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Thomas Graf,5 Theodor W. Hänsch,1,♠ Malte Hildebrandt,9 Paul Indelicato,3

Lucile Julien,3 Klaus Kirch,11,9 Andreas Knecht,9 Paul Knowles,12,§ Franz Kottmann,11

Julian J. Krauth,1 Eric-Olivier Le Bigot,3 Yi-Wei Liu,13 José A. M. Lopes,4,#
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Laser spectroscopy of the Lamb shift (2S-2P energy difference) in light muonic atoms or ions, in
which one negative muon µ− is bound to a nucleus, has been performed. The measurements yield
significantly improved values of the root-mean-square charge radii of the nuclei, owing to the large
muon mass, which results in a vastly increased muon wave function overlap with the nucleus. The
values of the proton and deuteron radii are 10 and 3 times more accurate than the respective CODATA
values, but 7 standard deviations smaller. Data on muonic helium-3 and -4 ions is being analyzed and
will give new insights. In future, the (magnetic) Zemach radii of the proton and the helium-3 nuclei
will be determined from laser spectroscopy of the 1S hyperfine splittings, and the Lamb shifts of
muonic Li, Be and B can be used to improve the respective charge radii.

KEYWORDS: laser spectroscopy, Lamb shift, muonic atoms, proton, deuteron, charge radius

1. Introduction

When negative muons (µ−) are brought to rest in matter, they can form a muonic atom or ion
by ejecting all of the atom’s electrons [1]. Thus, a single muon is bound to a nucleus. The muonic
atom/ion will quickly deexcite, mostly ending in the 1S ground state. A few per cent of the muons can
reach the metastable 2S state, however. For light atoms, hydrogen to boron, the metastable 2S state
can have a lifetime of microseconds to tens of nanoseconds [2–4] that may make these metastable 2S
atoms susceptible to laser spectroscopy [5, 6].

For an isolated muonic atom/ion, the 2S lifetime is limited by the muon lifetime of 2.2 µs, two-
photon decay to the 1S ground state, and nuclear muon capture, which is still small for light muonic
ions [7].

In a gaseous environment like H2, D2, He, etc., collisional effects may shorten the 2S lifetime [8].
Thus, our recent experiments in muonic hydrogen [9,10], muonic deuterium [11] and muonic helium
ions [12, 13] were performed at gas pressures around 1 hPa, where the 2S lifetimes are on the order
of 1 µs [3, 14].

(a) muonic hydrogen, µp (b) muonic deuterium, µd (c) muonic helium-4, (µ 4He)+
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Fig. 1. Sketch of the n = 2 levels in muonic hydrogen (left) and deuterium (center, not to scale) and muonic
helium-4 ions (right). The nuclear charge radius shifts the 2S level upwards, as indicated for muonic hydrogen.
The measured transitions are indicated. Muonic helium-3 ions, which were also measured, are not shown here.

The principle of the measurement is the to excite the 2S → 2P Lamb shift transition by a tunable
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Fig. 2. Two resonances measured in µp see Fig. 1(a). Left: 2S F=1
1/2 − 2PF=2

3/2 transition from the F=1 triplet
state near λ = 6.0 µm (49881.35 ± 0.65 GHz). Right: The 2S F=0

1/2 − 2PF=1
3/2 transition from the F=0 singlet state

near λ = 5.5 µm (54611.16 ± 1.03 GHz). The horizontal bar indicates the background level (with uncertainty),
including data taken without laser. The expected resonance positions calculated using the CODATA value of
rE(p) are 80 GHz below the observed positions.

pulsed laser system [15, 16] and record the Lyman-α x-rays [17–19] from the resulting 2P → 1S
deexcitation.

The laser frequency of the 2S-2P transition in light muonic atoms can then be used to determine
accurate values of nuclear charge radii or polarizabilities [20–22].

2. Lamb shift measurements and the charge radii

2.1 Proton radius from muonic hydrogen
The Lamb shift in muonic hydrogen atoms, µp, was first successfully measured at PSI in 2009.

