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Abstract

The high precision measurement of the hyperfine splitting of the
muonic-hydrogen atom ground state with pulsed and intense muon
beam requires careful technological choices both in the construction of
a gas target and of the detectors. In June 2014, the pressurized gas
target of the FAMU experiment was exposed to the low energy pulsed
muon beam at the RIKEN RAL muon facility. The objectives of the
test were the characterization of the target, the hodoscope and the
X-ray detectors.

The apparatus consisted of a beam hodoscope and X-rays detectors
made with high purity Germanium and Lanthanum Bromide crystals.
In this paper the experimental setup is described and the results of the
detector characterization are presented.

∗Andrea.Vacchi@ts.infn.it
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1 The FAMU project

The FAMU (Fisica degli Atomi MUonici) project is an experimental pro-
gram for the determination of the Zemach radius rZ of the proton, the only
observable parameter that characterizes both its charge and magnetic distri-
butions. To this end, the hyperfine splitting (HFS) in the muonic-hydrogen
atom ground state will be measured [1, 2, 3]. It is a science-driven, techno-
logically ambitious project motivated by the controversy about the proton
size, that calls for new approach to proton’s structure studies. The pub-
lished measurement of the proton rms charge radius, extracted from the
experimental value of the Lamb shift in muonic hydrogen, differs by 9σ
from previous data derived from hydrogen spectroscopy and electron scat-
tering experiments [4, 5]. Discussions on the correctness of the experiment
or models’ adequacy have not lead to an explanation of this discrepancy and
do not exclude anomalies within the electron-muon universality.

In this experiment a pulsed high-intensity muon beam entering a hydro-
gen gas target will form muonic hydrogen atoms. The hyperfine splitting in
the ground state of the muonic hydrogen atom will be measured by stimu-
lating spin-flip transitions with a pulsed mid-infrared (MIR) tunable laser
and counting the number of muon transfer events N(λ) to a higher-Z gas
admixture in the hydrogen target as function of the laser wavelength λ; the
resonance laser wavelength λ0 is recognized by the maximal response of N(λ)
to variations of λ. The method is based on the following chain of processes.
A muonic hydrogen atom in the ground para (F=0) state, after absorbing a
photon of the hyperfine splitting resonance energy ∆EHFS ∼ 0.182 eV, and
being excited to the ortho (F=1) spin state, is very quickly de-excited in
subsequent collisions with the surrounding H2 molecules. At the exit of the
collision the muonic atom is accelerated by ∼2/3 of the excitation energy
∆EHFS, which it takes away as kinetic energy. In subsequent collisions the
muon is transferred to a higher-Z nucleus. The number of muon transfer
events depends on the number of spin-flip events, provided that the rate
of muon transfer depends on the collision energy. Monte Carlo simulations
have demonstrated the efficiency of this method assuming the availability of
MIR tunable lasers and pulsed muon sources with sufficient intensity, and
the existence of gases for which the muon transfer rate displays significant
energy dependence in the epithermic range. The theoretical and experi-
mental effort will face the proton charge radius puzzle by strengthening the
experimental limits on the proton structure parameters and measuring the
muonic atom HFS with unprecedented precision - δλ

λ
< 10−5 - and will shed

light on the low momentum limit of the magnetic-to-charge form factor ratio.
The FAMU project foresees a progressive approach to the final measure-

ment of the 1S state hyperfine transition on the muonic hydrogen atom.
In the first phase a preliminary experimental layout is set up to perform
measurements of the collision energy dependence of the µ− transfer rate in
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various gases. In particular, the objective of the first phase of the experi-
ment is a complete study of the muon transfer to gases for which there are
experimental evidences or theoretical hints for a pronounced energy depen-
dence of the transfer rate in the epithermal range. The results will set the
required firm ground for all following activities and will be used to deter-
mine the optimal temperature, pressure, laser shot timing and the chemical
composition (admixture gas and its concentration) of the gas target for the
measurement of the HFS in muonic hydrogen.

2 The experimental setup

This paper refers to the preparatory test experiment [6] which was realized
on the pulsed muon beam of the RIKEN-RALmuon facility [7] at Rutherford
Appleton Laboratories. The main goals are to test and characterize the
detection system on a muon beam line and to study the properties of the
gas target pressurized vessel.

