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Laser spectroscopy of a rovibrational 
transition in the molecular hydrogen ion H+

2

M. R. Schenkel    , S. Alighanbari     & S. Schiller     

Comparison of precise predictions of the energy levels of the molecular 
hydrogen ion H+

2—the simplest molecule—with measured vibrational 
transition frequencies would allow a direct determination of the 
proton-to-electron mass ratio and of the proton’s charge radius. Here we 
report vibrational laser spectroscopy of trapped and sympathetically 
laser-cooled H+

2 , which represents a step towards this goal. We studied a 
first-overtone electric-quadrupole transition and measured its two 
hyperfine components. The determined spin-averaged vibrational 
transition frequency has a fractional uncertainty of 1.2 × 10−8 and is in 
agreement with the theoretically predicted value. We measured an 
analogous electric-quadrupole transition in HD+ to estimate systematic 
uncertainties. Here, we observed a vastly improved line quality factor 
compared to previous electric-quadrupole spectroscopy of molecular ions. 
Our work demonstrates that first-overtone electric-quadrupole transitions 
are suitable for precision spectroscopy of molecular ions, including H+

2 , and 
that determining the proton-to-electron mass ratio with laser spectroscopy 
could become competitive with mass spectrometry using Penning traps. 
Furthermore, achieving precision spectroscopy of H+

2  is an essential 
prerequisite for a future test of combined charge, parity and time reversal 
symmetry based on a comparison with its antimatter counterpart.

In recent years, it has been shown that the accurate determination 
of transition frequencies between rovibrational levels of molecular 
ions can contribute to current endeavours in fundamental physics. In 
particular, precision rotational and vibrational spectroscopy of the 
molecular hydrogen ion (MHI) HD+ has allowed testing some predic-
tions of quantum electrodynamics theory1, determining a fundamental 
constant and searching for physics beyond the standard model2–5. For a 
discussion, see refs. 5–7. The heteronuclear HD+ system is advantageous 
from an experimental point of view because it allows for electric-dipole 
(E1) transitions. Such transitions can be driven by moderate laser 
power. Also, any vibrational excitation decays on a timescale of tens 
of milliseconds to the ground vibrational level v = 0 by spontaneous 
emission (v is the vibrational quantum number). After thermalization 
with black-body radiation, an ensemble of HD+ contains a sufficiently 
large fraction of molecules in any of a small set of rovibrational levels 
(v = 0, N = 0, 1, 2, 3, 4, where N is the rotational quantum number), a 

favourable situation. However, HD+ also has shortcomings. First, it has a 
complex hyperfine structure (HFS), complicating experimentation and 
extraction of the spin-averaged (HFS-free) frequency, and second, the 
key properties of its two dissimilar nuclei, namely the mass and charge 
radius, cannot be independently deduced from spectroscopic data.

To overcome the latter, intrinsic limitation, there is a need to inves-
tigate at least one of the homonuclear MHIs, H+

2  and D+
2 . Due to the 

smaller spin of the proton (1/2) compared to the deuteron (1), the HFS 
of H+

2  is simpler and this molecule may be preferred. In homonuclear 
diatomics, E1 transitions between rovibrational levels in the same 
electronic state are forbidden. As a consequence, the natural lifetimes 
of excited vibrational levels are extremely long, of the order of 1 week 
for H+

2  (ref. 8). Thus, homonuclear MHIs lack a natural vibrational state 
preparation: they do not readily decay to the vibrational ground state. 
Conversely, the natural linewidths of transitions between these levels 
are extremely small. This leads to the exciting perspective of 
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available at high density and absorption spectroscopy can be per-
formed at easily available near-infrared laser wavelengths.

In this work, we perform vibrational laser spectroscopy of H+
2 , 

achieving a tenfold higher fractional accuracy than any other hitherto 
measured transition frequency of this molecule. We also present a 
precision study of E2 spectroscopy in a molecular-ion system to deter-
mine systematic shifts and explore its potential.

HFS of H+
2

The rovibrational H+
2  transition addressed in this work is illustrated in 

Fig. 1a. H+
2  exhibits a HFS in all rovibrational levels, except when N = 0 

(N is the rotational quantum number). In homonuclear diatomics, the 
HFS is simplified because of the anti-symmetrization principle for 
fermions. The total nuclear spin I takes on even or zero values in levels 
of even or zero N, the so-called para-levels. Thus, para-H+

2  (that is, 
N = 0, 2, 4, …) has I = 0. This leads to a very simple hyperfine Hamilto-
nian, containing only the interaction between electron spin and molec-
ular rotation, ce(v, N) Se ⋅ N. Here, ce is the coupling coefficient, Se is the 
electron spin operator and N is the rotational angular momentum 
operator. In contrast to the vibrational structure, the HFS of H+

2  was 
measured a long time ago and accurately in levels v = 4–8, with uncer-
tainties at the 1.5 kHz level, using radio-frequency (RF) spectroscopy26. 
After a half-century-long development, ab initio theory was able to 
match the experimental uncertainty27–32.

The E2 transition with the simplest HFS is between levels with  
N = 0 and N′ = 2 (or vice versa). We, therefore, chose to study this case, 
selecting v = 1 and v′ = 3 , as shown in Fig. 1b. The total angular  
momentum of the lower spectroscopy level (v = 1, N = 0) is F = 1/2, and 
there is no hyperfine splitting. For the upper spectroscopy level 
(v′ = 3,N′ = 2), angular momentum coupling yields F′ = 3/2  or 5/2, 
and the level is split by the electron-spin-rotation interaction into two 

spectroscopy with extremely high line resolution, limited only by the 
spectral purity of the laser. Such performance would be important for 
implementing fundamental tests of physics, for which the highest 
frequency accuracy is desirable9.

