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Bound three-body quantum systems are important for fundamental physics*?
because they enable tests of quantum electrodynamics theory and provide access to
the fundamental constants of atomic physics and to nuclear properties. Molecular
hydrogenions, the simplest molecules, are representative of this class’. The
metastability of the vibration-rotation levels in their ground electronic states offers
the potential for extremely high spectroscopic resolution. Consequently, these
systems provide independent access to the Rydberg constant (R..), the ratios of the
electron mass to the proton mass (m./m,) and of the electron mass to the deuteron
mass (m./mg), the proton and deuteron nuclear radii, and high-level tests of quantum
electrodynamics*. Conventional spectroscopy techniques for molecularions®** have
long been unable to provide precision competitive with that of ab initio theory, which

has greatly improved in recent years®. Here we improve our rotational spectroscopy
technique for a sympathetically cooled cluster of molecularions stored inalinear
radiofrequency trap™ by nearly two orders in accuracy. We measured a set of
hyperfine components of the fundamental rotational transition. An evaluation
resulted in the most accurate test of a quantum-three-body prediction so far, at the
level of 5x107", limited by the current uncertainties of the fundamental constants. We
determined the value of the fundamental constants combinations R.m,(m," + my")

and m,/m.withafractional uncertainty of2x10

I inagreement with, but more

precise than, current Committee on Data for Science and Technology values. These
results also provide strong evidence of the correctness of previous key high-precision
measurements and a more than 20-fold stronger bound for a hypothetical fifth force
between a proton and adeuteron.

Since theinception of quantum mechanics, the precise understanding
ofthree-body systems has represented a challenging fundamental phys-
icsproblem. Its detailed study, both theoretical and experimental, is an
ongoingeffort, with astrong rate of improvement. Different three-body
systems (for example, the helium atom, lithiumion, helium-like ions,
antiprotonic helium atom and molecular hydrogenions (MHIs)) provide
the opportunity to test our understanding of quantum physics at the
highest levels, in particular, the theory of quantum electrodynamics
(QED). Indoing so,important fundamental constants of physics (such
asthe Rydberg constant R.., fine-structure constant a, electron mass m,,
proton mass m,, deuteron mass myand antiproton mass) and particular
nuclear properties, such as charge radii, electric quadrupole moments
and charge-current moments, can be determined.

The MHIs (HD*, H} and so on) are molecular three-body systems
containing two heavy particles and one light particle (electron). The
electronic ground state supports hundreds of metastable rotation-
vibration levels. A small subset of them have been studied with

different experimental techniques and concerning different aspects
since the mid-1960s° " (for an early review, see ref. ). Over the past
decade, the MHIs have come into focus because of their relevance for
the metrology of the particle masses*'* 2. These can be determined
fromrotation-vibration spectroscopic data, an approachindepend-
ent of the established technique of mass spectrometry in ion traps.
An additional opportunity is the determination of the Rydberg con-
stant R..and the proton chargeradius, independently from the estab-
lished technique of atomic hydrogen spectroscopy**. The precise
value of these constants has been called into questioninrecent years
in connection with the ‘proton radius puzzle’”, and therefore alterna-
tive and independent approaches for its determination are highly
desirable.

The ab initio theory of the MHIs has made enormous progress in
precision over the past 20 years? 2, reducing the uncertainty by four
orders of magnitude. It currently stands at 1.4 x 10™ fractionally for
the fundamental rotational transition frequency and 7 x 107 for
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Fig.1|Energy diagram of the spin structures and favoured transitions.

The left side shows the rovibrational ground level (v =0, N=0) and theright side
shows the rotationally excited level (v’ =0, N’ =1). The magnetic field is zero. The
spin states are labelled by the (in part approximate) quantum numbers (G,, G,
and F). Thespinenergies £, (v, N, G, Gy, F) and Eg,;,(v', N', G, G, F') are shown as
thinblacklines. Transitions (‘hyperfine components’) are numbered according
toincreasing values ofhfspin,i =Eqpin(V", N', G}, G5, F') = Egin(U, N, Gy, Gy, F),
including both favoured and weak transitions. The favoured electric-dipole
transitions obey the selection rules AG,=0,AG,=0and AF=0, +1. The ten
favoured transitions are shown by coloured lines. The rotational transition
frequency of a particular hyperfine component is f;=fyin.avg + fopin» With
Spin-ave=1.314 THz and, for favoured transitions, f,;, ;= O (10 MHz) . The six
components measured in this work are shown by bold numbers in the diagram.

