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The proton is the primary building block of the visible Universe,
but many of its properties—such as its charge radius and its anom-
alous magnetic moment—are not well understood. The root-mean-
square charge radius, r,,, has been determined with an accuracy of 2
per cent (at best) by electron—proton scattering experiments"”. The
present most accurate value of r,, (with an uncertainty of 1 per cent)
is given by the CODATA compilation of physical constants’. This
value is based mainly on precision spectroscopy of atomic
hydrogen*” and calculations of bound-state quantum electrody-
namics (QED; refs 8, 9). The accuracy of r,, as deduced from elec-
tron—proton scattering limits the testing of bound-state QED in
atomic hydrogen as well as the determination of the Rydberg
constant (currently the most accurately measured fundamental
physical constant®). An attractive means to improve the accuracy
in the measurement of r,, is provided by muonic hydrogen (a proton
orbited by a negative muon); its much smaller Bohr radius com-
pared to ordinary atomic hydrogen causes enhancement of effects
related to the finite size of the proton. In particular, the Lamb shift'®
(the energy difference between the 2S,,, and 2P, , states) is affected
by as much as 2 per cent. Here we use pulsed laser spectroscopy to
measure a muonic Lamb shift of 49,881.88(76) GHz. On the basis of
present calculations'' ™" of fine and hyperfine splittings and QED
terms, we find r,, = 0.84184(67) fm, which differs by 5.0 standard
deviations from the CODATA value® of 0.8768(69) fm. Our result
implies that either the Rydberg constant has to be shifted by
—110kHz/c (4.9 standard deviations), or the calculations of the
QED effects in atomic hydrogen or muonic hydrogen atoms are
insufficient.

Bound-state QED was initiated in 1947 when a subtle difference
between the binding energies of the 2S;,, and 2P, states of H atoms
was established, denoted as the Lamb shift'’. It is dominated by
purely radiative effects®, such as ‘self energy’ and ‘vacuum polariza-
tion’. More recently, precision optical spectroscopy of H atoms*”
and the corresponding calculations®’ have improved tremendously
and reached a point where the proton size (expressed by its root-

mean-square charge radius, 7, = <r§>) is the limiting factor when

comparing experiment with theory'.

The CODATA value® of 7, = 0.8768(69) fm is extracted mainly
from H atom spectroscopy and thus relies on bound-state QED (here
and elsewhere numbers in parenthesis indicate the 1 s.d. uncertainty

of the trailing digits of the given number). An H-independent but less
precise value of r,, = 0.897(18) fm was obtained in a recent reanalysis
of electron-scattering experiments"?.

A much better determination of the proton radius is possible by
measuring the Lamb shift in muonic hydrogen (up, an atom formed
by a proton, p, and a negative muon, ). The muon is about 200
times heavier than the electron. The atomic Bohr radius is corre-
spondingly about 200 times smaller in pp than in H. Effects of the
finite size of the proton on the muonic S states are thus enhanced. S
states are shifted because the muon’s wavefunction at the location of
the proton is non-zero. In contrast, P states are not significantly
shifted. The total predicted 28]7;' —2P}7? energy difference, AE,
in muonic hydrogen is the sum of radiative, recoil, and proton struc-
ture contributions, and the fine and hyperfine splittings for our par-
ticular transition, and it is given®''"" by

AE=209.9779(49) —5.2262 12 +0.0347 13 meV (1)

where r, = <r§> is given in fm. A detailed derivation of equation

(1) is given in Supplementary Information.

The first term in equation (1) is dominated by vacuum polariza-
tion, which causes the 2S states to be more tightly bound than the 2P
states (Fig. 1). The pp fine and hyperfine splittings (due to spin—orbit
and spin—spin interactions) are an order of magnitude smaller than
the Lamb shift (Fig. 1c). The uncertainty of 0.0049 meV in AE is
dominated by the proton polarizability term' of 0.015(4) meV.
The second and third terms in equation (1) are the finite size con-
tributions. They amount to 1.8% of AE, two orders of magnitude
more than for H.