Furthermore, rovibrational transitions must be induced by 
two-photon10 or electric-quadrupole (E2) excitation11,12. The squared 
Rabi frequency for E2 excitation in a homonuclear MHI is substantially 
smaller than for the E1 excitation of a comparable transition in a het-
eronuclear MHI (Methods), posing a challenge due to the requirement 
for high laser intensities. Note that E1 transitions in homonuclear MHI 
do exist because of the presence of spin interactions, but the transition 
strengths between low-lying vibrational levels are predicted to be 
orders of magnitude weaker than for E2 transitions13.

Although H+
2  has been investigated theoretically for almost a cen-

tury14,15, no direct measurements of the vibrational structure of H+
2  near 

the bottom of the internuclear potential curve have ever been per-
formed. A few spectroscopic studies of H+

2  have addressed rovibrational 
states close to the dissociation limit of the electronic ground state. Two 
studies determined electronic transition frequencies, including rovi-
brational contributions, with 10−6-level uncertainty16,17. A third study 
measured a pure rotational transition with 4 × 10−5 uncertainty18. An 
alternative approach of studying transitions in highly excited Rydberg 
states of neutral H2 (refs. 19,20) yielded two rotational transitions with 
uncertainties (3, 5) × 10−7. There has been no improvement in accuracy 
or resolution since 1990.

E2 transitions in H+
2 , first discussed theoretically 70 years ago, have 

never been observed in absorption and have been observed only in 
spontaneous emission under extreme conditions21. In fact, there has 
so far been only a single study of E2 vibrational (laser) spectroscopy of 
molecular ions, on N+

2  at 4.6 μm (ref. 22). Note that E2 spectroscopy of 
neutral H2 is well developed23–25, because these molecules are readily 
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Fig. 1 | Energy levels of H+
2  and transitions relevant to this work. a, H+

2  
molecular energy as a function of proton separation R in units of the Bohr radius 
a0 for the two energetically lowest electronic states 1s σg and 2p σu. The indicated 
vibrational energy levels (grey) are those for N = 0. The inset shows the first three 
rotational (Rot.) levels of the vibrational states v = 1–3. The studied transition 
(v = 1,N = 0) → (v′ = 3,N′ = 2) is shown by the magenta arrows. The 
dissociation laser’s photon energy is indicated by the purple arrow. b, Hyperfine 
and Zeeman structure of the two rovibrational levels pertinent to the present 

study. The electron-spin-rotation coupling splits the upper vibrational level into 
two states F′ = 3/2 and 5/2, separated by 86.8 MHz (green arrow). The magenta 
arrows indicate the measured hyperfine components ̃f+ and ̃f−. The Zeeman 
splittings in a finite magnetic field B = 1 μT are shown for illustration. During the 
exposure of the molecules to the spectroscopy wave, the magnetic field was 
substantially smaller. To show the Zeeman splittings, the vertical axis is broken at 
two positions. F is the total angular momentum of the molecule and mF is the total 
angular momentum projection quantum number.
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non-degenerate states in absence of a magnetic field. One, therefore,  
expects two separate transitions: ̃f− ∶ (F = 1/2→ F′ = 3/2)  and ̃f+ ∶  
(F = 1/2→ F′ = 5/2) , since both satisfy the selection rules for E2 
transitions.

Vibrational transition in H+
2

To accomplish vibrational spectroscopy of H+
2  and also obtain com-

petitive accuracy, we trapped ensembles of molecules in a linear ion trap 
and sympathetically cooled them to millikelvin temperature using 
co-trapped laser-cooled beryllium ions33. An ensemble of H+

2  was pre-
pared from neutral para-H2 gas leaked into the vacuum chamber and 
ionized by electron impact. This resulted in H+

2  molecules being in a wide 
distribution of rovibrational levels34. Therefore, laser irradiation was 
applied to deplete the population in the upper spectroscopic level 
(v′ = 3,N′ = 2) and in rovibrational levels with equal or larger v. A spec-
troscopy beam with a wavelength of 2.4 μm was aligned to the trap’s 
symmetry axis. Repeated cycles of H+

2  loading, preparation and spec-
troscopic excitation followed by dissociation were required to accumu-
late sufficient data to give spectroscopic lines (Methods and Extended 
Data Fig. 1). Our spectroscopy protocol gave Doppler-limited resolution. 
The spectroscopy wave was produced by a continuous-wave optical 
parametric oscillator (OPO) that provides sufficient power to drive the 
E2 transition. To permit accurate frequency measurements at 2.4 μm, 
we developed an optical frequency metrology system (Methods).

Figure 2 shows the measured hyperfine components of the vibra-
tional transition. The full linewidths of ∼4 MHz are due to Doppler 
broadening (see below). The transition frequencies are

̃f
(exp)
− = 124,486,979.9(2.3)MHz,

̃f
(exp)
+ = 124,487,066.7(1.9)MHz.

The lines exhibit low signal-to-noise ratios. We, therefore, assigned 
the line half-width at half-maxima as the statistical uncertainties of 
the frequencies.