A few unsuccessful searches were performed in the preceding years [23, 24] at the wrong laser
wavelengths, because the expected resonance positions were based on a too large proton charge
radius. Finally, two transitions were measured [9, 10]. Using the most recent theory from many au-
thors [25–37], summarized in Ref. [38], we were able to deduce a value of the proton rms charge
radius rE(p) = 0.84087(39) fm. This value is 7σ smaller than the 2010-CODATA value [39], see
Fig. 2. This discrepancy is now known as the “proton radius puzzle” [40, 41].

It is interesting to note that the muonic hydrogen value is smaller than both the value from spec-
troscopy of regular hydrogen alone [42] and the widely accepted analyses of elastic electron-proton
scattering data [43–47]. However, several analyses of e-p scattering data have found radii that are in
agreement with the muonic hydrogen value [48–53].

2.2 Deuteron radius from muonic deuterium
Very recently, theory calculations in muonic deuterium [35,54–57], and in particular the difficult

deuteron polarizability effects [58–62] became accurate enough to determine a deuteron charge radius
from our measurements in muonic deuterium. Again, we summarized these earlier works [63]. The
2S Lamb shift in muonic deuterium is

∆ELS = 228.7766(10) meV + ∆ETPE
LS − 6.1103(3) rE(d)2 meV/fm2. (1)

Using the calculated contribution from two-photon exchange, also known as the deuteron polar-
izability contribution

∆ETPE
LS (theo) = 1.7096(200) meV (2)

we determine the deuteron rms charge radius from a measurement of three 2S-2P transitions in
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Fig. 3. Three resonances measured in µd see Fig. 1(b). Left: 2S F=3/2
1/2 → 2PF=5/2

3/2 , and right: 2S F=1/2
1/2 →

2PF=3/2
3/2 , and 2S F=1/2

1/2 → 2PF=1/2
3/2 . The colors are the same as in Fig. 1(b). The horizontal bar indicates the

background level (with uncertainty), including data taken without laser. The expected resonance positions
calculated using the CODATA value of rE(d) are 100 GHz below the observed positions. In contrast, the proton
radius rE(p) from muonic hydrogen, when combined with the electronic isotope shift, yields a prediction of
the resonance position “µp + iso” which is within 2.6σ of the observed ones. The muonic proton and deuteron
radii are hence compatible.

muonic deuterium [11]
rE(d) [µd] = 2.12562(13)exp(77)theo fm. (3)

Similar to the proton radius puzzle, this value from muonic deuterium is 7σ smaller than the CODATA-
2010 deuteron charge radius, see Fig. 4.

We can also determine a value of the deuteron charge radius rE(d) [µp + iso] = 2.12771 (22) fm
from combining the electronic isotope shift of the 1S-2S transition in H and D [64, 65],

rE(d)2 − rE(p)2 = 3.82007(65) fm2 (4)

and the proton charge radius from muonic hydrogen [10]. Using this value in Eq. (1), and the mea-
sured Lamb shift in muonic deuterium, we can determine the deuteron polarizability from experiment

∆ETPE
LS (exp) = 1.7638(68) meV (5)

which is three times more accurate than the theoretical value [63], and thus a benchmark for future
high-precision calculations.

2.3 Muonic helium ions
In two beam times in 2013 and 2014 we have measured several transition frequencies in muonic

helium-3 and -4 ions [12, 13]. An example of a measured resonance is given in Fig. 5. Again, by
comparing the theoretical prediction of many authors [33–35, 66–73], as summarized by us [74],
values of the alpha-particle and helion charge radii can be deduced with an accuracy of about 3×10−4.
These will be compared with the values from electron scattering [75, 76] and He spectroscopy [77–
83].