For more than forty years, a measurement of the yp Lamb shift has
been considered one of the fundamental experiments in atomic spec-
troscopy, but only recent progress in muon beams and laser techno-
logy made such an experiment feasible. We report the first successful
measurement of the yp Lamb shift. The energy difference between the
28F 1 "and 2Pf /:22 states of yp atoms has been determined by means of
pulsed laser spectroscopy at wavelengths around 6.01 pm. This
transition was chosen because it gives the largest signal of all six
allowed optical 25-2P transitions. All transitions are spectrally well
separated.

The experiment was performed at the TE5 beam-line of the proton
accelerator at the Paul Scherrer Institute (PSI) in Switzerland. We
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Figure 1| Energy levels, cascade and experimental principle in muonic
hydrogen. a, About 99% of the muons proceed directly to the 1S ground
state during the muonic cascade, emitting ‘prompt’ K-series X-rays (blue).
1% remain in the metastable 2§ state (red). b, The up(2S) atoms are
illuminated by a laser pulse (green) at ‘delayed’ times. If the laser is on
resonance, delayed K, X-rays are observed (red). ¢, Vacuum polarization
dominates the Lamb shift in yp. The proton’s finite size effect on the 28 state
is large. The green arrow indicates the observed laser transition at = 6 pm.

built a new beam-line for low-energy negative muons (~5 keV kinetic
energy) that yields an order of magnitude more muon stops in a small
low-density gas volume than a conventional muon beam'”. Slow u~
enter a 5T solenoid and are detected in two transmission muon
detectors (sketched in Fig. 2 and described in Methods), generating
a trigger for the pulsed laser system.

The muons are stopped in H, gas at 1 hPa, whereby highly excited
up atoms (n = 14) are formed'®. Most of these de-excite quickly to the
1S ground state'’, but ~1% populate the long-lived 2S state*” (Fig. 1a).
A short laser pulse with a wavelength tunable around 4 = 6 um enters
the mirror cavity”' surrounding the target gas volume, about 0.9 s
after the muon stop. 2S—2P transitions are induced on resonance
(Fig. 1b), immediately followed by 2P— 1S de-excitation via emission
of a 1.9keV X-ray (lifetime 7,p =8.5ps). A resonance curve is
obtained by measuring at different laser wavelengths the number of
1.9 keV X-rays that occur in time-coincidence with the laser pulse. The
laser fluence of 6 mJ cm ™ results in a 25-2P transition probability on
resonance of about 30%.

The lifetime of the up 2S state, 1,5, is crucial for this experiment. In
the absence of collisions, 7,5 would be equal to the muon lifetime of
2.2 ps. In H, gas, however, the 2S state is collisionally quenched, so
that 7,5 = 1 us at our H, gas pressure of 1 hPa (ref. 20). This pressure
is a trade-off between maximizing 7,5 and minimizing the muon stop
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Figure 2 | Muon beam. Muons (blue) entering the final stage of the muon
beam line pass two stacks of ultra-thin carbon foils (S;, S,). The released
electrons (red) are separated from the slower muons by EXB drift in an
electric field E applied perpendicularly to the B =5 T magnetic field and are
detected in plastic scintillators read out by photomultiplier tubes (PM,_3).
The muon stop volume is evenly illuminated by the laser light using a
multipass cavity.
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volume (length oc 1/pressure) and therefore the laser pulse energy
required to drive the 2S-2P transition.

The design of the laser (Fig. 3 and Methods) is dictated by the need
for tunable light output within 7,3 after a random trigger by an
incoming muon with a rate of about 400s~". The continuous wave
(c.w.) light at =708 nm of a tunable Ti:sapphire laser is pulse-
amplified by frequency-doubled light from a c.w.-pumped Yb:YAG
disk laser*>*. The c.w. Ti:sapphire laser is locked to a Fabry—Perot
cavity with a free spectral range (FSR) of 1,497.332(3) MHz. The
pulsed light**** is shifted to A = 6 um by three sequential vibrational
Stokes shifts in a Raman cell* filled with H..

Tuning the c.w. Tiisapphire laser at A1~ 708 nm by a frequency
difference Av results in the same Av detuning of the 6 um light after
the Raman cell. During the search for the resonance, we scanned the
laser in steps of typically 6 FSR = 9 GHz, not to miss the 18.6-GHz-
wide resonance line. The final resonance scan was performed in steps
of 2 FSR. For the absolute frequency calibration, we recorded several
absorption spectra of water vapour at / = 6 um, thereby eliminating
possible systematic shifts originating from the Ti:sapphire laser or the
Raman process. By H,O absorption, we also determined the laser
bandwidth of 1.75(25) GHz at 6 um.

