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In 2016, the FAMU collaboration performed an experiment to measure the temperature dependence of the muon 
transfer rate from muonic hydrogen to different atoms (carbon, oxygen and argon). The results obtained with 
oxygen have been already published by the collaboration. This paper presents the results of the first measurement 
of the muon transfer rate to carbon as a function of the temperature in the range 197-300 K. The results suggest 
that oxygen is still the best candidate for the measurement of the Zemach radius of the proton with the FAMU 
experimental technique.
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1. Introduction

The goal of the FAMU experiment is to extract the Zemach radius of 
the proton from a measurement of hyperfine splitting (hfs) of muonic 
hydrogen ground state (Δ𝐸hfs) [1].

In our experiment, muonic hydrogen is formed when a low momen

tum muon beam (≈ 50 MeV/c) hits a cryogenic target contained in a 
high reflectivity optical cavity and filled with gaseous hydrogen. If a 
high-Z contaminant is added to hydrogen, there is a certain probabil

ity that the muon leaves muonic hydrogen to form an excited 𝜇𝑍 atom 
(muon transfer process). The FAMU technique consists in illuminating 
the gaseous target with an intense and tunable laser beam at the time 
when muonic hydrogen is formed in the target. When the wavelength 
of the laser is tuned around the Δ𝐸hfs energy, the 𝜇𝑝 atoms will be ex

cited from the lower singlet (F=0) to the triplet state (F=1). The 𝜇𝑝
atoms quickly de-excite from the triplet state back to the singlet state 
in collisions with the surrounding molecules, acquiring a kinetic energy 
up to 0.12 eV, which corresponds to temperatures of about 1000 K. If 
an increase in the transfer rate of muons from 𝜇𝑝 to Z atoms with ris
ing energy is confirmed [2,3], then in muonic hydrogen that has gained 
kinetic energy through non-radiative de-excitation, the muon transfer 
rate to Z atoms will increase. This is signaled by the increase in the 
emission of muonic X-rays from the Z atoms if the spinflip resonance 
wavelength is obtained. The challenge of the FAMU experiment is to 
design a sophisticated laser system that is precise, stable and power

ful enough to produce a detectable increase of muon transfers around 
Δ𝐸hfs.

The variation of the muon transfer process as a function of tempera

ture can be translated into a variation as a function of kinetic energy by 
convolving it with the Boltzmann distribution at each temperature. The 
resulting trend remains the same: kinetic energy increases with tem

perature. Moreover, the larger this variation, the more precisely the 
hyperfine splitting can be measured. Between 2016 and 2018, three ex

perimental campaigns were carried out to study different aspects of the 
muon transfer process, without the use of the laser system. Different 
concentrations of oxygen, carbon and argon contaminants (mostly be

low 1%) were tested with the aim of finding the best target contaminant 
for the FAMU experiment, i.e. the element for which the transfer rate 
increases the most as the 𝜇𝑝 kinetic energy increases.

The results obtained with a 𝐻2∕𝑂2 gas mixture show that oxygen is 
a good candidate for the FAMU experiment because the muon transfer 
rate increases with the temperature in the range 70-336 K [4,5]. This 
paper presents the results obtained with a 𝐻2∕𝐶𝐻4 gas mixture, com

plementing the previous work.

2. Experimental setup

The FAMU experiment is performed at the RIKEN-RAL facility [6] 
which provides a pulsed-muon beam with a repetition rate of 50 Hz. 
Each bunch consists of two gaussian spills of negative muons with a 
FWHM of about 70 ns and a time-separation of about 320 ns.

The target gas mixture is contained in a cryogenic aluminium ves

sel surrounded by eight X-rays detectors of the same type and size. 
Each detector unit is made of a Lanthanum Bromide scintillating crys

tal - LaBr3(Ce) - one inch thick with a cylindrical shape. The best five 
LaBr3(Ce) detectors with excellent energy resolution and efficiency, and 
having a very similar behavior and gain, were used in this data analysis.

Scintillation light signals are collected and amplified using Hama

matsu high speed photomultipliers (R11265U-200). The energy and the 
time associated to each electrical pulse is extracted from the digitized 
waveforms recorded with a 500 MHz CAEN V1730 digitizer.

A cooling system gives the possibility to vary the target temperature 
in a range from 30 K to room temperature. The muon beam and the 
details of the 2016 experimental setup are described in Ref. [7].

Fig. 1. The 𝐻2/𝐶𝐻4 target temperature as a function of time. Time is counted 
starting from the 25𝑡ℎ of February 2016 at about 9 pm.

Fig. 2. Starting time of signals recorded with LaBr3(Ce) detectors when muons 
are captured in the 𝐻2/𝐶𝐻4 target.