At the RIKEN-RAL facility, the negative muon beam has a double pulse
structure with 70 ns pulse width (FWHM) and 320 ns peak to peak time
distance with a 50 Hz repetition rate. The intensity is about 8·104 µ−/s
at 60 MeV/c, the energy spread is ∼ 10% and the angular divergency is 60
mrad. The beam spatial profile, without collimator, is circular with a size
of σr ∼ 4 cm. The trigger signal for the experiment was given by the beam
line itself.

The experimental layout consisted of:

• a fiber-SiPM hodoscope;

• a high pressure gas target;

• two high purity Germanium detectors (HPGe);

• a 1×1 inches lanthanum bromide (LaBr3) detector;

• a LaBr3(Ce) mosaic, composed by four 0.5×0.5 inches crystals.

Detectors were arranged as shown in Fig. 1. The aluminium vessel of the
gas target can be seen in the middle of the picture, placed on the beam line.
On the left of the picture the beam collimator is visible; moving clockwise it
is possible to notice the box containing the LaBr3 mosaic and the two HPGe
detectors. The 1 inch LaBr3 detector is also visible in the hole next-to the
target, positioned under the experimental table and facing the target itself
from below at a distance of about two cm. The beam hodoscope is placed
between the collimator and the gas target. The distance between the beam
axis and X-ray detectors is about 15 cm.
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Figure 1: Side view of the experimental set-up in operations at RIKEN-RAL.

2.1 The fiber-SiPM hodoscope

The hodoscope is made by scintillating fibers read with SiPMs [8], see Fig.
2 for details. It is designed to measure the position, shape and timing of the
low energy muon beam entering the gas target. Its very compact design is
made of two arrays of 3 mm square shaped Bicron BCF12 scintillating fibers,
along x and y coordinates, arranged in planes with active area around 10 x
10 cm2. Each fiber is read at one end by a 3×3 mm2 RGB Advansid SiPM1,
for a total of 64 read-out channels. The SiPM’s are mounted in groups of
16 on 4 custom made PCB’s (see figure 2 for details) facing alternatively on
the two sides the 32 fibers of a x(y) detector plane. For space problems (i.e.
the SiPM’ footprint as compared to the fiber size) fibers are read from one
edge only, alternating up/down or left/right sides. The detector is housed in
a 3D printed ABS case. All the system is powered and controlled by means
of custom made electronics, developed as part of the TPS project [9]. Each
SiPM is connected via a single RG174 cable to the TPS board, conveying
both SiPM’s powering (on the external braid shield) and signal output (on
the cable inner conductor. Each RG174 cable has MMCX connectors on
the PCB’s side and Lemo 00 connectors on the TPS side. Each module (8
channels) provides the fine regulation of the individual SiPM voltages, signal
amplification and shaping, signal discrimination and trigger capability. The

1breakdown voltage ∼29 V, 50 micron cell size
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Figure 2: Mechanics layout of the beam hodoscope. A) is the general struc-
ture of the light-tight assembly. Signal/power cable are fanned out through
the feed trough along the lateral side of the structure. B) shows one of the
two holders for the scintillating fibers (in this case along x) and read alter-
natively at one edge by SiPM mounted on custom PCBs. MCX connectors
are shown. C) layout of one PCB with the mounted SiPMs, on the other
side MCX connectors convey signal and power for each individual channel.

individual output signal have then been fed into a CAEN V792 QADC for
measurement of the charge integrated signal.

Fig. 3 shows the beam profile obtained from the fiber-SiPMT hodoscope
for a run at 61 MeV/c. Entries are weighted with QADC response, thus
giving a beam profile in aribrary units. From the figure it can be noticed
how the beam has a 1.10 (0.97) cm r.m.s in x(y) coordinates.

2.2 The gas target

The core of the apparatus is the gas target. Muons from the beam line
enter and stop in the gas creating excited muonic atoms. The de-excitation
generates X-rays that can be detected once they exit the target. Muons
eventually are transferred to high Z atoms, decay or undergo the nuclear
capture, producing other secondary particles (electrons, photons, neutrons
and neutrinos) which can contribute to the background.

The target is made of an aluminium cylindrical vessel filled with high
pressure gas. The vessel, constructed by Criotec Impianti S.r.l. [10], is
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Figure 7: Energy spectrum as measured by the GMX HPGe detector with
the H2+2%Ar gas target: the Kα line of µAr arises from the background.
Energy spectrum as measured by the LaBr3 mosaic with the H2+2%Ar gas
target.

were no contamination in the gas target and the observation of the lines
corresponding to the µAl, µC and µO transitions confirms the composition
of the gas mixture. The energy spectrum as recorded by the LaBr3 detectors
is shown, instead, in Fig. 9. In case of LaBr3 detectors two peaks can be
clearly distinguished from the background: the first corresponds to the Kα

line, the second comes from the sum of the contribution of all higher K lines
of µO.

