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The energy levels of hydrogen-like atomic systems can be calculated with great
precision. Starting from their quantum mechanical solution, they have been refined
over the yearstoinclude the electron spin, the relativistic and quantum field effects,
and tiny energy shifts related to the complex structure of the nucleus. These energy
shifts caused by the nuclear structure are vastly magnified in hydrogen-like systems
formed by anegative muon and a nucleus, so spectroscopy of these muonicions can
beused toinvestigate the nuclear structure with high precision. Here we present the
measurement of two 25-2P transitions in the muonic helium-4 ion that yields a precise
determination of the root-mean-square charge radius of the a particle of

1.67824(83) femtometres. This determination from atomic spectroscopy s in
excellent agreement with the value from electron scattering’, but a factor of 4.8 more
precise, providing abenchmark for few-nucleon theories, lattice quantum
chromodynamics and electron scattering. This agreement also constrains several
beyond-standard-model theories proposed to explain the proton-radius puzzle®?, in
line with recent determinations of the proton charge radius®®, and establishes
spectroscopy of light muonic atoms and ions as a precise tool for studies of nuclear

properties.

The a particle is the nucleus of the helium-4 (*He) atom and it con-
sists of two protons and two neutrons, tightly bound by the strong
nuclear force. Itis one of the most-studied atomic nuclei and its prop-
ertiesare of greatimportance for understanding the nuclear forces
and the development of modern nuclear physics'®". Its simplicity
makes the a particle a favourable target for a variety of precision
studies: its zero nuclear spin (/= 0) means that it can be described
by a simple charge distribution, without magnetization distribu-
tion, quadrupole or higher moments. In elastic electron scattering,
the a particle can thus be described by a single charge-monopole
form factor. From the analysis of electron scattering world data, a
root-mean-square (r.m.s.) charge radius of the a particle r,=1.681(4)
fmwas extracted', where the value in brackets indicates the 1o uncer-
tainty in the last digit(s).

Inatomic spectroscopy, /=0 resultsin the absence of any hyperfine
structure, which simplifies the interpretation of atomic spectra sub-
stantially. However, so far, no determination of r, exists from atomic
spectroscopy. In fact, so far, the only absolute radii determined by
laser spectroscopy are for the proton and the deuteron”*, because the
required combination of sufficiently precise measurements and theory
calculations exists only for atomic hydrogen (H) and deuterium (D)
(atomic number Z=1). For elements with Z>1, laser spectroscopy has
yielded only differences of charge radii within anisotopic chain®*® by
measuring the same atomic transitionin variousisotopes to eliminate
thecommon energy shifts related to the interaction among electrons.
For the determination of absolute radii from He atoms (three-body
system with two electrons), theory is not yet advanced enough®. Suffi-
ciently precise experiments with the H-like He* ion, where the two-body
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Fig.1|Energy-level scheme and experimental setup. Left: energy levels of
interestin (u*He)*. We drive the 2S - 2P transitions v, and v, (at wavelengths of
813nmand 899 nm, respectively) and measure the 8.2-keV Lyman-a X-ray from
thesubsequent decay to thelS,, ground state. Indicated are the Lamb shift (LS)
and the shift due to the finite nuclear size (FNS), whichis proportional to ri.
Right:sketch of the experimental setup (not to scale). Onthe way to the He
target, themuonisdetected, thereby triggering the laser system. After the
muonisstoppedin2mbarof He gasat room temperature, (u*He)" is formed.

theory of His applicable, will soon be available?*?. Thus, the present
work, with amuonic ion, provides the first, to our knowledge, deter-
mination of a nuclear charge radius from laser spectroscopy beyond
the proton and the deuteron.

Inlight muonicatoms and ions, a single muon orbits a bare nucleus.
Owing to the large muon mass m,~200m,, where m.denotes the elec-
tron mass, the muon’s Bohr radius is smaller than the electron’s Bohr
orbit in the corresponding H-like ion by a factor of about 200. This
results in a roughly 200 = 8 million times increased overlap of the
muon’s wave function withthe nucleus and a correspondingly increased
sensitivity to nuclear properties, such as the nuclear charge radius.
This finite extension of the nucleus modifies the so-called Lamb shift?,
which is the energy difference between the 2S,,, and 2P, states. Here
we present the first measurement of the 2P-2S energy splittings in
the H-like muonic He ion (u*He)*. Combined with the corresponding
theoretical prediction, our measurement yields a precise determina-
tion of the a-particle charge radiusr,.