3. Data sample

The analysis presented in this paper is based on a data sample 
recorded in February 2016, when the cryogenic target was filled with 
a 𝐻2/𝐶𝐻4 mixture at 40 bar at room temperature. The 𝐶𝐻4 weight 
concentration in the mixture was 0.3%. The target was initially filled 
at room temperature and sealed. The temperature was then reduced in 
four steps (300 K, 270 K, 240 K and 197 K) corresponding to different 
pressure conditions of the air-tight target system. The lower limit of the 
temperature was constrained by the methan condensation temperature 
(191 K).

At each temperature, data were recorded for about three hours. Dur

ing data-taking, the temperature was continuously monitored and kept 
constant with a precision of 0.5 K using four temperature sensors placed 
around the target. Fig. 1 shows the 𝐻2/𝐶𝐻4 target temperature as a 
function of time. Collected data amount to 1.4 M triggers.

A sample of 0.11 M triggers on a pure hydrogen target was collected 
in the same data taking period and it is used for background estimation.

4. Data analysis

The analysis technique used to extract the muon transfer rate from 
data is reported in Ref. [5], where the FAMU collaboration published the 
measurement of the muon transfer rate to oxygen. The same software 
package has been used to identify X-ray pulses, measure the associated 
energy and time stamp, and suppress the systematic effects due to the 
pile-up of adjacent signals.

Fig. 2 shows the starting time distribution (𝑡𝑠) of X-rays passing the 
main selection criteria. The two peaks at about 540 ns and 860 ns cor
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Fig. 3. Energy spectra measured with one LaBr3(Ce) detector and a 𝐻2/𝐶𝐻4
target. The upper panel shows prompt X-rays with 𝑡𝑠 in the range 490-590 ns 
and 810-910 ns. The lower panel shows delayed X-rays with 𝑡𝑠 in the range 
1600-4000 ns.

respond to the arrival time of the muon spills when a large number 
of prompt X-rays is produced by atoms present in the target material, 
i.e. mostly aluminium (65.8 keV, 88.8 keV, 346 keV) and nickel (107 
keV, 309 keV). Delayed X-rays are produced by the carbon atoms con

tained in the gas mixture, hundreds of ns after the arrival of the muon 
spills. They correspond to the carbon 𝐾𝛼 , 𝐾𝛽 and 𝐾𝛾 lines at 75 KeV, 
89 keV and 94 keV respectively. Fig. 3 shows the energy spectra for 
one of the LaBr3(Ce) detectors for prompt and delayed X-rays (upper 
and lower panel respectively). The energy resolution of the 𝐾𝛼 line of 
carbon ranges between 20% and 30%, depending on the given detec

tor.

Fig. 4 shows the energy calibration done by fitting a second order 
polynomial to the points that relate the peak positions in ADC counts 
to the corresponding X-ray energies. The 𝐾𝛽 and 𝐾𝛾 lines of carbon are 
excluded from the calibration fit because they are not resolved (they 
appear as a single peak in the lower panel of Fig. 3).

4.1. X-rays counting

The detection of delayed X-rays from carbon is the experimental sig

nature of the muon transfer process from hydrogen to carbon. In order 
to evaluate the rate of muon transfers, the number of delayed X-rays

is evaluated in a time window sufficiently separated from the prompt 
X-ray production region. The rate of prompt X-rays becomes negligible 
for 𝑡𝑠 > 1600 ns, as well as the probability of having delayed X-rays for 
𝑡𝑠 > 4000 ns. Therefore, the optimal choice of delayed time window for 
this analysis is 1600 -- 4000 ns.

The main source of background in the delayed time window is 
bremsstrahlung radiation from electrons emitted in muon decays. Such 
background is evaluated by recording X-ray pulses produced when the 
muon beam interacts with a pure 𝐻2 target. Fig. 5 shows the energy 
spectrum of delayed X-rays recorded with all the available LaBr3(Ce) 
detectors, before background subtraction (blue line). The 𝐻2 spectrum 
used for background evaluation is also shown in Fig. 5 (red filled his

togram).

The 𝐻2 and 𝐻2/𝐶𝐻4 energy spectra are normalized in the range 
where the shapes are in good agreement, between 200 and 400 keV. 
The collected data sample of 𝐻2 is about ten times smaller than the 
𝐶𝐻4 one, leading to higher fluctuations in the energy spectrum. In the 
signal spectrum the tail at lower energy respect to the carbon 𝐾𝛼 line 
is due to carbon X-rays depositing only a fraction of their energy in the 
crystals.