For every laser frequency, an accumulated time spectrum of K,
events was recorded using large-area avalanche photo-diodes®
(LAAPDs). Their typical time and energy resolutions for 1.9keV
X-rays are 35 ns and 25% (full-width at half maximum), respectively.
The resulting X-ray time spectra are shown for laser frequencies on
and off resonance in Fig. 4. The large ‘prompt’ peak contains the
~99% of the muons that do not form metastable up(2S) atoms
and proceed directly to the 1S ground state (Fig. 1a). This peak helps
to normalize the data for each laser wavelength to the number of up
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Figure 3 | Laser system. The c.w. light of the Ti:sapphire (Ti:Sa) ring laser
(top right) is used to seed the pulsed Ti:sapphire oscillator (‘osc.’; middle). A
detected muon triggers the Yb:YAG thin-disk lasers (top left). After second
harmonic generation (SHG), this light pumps the pulsed Ti:Sa oscillator and
amplifier (‘amp.’; middle) which emits 5 ns short pulses at the wavelength
given by the c.w. Ti:Sa laser. These short pulses are shifted to the required
/= 6 um via three sequential Stokes shifts in the Raman cell (bottom). The
c.w. Ti:Sa is permanently locked to a I,/Cs calibrated Fabry-Perot reference
cavity (FP). Frequency calibration is always performed at 4 = 6 pm using
H,0 absorption. See Online Methods for details.
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Figure 4 | Summed X-ray time spectra. Spectra were recorded on resonance
(a) and off resonance (b). The laser light illuminates the muonic atoms in the
laser time window ¢ € [0.887, 0.962] us indicated in red. The ‘prompt’
X-rays are marked in blue (see text and Fig. 1). Inset, plots showing complete
data; total number of events are shown.

atoms formed. The measurement times varied between 3 and 13 h per
laser wavelength. The 75-ns-long laser time window, in which the
laser induced K, events are expected, is indicated in Fig. 4. We have
recorded a rate of 7 events per hour in the laser time window when on
resonance. The background of about 1event per hour originates
mainly from falsely identified muon-decay electrons and effects
related to delayed muon transfer to target walls.

Figure 5 shows the measured 2S5-2P resonance curve. It is obtained
by plotting the number of K, events recorded in the laser time window,
normalized to the number of events in the prompt peak, as a function of
the laser frequency. In total, we have measured 550 events in the res-
onance, where we expect 155 background events. The fit to the datais a
Lorentzian resonance line on top of a flat background. All four para-
meters (Lorentzian amplitude, position and width, as well as back-
ground amplitude) were varied freely. A maximum likelihood fit
using CERN’s ROOT analysis tool accounted for the statistics at each
laser wavelength. Our statistical uncertainties are the 1o confidence
intervals.
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Figure 5 | Resonance. Filled blue circles, number of events in the laser time
window normalized to the number of ‘prompt’ events as a function of the
laser frequency. The fit (red) is a Lorentzian on top of a flat background, and
gives a z°/d.f. of 28.1/28. The predictions for the line position using the
proton radius from CODATA?’ or electron scattering"? are indicated (yellow
data points, top left). Our result is also shown (‘our value’). All error bars are
the *1 s.d. regions. One of the calibration measurements using water
absorption is also shown (black filled circles, green line).

LETTERS

We obtain a centroid position 0f49,881.88(70) GHz, and a width of
18.0(2.2) GHz, where the given uncertainties are the 1s.d. statistical
uncertainties. The width compares well with the value of 20(1) GHz
expected from the laser bandwidth and Doppler- and power-broad-
ening of the natural line width of 18.6 GHz. The resulting background
amplitude agrees with the one obtained by a fit to data recorded
without laser (not shown). We obtain a value of y*=28.1 for 28
degrees of freedom (d.f.). A fit of a flat line, assuming no resonance,
gives ° = 283 for 31 d.f.,, making this resonance line 167 significant.