The lowest atomic levels in (u*He)" are sketched in Fig. 1 (left). The
Lamb shift is dominated by pure quantum electrodynamics (QED)
effects, in particular, vacuum polarization, which is vastly enhanced
in muonic atoms? (see Methods), but the effect of the finite nuclear
size amounts to as much as20% of the total energy splitting. Therefore,
already amoderately precise measurement of the 2P-2S energy differ-
ence canyield avastly improved value of the a particle’s charge radius.

The theoretical expression for the 2P,,-2S energy difference in
(u*He)* is given as (see Methods)

AESE® 55=1,668.489(14) meV
-106.220(8) meV fm > x r2+0.0112 meV
+9.340(250) meV ey
- 0.150(150) meV.

The first term is the sum of pure bound-state QED contributions
(such as radiative, recoil and relativistic), which are independent
of the nuclear structure. The second termis the finite-size effect. It
is proportional to the square of the a-particle r.m.s. charge radius
ryandincludes mixed radiative-finite-size contributions. The next,
small, terminequation (1) isimplicitly radius dependent but cannot
be parameterized as being proportional to r2. As this term is small,
itis sufficient to calculate it using electron-scattering results®. The
fourth termis the two-photon exchange (2PE) term resulting from
the sum of the third Zemach moment contribution extracted
from electron-proton scattering data® and the polarizability
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About1ps after the trigger, the laser pulse arrives at the target, is coupled into
the multipass cavity and distributed over the entire muon stop volume
(hatched area). The pulseis produced by a Ti:Sa oscillator seeded by a
continuous-wave (CW) Ti:Salaser and pumped by afrequency-doubled pulsed
thin-disk laser. The continuous-wave Ti:Salaser is stabilized to a Fabry-Pérot
(FP) cavity and referenced to awavemeter. The Lyman-a X-rays are measured
viaLAAPDs (not shown) mounted above and below the cavity. SHG, second
harmonicgeneration.

contribution computed using a state-of-the-art ab initio few-nucleon
approach®.

The last termin equation (1) is the sum of the calculated elastic and
theunknowninelastic three-photon exchange (3PE) contributions. The
former was used to estimate the latter, considering the cancellation
of the two terms observed in muonic deuterium?, as detailed in the
Methods. We assign to the sum a conservative 100% uncertainty (10).

The 2P fine structure?

AESE° _sp,,=146.1828(3) meV )
isabout halfaslarge as the finite-size effect and can be calculated with
great precision due to the absence of both the hyperfine structure and
the leading-order nuclear finite-size effects.

The experimental determination of the Lamb shift and the fine
structure of (u*He)* reported here follows the technique of our pre-
vious muonic H and muonic D measurements>*®. About 500 muons
per second from the world’s most intense beam of negative muons at
ultralow energy (a few kiloelectronvolts) at the mE5 beam line of the
Paul Scherrer Institute (Switzerland) are stopped in 2 mbar of He gas
atroomtemperature. The slowing downinthe He gas occurs through
collisions. In the last collision, the muon ejects an electron and gets
captured by a He atom, forming a muonic atom in a highly excited
state (with principal quantum number n=14). For these high-n orbits,
the (internal) Auger rates are much larger than the radiative transition
rates, and hence the remaining electronis quickly ejected. The resulting
H-like ion proceeds within about 100 ns (refs. %) to the ground 1S or
to the metastable 2S state through radiative transitions. Roughly 1%
of the muons will populate the metastable 2S state®® of (u*He)*, whose
lifetime of 1.75 ps is a result of muon decay and two-photon 2S > 1S
de-excitation. Infact, at our low target gas pressure of only 2 mbar, the
2S > 1S collisional quenching rate is less than 10 kHz (ref. *°; less than
0.01 quenching probability per microsecond) and with our sufficiently
clean target gas, the (u*He)* ion will not be neutralized.

A pulsed laser system (Fig. 1, right) is triggered on the arrival of a
single muon and illuminates the muon stop volume about 1 ps after
the muonstop. Thelaser system comprises a titanium:sapphire (Ti:Sa)
oscillator, which is pumped by a frequency-doubled thin-disk laser and
injection seeded by a continuous-wave Ti:Salaser. Itis widely tunable
from 800 nmto1,000 nmand delivers pulses of energy up to 10 mj with
abandwidth of less than 100 MHz. The measurements are, however,
performed at a constant pulse energy of 3.9 mJ to avoid power broad-
ening (about10 mJ and 20 mJ are needed to saturate the 2S > 2P,, and
2S5~ 2P, transitions, respectively) and to avoid laser-induced damage
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Fig.2|The measured transitions. The 2S - P, (left) and 2S > 2P, , (right)
resonances in (u*He)* fitted with a power-broadened Lorentzian line-shape ata
fixed linewidth of 319 GHz (FWHM) given by the 2P lifetime. The black data
points show the laser-induced events (number of X-raysin time coincidence
with thelaserlight), normalized to the promptevents (number of X-rays from
the cascade onformation of (u*He)"). The horizontal band shows the
background levels (with louncertainty) obtained from measured datawhere

