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We present a measurement of the hydrogen 2S1=2 − 8D5=2 transition performed with a cryogenic atomic
beam. The measured resonance frequency is ν ¼ 770649561570.9ð2.0Þ kHz, which corresponds
to a relative uncertainty of 2.6 × 10−12. Combining our result with the most recent measurement of
the 1S − 2S transition, we find a proton radius of rp ¼ 0.8584ð51Þ fm and a Rydberg constant of

R∞ ¼ 10973731.568332ð52Þ m−1. This result has a combined 3.1σ disagreement with the Committee on
Data for Science and Technology (CODATA) 2018 recommended value.
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Spectroscopy of hydrogen, the simplest element, was
pivotal in the development of quantum theory and now
plays a crucial role in the determination of fundamental
constants and precision tests of fundamental theory [1–3].
Because of its simplicity, theoretical calculations of the
energy levels of hydrogen can be made with high accuracy,
and deviations from theoretical predictions could suggest
the presence of new physics [4–8].
The energy levels of hydrogen can be described by the

following expression, given by Refs. [9,10]:
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The first term, which depends only on the principle
quantum number n, is the gross structure contribution from
nonrelativistic quantum theory. The second term accounts
for quantum electrodynamics (QED) and relativistic recoil
corrections [3,11]. The last term is the leading correction to
the S states arising from the finite size of the nucleus, where
rp is the root mean square charge radius of the proton. By
measuring two hydrogen transitions, the Rydberg constant,
R∞, and rp in Eq. (1) can be determined. While fn;l;j is a
function of other physical constants, such as the fine-
structure constant and electron-to-proton mass ratio, each
of these have been measured with sufficient precision
in other experiments to not limit the determination of
R∞ and rp. Therefore, assuming that the QED corrections
are accurately applied, a consistent extraction of R∞ and rp
from spectroscopic measurements is expected.
Tension arose when the value of rp obtained from

muonic hydrogen was compared to the value determined
from hydrogen spectroscopy and electron-proton elastic
scattering data. This led to the “proton-radius puzzle”
[12–15]. This discrepancy has spurred further interest in

precision spectroscopy on hydrogen, and several new
results have been recently published [9,10,16,17].
The Committee on Data for Science and Technology

(CODATA) 2014 recommended rp value, which is histori-
cally significant in the discussion of the proton-radius
puzzle, is strongly influenced by previous measurements of
the two-photon 2S − 8S=D transitions [18–20]. While
remeasuring any of these transitions produces data relevant
to the proton radius puzzle, the 2S1=2 − 8D5=2 transition is
particularly attractive as it possesses the largest two-photon
matrix element. Therefore, we have remeasured the
2S1=2 − 8D5=2 transition and report a value that has a 3
times smaller uncertainty as compared with the previous
best measurement [19].
Our measurement has benefited from several techno-

logical advances. Improvements in laser technology afford
us both the optical frequency comb to determine absolute
optical frequencies and the ability to optically excite a
sufficient population of hydrogen atoms to the metastable
2S state, as in Ref. [9]. By generating metastable atoms
optically via the two-photon 1S1=2 − 2S1=2 transition,
instead of by electron bombardment, we are able to perform
spectroscopy on a cryogenic beam of hydrogen atoms,
reducing velocity-dependent systematics and allowing
for the selective population of the 2SF¼1

1=2 hyperfine mani-
fold. Therefore, optical production of an appreciable flux
of metastable hydrogen represents a substantial improve-
ment over previous measurements of this transition. We
have also directly characterized the velocity distribution,
reducing uncertainty in velocity-related systematics [21].
Additionally, our apparatus provides a geometrically con-
strained interaction between the hydrogen atoms and the
spectroscopy light.
Our experimental apparatus has not been fully described

elsewhere. We generate a cryogenic beam of hydrogen
by disassociating molecular hydrogen in a microwave
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discharge followed by a cryogenic nozzle [21]. At a
distance of 1.5 m away from the nozzle, the atoms interact
with 243 nm radiation to generate 2SF¼1