The systematic uncertainty of our measurement is 300 MHz. It
originates exclusively from our laser wavelength calibration proced-
ure. We have calibrated our line position in 21 measurements of 5
different water vapour absorption lines in the range 4 = 5.49-6.01 um.
The positions of these water lines are known?® to an absolute precision
of 1 MHz and are tabulated in the HITRAN database®. The measured
relative spacing between the 5 lines agrees with the published ones. One
such measurement of a water vapour absorption line is shown in Fig. 5.
Our quoted uncertainty of 300 MHz comes from pulse to pulse fluc-
tuations and a broadening effect occurring in the Raman process. The
FSR of the reference Fabry—Perot cavity does not contribute, as the FSR
is known better than 3 kHz and the whole scanned range is within 70
FSR of the water line. Other systematic corrections we have considered
are Zeeman shift in the 5 T field (<30 MHz), a.c. and d.c. Stark shifts
(<1MHz), Doppler shift (<1 MHz) and pressure shift (<2 MHz).
Molecular effects do not influence our resonance position because
the formed muonic molecules ppu™ are known to de-excite quickly™
and do not contribute to our observed signal. Also, the width of our
resonance line agrees with the expected width, whereas molecular lines
would be wider.

The centroid position of the 2877'—2P] > transition is
49,881.88(76) GHz, where the uncertainty is the quadratic sum of
the statistical (0.70 GHz) and the systematic (0.30 GHz) uncertainties.
This frequency corresponds to an energy of AE = 206.2949(32) meV.
From equation (1), we deduce an r.m.s. proton charge radius of
1, = 0.84184(36)(56) fm, where the first and second uncertainties ori-
ginate respectively from the experimental uncertainty of 0.76 GHz and
the uncertainty in the first term in equation (1). Theory, and here
mainly the proton polarizability term, gives the dominant contri-
bution to our total relative uncertainty of 8 X 10~ %, Our experimental
precision would suffice to deduce 7, to 4 X 1074

This new value of the proton radius r,, = 0.84184(67) fm is 10 times
more precise, but 5.06 smaller, than the previous world average’,
which is mainly inferred from H spectroscopy. It is 26 times more
accurate, but 3.1¢ smaller, than the accepted hydrogen-independent
value extracted from electron—proton scattering™*. The origin of this
large discrepancy is not known.

If we assume some QED contributions in up (equation (1)) were
wrong or missing, an additional term as large as 0.31 meV would be
required to match our measurement with the CODATA value of r,,.
We note that 0.31 meV is 64 times the claimed uncertainty of equation
(D).

The CODATA determination of r,, can be seen in a simplified picture
as adjusting the input parameters 7, and R, (the Rydberg constant) to
match the QED calculations® to the measured transition frequencies*”
in H: 1S-2S on the one hand, and 2S — nf(n¢ =2P,4,6,8S/D,12D) on
the other.

The 1S-2S transition in H has been measured®™ to 34 Hz, that is,
1.4 X 10~ relative accuracy. Only an error of about 1,700 times the
quoted experimental uncertainty could account for our observed dis-
crepancy. The 2§ —n/ transitions have been measured to accuracies
between 1/100 (2S-8D) (refs 6, 7) and 1/10,000 (2S,,,—2P;,, Lamb
shift’") of the respective line widths. In principle, such an accuracy
could make these data subject to unknown systematic shifts. We note,
however, that all of the (25— nf) measurements (for a list, see, for
example, table XII in ref. 3) suggest a larger proton charge radius.
Finally, the origin of the discrepancy with the H data could originate
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from wrong or missing QED terms or from unexpectedly large con-
tributions of yet uncalculated higher order terms.

Dispersion analysis of the nucleon form factors has recently®* also
produced smaller values of r, € [0.822...0.852] fm, in agreement
with our accurate value.

Assuming now the correctness of the Lamb shift calculations for yp
(refs 8, 11-15) and H (refs 8, 9) atoms, we use the precisely measured
H(1S-2S) interval*®, the H(1S)- and H(2S)-Lamb shifts calculated
with our r, value, and the most recent value of the fine structure
constant”, to obtain a new value of the Rydberg constant,
R, =10,973,731.568160(16) m™~" (1.5 parts in 10'?). This is
—110kHz/c or 4.9¢ away from the CODATA value’, but 4.6 times
more precise.