of the multipass cavity used to enhance the laser fluence in the muon
stop volume. Every few hours, the laser frequency is altered by changing
the frequency of the continuous-wave seed laser. The energy delivered
to the multipass cavity is adjusted with a half-wave-plate (1/2) and a
polarizer.

The on-resonance laser pulses excite the muonic He ions from
the 2S to the 2P state. The Lyman-a X-ray at 8.2 keV emitted by the
fast decay of the 2P state into the 1S ground state is detected with
large-area avalanche photodiodes (LAAPDs). For the data analysis,
we select laser-induced events in which a single muon enters the
apparatus, and a muonic X-ray is observed in coincidence with the
laser pulse in the cavity. In addition, we require the detection of an
electron from muon decay shortly afterwards in either an LAAPD or
in a set of plastic scintillators placed around the target, which sup-
presses the background by about an additional order of magnitude,
while maintaining half of the good events. For the LAAPDs, we apply
awaveform analysis, which improves energy and time resolution
and allows for discrimination between X-rays and megaelectronvolt
electrons from u~ decay?.

The two resonances shown in Fig. 2 are obtained by plotting the
number of such laser-induced events as a function of laser frequency,
normalized by the number of prompt X-rays from the muonic ion
formation to account for fluctuations in the muon beam intensity.
The 2S - 2P, ,, transition was measured first due to its larger matrix
element (M =1.7 x 107 cm?) and correspondingly expected larger
signal. The data were taken over ten days, which included searching
for the resonance over a frequency range of 7 THz. The 2S > 2P, ,
transition with M = 0.8 x 107* cm?was then found immediately due
to the well known fine structure (equation (2)), and we spent 13 days
measuring it.

The two resonances are fitted with a line-shape model, taking into
account the saturation fluence and the measured laser pulse energy,
which varied slightly over the data-taking period. We find that a fit of
asimple Lorentzian produces line centres in agreement with the ones
from the line-shape model.

The fitted line widths agree well with the 319 GHz (ref. *) expected
fromthe 2P state lifetime, hence the width in the final analysis is fixed.
The experimental values of the frequencies we obtain for the two tran-
sitions are

VeXP(2S > 2P; ,) = 368,653 +18 GHz 3)

veP(2S > 2P, /5) =333,339+15 GHz. 4

thelaser wasnottriggered. The tiny bars above the resonances showthelo
uncertainty of the fitted resonance position. Indicated are the erroneous
claims fromrefs. %% the hatched exclusion region fromref. *°and the expected
resonance positionusingr, frome-He scattering’. The latter is compared to
ourradius from (u*He)*in theinset where the inner and outer error bands
represent the experimental and total uncertainty, respectively (see

equation (7)).a.u., arbitrary units.

The uncertainties mostly stem from statistics (298 and 284 events
above background for the two resonances, respectively). This is
because our experiment does not suffer from any relevant systemat-
ics: usual systematic effects of atomic physics experiments, such as
Doppler, Stark and even the Zeeman shiftsin our 5-T field (Methods),
amount to less than 0.1 GHz. Uncertainties from the laser frequency
calibration, including chirp, are of the order of 0.1 GHz. The only con-
ceivable relevant systematic shift would originate from a systematic
pulse energy imbalance between measurements on the left wing and
right wing of the resonance. As our fit function accounts for varia-
tions of the pulse energy, the fitted position is essentially free from
this systematic shift. We assign a conservative systematic error of
3 GHz to this effect to account for uncertainties in the pulse energy
measurements (Methods).

The difference between the two frequenciesin equations (3) and (4)
yields the experimentally determined 2P fine structure of

AESP _5p,,=146.047+0.096 meV, )

converted to millielectronvolts using1 meV=241.799 GHz. It is less pre-
cise butingood 1.40 agreement with the theory value of equation (2).
Hence, we use equation (2) to combine our two measured transition fre-
quencies (equations (3) and (4)) and obtain a value for the Lamb shift of

AESY »5=1378.521+0.048 meV, (6)

whichin conjunction with equation (1) gives

1 =1.67824(13)¢yp, (82)heo fim. 7

Here the experimental uncertainty of 0.13 attometres (am) is given by
statistics. The theory uncertainty by far limits the extraction of r. Its
0.82-amuncertainty is from 2PE (0.70 am), 3PE (0.42 am, given by our
conservative estimate of the inelastic part), QED (0.04 am) and the rﬁ
coefficient (0.06 am) in equation (1). The dominant uncertainty is thus
from the nuclear and nucleon polarizability contributions to the 2PE
ofequation (1)**¥, This uncertainty accounts for variations and trun-
cation of the nuclear potential, numerical convergence, few-body
methods, and for the various methods of including the nucleon finite
size and relativistic effects.