Besides providing important information useful for the resolution of the proton radius puzzle,
these radii are interesting parameters to be compared with scattering results [75,76], few-nucleon ab-
initio calculations [84], and effective nuclear theories [73, 85–87]. Moreover, the muonic radii open
the way to enhanced bound-state QED tests for one- and two-electron systems from measurements
in “regular” He and He+ ions [12, 77–82, 88]. They will also be used to disentangle the 4σ discrep-
ancy between several 3He−4He isotopic shifts measurements [77–80], and serve as anchor points to
provide absolute radii for 6He and 8He halo nuclei when combined with the corresponding isotopic
shifts measurements [85].
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Fig. 4. Root-mean-square charge radii of the proton (left) and deuteron (right) from various sources. The
muonic values are within 2.6σ compatible with each other, when considering the 1S-2S isotope shift in regular
hydrogen and deuterium [64,65]. Values “H spectroscopy” and “D spectroscopy” are uncorrelated, as explained
in [42]. The discrepancy between muonic and electronic deuterium is hence a new discrepancy.
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Fig. 5. Preliminary resonance plot of the 1st muonic 4He resonance (online data). The alpha particle charge
radius extracted from this resonance will be about five times more accurate than the one from elastic elec-
tron scattering. The muonic charge radius uncertainty is completely dominated by the accuracy of the nuclear
polarizability.

3. Hyperfine splitting of muonic hydrogen and helium

Proton Zemach radius [fm]

1 1.02 1.04 1.06 1.08 1.1 1.12

H, Dupays 2003

  e-p, Friar 2004

H, Volotka 2005 

e-p, Mainz 2011

H, Antognini et al. 2013µ

H goalµ

Fig. 6. Proton Zemach radius determinations. Accurate values exist from the 1S HFS in hydrogen (21 cm
line) and elastic electron-proton scattering. The first result from muonic hydrogen will be improved in upcom-
ing experiments.

Previously we presented the determination of the rms charge radii from the measurement of 2S-
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2P Lamb shift transitions in muonic atoms. In a similar way, spectroscopy of the hyperfine splitting
(HFS) in muonic and “regular” atoms can be used to deduce precise values of the Zemach radii (of
various nuclei). The Zemach radius RZ being defined as an integral of the charge and magnetic form
factors (GE , GM)

RZ = −
4
π

∫ ∞
0

dQ
Q2

(
GE(Q2)

GM(Q2)
1 + κp

− 1
)
, (6)

where κp is the proton anomalous magnetic moment and Q the momentum exchange, contains infor-
mation about the magnetization distribution inside the nucleus. In fact, in a non-relativistic approxi-
mation RZ can be expressed, by the convolution between nuclear charge and magnetic distributions
ρE(r) and ρM(r)

RZ =

∫
d3r |r|

∫
d3r′ρE(r − r′)ρM(r′). (7)

A first, rather crude measurement of the hyperfine splitting in muonic hydrogen has been achieved
by the CREMA collaboration in 2013 [10], see Fig. 6. Here, the difference of two 2S-2P Lamb shift
transitions was used to determine the 2S-HFS with an accuracy of ∼ 220 ppm.

As a next step, the CREMA collaboration is aiming at the measurements of the ground-state
HFS in µp and (µ 3He)+ with relative accuracy of about 1 ppm. Two other groups, are also planning
to measure the 1S-HFS in µp so that, differently to the 2S-2P case, comparison between muonic
results will become possible. Having different experimental schemes, these three experiments allow
three independent determinations of the Zemach radius. In the following we depict the three methods
proposed by the three collaborations to measure the ground-state HFS.

3.1 CREMA: Diffusion method

Cavity Cavity
pµH   gas2

µ

Scintillator

Fig. 7. (Left) Level scheme of the µp ground state divided into triplet (F = 1) and singlet (F = 0) sublevels.
The spin composition of the sub-states is also given. The red solid-line arrows represent the transitions driven
by the polarized laser light, the dashed blue arrows the quenching of the triplet states into the singlet state
caused by collision of the µp atoms with the H2 gas. (Right) Principle and setup (not to scale) of the 1S-HFS
experiment of the CREMA collaboration. Negative muons stop in the few mm long gas target at 50 K and
500 mbar. The µp atoms (black dots) excited by the laser light (given in pink) have larger kinetic energy and
diffuse from the illuminated volume to the target walls coated with high-Z material. The thermalized µp atoms
are much slower. Scintillators are used to observe the cascade events after formation of the excited (µZ)∗ atoms.