Study of systematic effects
The systematic shifts of the H+

2  transition could not be determined 
because the corresponding studies would have taken a prohibitively 
long time. The reason is the small fraction of molecules in the lower 

spectroscopy state obtained in each loading and purification cycle, 
leading to a low data acquisition rate. This also precluded attempting 
to search for Doppler-free transitions. To circumvent this difficulty, 
we instead studied in detail an E2 transition of the related heteronuclear 
HD+, for which a sufficient data acquisition rate can be realized. We 
took advantage of the above-mentioned spontaneous decay of the 
molecular ion to v = 0 levels after ionization of the HD precursor and 
additionally applied laser rotational cooling35 to transfer approximately 
75% of the ions into the single rovibrational level (v = 0, N = 0). We, 
therefore, chose to study the (v = 0,N = 0) → (v′ = 2,N′ = 2)  
first-overtone E2 transition at λ2 = 2.6 μm using the same OPO system. 
The quadrupole transition matrix element is a factor 2 smaller than 
for the studied transition in H+

2  (Methods). The spectroscopy beam 
was aligned perpendicular to the trap axis.

As Fig. 3 shows, we observed ultra-narrow, Doppler-free reso-
nances, as we observed for the fundamental transition v = 0→ v′ = 1 
(ref. 4) and for the fourth-overtone transition v = 0→ v′ = 5 (ref. 5). 
Linewidths as low as ∼40 Hz, that is line resolutions of 2.7 × 1012, were 
achieved. This is a fourfold improvement compared to the best MHI 
E1 transition result (6 × 1011; ref. 5) and is comparable to a recent molec-
ular E2 transition measurement of the neutral diatomic Sr2, which had 
a line resolution of 2.9 × 1012 (ref. 36). Moreover, it is an improvement 
by a factor of ∼106 compared to the only previous study of a 
molecular-ion E2 transition22. The observed linewidths are due to a 
combination of the natural linewidth (5 Hz; ref. 37), power-broadening, 
short exposure, as well as the linewidth and frequency instability of 
the spectroscopy laser.

Table 1 summarizes the characterized shifts. The transition fre-
quencies measured under nominal conditions must be corrected by 
approximately −1.2 kHz or −1 × 10−11 fractionally. The uncertainty of the 
corrections is 1 × 10−12 fractionally for one component and twice as large 
for the other because of its larger linewidth. Light shifts might occur 
due to off-resonant E1 coupling of the two spectroscopy levels by the 
intense spectroscopy wave, but we did not observe such an effect and a 
theoretical estimate gives a shift consistent with the non-observation. 
The two studied stretched-state Zeeman components have equal and 
opposite, purely linear Zeeman shifts. Therefore, the B = 0 extrapolated 
frequency of the HFS component is the mean of the two corrected 
frequencies. It has an uncertainty of 0.12 kHz or 1 × 10−12 fractionally.

Turning to H+
2 , notice that the Zeeman shifts of individual Zeeman 

components of a rovibrational transition are different from those in HD+ 
(ref. 38). In the absence of a direct measurement, we rely on a theoretical 
prediction39. The H+

2  Zeeman shifts of the various components ∣ΔmF∣ ≤ 2 
of ̃f+ and ̃f− are less than ∣geμB∣ ≈ 28 kHz μT−1 in magnitude (Methods and 
Extended Data Tables 1–3). During the H+

2  spectroscopy intervals, we 
lowered the magnetic field to ∣B∣ ≤ 0.2 μT, so that the shifts were negligible 
compared to the linewidths. Any light shift due to off-resonant coupling 
by the spectroscopy wave should be negligible in H+

2  due to the vanishing 
E1 transition moments between rovibrational states (Methods).

In view of these considerations, we deduced that in the H+
2  experi-

ment, systematic shifts were not relevant compared to the measure-
ment resolution of 2 MHz. We estimated that power-broadening is not 
relevant (Methods), so that we associated the observed linewidths with 
an H+

2  ensemble temperature T ≈ 3.4 mK. In separate experiments on 
strings of HD+ ions, we found temperatures of ≈1.5 mK. The higher value 
observed here could be due to the larger number of trapped H+

2 , result-
ing in a three-dimensional rather than string-like arrangement and less 
efficient sympathetic cooling.

Comparison of experimental and theoretical 
results and the proton-to-electron mass ratio
The spin-rotation coefficient was deduced to be ce(v′ = 3,N′ = 2) =
2( ̃f+ − ̃f−)/5 = 34.8(1.2)MHz, which is consistent with the most accu-
rate theoretical prediction c(theor)e (v′ = 3,N′ = 2) =34.73025(12)MHz 
(ref. 32).
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Fig. 2 | The two electron-spin-rotation components of the E2 rovibrational 
transition (v = 1, N = 0) → (v′ = 3, N′ = 2) in H2

+. The laser frequency detuning 
δf is relative to the spin-averaged frequency f (theor)spin-avg ≈ 124THz. The red curves 
are guides for the eye. The horizontal axis is broken. The error bars are estimated 
standard errors of the means. The frequency errors are not shown because they 
are at a level of 10 Hz. F and F′ are the total angular momentum quantum numbers 
of the initial and final states, respectively. The green arrow indicates the splitting 
of the two hyperfine components Δf (exp)spin . The measured linewidths (full-width at 
half-maximum) are shown as red arrows and labelled by their respective values.
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Our spin-averaged frequency is f (exp)spin-avg = (3 ̃f+ + 2 ̃f−)/5 =
124,487,032.7(1.5)MHz . This is a directly measured vibrational fre-
quency in H+

2 . Remarkably, our value improves on the previous meas-
urements of such a frequency by several orders of magnitude. The most 
accurate (indirect) measurement was performed by G. Herzberg and 
his team over half a century ago40, using Rydberg series spectroscopy 
of neutral H2 to obtain the first-overtone vibrational frequency with 
7 × 10−5 uncertainty. With a fractional uncertainty of 1.2 × 10−8, our value 

f (exp)spin-avg is now the most accurately measured property of H+
2 , including 

the HFS26,41. Note that the experimental uncertainty was too large to 
allow us to identify the presence or absence of a recoil shift (17.1 kHz).