We note that almost 50 years ago, a group at CERN claime
to have measured the transitions presented here, but, as we show,
those measurements are wrong. The experiment was conducted at a

d38,39
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20,000-times-higher He gas pressure of 40 bar. Doubts were raised*
owing to the high collisional quench rate of roughly 6 x10'°s™, equiva-
lenttoa2Sstatelifetime of only 17 ps. No (u*He)* ionin the 2S state could
possibly have survived the 0.5-ps time delay until the laser pulse arrived.
Adirect measurement*° at the Paul Scherrer Institute (PSI) excluded the
earlierresult by 3.50. Nevertheless, the valueisstill used in the literature.
Our measurement shows that there is no signal observed at the posi-
tion claimed in the earlier experiment (v=369,350(140) GHz) whose
resonanceislocated 5o (or 2.2 linewidths) to the right of our peak. We
thus confirm that the earlier experiments have been wrong. Intrigu-
ingly, their quoted charge radius®is not very far fromour value, but this
canbetraced back to an awkward coincidence of awrong experiment
combined with an incomplete 2P-2S theory prediction, by chance
yielding a not-so-wrong value of r,.

The r, value from our measurement is in excellent 0.70 agreement
with the world average from elastic electron scattering’ r (scatt) =
1.681(4) fm, but 4.8 times more precise. Our precise charge radius for
(u*He)* can hence be used to constrain and improve fits of the electric
formfactor. Thisisin contrast to our previous measurements in muonic
H (refs.**) and muonic D (ref. ¢), which revealed alarge and unexpected
discrepancy with the protonradius from both electronscattering and
H spectroscopy, coined the ‘proton-radius puzzle,**.

Theagreementbetweenour measurementandtheelectron-scattering
result constrains muon-specific beyond-standard-model effects to con-
tribute less than 3.4 meV (95% confidence level) to the 2P-2S energy
splitting in (u*He)*. This upper bound is limited by the uncertainty of
the a-particle charge radius r,(scatt) extracted fromelectron-scattering
experiments. Hence the (u*He)" measurements exclude the scenar-
ios of ref. *' to explain the proton-radius puzzle, which predicted a
6.4-meV difference for the (u*He)* measurement. For the model of
ref.*?, we can set an upper limit of 4.5 MeV on the mediator mass. Fol-
lowing equation 23 in ref. 3, our (u*He)* measurement constrains any
beyond-standard-model short-range muon-protoninteraction to be
smaller than 3.4 meV/20 = 0.17 meV in muonic H. These short-range
interactions also include exotic gravitational** and hadronic effects
related to the subtraction term in the 2PE in muonic hydrogen®. How-
ever, recognizing the recent measurements in H spectroscopy and
electron-proton scattering that yield the smaller ‘muonic’ proton
radius”’, there is in fact no need to invoke beyond-standard-model
scenarios, but note that a large proton radius was recently obtained
in ref. 2, Still, the (u*He)* measurement provides interesting bounds
for possible flavour-violating short-range interactions between the
muon and a proton or a neutron*#¢-5,

The obtained charge radius represents abenchmark for few-nucleon
theories®. A recent calculation of the form factor obtained from
potentials based on chiral effective field theory (YEFT) yields acharge
radius of r,=1.663(11) fm (ref. *°), in good agreement with our value
from (u*He)*. Our r, can also be used to fix low-energy constants of
the nuclear potential, that is, to fix, together with nucleon-nucleon
scattering data and nuclear binding energies, the two-nucleon and
three-nucleon forces derived in a YEFT framework>®",

Atestof higher-order bound-state QED is expected by combining our
(¢*He)* measurements with upcoming measurements of the 1S-2S tran-
sitionin ordinary He" ions?*?. In fact, these challenging higher-order
contributions scaling with the nuclear charge as Z° to Z’ are massively
increasedin He* compared with H (refs.2°52%*), Our charge radius deter-
mination allows for a test of these contributions to the 1S Lamb shiftin
He*withanaccuracy of 60 kHz, corresponding to 6 x 102 of the 1S-2S
transitionin He".