5.2 Time spectra

The study of the time distribution of the detected signals permits to deter-
mine not only the lifetime of the muonic atoms but also the transfer rate of
muons from the µp to other elements once the delayed X-ray muonic transi-
tion lines can be selected. Precise time spectra can be obtained both using
the germanium and the LaBr3 detectors.
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5.2.1 Germanium detectors

Thanks to their high energy resolution, HPGe detectors show very stable
and reproducible signal shape at a specific photon energy. In this condition
the time jitter of the acquire data for a specific energy line is very small.

To study the time resolution of the HPGe detector, a preliminary anal-
ysis of the time distribution of events in the H2+4%CO2 gas target was
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keV as measured by the HPGe-GLP detector.

performed. Using the high energy resolution of the HPGe detector it was
possible to select a specific photon energy and reconstruct the time distri-
bution of the events contained in the detected energy peak.

The oxygen Kα spectral line at 133 keV shows a FWHM energy resolu-
tion of 0.89±0.02 keV measured using a 0.5 microsecond shaping time. By
selecting events contained inside two times the FWHM energy resolution
around the oxygen Kα peak it was possible to reconstruct the time spectra
reported in Fig. 10. The two peaks correspond to the muon beam double
pulse structure, separated by 321.1±0.3 ns demostrating the high preci-
sion of differential time measurements of the HPGe-GLP detector. Events
presently measured in the long tail are statistically compatible with the
background of the measurements due to energy released in the detector by
means of environmental photons of produced by electron bremsstrhalung.
A net increase of the statistics may help very much in the identification of
real delayed signal events over the background. The time distribution has
an offset of about 1100 ns respect to the LaBr3 detectors since the delay
due to the trigger cable connected to the digitizer has not been subtracted
in this plot.

These observations lead to conclude that, despite the poor time reso-
lution on a single event recorded by the HPGe detector due to the long
shaping time, the differential time measurements is extremely precise and
shows time resolution of the order of few nanoseconds. At this stage the
HPGe detector demonstrated to be suitable to select the specific photon
energy produced by the muonic atomic transition and permitting, at the
same time, to achieve an excellent time distribution of such well identified
photons. In this way, and with more statistics, it will be possible to study in
details the time behavior of the muon capture and the muon transfer inside
the gas target.
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Figure 11: Time distribution of the signals (integral of energy spectrum)
coming from the LaBr3 mosaic detector for the graphite target. Inset: details
of the tail, comparison between simulation (black) and data (red).

5.2.2 LaBr3 detectors

LaBr3 detectors were chosen due to their fast light signal. The LaBr3 mo-
saic detector was placed far enough from the target to minimize pile-up
effects and, for this reason, it was preferred for these studies. When high-
energy photons or charged particles signal saturates, the detector can remain
“blind” for several nanoseconds. Since beam is pulsed and the muons decay
exponentially with a life-time of about 2200 ns, the effects of saturation are
time dependent and are stronger in coincidence of the beam pulses. Satura-
tion “blind” time as function of time from the start of the beam pulses was
evaluated on an event-by-event basis and an average saturation correction
function was determined for each run. Saturation corrections were properly
taken into account for all the timing data used in this section.

Figure 11 shows the time distribution of the signals detected over the
whole energy spectrum by the LaBr3 mosaic detector using the graphite
target. The two intense peaks with FWHM ≈ 70 ns separated by 320 ns
corresponds to the two beam spills. In fact, as soon as the muons are cap-
tured by the target materials they emit the typical muonic atoms X-rays
(prompt emission). A long tail follows the two peaks, the signals recorded
are coming both from electrons (with energy of about 50 MeV) coming from
the muon decay and from bremsstrahlung photons (a continuous exponen-
tial tail from few keV to the MeV region) emitted by these electrons. A
GEANT4 simulation [21] of the target confirms this hypothesis, see inset in
Fig. 11. In the X-ray energy range of interest (some hundreds of keV) the
bremsstrahlung photons are the main source of background. Nevertheless,
the time distribution of the tail depicts correctly the muon life time inside
the target.
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Figure 12: Top panel: fit of the time distribution for the graphite target,
close up of the region after the second pulse. Bottom panel: deviation of
the data from the fit (σ) in the same time region.