The ab initio value for the frequency is f (theor)spin-avg = 124,
487,032.45(6)MHz  (Methods). The experimental and theoretical 
values agree.

The ab initio value requires as input the proton-to-electron mass 
ratio. This was taken from CODATA 2018. Instead, we can treat the mass 
ratio as an adjustable parameter in order to match the experiment with 
ab initio prediction, and obtain (Methods)

mp/me = 1,836.152665(53).

The fractional uncertainty of this spectroscopically determined value 
(2.9 × 10−8) is comparable to that which might be obtained from a 
comparison of experimental and theoretical results for the analo-
gous transition in neutral H2 (refs. 23,24). Note that the theoretical 

uncertainty of that transition25 is twice as large as that quoted in  
refs. 23,24.

Outlook
A near-term goal of H+

2  spectroscopy is to achieve a transition frequency 
uncertainty ugoal = ur( f

(exp)
spin-avg) ≈ 2 × 10−12 , four times smaller than 

today’s uncertainty for the quantum electrodynamics calculations 
(8 × 10−12; ref. 1). This would lead to a theory-limited mass ratio uncer-
tainty ur(mp/me) ≈ 1.8 × 10−11. The present result obtained for an E2 tran-
sition of HD+ indicates that the goal is realistic, provided that the 
Zeeman shifts can be controlled sufficiently well. For the present (or 
analogous) rovibrational transition, we have identified a suitable 
scheme (Extended Data Table 3). Four Zeeman components whose 
frequencies have pairwise opposite linear Zeeman shifts and tiny quad-
ratic shifts can be combined to yield the spin-averaged frequency. The 
goal uncertainty ugoal is reached if each Zeeman component is measured 
with ur(f) ≤ 4 × 10−12 (0.5 kHz) total uncertainty. This requires a magnetic 
field stability δB ≈ 5 × 10−2 μT (Methods), which is fulfilled with our 
apparatus. In the future, to achieve ultrahigh accuracy (10−16-level 
uncertainty) in an RF trap, it appears more favourable to use a 
(v,N = 2) → (v′,N′ = 2) transition42–45.

We briefly turn to the implications of this work for future vibra-
tional spectroscopy of anti-H+

2 , which consists of two antiprotons 
bound by a positron and has never been observed. The spectroscopy 
would probe the charge and mass of the antiproton and of the  
positron as well as the antiproton–antiproton interaction and 
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Fig. 3 | Two Zeeman components measured under different operating  
conditions. The two Zeeman components (mF = +2→ m′

F = +4) and (mF 
= −2→ m′

F = −4) of the hyperfine transition (v = 0,N = 0,G1 = 1,G2 = 2, F = 2) 
→ (v′ = 2,N′ = 2,G′

1 = 1,G
′
2 = 2, F

′ = 4) in HD+, measured for a magnetic field 
strength of B = 30 μT. These are transitions between stretched spin states, that is 
states of maximum F and ∣mF∣. G1 is the total spin of the proton–electron pair, and 
G2 is the total particle spin, including also the deuteron. a, Each Zeeman 
component measured at trap-field amplitudes of 387, 417 and 466 V. The shaded 
regions group the same Zeeman component. b, Each Zeeman component 
measured at 0 and 5 V d.c. electric field. c, The a.c. Stark shift due to the quantum 
cascade laser (QCL) used for rotational cooling (Methods, ‘HD+ spectroscopy 
procedures’) is studied by measuring the transitions at full (IQCL) and 70% 

intensity. d, The a.c. Stark shift induced by the spectroscopy source and the 
cooling laser together, measured at nominal intensities (IOPO and I313, respectively) 
and doubled intensities. The lines measured under nominal conditions (blue 
points and blue curves) were measured once and are reproduced in each panel 
for illustration. The other points and corresponding curves in different colours 
are the lines measured under various conditions. The laser frequency detuning δf 
is relative to the optical frequency of the mF = +2→ m′

F = +4 component 
measured under nominal conditions. The coloured curves are guides for the eye. 
For display purposes, the data are divided into 25-Hz-wide bins and the average 
value of each bin is shown. The vertical error bars are standard error of the mean 
in the bin. The horizontal error bars are the frequency uncertainty of the 
spectroscopy laser stemming from its linewidth (Methods).
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positron–antiproton interaction. A charge, parity and time reversal 
symmetry (CPT) test would compare the vibrational frequency of anti-
H+
2  with its matter counterpart. Such a test is attractive because (1) a 

potential ultrahigh accuracy (10−17 fractional uncertainty) may be 
reached, presumably exceeding the potential future performance of 
antiprotonic helium spectroscopy46 and of antiproton mass spectrom-
etry47, (2) it also involves the antiproton–antiproton interaction, which 
does not occur in other accessible antiparticle-containing systems, 
and (3) it has a much higher sensitivity to the antiproton mass com-
pared to anti-hydrogen, for which it is only a reduced-mass effect. Both 
anti-H+

2  spectroscopy proposals48,49 have considered E2 transitions and 
the non-destructive read-out of the internal molecular state in a cryo-
genic trap. Future anti-H+

2  production methods50 and established 
non-destructive interrogation methods may favour the use of Penning 
traps, which are already used for studying antiprotons. Note that vibra-
tional transitions have Zeeman components that have particularly 
small and opposite linear Zeeman shifts in the strong magnetic field 
of a Penning trap (Methods), so that the corresponding uncertainties 
would be negligible, even during long-term measurements.