Alternatively, the combination of our measurement with future
results for the 1S-2S transition in He* (refs. 2°*) will yield a value of
the Rydberg constant with 24-kHz accuracy. The Rydberg constant is
at present known with a precision of 6 kHz (using CODATA 2018; see
https://physics.nist.gov/cuu/Constants), but has recently jumped by
about 100 kHz, owing to our measurements in muonic H and muonic
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D.Ameasurement froman atomic systemwith Z=2represents a deter-
mination independent of experiments in Hand muonic H.

With slightly improved uncertainty in the QED calculations for
the 1S-2S transition in He* (currently at about 40 kHz; refs. 52°%), He*
spectroscopy will yield the a-particle charge radius with an uncer-
tainty a factor of two smaller than our value from (u*He)". Inserting
this r, value into the Lamb shift prediction for (u*He)* and comparing
it with our experimental result, will yield a value of the summed 2PE
and 3PE contributions onthe 0.1-meV level. This constitutes a precise
benchmark for few-nucleon theories, as at present the 2PE contri-
bution calculated using a phenomenological potential (AV18+UIX)
differs by about 0.5 meV from the prediction based on a YEFT
approach?®.

Ultra-precise measurements exist in atomic helium*1¢"8 but
theory® for this two-electron system is not yet advanced enough to
allow for an absolute determination of the a-particle size from these
measurements. Despite this, there are isotope shift measurements in
He atoms that can be used to deduce the charge radius difference
between any He isotope “He and the a particle: r2(*He ) - r2 (A, mass
number). For the case of *He, several measurements of the isotope shift
in regular He atoms exist, but they differ by as much as 90 (refs. *7),
which renders any *He charge radius determination unreliable. This
discrepancy will hopefully be resolved by ongoing measurements'®"”
in*He and our upcoming results on (u*He)".

Using the newr, from (z*He)* as an anchor point for the isotope shift
measurements" in °He and *He given by r2(°He) - r2=1.415(31) fm*
and r%(®He) - r2=1.009(62) fm>, we obtain the r.m.s. charge radii of
the unstable nuclei ®*He and *He

r(°He) =2.0571(7), (75);, fm, (8)
r(®He) =1.9559(7), (158);, fm, 9)

respectively, where the first uncertainties are fromour newr, value and
the second uncertainties from the electronic isotope shift measure-
ments. Our r, value hence paves the way for a tenfold improvementin
theimportant *He and ®He halo-nuclei.

In conclusion, the precise a-particle charge radius from laser spec-
troscopy of (u*He)* serves as abenchmark for few-nucleon theories and
for lattice quantum chromodynamics calculations, and can be used to
improve the fits of the electric form factor at low-Q? (Q, momentum
transfer) of the *He nucleus. Moreover, it serves as an anchor point
forisotopic shift measurements, it opens the way to test higher-order
bound-state QED contributions to an unprecedented sensitivity when
combined with measurements in He’, it can be used for a determina-
tion of the Rydberg constant independent of hydrogen and the pro-
tonradius? and it provides bounds for flavour-violating interactions.
Advances of few-nucleon theories and nuclear potentials—including a
fully consistent calculation of the 2PE contribution where the a-particle
chargeradiusisusedtofix the nuclear potential—canfurtherimprove
the a-particle charge radius and our understanding of the nuclear struc-
ture, with the ultimate potential of disclosing subtle effects such as the
nucleon confinement (swelling) in nuclei®.
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Methods

Creation of slow muons and muonic atom formation

The experiment was conducted at the TiE5 area of the high-intensity
proton accelerator (HIPA) at the PSlin Switzerland, giving access to a
102 MeV ¢ ' negative pionbeam. The pions tangentially enter a cyclotron
trap made of two superconducting 4-T coils at arate of 103s ™. Here they
are moderated, trapped and decay into negative muons and muon
antineutrinos. Muons from backwards decaying pions with energies
of afew megaelectronvolts are confined in the cyclotron trap, which
actsasamagneticbottle. They are further slowed down by repeatedly
passing a 160-nm-thick Formvar foil coated with nickel and installed
atthe centre of the cyclotrontrap. Applying a voltage of -20 kVonthe
foil, the muons are extracted axially through one of the exits of the
magnetic bottle. The muons are then transported to the measurement
section (in aregion of lower background) viaa momentum filtering
toroidal magnetic field of about 0.15 T, created by 17 identical magnetic
coils and a collimator. The He gas target is located within a 1-m-long
solenoid at a 5-T magnetic field, reducing the muon beamradius to a
few millimetres. Before the muons enter the target with arate of about
50057, they cross thin carbon foils where they are detected to trigger
the laser system. The detection? uses electron emission induced by
the muons crossing the foils, which also slows them down to few kilo-
electronvolts. They are then stopped in the 20-cm-long He gas target
(roomtemperature, pressure of 2 mbar) viaionizing collisions with the
He atoms. Inits final collision, the muon remains bound to a He nucleus.
Starting froma highly excited state (n=14), it cascades down ejecting
thesecond electron of the He atom viaan Auger process and emitting
prompt X-rays. A small fraction of roughly 1% of the muons ends up in
the metastable 2S state (lifetime t=1.75 ps), which is the initial state
needed for our measurement.