4.2. Transfer rate measurement

The muon transfer rate to carbon (Λ𝑝𝐶 ) is extracted from the time 
dependent number of muon transfers to carbon after the thermalization 
of 𝜇𝑝 atoms. At a given temperature T, the number of 𝜇𝑝 atoms in the 
target (𝑁𝜇𝑝) changes with the time 𝑡 according to the formula:

𝑑𝑁𝜇𝑝(𝑡) = −𝑁𝜇𝑝(𝑡)𝜆𝑑𝑖𝑠(𝑇 )𝑑𝑡. (1)

The total disappearance rate of 𝜇𝑝 atoms, 𝜆𝑑𝑖𝑠(𝑇 ), can be expressed 
as:

𝜆𝑑𝑖𝑠(𝑇 ) = 𝜆0 + 𝜙[𝑐𝑝Λ𝑝𝑝𝜇 + 𝑐𝑑Λ𝑝𝑑 (𝑇 ) + 𝑐𝐶Λ𝑝𝐶 (𝑇 )], (2)

where 𝜆0 is the disappearance rate of the muons bound to protons, Λ𝑝𝑝𝜇

is the 𝑝𝑝𝜇 formation rate in 𝜇𝑝 collisions with hydrogen nuclei, Λ𝑝𝑑 is 
the muon transfer rate from 𝜇𝑝 to deuterium, Λ𝑝𝐶 is the muon transfer 
rate from 𝜇𝑝 to carbon atoms, 𝜙 is the atom density in the gaseous 
target, 𝑐𝑝, 𝑐𝑑 , and 𝑐𝐶 are the hydrogen, deuterium and carbon atomic 
concentrations in the target.

The set of constants used in this analysis is reported in Table 1.

Fig. 4. Calibration curve of the LaBr3(Ce) detector number 6. The horizontal error bar is estimated by varying the fitting range of a gaussian fit to the measured 
energy spectra around a given K line. The error bar is included in the marker size. The calibration curve is fitted with a second order polynomial function. The 
coefficients of the polynomial fit to the data points in increasing order are -11.2 ± 1.9, (5.02 ± 0.14)×10−2, (3.4 ± 0.2)×10−6.
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Fig. 5. Energy spectra of delayed X-rays produced in 𝐻2/𝐶𝐻4 (line) and 𝐻2 (filled histo) with 𝑡𝑠 in the time bin 2000-2190 ns as an example. Spectra are normalized 
in the range 200-400 keV.

Fig. 6. Time dependence of the rate of muon transfers to carbon measured at 197 K. The error bars are the sum in quadrature of the statistical and the background

related systematic uncertainties. The fit to extract Λ𝑝𝐶 is superimposed.

Table 1
The values are derived from literature where in

dicated. The temperature dependence of Λ𝑝𝑑 has 
been taken into account in the fit. Concentra

tions are expressed as atomic concentrations and 
𝑐𝑝 = 1. − 𝑐𝑑 − 𝑐𝐶 . Carbon concentration and 𝜙
are derived directly from the experimental gas 
conditions, 𝜙 is expressed in LHD atomic units.

Costant Name Value 
𝜆0 (4556.01 ± 0.15) ×102 s−1 [8] 
Λ𝑝𝑝𝜇 (2.01 ± 0.09) ×106 s−1 [9] 
Λ𝑝𝑑 (at 300 K) 1.6 ×1010 s−1 [10] 
𝑐𝑑 (1.358 ± 0.001) ×10−4 [11] 
𝑐𝐶 (1.89 ± 0.04) ×10−4
𝜙 (4.5 ± 0.1) ×10−2

Λ𝑝𝐶 is extracted from data by counting the number of X-rays origi

nating from carbon as a function of the time. The time axis is divided 
in 10 logarithmic bins starting from 600 ns after the second muon spill. 
Fig. 6 shows the rate of muon transfers to carbon at 197 K measured 
as a function of the time after trigger. In each time bin, the number 
of X-rays from carbon is evaluated as the integral between 40 keV and 
100 keV of the background subtracted energy spectrum, scaled by the 

live time and selection efficiency factors. In the considered time range 
(1600 < 𝑡𝑠 < 4000 ns), live time and efficiency of all detectors are larger 
than 99% and 96%, respectively. The fitting function, red line in figure, 
is a step function since the average time of each bin cannot be measured. 
In fact, the background subtraction can be performed only on the aggre

gate number of X-rays losing the information about the time measured 
event by event. Therefore the points have been placed at the center of 
each interval.