A CPT test can be extended to a local position invariance test by 
performing the anti-H+

2  versus H+
2  comparison over the course of a year, 

as the Earth moves around the Sun and probes a varying solar gravita-
tional potential. Such a test would be similar to a local position invari-
ance test that compares the mass-to-charge ratios of an antiproton and 
a negatively charged hydrogen ion H− (ref. 47) but would be more accu-
rate and more encompassing, given the presence of the antiproton–
antiproton interaction in anti-H+

2 .
The present results are an important step towards turning H+

2  into 
a second member of the MHI family accessible to the metrology of 
fundamental constants and, eventually, also D+

2 . The simplicity of 
removing the HFS effects to obtain the spin-averaged frequency will 
be an important advantage. Since the studied E2 transitions in both H+

2  
and HD+ are not special cases, we believe that accurate E2 spectroscopy 
should be achievable with many homonuclear molecular-ion species. 
This underlines the potential of E2 spectroscopy of molecular ions 
aimed at testing for a possible time-variation of the electron-nuclear 
mass ratio9,51,52.

Progress in H+
2  and D+

2  spectroscopy would be greatly facilitated 
if non-destructive internal state detection methods53,54 and efficient 
state preparation that have been demonstrated for other species could 
be applied to these molecules. This will require measurements of single 
ions, which also promises higher accuracy. Concerning state prepara-
tion, spontaneous decay in a cryogenic Penning trap21 and 
state-selective photoionization of H2 (ref. 55) are demonstrated solu-
tions. Recently, non-destructive, high-resolution electron-spin 

resonance spectroscopy of a single HD+ molecule trapped for weeks 
in a Penning trap has been achieved56, demonstrating both 
quantum-state identification and transition detection without mole-
cule destruction. In an RF trap, the preparation of a single H+

2  ion cooled 
by a single laser-cooled Be+ ion to the motional ground state was dem-
onstrated57. Together with the present result for the feasibility of 
high-accuracy E2 spectroscopy, these milestones give support to pro-
posals for developing a CPT/local position invariance test based on 
comparing the vibrational transition frequencies of H+

2  and anti-H+
2 .

Online content
Any methods, additional references, Nature Portfolio reporting 
summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41567-023-02320-z.
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Methods
Details of the experiment
H+
2  spectroscopy procedures. The experimental apparatus is the same 

we have used in our previous experiments4,5. We employ a modified 
spectroscopy scheme that allows us to perform spectroscopy of H+

2  
without requiring rotational state preparation.

First, the spectroscopy laser frequency is set to a desired value. 
One cycle (Extended Data Fig. 1) then starts by loading an ensemble of 
H+
2  ions by electron impact ionization from a reservoir of para-H2 admit-

ted into the vacuum chamber by a leak valve. This is followed by deplet-
ing the population in levels with v ≥ 2, including the upper spectroscopy 
level (v′ = 3,N′ = 2) , by performing photodissociation with two 
continuous-wave lasers at wavelengths of 313 and 405 nm. Since for 
both wavelengths the photodissociation cross section decreases 
strongly with decreasing v (ref. 58), the dissociation of molecules in 
v = 1 is negligible. After a subsequent determination of the number of 
trapped H+

2  (see below), the vibrational transition (v = 1,N = 0) →  
(v′ = 3,N′ = 2)  is excited and detected using resonance-enhanced 
multi-photon dissociation (REMPD), which has two steps: (1) excitation 
of the spectroscopy transition with the OPO radiation and (2) dissocia-
tion of the molecule from the upper spectroscopy level with the 405 nm 
laser (50 mW and intensity 25 W cm−2). To avoid a light shift induced by 
the dissociation laser, an interleaved shuttering scheme was employed 
to prevent the simultaneous exposure of the ions to both lasers. Com-
pleting the cycle, the number of still trapped H+

2  is determined.
In the following cycle, the background is measured (blue data 

points in Fig. 2). All settings are unchanged except that the OPO beam 
remains blocked. These alternating spectroscopy and background 
cycles are repeated many times until satisfactory statistics is accumu-
lated. After completing each cycle, the ion cluster is purged from any 
ions other than Be+ and a new H+

2  ensemble is loaded so that there is a 
sufficient population in the lower spectroscopy level. During the 
REMPD intervals of both signal cycles and background cycles, we 
applied a magnetic field of B = 0.0(2) μT, whereas at all other times the 
magnetic field was set to Bcooling ≈ 45 μT. To acquire a spectroscopic line, 
we set the OPO frequency to a range of values.

The spectroscopy signal was obtained by comparing the number 
of trapped H+

2  ions before and after the REMPD. The signal was computed 
as the normalized decrease of the number of trapped ions (Ni − Nf)/
(Ni − Nb), where Ni and Nf are the initial and final fluorescence peak 
strengths of the secular excitation signal of H+

2 , respectively, and Nb is 
the background level of fluorescence without any secular excitation. To 
determine the number of trapped H+

2  ions, the transverse secular motion 
excitation spectrum was recorded over the range 450–1,250 kHz. The 
resonance frequency of H+

2  under nominal conditions was approximately 
1,000 kHz. The spectrum was fitted by two Gaussian functions. The peak 
strength of the H+

2  signal, which is proportional to the number of trapped 
H+
2  ions, was then determined. This approach differs from our previous 

ones for which we usually resonantly excited the secular motion at fixed 
frequency and did not record a spectrum. Here, the different approach 
is necessary because chemical reactions generate H+

3  ions in the trap, 
and their presence modifies the Coulomb interactions within the cluster 
and, thus, also modifies the secular frequency of the H+

2  ensemble.