Laser spectroscopy and data analysis

The laser system is optimized for fast pulse delivery upon a trigger
signal caused by the stochastic muonarrival. The short latency time of
1psisobtained using an Yb:YAG (ytterbium-doped yttrium aluminium
garnet) thin-disk laser where the energy is continuously stored inthe
active medium through continuous-wave pumping with commercial
diodelasers of kilowatt optical power. The thin-disk laser consists of
a Q-switched oscillator operating in pre-lasing mode followed by an
eight-pass amplifier delivering (during data taking) pulses of 80-mJ
energy and 20-ns length at 1,030 nm. These pulses are frequency dou-
bledinalithiumtriborate crystalto pump aring Ti:Sa oscillator injec-
tionseeded by a tunable (from 800 nm to1,000 nm) continuous-wave
andsingle-frequency Ti:Salaser. The spectroscopy pulses, with ener-
giesofabout 10 mJ and abandwidthless than100 MHz, pass through a
A/2-waveplate and a polarizer allowing adjustment of the pulse energy.
The pulses are then transported over 20 minside an evacuated tube
from the laser hut to the muon beamline and eventually coupled into
the multipass cavity*® through a 0.6-mm-diameter hole. The injec-
tion into the cavity is optimized using photodiodes monitoring the
cavity lifetime and the light distribution in the cavity. The laser light
is distributed over a volume of 7 x 25 x 176 mm?, illuminating most
of the muon stop volume of 5 x 12 x 200 mm?. The laser frequency
is not continuously scanned, but kept fixed over several hours. Ini-
tially, during the search for the resonance such ameasurement block
is typically 5 hlong to establish a statistically significant excess of
laser-induced events over background. After finding the resonance,
we alternate betweenboth sides of it every two hours, interlaced with
background measurements. During these measurement blocks, the
continuous-wave Ti:Sa laser is locked to a Fabry-Pérot cavity and
its frequency is recorded by a High Finesse WS7 wavelength meter,
both of them calibrated by saturation spectroscopy in caesium and
krypton. Simple absorption spectroscopy is used to measure the aver-
age frequency shift (chirp) between the pulses delivered by the Ti:Sa

oscillator andits seeding light of —0.1+ 0.05 GHz. After the laser exci-
tation of the 2S > 2P transition, we detect the Lyman-a X-ray from the
subsequent decay to the ground state via 20 large-area (14 x 14 mm?)
avalanche photodiodes®* (LAAPDs) arranged above and below the
stop volume, covering afraction of about 30% of the full solid angle.
We also detect delayed electrons from muon decay with the LAAPDs
and with plastic scintillators radially arranged around the muon stop
volume, outside of the target.

The LAAPDs detect about 50,000 signals (events) per hour, of which
there are about 8 events from successful excitation to the 2P state, if
thelaseris onresonance. We exclude most of the background by select-
ing only events with an energy in a range of [7.9, 8.5] keV in a roughly
230-ns-wide time window coincident with the laser pulse in the cavity
followed by amuon decay electron. We apply awaveform analysis* of
the digitized LAAPD signals, which allows us to increase the energy
resolution by about a factor of two to 16% full-width at half-maximum
(FWHM) at 8.2 keV (relative to a standard approach based on the area
ofthe pulse) and distinguishbetween electrons and X-rays. Toimprove
the electron detection, four plastic scintillators of 5 mm thickness are
radially placed around the target to detect the decay electrons curling
inthe magnetic field. Furthermore, we use the muon entrance detector
to discard, with an efficiency >90%, the data when two muons are in
the target at the same time.