Spectroscopy in hydrogenic atoms continues to challenge our
understanding of physics. New insight into the present proton radius
discrepancy is expected to come from additional data we have
recorded in muonic hydrogen and deuterium, and from our new
project, the measurement of the Lamb shift in muonic helium ions.

METHODS SUMMARY

Slow negative muons from our low-energy muon beam line'” are magnetically
guided into a 5T solenoid, where individual muons are detected (Fig. 2), pro-
viding the laser trigger. The muon stops inside a target filled with 1 hPa of H, gas
and forms a pp atom. Meanwhile, the frequency-doubled light from a fast pulsed
Yb:YAG disk laser*** pumps a pulsed Tizsapphire oscillator-amplifier laser
which is c.w.-seeded by a Ti:sapphire ring laser*»* (Fig. 3). The Ti:sapphire
pulses at 1 ~708nm are converted to the required 2= 6 pum light via three
sequential Stokes shifts in a Raman cell*® filled with 15.5 bar H.,.

The 6 um pulses are transported to the muon beam area and injected into a
multi-pass cavity surrounding the muon stop volume inside the H, target. On
resonance, the muonic 25-2P can be excited, which is immediately followed by
the muonic 2P-1S K,, transition at 1.9 keV energy. The 1.9keV K, X-rays are
detected in 20 LAAPDs”.

The number of 1.9keV X-rays occurring at the time when the laser pulse
circulates inside the target cavity (Fig. 4) is the signature of our transition. The
resonance line in Fig. 5 is obtained by normalizing the number of K, X-rays in the
time window by the number of yp atoms formed.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

The low-energy muon beam line'” at PSI consists of the cyclotron trap (CT), the
muon extraction channel (MEC), and the 5T solenoid containing the elements
depicted in Fig. 2. The CT is a magnetic bottle made from two 4 T ring coils, with
B =2T in the centre of the CT. Negative pions (10%s ") enter the CT tangentially
and are moderated in a degrader. About 30% of the pions decay into ¢~ which are
further decelerated by repeatedly passing a metallized thin Formvar foil placed in
the centre of the CT. A high voltage of —20kV is applied to the Formvar foil. The
u are confined in the magnetic bottle until this repulsive electric field dominates
over the magnetic forces. Muons leave the CT close to the axis and enter the MEC,
a toroidal momentum filter (magnetic field B=0.15T) which favours muons
with ~20keV energy and separates them from background radiation. From the
MEC, the muons are guided into the bore hole of a 5 T superconducting magnet,
slightly above its axis. The solenoid’s high magnetic field ensures minimal radial
size of the muon beam, thereby reducing the target volume to be illuminated by
the laser. Before entering the hydrogen target, the muons pass two stacks of ultra-
thin carbon foils (area density d = 4 ugcm ™) kept at high electric potential that
both serve as muon detectors and decelerate the muons to 3—6 keV. Each muon
releases a few electrons in the stack-foils which are separated from the much
slower muons in an EXB separator field. The electrons are detected by plastic
scintillators and photomultiplier tubes and provide the trigger signal for the data
acquisition system and the laser.

Finally, the muons arrive in the gas target volume which is filled with 1.0 hPa of H,
gas at a temperature of 20 °C and has a length of 20 cm along the beam axis. The
transverse dimensions of the stop volume are 5 X 12 mm?> Above and below, two
face-to-face rows of 10 LAAPDs?’ (14 X 14 mm? active area) record the 1.9keV K,
X-rays in a distance of 8§ mm from the muon beam axis, providing an effective solid
angle coverage of 20% of 4m. To improve the energy resolution and the signal-to-
noise ratio, the LAAPDs are cooled to —30 °C. They have been optimized for the
detection of the 1.9keV X-rays from the up(2P—1S) transition, but they are also
sensitive to the muon decay electrons. In addition, plastic scintillators have been
installed to increase the detection efficiency for decay electrons, whose appearance
with some delay following a 2keV X-ray signal is required in the data analysis to
reduce the background. The LAAPD signals are read out using VME waveform
digitizers.