vibrational transitions, ignoring spin-structure effects’. These uncer-
tainties are smaller than the current (Committee on Data for Science
and Technology (CODATA) 2018%°) uncertainties of the masses m,, m,
and mg, pointing at the potential of MHI spectroscopy for the metrol-
ogy of fundamental constants. Here we perform precision spectros-
copy of the fundamental rotational transition of HD*. Fundamental
constants can be derived by comparison of the measured transition
frequency f©® with the prediction f"°” = 20R..(me/p ) F St
where 1, =m,mg/(m,+my) is the reduced nuclear mass, cis the speed
of light, and F{he%% = 0.244591781951(33) eory (1D coparazors is a dimen-
sionless normalized frequency computed ab initio, neglecting the

hyperfine interactions. F(Sg‘iff;‘),g encompasses—besides the dominant

non-relativistic (Schrodinger) part—essential relativistic, nuclear-
size-related and radiative contributions. The nuclear charge radius
values (r,, ry) are from the CODATA 2018 adjustment that took into
account the muonic hydrogen spectroscopy results. Whereas the uncer-
tainty of Fé‘phiﬁf’gzg due to theory is 1.4 x 107", the uncertainty
originating from the CODATA 2018 uncertainties of the fundamental
constants is smaller (4.4 x10™), and stems from the uncertainties of

ryandry.
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Apartfromamatching comparisonwith a50-year-old radiofrequency
(RF) spectroscopy benchmark result onHj (ref.”), the ab initio theory
could not be tested experimentally at acompetitive level, owing to lack
of suitable experimental methods. With afew exceptions, the spectro-
scopicresolutioninrotational and vibrational spectroscopy of molec-
ularionsingeneral has been limited by Doppler broadening. Although
this broadening can be minimized by trapping molecularionsinanRF
trap and sympathetically cooling them by atomicions, their effective
temperature remains of the order of 10 mK, leading to Doppler-limited
linewidths not lower than 5 x 1078 fractionally™. Unresolved hyperfine
structure increases linewidths again™", posing aroadblock for testing
theory at more precise levels.

Only recently, new methods have beenintroduced that openup the
next generation of precision experiments®**, Specifically for rotational
spectroscopy, we have shown' that sub-Doppler spectroscopy is pos-
sible for aradiation propagation direction transverse to the ‘long’ axis
of the molecular ion cluster (trapped ion cluster transverse excita-
tionspectroscopy, TICTES). The small motional amplitude of the ions
along the spectroscopy wave propagation direction compared with
its wavelength allows reaching the Lamb-Dicke regime. In the first
demonstration’, a fractional line resolution of 1x 107 (full-width at
half-maximum (FWHM) relative to absolute frequency) was obtained.

Here we improve the resolution of TICTES by more than two orders
of magnitude. This enables a detailed direct study of the fundamental
rotational transition of HD", whose hyperfine spectrum and Zeeman
splittings are resolved and systematic effects are determined.

Comparison with our improved theory and a new analysis method
allows us to establish agreement between theory and experiment at
the 5x10™ level (limited by CODATA 2018 uncertainties), not only rep-
resenting the most accurate test of amolecular three-body system so
far, but also demonstrating the power of TICTES, amethod applicable
to aplethora of molecular ions.

The experiment

We performed spectroscopy of the fundamental rotational transition
(v,N)=(0,0)~> (v,N')=(0,1) at 1.3 THz. vand N are the vibrational and
rotational quantum numbers, respectively. See Extended DataFig.1for
the experimental scheme. The fractional population of HD*ionsin the
lower spectroscopy state (0, 0) isenhanced using rotational laser cool-
ing®. The transitionis detected by resonance-enhanced multiphoton
dissociation (REMPD)*, See Extended Data Fig. 2 for typical data. To
achieve aspectroscopy wave with narrow linewidth, high frequency sta-
bility and high accuracy, a GPS-monitored, hydrogen-maser-referenced
terahertz frequency multiplier is used'®**. Compared with our previous
work'®, we performed measurements for different magnetic-, electric-
and light-field strengths, and minimized the terahertz wave power.
These extensive measurements were enabled by improvementsin the
long-term stability of the apparatus and improved detection schemes.

