characterization setup. Figure 7 shows the results of the model characterization: the experimental data are in very good agreement in a distance range between 40 cm and 3 m with the results of simulation using the analytical model (Eq. ( 3)) presented above, taking values I 0 = 100 µ m -2 .s -1 .sr -1 and n = 2.0, as experimentally obtained in [START_REF] Autran | Characterization of Atmospheric Muons at Sea Level Using a Cosmic Ray Telescope[END_REF]. After this preliminary step, the muon spectrometer was continuously operated for around nine months for the acquisition of experimental data. Figure 8 shows the variations of the instrument counting rate as a function of the energy cutoff E min determined by the height of MeV, the corresponding muon momentum ranges from 0.176 to 0.596 GeV/c). Considering the first derivative of this I 0 (E min ) relationship (using the best linear fit on three consecutive points delimiting a small energy interval), we deduced the muon differential flux values reported in Figure 9. Experimental data measured in other published works [START_REF] Allkofer | A survey on the recent measurements of the absolute vertical cosmic-ray muon flux at sea level[END_REF][START_REF] Rastin | An accurate measurement of the sea-level muon spectrum within the range 4 to 3000 GeV/c[END_REF][START_REF] Kremer | Measurements of Ground-Level Muons at Two Geomagnetic Locations[END_REF] are also shown for comparison. Our values ideally complete the muon spectrum in an energy domain where only a few and sparse data were previously reported, especially below 200 MeV. These data are also consistent with previously published data and fits, in particular with the parabola-fitting model on a log-log scale given by [START_REF] Kempa | Low energy muons in the cosmic radiation[END_REF]:

log I θ = a 𝑙𝑛 ! 𝑝 + 𝑏 𝑙𝑛 𝑝 + 𝑐 ( 4 
)
where p is the muon momentum in GeV/c and a, b, and c are three fitting parameters.

The analytical fit shown in Figure 9 has been obtained with Eq. ( 4) considering the values of a, b, and c reported in [START_REF] Kempa | Low energy muons in the cosmic radiation[END_REF] for a vertical zenith angle: a = -0.1292, b = -0.266 and c = -2.600. We observe that our data satisfactory agree with this analytical fit in the full energy domain covered by the instrument.

Conclusion

In this work, we developed an original setup, called "water tank muon spectrometer", to 
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 1 Figure 1. (a) Front view of the water tank muon spectrometer composed from two square

Figure 2 .

 2 Figure 2. Schematics of the electronics acquisition chain for measuring the time-of-flight of
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 4 Figure 4. TRIM simulation showing the muon energy loss through the water tank
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 5 Figure 5. Muon cutoff energy of the spectrometer as a function of the cumulative height of
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 7 Figure 7. Counting rate as a function of the distance between the front and back detectors.
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 8 Figure 8. Experimental counting rates (with and without the 50 mm-tick lead layer) as a

  in the water tanks. Two series of data have been acquired, with and without the 50 mm-thick lead layer. Each point corresponds to a value averaged over one week (168 hours). These results show a quasi-linear decreasing relationship between the counting rate and the instrument cutoff energy. They also show that the presence of the additional lead layer in the instrument material stack does not alter this linear dependency and only shift by ~50MeV the energy domain explored by the instrument.

Figure 9 .

 9 Figure 9. Muon spectrum at sea level deduced from data of Figure 8 and measured in other

  measure the energy distribution of low energy atmospheric muon in the energy range 100 to 500 MeV (momentum range 0.176 to 0.596 GeV/c) not yet covered by other ground-level instruments. The instrument use water as muon moderator and a controllable water height up to 2m to vary the muon cutoff energy. The differential flux for vertical muons at sea level (43°N of latitude) has been deduced from experimental measurements combined with the numerical modeling of the instrument. Differential flux values obtained between 100 and 500 MeV are consistent with previously published data and parabola fitting model available in literature. A short-term development will automate the filling and emptying of the water tanks, in order to make the measurements fully controllable by computer. With such an automated instrument, middle-term work will consist in a continuous muon flux monitoring to evidence possible flux variations as a function of various environment parameters.
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