1=2 population. The
243 nm radiation [22] is enhanced in an in-vacuum optical
cavity [23] at a 6° angle from the atomic beam. The UV
cavity mirrors are kept in a ∼200 mTorr oxygen environ-
ment to prevent UV degradation, and a pair of differential
pumping manifolds separates the mirror chambers from the
spectroscopy region. The metastable 2S atoms then travel
15 cm before intersecting with 778 nm spectroscopy light
from a Coherent-899 Ti:sapphire ring laser, which is also
enhanced in an in-vacuum optical cavity at a 6° angle from
the atomic beam. The linearly polarized 778 nm radiation
excites the 2S1=2 − 8D5=2 transition. Population in the
8D5=2 state will rapidly decay—predominantly to the 2P
state which will then decay to the 1S ground state.
Therefore, by driving the 2S1=2 − 8D5=2 transition, we
effectively quench the metastable population. The entire
spectroscopic volume is within a pair of concentric mag-
netic shields, which is itself inside of a Faraday cage to
mitigate Zeeman shifts and dc Stark shifts. The remaining
metastable population not quenched by the 778 nm radi-
ation is detected 15 cm past the 2S1=2 − 8D5=2 interaction
volume by a channel electron multiplier. The absolute
frequencies of the 243 and 778 nm radiation are determined
by phase locking the lasers to a coherent Er fiber optical
frequency comb whose repetition rate is continuously
counted by a GPS-disciplined, Rb time base and whose
f0 beat note is phase locked to a rf synthesizer. See Fig. 1
for a schematic of our experimental apparatus.
The UV-enhancement cavity is about 1.8 m long and is

constructed with a pair of 1 m radius of curvature mirrors—
the effective 1=e2 beam radius is approximately 150 μm at
the intersection with the atomic beam. Between 1% and
10% of atoms in the excitation volume are driven to the

2SF¼1
1=2 state. The spectroscopy light is also enhanced in an

in-vacuum optical cavity to drive appreciable population to
the 8D5=2 state and the optical power is measured by
continuously monitoring the cavity transmission with a
photodiode.
A direct digital synthesizer (DDS) sets the beat frequen-

cies between the comb and the other laser systems—the
DDS itself is referenced to a 10 MHz signal from a GPS-
disciplined, Rb time standard. To verify that our absolute
frequency calibration is accurate, we locally counted a
cesium-referenced 5 MHz signal at the NIST WWVB
station in Fort Collins, Colorado, with the Rb time base and
frequency counter, finding an accuracy within the expect-
ations of a GPS-disciplined oscillator [24] (a fractional
accuracy of ≈5 × 10−13).
To scan the 2S1=2 − 8D5=2 transition, a set of 25 evenly

spaced frequencies in a 3 MHz span around the resonance
is chosen. This set of 25 frequency points is randomly
sequenced. For each scan of the line, we fit the measured
line shape with

F ¼ A expð−α½L2ðνc; γÞ þ L3ðνc; γÞ�Þ; ð2Þ

where Li’s correspond to Lorentzian functions of appro-
priate relative magnitude centered on the F ¼ i hyper-
fine manifold, and fα; γ; νcg are fit parameters for the
amplitude of the metastable decrease, linewidth, and
effective centroid frequency, respectively. Further details
on the fitting function and other possible line shape
distortions (including quantum interference [25]) can be
found in the Supplemental Material (SM) [26].
We have developed numeric line shape models, which

take into account the geometry and dynamics of the atom-
light interaction, ac and dc Stark effects, velocity dis-
tribution, repopulation of the metastable state, and the

FIG. 1. Schematic of experiment. The repetition rate of the coherent frequency comb referenced to an ultrastable optical cavity is
counted by a GPS-disciplined rubidium time standard. The 243 and 778 nm lasers are phase locked to the comb, with the beat frequency
set by a direct digital synthesizer (DDS). The Ti:sapphire laser is a Coherent-899 vertically oriented ring laser with a modified
piezoelectric controlled mirror to increase the frequency locking bandwidth. ECDL, extended cavity diode laser; SHG, second-harmonic
generation; DPM, differential pumping manifolds; CEM, channel electron multiplier; EM shields, a pair of coaxial magnetic shields
within a Faraday cage.
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second-order Doppler shift (see SM [26]). The numeric
models are primarily used to quantify the dc Stark effect,
but are also used to verify the accuracy of fitting line shapes
with Eq. (2).
The ac Stark shift is our leading systematic, with typical

shifts in the range of 50 to 300 kHz. To properly account
for this effect, we drive the resonance with a range of
intensities, quenching between 15% and 60% of the
metastable population, and extrapolate to zero laser power.
This extrapolation is similar to previous measurements of
the 2S − nS=D transitions [19,20,36]. For each day of data
collection, a single extrapolation is generated (an example
is shown in Fig. 2).
The ac Stark effect introduces a shift in the resonance

frequency of the 2S1=2 − 8D5=2 transition that is linear with
intensity [37]. However, extrapolations on an ensemble of
metastable atoms acquire a slight nonlinearity due to the
different intensity profiles sampled by metastable atoms
with different trajectories. As atoms following trajectories
sampling the most intense portions of the 778 nm cavity
mode begin to saturate, atoms along trajectories which
sample lower intensities begin to contribute relatively more
to the determination of the line center. This effect was
present in the previous measurement of the 2S1=2 − 8D5=2