The CREMA collaboration experiment is performed at the proton accelerator facility of the
Paul Scherrer Institute, Switzerland. A continuous negative muon beam of 10 MeV/c momentum
is stopped in a hydrogen (H2) gas target at cryogenic temperatures (50 K, 500 mbar). The µ− stop-
ping in the H2 gas forms µp atoms in highly excited states (n ∼ 14). After the prompt muonic cascade,
the 1S-state is populated with a statistically distributed occupancy of the four sub-levels (triplet and
singlet) as visible in Fig. 7 (left). Shortly afterwards, the higher lying triplet states are collisionally
quenched to the singlet state (with a rate of 25/µs at 1 bar and 273 K) [89]), so that at the laser pulse
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arrival time the µp atom is basically in the singlet ground-state. At 1.5 µs after the µp formation, the
laser system delivers a pulse of 1 mJ energy at 6.7 µm wavelength to drive the hyperfine splitting
transition from F = 0 to F = 1. Shortly afterwards (within about 100 ns), the higher lying triplet
state is collisionally quenched back to the singlet state. In this process, the HFS transition energy is
converted into kinetic energy: the µp atom gain a kinetic energy of about 120 meV. For a sufficiently
small target, as shown in Fig. 7 (right) the faster moving µp starting from the laser illuminated region
may reach the target walls coated with high-Z material before µ− decay occurs [90]. Subsequent µ−

transfer from the µp to a high-Z atom occurs, leading to the formation of a (µZ)∗ atom followed by
its de-excitation producing MeV X-rays. Therefore if the laser frequency is resonant with the HFS
transition MeV X-rays will be detected right after the laser pulse has illuminated the muon stop dis-
tribution. A resonance curve is attained by plotting the number of the cascade signals (from the MeV
X-rays) induced in the surrounding scintillators in a short time window (∼ 300 ns) after the laser
excitation versus the laser frequency.

3.2 FAMU: Energy dependent muon transfer method
The methodology of the FAMU collaboration [91,92] differs from the one of the CREMA collab-

oration mainly in the detection scheme used to expose the laser induced occurrence of the hyperfine
transition.

In this experiment which is performed at the RIKEN-RAL muon facility of the Rutherford Lab-
oratory, UK, a pulsed muon beam is stopped in a hydrogen target with 0.045 LHD (liquid hydrogen
density). Shortly after its formation the muonic atom ends up in the singlet sub-level of the ground
state due to the muonic cascade and the collisional quenching from the triplet to the singlet ground
states. A laser pulse is then used to drive the HFS transition, i.e. to excite the muonic atom from the
F = 0 to the F = 1 state. The atoms excited by the laser in the triplet state, de-excite back to the
F = 0 state through collisions with the H2 molecules gaining in this process about 120 meV of kinetic
energy.

The key difference between the CREMA schema and the FAMU scheme is in the method used
to distinguish the two classes of atoms: the one which have been laser excited by the laser light, from
the one which thermalize at the hydrogen gas temperature. Instead of using the diffusion method
of CREMA, the FAMU collaboration utilizes the energy dependence of the muon transfer from the
hydrogen atom to a higher-Z atom which is mixed with a few % concentration in the H2 gas. The
muon transfer rate from the µp to some higher-Z gases (CO2, Ar...) has recently been investigated in
a beamtime at the RIKEN-RAL facility [93]. Data analysis is ongoing.

The higher-Z muonic atoms which are formed in highly excited states de-excite down to the
ground state producing X-rays in the 10 keV-1 MeV energy regime that can be efficiently detected
with a scintillator or Germanium system. The resonance curve is therefore obtained by plotting the
number of X-rays from the “contaminant” gas versus the laser frequency.