The HD" molecule has spin structure inboth the lower and the upper
rotational levels, due to the presence of (1) the intrinsic spins of the
electron (s,), proton (I,) and deuteron (Iy), and (2) of the rotational
angular momentum N (Fig. 1). For state description, we use the angular
momentum coupling scheme G,=s,+1,,G,= G, + 14, F =G, + N (ref. ),
where F is the total angular momentum. The rotational transition
encompasses 32 hyperfine components f; in absence of a magnetic
field; of these, ten are favoured (strong) (Fig. 1). Their frequencies
Jir -, [ lie within a range of 45 MHz around f;..,; = 1.314 THz. Aver-
aging over these ten components with appropriate weights yields
the ‘spin-averaged’ frequency fiyi,.a. (ref. >*). Here we measured six
hyperfine components, f,,, fis, fie fiorfr0 aNd f51.

Figure 2 shows the measured transitions, in the presence of a small
magnetic field. The different linewidths are due to the different tera-
hertz wave intensities used and due to the different transition dipole
moments. Line 19 includes the two transitions between states of
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Fig.2|Hyperfine components of the fundamental rotational transition of
HD"at1.3THz. The red and blue pointsindicate the cases of terahertz
radiation on and off (background), respectively. Greenlines are Lorentzian fits.
TheZeeman components are indicated by the expression m; > mg. The
terahertz wave intensity varied and was less than10 n\W mm™. The zero of the

maximum total angular momentum Fand maximum projection quan-
tum number mg, (F=2, mg=1%2)~> (F'=3, mf=+3),denoted by 19,, whose
Zeeman shift is purely linear, according to theory®. The two compo-
nents were observed atlower resolution and with unresolved Zeeman
splitting in ref. . One Zeeman component (19_) measured at particu-
larly low intensity exhibited a full linewidth of 4 Hz, or 3 x10 ™ fraction-
ally, indicating the potential of the experimental technique in the
context of mass determination. For line 16, we measured a Zeeman pair
mg=1+1->m{=+2(denoted by 16,), split by a linear Zeeman shift and
weakly shifted by acommon quadratic Zeeman shift, and acomponent
16,: my =0~ m}=0, which exhibits amoderate quadratic Zeeman shift>.
For the remaininglines, we measured only the m;=0-> m{=0 Zeeman
components.

Systematic shifts

Foranaccurate comparison between theoretical transition frequencies
(computed assuming an absence of perturbing fields) and experimen-
tal values (measured in presence of such fields), the systematic shifts
must be takeninto account. We determined them experimentally. The
dominant systematic effectis the Zeeman shift. Foranominal RF drive
amplitude, we measured the frequency shifts of all considered compo-
nentsasafunction of applied magnetic field. The shifts are consistent
with the theoretically calculated ones, except for small deviations.

Frequency detuning, of (kHz)

frequency scalesare setto coincide with the fitted line maxima or means. At
eachfrequency setting, the red and blue data points are both shown withan
offsetequal to the value of the blue point. Each error bar represents the
standard deviation of the mean. The nominal magnetic field is B, =30 puT and
the trap RF amplitudeis approximately 190 V.

We obtained the transition frequencies correspondingto zero magnetic
field by extrapolation.

The quadratic Stark shift due to theion trap’s electric field £(¢), oscil-
lating at comparatively low (RF) frequency and leading toamean-square
value(E(t)?), isasecond shift, of lower magnitude. For anominal magnetic
field, we measured the frequency shifts of all considered components
for a set of trap RF amplitudes. All shifts were found to increase with
amplitude, with valuesin the range of 0.5to 1.2 kHzkV 2 We determined
the frequencies corresponding to zero RF-field amplitude by extrapola-
tion. For additional information, see Methods and Extended Data Fig. 3.