The muonic hydrogen formed inside the gas target is illuminated by the 6 pm
laser pulse. The laser system has to deliver pulses of 0.25 mJ at 6 um, and has to be
stochastically triggerable, with average rates of ~400 s ' and with a delay between
trigger and arrival of the pulse inside the cavity of <1 us. Additionally, the laser
has to be tunable from 6.0 to 6.03 um with a bandwidth <2 GHz to search for and
scan the resonance. The muon entrance detectors trigger an Yb:YAG thin-disk
laser, made from two parallel systems, each composed of a Q-switched oscillator
and a 12-pass amplifier. A fibre coupled diode laser continuously pumps the
thin-disk laser with 1.4 kW of radiation at 940 nm, so that the energy is continu-
ously stored in the disk active material. When receiving a muon-trigger, the
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Q-switched oscillator cavities are closed causing a fast intra-cavity pulse build-
up. The circulating power is released when the cavities are opened, each deliver-
inga 9 mJ pulse at 1,030 nm with a beam propagation factor M* < 1.1 and a delay
of only 250 ns. Such a short delay is achieved by operating the cavities in a c.w.-
prelasing mode. The two parallel thin-disk amplifiers boost each pulse to 43 mJ
using a non-common configuration whose main peculiarity is its insensitivity to
thermal lens effects even for large beam waists. A frequency doubling stage
based on LBO crystals is used to convert the two disk laser pulses from
1,030 nm to 515nm, which is a suitable wavelength for the pumping of the
Ti:sapphire pulsed laser.

The pulsed Ti:sapphire laser consists of a wavelength-selective master-oscillator
cavity, lasing at 708 nm, and a multi-pass power-amplifier in bow-tie configura-
tion. The pulsed Ti:sapphire system is pumped with a total of 53 mJ at 4 = 515 nm.
The frequency of the pulsed Ti:sapphire laser is controlled by injection seeding the
Ti:sapphire oscillator with a single-mode c.w. Ti:sapphire laser, the stability of
which is guaranteed by locking it to an external reference Fabry—Perot cavity.
This cavity was calibrated by means of well known I, Rb and Cs lines. The resulting
free spectral range was measured to be 1,497.332(3) MHz in the 708 nm region.
The frequency of the c.w. Ti:sapphire laser is thus absolutely known with a pre-
cision of 10 MHz. Apart from a frequency chirp of 100 MHz occurring in the
pulsed Ti:sapphire laser, the frequency of the pulsed Ti:sapphire laser equals the
frequency of the c.w. one. The 1.5 m] pulses emitted from the oscillator cavity have
a pulse length of 5.5 ns, which is optimal for efficient Raman conversion.

After amplification, the Ti:sapphire pulses with 15 m]J energy are coupled into
a Raman-shifter* operated with 15.5bar H,. Therein within 60 m (31 passes,
with refocusing at each pass) the red light at 708 nm is converted to 6 um in three
sequential Stokes shifts. The output frequency of the Raman cell v, is given by
Vout = Vin — 34y, Where vy, is the frequency of the Ti:sapphire laser pulse and
Ayip = ¢ X 4,155.22(2) cm ™!, the excitation energy of the first vibrational level in
hydrogen. Tuning the wavelength of the c.w. Ti:sapphire laser therefore leads to a
tuning of the frequency of the pulses exiting the Raman cell. In order to avoid
uncertainties related to chirping effects in the Ti:sapphire laser and to the Stokes
shift (4y;p), the frequency calibration of the laser pulses leaving the Raman cell is
performed directly at 6 um by means of water vapour absorption spectroscopy.
In this way, the frequency of the pulse we use to drive the 25-2P resonance is
known over the whole scan range with a precision of 300 MHz.

The 6 um laser pulse is finally coupled into a non-resonant multipass cavity'
surrounding the muon stop volume. This cavity was designed to be very insensitive
to misalignments and to illuminate a large volume. The laser pulse enters the cavity
via a 0.6-mm-diameter hole in one of the mirrors. The pulse inside the cavity
undergoes 1,000 reflections between the two cavity mirrors, which leads to a
relatively homogeneous illumination of the volume enclosed by the cavity mirrors.
The measured confinement time of the light is 50 ns and the estimated laser fluence
is 6 mJ cm 2. This confinement time results from the losses through the injection
hole and the mirror reflectivity (R = 99.9%).
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