3.3 J-PARC: Decay asymmetry method
The J-PARC - RIKEN collaboration is planning to use the electron from the muon decay to

expose the occurrence of the laser induced transition [94,95]. As mentioned before, after its formation
the µp atoms end up quickly in the ground state populating both triplet and singlet states. In this
experiment the H2 gas target density is reduced to 0.0001 LHD to minimize the collisional quenching
from the triplet into the singlet state. At this density the lifetime of the triplet state is of about 500 ns.
The circular polarized laser light which illuminates the target 1 µs after the muonic atom formation is
inducing a transition from the singlet to a triplet state. This transition which give rise to a muon spin
flip, results in a change of the average muon polarization (which is zero prior to the laser pulse). This
change of the muon polarization after the laser transition can be exposed by detecting the electron
from muon decay. In fact, due to the parity violation in the muon decay, the electron from muon decay
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is emitted preferentially anti-parallel to the muon spin. Therefore the change of the muon polarization
induced by the laser light results in a change of the electron distribution which can be observed by
using electron detectors. A resonance curve can be obtained by plotting the so called asymmetry
(difference in counts between two detectors) as a function of the laser frequency. The change of the
electron distribution will be visible in this asymmetry plot.

The choice of the low gas density results from a trade-off between muon stopping volume and
efficiency, and the collisional quenching rate from the polarized triplet (after the laser excitation) into
the singlet (unpolarized). Therefore the time window where the electrons have to be detected is only
of about 1 µs given the above-mentioned depolarization rate.

3.4 Impact of the HFS measurements
By comparing the measured HFS in µp and (µ 3He)+ with the corresponding theoretical predic-

tions [31, 96, 97] the two-photon-exchange TPE contribution with a relative accuracy of 10−4 can be
extracted. From the TPE the polarizability contribution can be extracted if a Zemach radius is as-
sumed from electron scattering [98, 99] or from regular atom spectroscopy [100, 101]. Alternatively
the Zemach radii can be extracted if the polarizabilities are assumed from theory. A comparison of
these radii and polarizability contributions with theory (Chiral perturbation theory [102], dispersion
relations [103,104], lattice calculations [105], and ab-initio few nucleon theories [86]) offers the pos-
sibility to improve our knowledge of the low energy structure of the of the proton and of one of the
simplest nuclei, the helion.

4. Conclusions

Laser spectroscopy of muonic atoms can be used for the determination of nuclear parameter with
high accuracy, to be compared with the values from electron scattering and regular atom spectroscopy.
A large activity both, theoretical and experimental, have been triggered by the observed discrepancy,
which remains still unsolved. Many new activities are underway, such as spectroscopy in (regular)
atomic hydrogen [106–110], molecular hydrogen (and its isotopes) [111–114], and He+ ions [77–83],
new elastic electron scattering experiments [115–118], and muon scattering on the proton [119].
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(2013) 1383.
[86] C. Ji, N. Nevo Dinur, S. Bacca, and N. Barnea: Few–Body Syst. 55 (2014) 917.
[87] G. Hagen, A. Ekström, C. Forssén, G. R. Jansen, W. Nazarewicz, T. Papenbrock, K. A. Wendt,

S. Bacca, N. Barnea, B. Carlsson, C. Drischler, K. Hebeler, M. Hjorth-Jensen, M. Miorelli, G. Orlandini,
A. Schwenk, and J. Simonis.: Nature Physics 12 (2016) 186190.

[88] U. D. Jentschura, A. Czarnecki, and K. Pachucki: Phys. Rev. A 72 (2005) 062102.
[89] J. S. Cohen: Phys. Rev. A 43 (1991) 4668.
[90] D. J. Abbott, G. F. Chen, P. Guss, A. D. Hancock, J. B. Kraiman, R. T. Siegel, W. F. Vulcan, D. W. Viel,

R. E. Welsh, C. Petitjean, A. Zehnder, W. H. Breunlich, M. Cargnelli, P. Kammel, A. Scrinzi, J. Marton,
J. Zmeskal, J. J. Reidy, H. L. Woolverton, F. J. Hartmann, A. Adamczak, V. E. Markushin, and V. S.
Melezhik: Phys. Rev. A 55 (1997) 214.