HD+ spectroscopy procedures. HD+ ions are prepared in a string 
arrangement. The spectroscopy wave was aligned perpendicular to 
the string, allowing us to obtain Doppler-free resonances. The v = 0 
rotational state preparation was implemented by a quantum  
cascade laser tuned to the (v = 0,N = 2) → (v′ = 1,N′ = 1)  transition 
(5.5 μm). The REMPD scheme comprises three excitations: the spec-
troscopy transition (v = 0,N = 0) → (v′ = 2,N′ = 2), a subsequent vibra-
tional excitation (v′ = 2,N′ = 2) → (v′′ = 6,N′′ = 3) (1.56 μm) and finally 
photodissociation by a 266 nm wave. The second excitation enhances 
the dissociation rate because the photodissociation cross section of 
the level (v′ = 2,N′ = 2) is small at 266 nm.

The spectroscopy cycle sequence is the same as in refs. 4,5, except 
that the REMPD duration was increased to 30 s. We mention only the 
main aspects here. The spectroscopy wave was interleaved with the 
other two waves to avoid systematic shifts. Before and after REMPD 
the secular motion of HD+ was resonantly excited to determine their 
number. Signal and background data were taken during alternating 
cycles. The cycles differ only in that the spectroscopy wave was kept 
blocked during the background cycle. On average, five signal and 
background cycle pairs can be executed before the HD+ population 
has declined substantially. Once this has occurred, the Be+ ion cluster 
is cleaned. That is, any ions other than beryllium are removed, and a 
fresh string of HD+ ions is prepared. The quantum cascade laser was 
kept on during REMPD.

Spectroscopy laser system. The spectroscopy laser system is a 
continuous-wave OPO with an output power of >2 W at the H+

2  and HD+ 
transition wavelengths of 2.4 and 2.6 μm, respectively. The OPO wave 
was frequency-doubled to a second-harmonic wave that is suitable for 
generating a heterodyne beat with an erbium-fibre frequency comb. 
The second-harmonic wave was phase-locked to a comb line using this 
beat and feedback control to the OPO pump laser frequency. This effec-
tively also locked the frequency of the spectroscopy wave to the comb.

To ensure the ultra-narrow linewidth of the spectroscopy radiation, 
the comb was optically stabilized by phase-locking to a near-infrared 
laser that is frequency-locked to a high-finesse resonator. Through 
a second beat with an independently optically stabilized frequency 
comb, we determined that the fractional frequency instability (Allan 
deviation) of the OPO spectroscopy wave frequency is below 1 × 10−13 
for integration times longer than 1 s. An upper bound for the linewidth 
of the OPO radiation was obtained from an analysis of the beat. On the 
5 s timescale, it was 10 Hz (full-width at half-maximum of a Lorentzian 
fit). This is also the main contribution to the OPO frequency uncertainty 
and as such determines the horizontal error bars shown in Fig. 3. Both 
combs were referenced to an active hydrogen maser, whose properties 
were characterized (Methods, ‘Maser shift’).

E2 transitions of H+
2  and HD+

E2 in H+
2 . The E2 reduced transition matrix element of the studied first- 

overtone transition is Q0 = QH+
2
(v = 1,N = 0→ v′ = 3,N′ = 2) = −0.053268 

atomic units11. Note that Q0 is larger by almost a factor of 2 compared 
to the first overtone starting from v  = 0: QH+

2
( v = 0,N = 0  

→ v′ = 2,N′ = 2 ) = −0.028919 atomic units11. However, Q0 is smaller by 
a factor of 9 compared to the fundamental vibrational transition start-
ing from the same lower level (v = 1,N = 0→ v′ = 2,N′ = 2) . Our spec-
troscopy source has adequate power to compensate for this 
difference.

For the upper rovibrational level, the Einstein coefficient for  
spontaneous emission was computed as AH+

2
( v′ = 3,N′ = 2→  

v = 1,N = 0 ) ≈ 7.8 × 10−8 s−1 (refs. 11,59).

E2 in HD+. E2 transitions in this heteronuclear molecule have been 
discussed in refs. 45,60. The E2 reduced transition matrix element is 
QHD+ (v = 0,N = 0→ v′ = 2,N′ = 2) = 0.025976 atomic units. The reduced 
electric-dipole (E1) transition matrix elements for near-by transitions 
are 0.00436 for the (v = 0, N = 0) → (2, 1) transition and −0.00609 for 
the (v = 0, N = 1) → (2, 2) transition, in atomic units61. Thus, the Rabi 
frequencies for these E1 transitions are approximately one order larger 
than for the studied E2 transition of HD+.

Power-broadening. The Rabi frequency for an E2 transition in H+
2  can 

be estimated using equation (15) of ref. 11. Using the E2 transition matrix 
element Q0 and considering the peak intensity of the spectroscopy 
wave (3.6 MW m−2), we estimated an upper limit for the Rabi frequency 
to be Ω/(2π) ≈ 0.5 kHz. Therefore, power-broadening is negligible 
compared to the observed linewidth.
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The Rabi frequency for an E2 transition in HD+ between stretched 
states can be obtained from the same equation. The peak intensity in 
the E2 spectroscopy of HD+ was 2.6 MW m−2. Taking into account the 
angle between the magnetic field and the wavevector and its uncer-
tainty, we estimated the Rabi frequency to be Ω/(2π) ≤ 15 Hz, consistent 
with the observed linewidths.

Systematics of the HD+ E2 transition
Zeeman shift. See Fig. 3, all panels. The magnetic field in our trap was 
characterized by stimulated Raman spectroscopy to precisely measure 
the Zeeman splitting of beryllium ions62 and, by comparison, of the 
observed and calculated Zeeman splittings of the fundamental rota-
tional transition2. Comparing the measured Zeeman splitting of the 
two components, 0.72(7) kHz, with the theoretical prediction, equation 
(6) in ref. 38, we deduced a magnetic field strength of 30 μT, consistent 
with the previous determinations for the same coil current settings.