Due to the double Gaussian pulse beam and due to the exponential decay
of muonic atoms, the shape of the tail can be analytically represented by
the sum of two Gaussian convoluted with exponential functions. The two
Gaussians represent the double pulse structure of the muon beam while the
exponential lifetime parameter is the same for all the exponential functions.
Using this parametric representation it was possible to fit the ta il of the
graphite target distribution in order to obtain the lifetime τC of the µC
atom, which resulted to be τC = 2011 ± 16 ns. This result is in agreement
with the expected value of 2026.3 ± 1.5 from reference [22].

Figure 12 shows a close up of the result of the fit in the time range
soon after the second pulse (top panel). The fit was performed starting at
580 ns, assuming a Gaussian tail for the distribution of prompt signals and
excluding the range from 610 to 2500 ns in which there is the transition from
prompt and delayed events – when using gas mixture targets. The bottom
panel shows that the extrapolation of the fit in the excluded region is in a
good agreement with data.

The next step was the analysis of the time distribution obtained using
the pure H2 target. In this case the overall behaviour is similar to the
graphite target but two type of exponential functions are expected: muons
interact and stops within both the aluminum container and the gas target.
Considering the double pulse, this means that the analytical representation
of the distribution is made of four Gaussian convolution of exponentials with
two different lifetimes, one representing the µAl and one representing the µp
atom decays. By fitting the time distribution a resulting value for the µAl
atoms of τAl = 879±28 ns and value for the µp atoms τp = 2141±98 ns were
obtained, in agreement with expected values from reference [22]. In the case
of the H2+4% CO2 target, two new exponential functions must be added in
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comparison to the H2 target analytical description of the time distribution
tail. These exponentials represent the µC and µO decay time. In this case,
only absolute normalizations and the decay rate for oxygen where left free
in the fitting procedure, while the life times of already measured atoms
were fixed. The fit was performed as before by excluding the time region
from 610 to 2500 ns and by assuming that the tail of the second pulse is
exclusively made of prompt events. Results are shown in Fig. 13, where the
measured life time for the µO atoms was τO = 1824±46 ns, compatible with
previous measurements [22]. However, the more important result of the fit
concerns the normalization of the Gaussian convoluted exponential functions
for the various atoms: the contribution to the tail of the µp decay resulted
negligible and compatible with zero, while the µO and µC normalization
factors resulted to be 1065 ± 159 and 497 ± 66, respectively. The fact that
the tail of the time distribution is well represented (the fit converges with
χ2/NDF ∼ 0.95) by µO and µC only with a ratio compatible with the true
atomic concentration of the two elements is a strong indication that the µp
atoms transfer very quickly the muons to the higher charge nuclei. Moreover,
by comparing the resulting fit to the data in the region close to the second
pulse (Fig. 14) and also by assuming that the pulse rise is completely due to
prompt emission, a very significant deviation (up to twelve sigmas) from the
pure µO and µC fit emerges. This is the tail of the muonic oxygen X-rays
emitted when the µp atoms transfer the muon to the oxygen and carbon
nuclei. The same effect can be seen also after the first pulse (not shown in
figure).

A similar situation was found with the argon target. From the fit of the
time distribution tail a value of τAr = 564± 14 ns was measured as µAr life
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Figure 14: Top panel: fit of the time distribution for the carbon dioxide
target, close up of the region after the second pulse. Bottom panel: deviation
of the data from the fit (σ) in the same time region. A highly significant
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time, again in agreement with previous measurements [22].
From a study of the time evolution of the X-ray events within the oxygen

(argon) peak it will be possible to determine the muon transfer rate from
hydrogen to oxygen (argon). The results of this analysis will be published
in a following paper.

6 Conclusions

The RIKEN-RAL double pulsed muon beam has been proved to be an ex-
cellent source for the FAMU experiment. The first test performed by the
FAMU collaboration confirmed that it was possible to setup an excellent ap-
paratus made of a extremely pure gas target, a beam hodoscope and a high
resolution X-rays detectors. In such conditions it was not only possible to
precisely detect muonic X-rays lines but also to study their time evolution.
The recorded data will permit to determine the muon transfer rates from
muonic hydrogen to oxygen and to argon.
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