transition [19,20], though the nonlinearity present in
our extrapolations is smaller due to the more stringent
geometric constraints on the atomic trajectories in our
apparatus.
While the nonlinearity is relatively small, ignoring it

shifts the extrapolated resonance frequency by several kHz.
Sampling an appreciable range of intracavity laser powers
is required to properly determine the nonlinearity. From
analytic considerations we have found that the nonlinearity
acquired due to this spatial distribution is predominantly
cubic and that this conclusion does not depend on the
metastable spatial distribution (see SM [26]); both of these
results are strongly supported by our numeric line shape
models. Seventeen suitable extrapolations form the basis of
our dataset and are shown in Fig. 2.
Our second leading systematic is due to the dc Stark

effect, which leads to shifts and distortions of the
2S1=2 − 8D5=2 line. We have taken steps to passively
mitigate stray fields by enclosing the entire metastable
excitation and spectroscopic volume within a Faraday
cage coated in colloidal graphite [41]. Because of the
near degeneracy of the 8D, 8P, and 8F manifolds, the
transition is very sensitive to static fields with shifts of
∼12 kHz=ðV=mÞ2. Higher lying nmanifolds are even more
sensitive to the presence of static fields due to the narrower
natural linewidths, increasing degeneracy of the states, and
larger dipole matrix elements between the states. This
makes the line distortions of transitions to higher n states a
sensitive probe of the stray fields [19,20].
From measurements of the 2S1=2 − 12D5=2 line shape

distortion, we have observed that the stray fields are stable
day to day as long as the system remains under vacuum,
and that the stray field orientation is parallel with the atomic
beam. The orientation of the stray field was determined by
varying the excitation light polarization and comparing the
shift and distortion of the line. Between batches of data
collection on the 2S1=2 − 8D5=2 line, the chamber was
vented, leaving the possibility of stray field variation within
the dataset. Therefore, we also measured the electric
field strength for each day in situ by averaging several
2S1=2 − 8D5=2 scans from a single day and at similar
778 nm laser power. We then fit this averaged line with
the numeric model to match the subtle line distortion and
extract the stray dc field (see SM for additional detail [26]).
Figure 3 shows the determined electric field for each
measurement day. We find the average static field for each
batch of data and use that field strength to determine the
shift for that set of data.
The coupling introduced by the dc electric field causes a

quadratic shift due to nearby dipole-allowed transitions and
a line shape distortion due to the mixing between the nearly
degenerate 8D5=2 and 8F5=2 states [20]. Since the lines are
fit with the simple analytic function given in Eq. (2), the
distortion also produces an additional shift. For each of the
three measured electric fields shown in Fig. 3, the resulting

(a)

(b)
1 2 3

FIG. 2. (a) Example ac extrapolation data and cubic fit as a
function of the 778 nm cavity transmission photodiode (PD)
voltage. (b) Extrapolated zero-field frequencies for each meas-
urement day with overall mean and statistical uncertainty over-
laid. Data acquisition on the 2S1=2 − 8D5=2 transition was
collected in batches grouped by date, which are indicated with
batch numbers 1, 2, and 3. Frequencies in both (a) and (b) are
relative to the value listed in Ref. [38].
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dc Stark shift is determined with the numeric model. Then,
the appropriate correction for each extrapolated resonance
frequency in a given batch is applied. The three batches of
electric field corrections are −1.92ð0.32Þ, −5.45ð0.54Þ,
and −4.43ð0.37Þ kHz, respectively. Because of the stat-
istical contribution of each batch to the final dataset, the
weighted dc Stark correction for the entire measurement
is −3.54ð0.37Þ kHz.
The correction of −3.54ð0.37Þ kHz assumes a stray

field which is perpendicular to the spectroscopy light
polarization. However, we cannot completely exclude a
small parallel field, which can modify the required corre-
ction by up to 0.65 kHz. Additionally, from the numeric
model, we find there is a small amount of cross talk
between the ac extrapolation and dc Stark effect. This cross
talk amounts to a −0.35 kHz correction to the dc Stark
shift, and we assign the full 0.35 kHz shift as the associated
uncertainty. Since the systematic shifts associated with the
cross-talk effect, the possibility of nonperpendicular fields,
and the statistical variance of the dc field correction are
highly correlated, we combine their uncertainties linearly
and obtain a net dc Stark correction of −3.89ð1.36Þ kHz.
We believe the vacuum pressure is limited by water,

which has an intrinsic dipole moment. During a collision
with a water molecule, a hydrogen atom experiences a
varying electric field which can drive population in the 8D
state to nearby states, quenching the 8D state and broad-
ening the line [42]. We have employed Monte Carlo
simulations of these H-H2O collisions to estimate the shift
and broadening, similar to Ref. [39]. From these simu-
lations we have found that any associated pressure shifts are
below the ∼1 Hz level and insignificant at our current level
of precision.
Because of the two-photon excitation of the 2S1=2−8D5=2

transition in an optical cavity, the first-order Doppler
shift is effectively absent. The second-order Doppler shift
remains, given by ΔνDS ¼ −0.5ðv=cÞ2ν, for atomic velocity
v. An advantage of our apparatus is the ability to directly
characterize the hydrogen and metastable hydrogen velocity
distributions via a time-of-flight measurement [21]. From

such measurements, we have found the metastable velocity
distribution is well approximated by PðvÞ ∝ v4e−βv