Trap-field-induced shift. The RF electric field in the trap induces a 
shift, which was determined for both Zeeman components at nominal 
magnetic field (Fig. 3a). Measurements at three different RF amplitudes 
and extrapolation to zero amplitude indicate that there was a system-
atic shift of approximately +1.2 kHz for both components under the 
nominal operating conditions. This type of shift was observed by us ear-
lier2; for a recent investigation of a different molecular ion, see ref. 63.

a.c. and d.c. Stark shifts. The beryllium ion cooling laser, the spec-
troscopy wave and the rotational cooling laser potentially cause a.c. 
Stark shifts (Fig. 3c–d). We measured the transition frequencies at 
different laser wave powers but did not resolve any light shift induced 
by these waves.

Also, we could not resolve any d.c. Stark shift upon comparing the 
transition frequencies measured under the nominal conditions and for 
an additional d.c. voltage of 5 V applied to two trap electrodes (Fig. 3b).

Maser shift. All frequencies used for the HD+ measurements were 
corrected for the hydrogen maser frequency offset. The offset was 
determined by continuously comparing the maser frequency to an 
atomic time signal provided by a global navigation satellite system at 1 
pulse per second. The fractional offset from the atomic frequency and 
the fractional drift were found to be ≈8 × 10−12 and ≈1 × 10−13 per month, 
respectively. Since the spectroscopy measurements were taken over 
2 months, the laser frequencies obtained on a particular measurement 
day were corrected for the offset on that day.

Systematics of the H+
2  E2 transitions

Theory of Zeeman shifts. The Zeeman shifts in a weak field are dis-
cussed in refs. 44,45 for N = 0→ N′ = 2 transitions, and in refs. 42,43,45 
for N = 2→ N′ = 2 transitions. For a strong field, ref. 49 gives a partial 
discussion of a N = 2→ N′ = 2 transition.

For completeness, we present in Extended Data Table 1 the Ham-
iltonians Hspin(N) + HZeeman(N) for N = 2 and for the trivial case N = 0. The 
N = 2 case uses the approximation of isotropic electronic g factor; for 
the calculation of the anisotropy, see refs. 64,65.

Note that the electronic g factor ge(v, N) (refs. 64,65), the rotational 
g factor gl(v, N)39 and the spin-rotation coupling constant ce(v, N) (ref. 32)  
depend on the rovibrational level. Because the dependencies are weak, 
there are rovibrational transitions with low magnetic sensitivity. In 
addition, by measuring two or more Zeeman components and suitably 
averaging them, the net Zeeman shift can be made to cancel.

From the Hamiltonians, one can compute the Zeeman shifts for 
transitions of the type (v,N = 0) → (v′,N′ = 2) , (v,N = 2) → (v′,N′ = 0)  
and (v,N = 2) → (v′,N′ = 2)  for arbitrary field strength and perform 
series expansions in the low-field limit (for RF traps) and in the 
high-field limit (for Penning traps). These lead to the expressions in 
Extended Data Table 2.

The predicted frequencies of a few selected HFS components of 
the transition studied in the present work are displayed in Extended 
Data Table 3. The magnitude of the linear Zeeman shift of the com-
ponents f (±)b , ±5.6 kHz × B/μT, determines an upper limit for the allow-
able instability of the magnetic field, δB, for a desired total 
uncertainty.

Next, we mention some examples of interesting transitions in a 
Penning trap. The two Zeeman components (v = 0, N = 2, ms = ±1/2, mF 
= ±1/2) → (v′ = 1, N′ = 2, ms = ±1/2, mF = ±1/2) have sensitivities of 
±8.2 kHz T−1 at B = 4 T. The two Zeeman components (v = 0, N = 0, ms = 
± 1/2, mF = ± 1/2) → (v′ =  1,  N′ = 2, ms = ±1/2, mF =  ±1/2) have sensitivities 
of ±3.6 kHz T−1 at B = 4 T. These values are even lower than for the Zee-
man component discussed in ref. 49, namely 150 kHz T−1. The values of 
v and v′ were chosen for comparison with that reference, but similar 
results hold also for other transitions.

Light shifts. A potential light shift from the 405 nm photodissociation 
laser is prevented by using appropriate interleaved shuttering.

The light shift due to the beryllium cooling wave (313 nm) and the 
OPO radiation can be estimated using a comparison with HD+, for which 
it was determined to be less than 0.1 kHz.

Our analysis is based on ref. 66. For the transition in  
HD+, the frequency-dependent polarizabilities should be considered. 
At 2.6 μm, the differential scalar polarizability is αs (v′ = 2,N′ = 2)  
−αs (v = 0,N = 0) ≈ 1.5  atomic units. The tensor polarizability is esti-
mated as αt (v′ = 2,N′ = 2) = −0.1  atomic units (it is zero when N = 0). 
This is to be multiplied by a Zeeman-state-dependent factor, which for 
the two addressed (pure) Zeeman states is 12.3. The maximum polariz-
ability of the transition is, therefore, approximately 2.3 atomic units.

For the 2.4 μm radiation interrogating H+
2 , the light shift is essen-

tially determined by the static polarizabilities, because the E1 transition 
dipole moments between rovibrational levels of the electronic ground 
state are effectively zero and because the spectroscopy wave photon 
energy is small compared to the excitation energy to higher electronic 
states. For the scalar polarizability, αs (v′ = 3,N′ = 2) −αs (v = 1,N = 0) = 2.1 
atomic units. The tensor polarizability is αt (v′ = 3,N′ = 2) = −0.53   
atomic units. This is again to be multiplied by a Zeeman-state-dependent 
factor. The largest factors for the two studied transitions (which con-
tain all m′

F values) are 21/5 for the F′ = 3/2 multiplet and 6 for the F′ = 5/2 
multiplet. The maximum polarizability of any Zeeman component of 
the transition is, therefore, approximately 3.2 atomic units. This value 
is close to that for the HD+ case, and therefore, we may infer that  
the light shift from the OPO radiation is negligible in the present H+

2  
measurement and that it should be controllable at the 1 × 10−12 level in 
a next-generation experiment.