The number of selected Lyman-a X-rays is normalized to the prompt
eventstoaccount for fluctuationsin the muonbeam. Thisratiois then
plotted versus the laser frequency, as shown in Fig. 2. The obtained
resonanceis fitted with aline-shape model based ona Lorentz profile,
accounting for the saturation level and the measured pulse energy.
Thefitsresultinx*=92.3 for 89 degrees of freedomand xy*=17.1for 16
degrees of freedom for the 2S > 2P, ,, and 2S - 2P, , transitions, respec-
tively. The significance of this result compared with fitting a flat line is
150and 110, respectively. We find that a naive fit of a simple Lorentzian
without accounting for the pulse energy produces line centres in agree-
ment, within 2 GHz, to the ones from the line-shape model. Thisimplies
that the pulse energy asymmetry, left and right of the resonance, is
strongly mitigated by our procedure: we adjust the transmission of the
A/2-polarizer system at the beginning of each measurement block, and
scantheresonanceby alternating the laser frequency betweenleftand
right of the resonance. In fact, we measure a left-right asymmetry of
about1%for bothresonances. Such anasymmetry would lead to a shift
of 0.5% of the FWHM of 320 GHz, that is, 1.6 GHz (if not accounted for
inthe line-shape model). This is in agreement with the observed shift
of 2 GHz for each of the resonances when fitting a simple Lorentzian.
To account for possible systematic effects in the measurement of the
laser pulse energy, we quote a conservative total systematic uncertainty
of 3 GHz for each of the two resonances.

Theory

The a-particle charge radius determined from laser spectroscopy of
the Lamb shiftin muonic helium-4ions depends crucially on the theory
of the 2S-2P energy splitting. Here we briefly explain the origin of the
various terms of the equation (1), which summarizes allknown theory
contributions to the Lamb shift in the muonic helium-4 ion. It differs
slightly from our previously published formula, equation 29 in ref. 2,
whichreads

AESEC 55=1,668.489(14) meV
-106.354(8) meV fm > x r2+0.078(11) meV
+ 9.340(250) meV.

(10)

Recently, some of the 2PE and 3PE contributions with nuclear structure
were calculated inref.”,and alarge inelastic three-photon contribution
was identified for muonic D. Unfortunately, this contribution has not
yet been calculated for muonic helium-4. We estimate this term and



take itinto account with a100% uncertainty, as detailed below. The
updated theory reads

AE;',;;?;;_ZS= 1,668.489(14) meV
-106.220(8) meV fm > x r2+0.0112 meV
+ 9.340(250) meV
- 0.150(150) meV.

(11

Here we detail the changes leading to equation (11) (same as equa-
tion (1)). Note that the effect on the extracted r, is small: the central
value shifts by 0.6 standard deviations, and the theory uncertainty
increases by 15%.

The first term in both equations, 1,668.489(14) meV, is the sum
of radiative, relativistic and recoil corrections independent of the
nuclear structure® 2 Of this term, 99.8% (1,665.773 meV) is given by
the one-loop electron vacuum polarization. The one-loop vacuum
polarization in muonic atoms is vastly enhanced compared with the
self-energy (whichdominatesinordinary atoms) givenits short-range
interaction.

Physically, the large mass of the orbiting muon leads to relatively
large momenta of the photons exchanged with the nucleus, facilitating
the creation of virtual electron-positron pairs, which are much lighter
than the muon. Thereisno corresponding terminordinary H, because
there areno charged particles that are lighter than an electron. Muonic
vacuum polarization (with amuon pair in the loop) exists as well, and
it can be calculated with a simple rescaling of the electron vacuum
polarization result for ordinary H (the mass of the orbiting lepton is
equal to the mass of the virtual particle in the loop). For comparison,
the sum of muonic vacuum polarization and muon self-energy amounts
to-11.106 meV (ref. ).

The second term, proportional to the square of the a-particle charge
radius r,, accounts for the energy-level shifts caused by the finite size of
the nucleus, including some mixed radiative-finite-size corrections to
the one-photon exchange. Note that the proper relativistic definition of
r, is given by the slope of the form factor r2=- 6Gx(Q* = 0) (refs. %),
whichin a non-relativistic approximation (that holds well for (u*He)")

corresponds to the r.m.s. radius of the charge distribution r, = /{r2).
In the older equation (10), the finite-size contribution contains also
the parts of the a(Za)® (radiative correction to the 2PE) and (Za)® (3PE,
elastic part) contributions (a, fine structure constant) that can be
parameterized with r2 (#r2 and #r3 of ref. %, respectively).

The next, small, term in equation (10) of 0.078(11) meV is a sum of
the parts of the a(Za)® and (Za)® contributions (3PE, elastic contribu-
tion) that cannot be simply parameterized as being proportional tor2.
These parts (#r2’ and #r3’ inref.?) depend on various moments of the
chargedistribution ((1/r), {logr), () and so on)****, Because these terms
aresmall, they have been calculated for the scattering value of r,assum-
ing a charge distribution®®¢* or, equivalently, using various parame-
terizations of the form factor®.