[91] D. Bakalov, A. Adamczak, M. Stoilov, and A. Vacchi: Hyp. Interact. 233 (2015) 97.
[92] D. Bakalov, A. Adamczak, M. Stoilov, and A. Vacchi: Phys. Lett. A 379 (2015) 151 .
[93] A. Adamczak, G. Baccolo, D. Bakalov, G. Baldazzi, R. Bertoni, M. Bonesini, V. Bonvicini, R. Cam-

pana, R. Carbone, T. Cervi, F. Chignoli, M. Clemenza, L. Colace, A. Curioni, M. Danailov, P. Danev,
I. D’Antone, A. De Bari, C. De Vecchi, M. De Vincenzi, M. Furini, F. Fuschino, K. Gadedjisso-Tossou,
D. Guffanti, A. Iaciofano, K. Ishida, D. Iugovaz, C. Labanti, V. Maggi, A. Margotti, M. Marisaldi,
R. Mazza, S. Meneghini, A. Menegolli, E. Mocchiutti, M. Moretti, G. Morgante, R. Narda, M. Nas-
tasi, J. Niemela, E. Previtali, R. Ramponi, A. Rachevski, L. P. Rignanese, M. Rossella, P. L. Rossi,
F. Somma, M. Stoilov, L. Stoychev, A. Tomaselli, L. Tortora, A. Vacchi, E. Vallazza, G. Zampa, and
M. Zuffa: Journal of Instrumentation 11 (2016) P05007.

[94] M. Sato, K. Ishida, M. Iwasaki, S. Kanda, Y. Ma, Y. Matsuda, T. Matsuzaki, K. Midorikawa, Y. Oishi,
S. Okada, N. Saito, K. Tanaka, and S. Wada: Proceedings of the 20th International Conference on Par-
ticles and Nuclei (PANIC 14), 24-29 Aug 2014. Hamburg, Germany - (2015) 460.

11■■■

011021-11JPS Conf. Proc. , 011021 (2017)18

Proceedings of the 12th International Conference on Low Energy Antiproton Physics (LEAP2016)
Downloaded from journals.jps.jp by ETH Zuerich on 02/14/18



[95] N. Saito, M. Yumoto, T. Tomida, U. Takagi, and S. Wada: Proc. SPIE 8526 (2012) 852605.
[96] S. G. Karshenboim: Phys. Rep. 422 (2005) 1.
[97] A. P. Martynenko: J. Exp. Theo. Phys. 106 (2008) 690.
[98] M. O. Distler, J. C. Bernauer, and T. Walcher: Phys. Lett. B 696 (2011) 343.
[99] I. Sick: Phys. Rev. C 90 (2014) 064002.

[100] A. Dupays, A. Beswick, B. Lepetit, C. Rizzo, and D. Bakalov: Phys. Rev. A 68 (2003) 052503.
[101] A. V. Volotka, V. M. Shabaev, G. Plunien, and G. Soff: Eur. Phys. J. D 33 (2005) 23.
[102] F. Hagelstein, R. Miskimen, and V. Pascalutsa: Prog. Part. Nucl. Phys. 88 (2016) 29 .
[103] C. E. Carlson, V. Nazaryan, and K. Griffioen: Phys. Rev. A 78 (2008) 022517.
[104] C. E. Carlson, V. Nazaryan, and K. Griffioen: Phys. Rev. A 83 (2011) 042509.
[105] C. Alexandrou, M. Constantinou, G. Koutsou, and M. P. K. Ottnad: arXiv:1605.07327 (2016).
[106] A. C. Vutha, B. N., I. Ferchichi, M. C. George, V. Isaac, C. H. Storry, A. S. Weatherbee, W. Weel, and

E. A. Hessels: Bull. Am. Phys. Soc. 57(5) (2012) Q1.138.
[107] A. Beyer, J. Alnis, K. Khabarova, A. Matveev, C. G. Parthey, D. C. Yost, R. Pohl, T. Udem, T. W. Hänsch,
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