For the wavelength 313 nm, the differential polarizabilities are 
close to those at the spectroscopy wavelengths. Because of the much 
lower intensity of the 313 nm radiation, the corresponding light shift 
is negligible in comparison.

Other shifts. We have not measured the black-body shift of either HD+ 
or H+

2 , but theory66 predicts it to be at the 1 × 10−17 level for the present 
H+
2  transition at room temperature.

We hypothesize that the trap shift that we observed for HD+ for 
various transitions2,4,5, including for the present one, may in part be 
due to off-resonant electric-dipole coupling to close rovibrational 
levels (a quasi-static Stark shift). Since E1 couplings between rovibra-
tional levels in the ground electronic state are negligible in H+

2 , the trap 
shift could be smaller than in HD+. Relevant static Stark shift coeffi-
cients for H+

2  are discussed above.

Ab initio theory of fspin-avg

The computation of the spin-averaged frequency follows ref. 67. 
CODATA 2018 recommended values for fundamental constants are 
used. The transition frequency is computed as a power series in the 
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fine-structure constant α. Considering the present experimental accu-
racy, only the major contributions need to be included:

fspin-avg = 124,485, 554.55MHz (nonrelativistic)

+ 2,002.70MHz (α2 order )

− 521.35 MHz (α3 order )

− 3.69 MHz (α4 order )

+ 0.24(6) MHz (α5 order )

= 124,487,032.45(6) MHz . (total)

The orders are relative to the non-relativistic contribution. The α5 con-
tribution is a simple estimate based on ref. 67. Once the need arises, this 
contribution can be computed accurately and so can contributions of 
higher order. The sensitivity of the spin-averaged frequency to mp/me 
is computed by solving the non-relativistic Schrödinger equation for 
two different values of mp/me. We find ∂fspin-avg/∂(mp/me) = −0.43976 
× fspin-avg/(mp/me).

Data availability
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the plots within this paper and other findings of this study are available 
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Extended Data Fig. 1 | The H+
2  spectroscopy cycle. The black trace is the Be+ 

fluorescence detected by a photomultiplier tube in mega counts per second 
(Mcps). During the depletion of the excited state population (see Methods, 
section 1.a), the fluorescence is multiplied by 0.5 for illustration purposes. 
The red ovals indicate the radial secular excitation resonance of the trapped 
H+
2  and H+

3  ions. The actual spectroscopy signal, that is the reduction of the 
number of trapped H+

2  ions by the REMPD process, is highlighted in the top 
(black) signal by the red dashed lines and red arrows. The interleaved 
shuttering during the REMPD is shown simplified with only 10 repetitions. In 

actuality, there are 310 repetitions of duration ≃ 62 ms each. Each consists of 
two 30 ms and two 1 ms intervals. During the 30 ms intervals, either the 
2.4 μm wave or the 405 nm wave is sent to the ions. The 1 ms intervals act as a 
buffers in-between. The cycle for measuring the background is analogous, 
except that the 2.4 μm wave is off during the whole cycle. During the 
exposure to the REMPD lasers, the magnetic field was ∣B∣≤0.2 μT, while at all 
other times a magnetic field Bcooling for the purpose of Doppler-cooling was 
applied. The values and status of each parameter are displayed on the 
right-hand vertical axis.
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Extended Data Table 1 | Hamiltonians for rovibrational levels (v, N = 0, 2) in H2
+

Hspin is the hyperfine structure hamiltonian. The Zeeman hamiltonian HZeeman for N = 2 levels is approximate. Here, ce(v, N) is the spin-rotation coefficient, mF is the projection of the total angular 
momentum F onto the static magnetic field direction, ge(v, N) and gl(v, N) are the electron and rotational g factors, respectively, and b = μBB = eℏB/2me is the product of Bohr magneton μB and 
magnetic field B, expressed in Hz, with the electron charge e, the reduced Planck constant ℏ, and the electron mass me. Note that ge ≃ − 2 is negative.
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Extended Data Table 2 | Approximate expressions for the energies of the states of H2
+ in rotational levels N = 2

Here, ce(v, N) is the spin-rotation coefficient, mF is the projection of the total angular momentum F onto the static magnetic field direction, ge(v, N) and gl(v, N) are the electron and rotational 
g factors, respectively, ms is the electron spin projection quantum number and b = μBB = eℏB/2me is the product of Bohr magneton μB and magnetic field B, expressed in Hz, with the electron 
charge e, the reduced Planck constant ℏ, and the electron mass me. Note that ge ≃ − 2 is negative.
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Extended Data Table 3 | Theoretical values of the spin and Zeeman contributions of some Zeeman components of the 
studied transition (v = 1, N = 0) → (v′ = 3, N′ = 2), in weak magnetic field B in units of μT

Values are rounded. In future spectroscopy with Doppler-free resolution, the four frequencies f(+,−)a,b  should be measured in order to obtain fspin−avg as shown in row 7. The linear Zeeman shifts 
cancel in the computed fspin−avg and also in the computed spin-rotation interaction strength ce, leaving small nonzero quadratic shifts. Here, mF(m′

F) is the projection of the total angular 
momentum F(F′) of the lower (upper) state onto the static magnetic field direction.
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