The fourth term is the 2PE contribution resulting from the sum of
the third Zemach moment contribution extracted from elastic elec-
tron scattering data on helium?, and the polarizability contribution
computed using a state-of-the-art ab initio few-nucleon approach®.
Recently, two- and three-photon contributions in muonic H, D,
helium-3 and helium-4 have been addressed in ref. . A full calcula-
tion of both the elastic and inelastic 3PE exists only for muonic D.
Unexpectedly, the inelastic part of the 3PE in muonic D turned out to
be of similar size as the elastic part, but of opposite sign. This leads
to asubstantial cancellation for the full 3PE in muonic D. For muonic
H, by contrast, the inelastic partis estimated to be much smaller than
the elastic part.

Thismaybe understood considering that the proton is much ‘stiffer’
than the ‘softer’ deuteron, that is, the first excited state of the proton
(the A resonance),is 300 MeV above the proton ground state, whereas

the binding energy of the deuteron is only 2.2 MeV. For comparison,
the a-particle binding energy is 28 MeV.

Unfortunately, the inelastic 3PE for muonic He has not yet been cal-
culated”. However, it can be estimated starting from the calculated
elastic part of the 3PE in (u*He)*, and applying a similar cancellation
as observed in muonic D. Starting from the calculated” elastic 3PE in
(u*He)* of

A(3PE, elastic) =-0.3048 meV, (12)

we assume the inelastic part to be of opposite sign, and assignitarange
between 0 and 1.0 times the full elastic part (within 1 standard devia-
tion). Hence, we estimate the inelastic part to be

A(3PE, inelastic) =-0.3048 x (- 0.5) x (1+1)

=+0.150(150) meV, (13)

that is, with a conservative 100% uncertainty. For comparison, in
muonic D, the calculated inelastic 3PE is —1.3 times the elastic 3PE.
Note that the polarizability of the loosely bound deuteron (2.2-MeV
binding energy) is much larger than for the much tighter-bound o
particle (28-MeV binding energy). For the even tighter-bound proton
(300-MeV energy required toreach the first excited state) the inelastic
3PEis expected to be very small. One thus expects that the ratio of
inelastic-to-elastic 3PEin (u*He)" is between these two extreme cases
observed in muonic Hand muonicD.

The total 3PE resulting from the sum of elastic and inelastic contri-
bution becomes

A(3PE, elastic + inelastic) = - 0.150(150) meV. (14)

Such anestimate and its uncertainty hasbeen approved by K. Pachucki
(personal communication), one of the authors of ref. . Note that the
1.60 band of this sumincludes the extreme cases, namely both a van-
ishing inelastic 3PE and an inelastic 3PE being —1.3 times the elastic
part, respectively.

Given the updated value of the elastic 3PE for (u*He)" of ref. %, and
the estimate of the inelastic part given above, we have updated the
theoretical prediction of the Lamb shiftin muonic He, as giveninequa-
tion (11). The first term of 1,668.489(14) meV is the same as in equa-
tion (10).The coefficient in front of the r§ termin equation (11) differs
slightly from the coefficient in equation (10), because the part of the
elastic 3PE contribution that can be expressed as being proportional
tor2 (the #r3 termin ref.?)

#r3=-0.1340(30) meV fm > x r2=-0.377(8) meV (15)
has been moved to the last term of equation (11).

Similarly, also the third term of 0.0112 meV in equation (11) differs
slightly from the third term in equation (10), because the part of the
3PE (#r3’ in ref. )

#r3’=0.067(11) meV (16)

that cannot be simply parameterized using r2, has also been included
inthe last term of equation (11).

Thefourthterminequation (11), representing the total 2PE contribu-
tion, isidentical to the fourth termin equation (10).

Thelast termin equation (11) represents the total 3PE, where the #r3
and #r3’ included in equation (10) have been updated by the elastic
part newly calculated in ref. ¥, and where the inelastic part has been
estimated using the arguments given above.

Using the updated theoretical prediction givenin equation (11) (that
is, equal to equation (1)), we find an a-particle charge radius from our
measurement of r, = 1.67824(13).,,(82) 4, fm. For comparison, using
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equation (10), which neglects the inelastic 3PE contribution, yields a
radius of r, =1.67779(13) ,(71) e, fm, that is, a change of 0.00045 fm,
correspondingto 0.6 standard deviations.

Data availability
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