5. Results

The procedure presented in Sec. 4 has been used to measure Λ𝑝𝐶 at 
four different temperatures (197 K, 240 K, 270 K and 300 K), in con

dition of thermal equilibrium. The results are reported in Table 2. The 
statistical uncertainty is calculated assuming a Poisson distribution of 
the number of muon transfers and includes the statistical uncertainty 
of the background as well. It can be observed that the systematic er

ror, shown in the third column, is of the same order as the statistical 
uncertainty. The uncertainty in background normalization arises from 
differences in the time evolution of the energy spectrum when the tar

get is filled with either pure hydrogen or a gas mixture. Specifically, at 
a given time, the number of muons remaining in the target is higher for 
pure hydrogen, as no muons are lost through transfer to carbon, which 
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Table 2
Transfer rate to carbon at different temperatures. The first un

certainties column include combined signal and background 
statistical errors. The second uncertainties column refers to 
systematic errors in the normalization due to the difference in 
the spectrum time evolution between pure hydrogen and the 
gas mixture.

Temperature [K] Λ𝑝𝐶 [1010 𝑠−1] ± stat. ± sys. reduced 𝜒2

197.0 ± 0.5 10.7 ± 0.5 ± 0.3 0.42 
240.0 ± 0.5 9.4 ± 0.4 ± 0.2 0.84 
270.0 ± 0.5 9.3 ± 0.4 ± 0.5 0.75 
300.0 ± 0.5 8.9 ± 0.5 ± 0.6 0.50 

Fig. 7. Measurement of Λ𝑝𝐶 (red triangles) and Λ𝑝𝑂 (black circles and black 
squares) as a function of the temperature performed by the FAMU collaboration, 
see Ref. [5]. The vertical error bars include statistical and all systematic effects 
quadratically summed. The open symbols represent the previous measurements 
by [13,14] and [15]. Error bars of the oxygen measurement [15] are smaller 
than the marker size.

leads to nuclear muon capture. Since the number of muons affects both 
the magnitude and shape of the background, the hydrogen energy spec

trum at a given time reflects the mixture background with a systematic 
uncertainty. This uncertainty was evaluated by varying the normaliza

tion range within the 120--400 keV region. The normalization process 
involved using different energy window sizes and different energy re

gions within the final normalization range [120--400] keV. Each time, 
the transfer rate was recalculated, with the quoted systematic error rep

resenting the maximum absolute difference relative to the best value 
listed in the table.

Other systematic effects like gas contamination and errors related to 
the parameters in Eq. (2) have been studied but they are neglected as 
their overall contribution is smaller than 1%. 
It is important to notice that the measurement regards the transfer rate 
to C in 𝐶𝐻4. Because of the molecular effects, this rate may vary if it is 
measured in other molecules [12].

Fig. 7 shows the muon transfer rate measurements to carbon and to 
oxygen (Λ𝑝𝑂) performed by the FAMU collaboration. The error is the 
sum in quadrature of the statistical and all the systematic uncertainties.

While it is clear that the muon transfer rate to oxygen increases with 
the temperature in the range 70-336 K, the response from carbon is sig

nificantly different and a possible decreasing behavior with increasing 
temperature cannot be excluded. However, the limited precision of the 
measurements, particularly once systematic uncertainties are taken into 
account, prevents a firm conclusion. To further assess the behavior, the 
data points were fitted using both a constant function and a first-degree 
polynomial. Both fits are statistically compatible with the data within 
their uncertainties and the 𝜒2 values indicate that neither hypothesis 
can be excluded based on goodness-offit criteria. In conclusion, while 
a decreasing behavior cannot be excluded, the current data do not al

low to clearly favor it over a no temperature dependence scenario; both 
hypotheses remain consistent with the observations.

6. Conclusions

The FAMU collaboration performed the first measurement of the 
muon transfer rate to carbon in the temperature range of 197-300 K. 
The results indicate that the 𝐻2∕𝐶𝐻4 gas mixture might present a 
smaller temperature dependence compared to 𝐻2∕𝑂2 in the measured 
temperature range, and in the opposite direction. However, the limited 
temperature range accessible with the carbon mixture due to the con

densation temperature does not allow to draw a firm conclusion. While 
the argon mixture data analysis is still being finalized (see Ref. [16]), 
the oxygen mixture remains the best choice for the measurement of the 
Zemach radius of the proton with the FAMU experimental technique (see 
Ref. [5]). Beside this, the oxygen contaminant has a lower condensation 
temperature (80 K instead of 190 K), which permits the final measure

ment to reduce the systematic uncertainties associated with the thermal 
effects in the measurement of the hfs energy. 
Besides the interest for the FAMU experiments, these measurements of

fer a possible test platform for models describing the muon transfer 
process from hydrogen to heavier atoms. For example, efforts to inter

pret the energy dependence of the muon transfer rates to elements such 
as oxygen can be found here [17--23], as well as studies on carbon [20].
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