2

,
with β ¼ m=2kbT, and the required correction is
−0.73ð0.10Þ kHz.
From the ac extrapolationdata,we recover a 2S1=2 − 8D5=2

hyperfine centroid of 770649561574.90ð1.20Þ kHz. The dc
Stark correction shifts this centroid by −3.89ð1.36Þ kHz to
770 649 561 571.01(1.82) kHz. We then apply minor correc-
tions in our uncertainty budget as shown in Table I. A
summary of the treatment of these corrections may be found
in the SM [26]. With all the systematic corrections accounted
for, we find a 2S1=2 − 8D5=2 resonance frequency of

ν ¼ 770649561570.9ð2.0Þ kHz: ð3Þ

Combining our result with the 1S1=2 − 2S1=2
value [40], we obtain rp ¼ 0.8584ð51Þ fm, and R∞ ¼
10973731.568332ð52Þ m−1. Our obtained rp is presented
alongside a selection of recent determinations of rp from
spectroscopic results in Fig. 4. Our value is 3.1 combined
standard deviations from the latest CODATA recommended
rp value [43].
While the data shown in Fig. 4 combine the 1S1=2 −

2S1=2 measurement [40] with other hydrogen spectroscopy
to extract rp, it is also interesting to use the value of rp
determined from muonic hydrogen [14] as input data for
Eq. (1). This is a compelling approach considering that a
recent measurement of the Lamb shift in normal hydrogen
is in agreement with the muonic result [17]. With that, a
single measured interval in hydrogen is sufficient to extract
R∞. The result of this analysis for a selection of the most
precise hydrogen laser spectroscopy data is shown in Fig. 5.
The uncertainty for the Rydberg constant determination
from the 1S1=2 − 2S1=2 transition shown in Fig. 5 is almost
entirely due to the theoretical uncertainty of the 1S state.
In order to avoid including this correlated uncertainty in

FIG. 3. Fit electric field for each measurement day, with data
collection batch average overlaid.

TABLE I. Minor corrections and uncertainties of the extrapo-
lated 2S1=2 − 8D5=2 hyperfine centroid.

Δν (kHz) σ (kHz)

Stark corrected 770 649 561 571.01 1.82
Second-order Doppler 0.73 0.10
Zeeman effect 0 0.56
Frequency calibration −0.40 0.47
Blackbody radiation −0.49 0.16
Pressure shifts 0 10−3

8D5=2 hyperfine structure 0 0.03
Photodiode imperfections 0 0.32
Incoherent line pulling 0 10−3

Light force shift 0 10−3

Total: Minor corrections −0.16 0.82

Hyperfine centroid 770 649 561 570.9 2.0

PHYSICAL REVIEW LETTERS 128, 023001 (2022)

023001-4



the 1S1=2 − 3S1=2 determinations [10,16], we have sub-
tracted the very precisely determined 1S1=2 − 2S1=2 tran-
sition frequency [40] to obtain 2S1=2 − 3S1=2 intervals.
As can be seen from Fig. 5, there is a general trend

toward larger Rydberg constant when using experimentally
determined intervals between states with larger n. It is
interesting to note that hydrogen spectroscopy can provide
a test for massive bosons that provide an additional
coupling between the nucleus and electron [7,8]. Such
bosons introduce a potential with finite range (a Yukawa

potential) which affects certain n states in hydrogen more
strongly than others, producing an n dependence when
extracting R∞. As shown in the SM [26], the variation in
Rydberg constant tends to decrease as the n of either the
upper or lower state increases. We found that the reduced χ2

for the data shown in Fig. 5 decreases from ∼4.0 to ∼2.0
with the addition of a Yukawa potential with a length scale
of ∼34a0. Therefore, while the perturbation from such a
potential can drastically reduce the inconsistency within the
dataset shown in Fig. 5, it does not eliminate it.
Future investigations of 2S − nS=D transitions in hydro-

gen are attractive due to the narrow natural lines afforded
by such states and the convenience of the laser wavelengths
required to drive the transitions. Additionally, the current n
dependence of the Rydberg constant extractions as shown
in Fig. 5 provides a compelling case for further measure-
ments of transitions to relatively high n as a search for new
physics [7,8].
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