Table1presents the experimental transition frequencies ffexp) (cor-
rected for the systematic shifts) and their uncertainties. The uncertain-
ties result from the number of frequency measurements, which were
taken at different RF drive settings and different magnetic-field set-
tings, and the statistical uncertainties of the frequency measurements.
The lowest experimental uncertainty is achieved for line 16,
u(fizxp) )=0.017 kHz (fractional uncertainty u,=1.3 x10™). This repre-
sents the best performance level of the TICTES technique as currently
implemented.

Theory

For a compelling comparison between theory and the experimental
data, highly precise theoretical predictions and qualified estimates of
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Table 1| Experimental rotational frequencies, and comparison with theoretical ab initio frequencies

Lnei  GGFIGGF  feo it fiver e it tcoomma(f™*)
12 122 >121 1314892544.276 0.040 1314892544.23 1.2 0.018 0.061
14 100> 101 1314916678.487 0.064 1314916678.74 1.3 0.018 0.061
16 011> 012 1314923618.028 0.017 1314923617.94 0.20 0.018 0.061
19 122>123 1314935827.695 0.037 1314935827.58 12 0.018 0.061
20 122 >122 1314937488.614 0.060 1314937488.80 14 0.018 0.061
21 M->12 1314937540.762 0.046 1314937540.61 0.73 0.018 0.061

Uncertainties are denoted by u. Frequency values are in kHz. The theoretical values ff‘he"” were computed using CODATA 2018 constants. The last three columns show the three contributions to
the total uncertainty of f,(‘he"'). Line 16 offers the most stringent comparison, due to its comparatively small theory uncertainty.

their uncertainties are essential. The ab initio transition frequency

f}thw) of each hyperfine component is the sum of two contributions,
fltheon  ¢ltheon) The dominant contribution is
spin-avg spin,i
Fooms =1,314,925,752.896(18)hcory (6Dcoparazos kHz (1)

computed® including all relativistic and radiative corrections up to
therelative order o’ and partially including contributions of the order

a® (Table 2). The value f(sg‘if]f’;ig is updated from the value reported in

ref. * by using CODATA 2018% updates of the Rydberg constant, the
particle masses (in atomic mass units, u), the proton charge radius
and the deuteron charge radius. The theory uncertainty is estimated
as u(f(st;iff;zg) ~0.018 kHz, while the larger CODATA 2018 uncertainty,
Ucopsazons( S i;'jﬁ“;jg) ~0.061kHz, is dominated by the uncertainties of
the particle masses.

A spin frequency contribution f;;ﬁ?i” is the difference of the spin
structure energies of the upper and lower spin states involved in the
transition. For the favoured transitions measured here, the values of
f(stg;fl"’ir)are of the order of 10 MHz. The spin contributions are computed
by diagonalizing the Breit-Pauli spin Hamiltonian of ref. . The various
terms of this Hamiltonian are proportional to coefficients &, £}, com-
puted ab initio (Extended Data Table 1). The spin Hamiltonian of the
N=0level necessitates two coefficients, &, and &, while the N=1level
necessitates nine, &3, ..., £.

The coefficients &, £ and &, £5describe the dominants,-I,ands. I
interactions, respectively, and have been calculated with high theo-
retical precision, including all corrections of the order a’£;/h and the
leading corrections of the order a®E;/h, where E; = h(1.4 GHz) is the
Fermi contact energy for the hyperfine splitting in atomic hydrogen
and his Planck’s constant™®, The fractional theoretical uncertainties of
these spin Hamiltonian coefficients are of the order o’; they are estimated

as&:=1x107%, Furthermore, the signed theory errors are expected tobe
nearly equal: AE{1e07 = A£/{theor) and Agheon = A g(theon) (Methods).

The other spin coefficients, £, £5, £3, £, £5, £g and £, have been
obtained within the Breit-Pauli approximation. We computed them
using our most precise non-relativistic non-adiabatic molecular vari-
ational wave functions (Methods, Extended Data Table 1). The omitted
terms are of the relative order a® References** lead us to estimate a
common fractional theory uncertainty equal to a’?=g,~5x 107,

To determine the impact of the theory uncertainty of a particular
Hamiltonian coefficient onaparticular spin frequency, weintroduce the
quantities y; A, ™"*°", with the derivatives y; , = 0E 4y (€}, ..., £6)/0E)
relevantforthe upper spinleveland similarly for the lower spinlevel. The
y values are reported in Extended Data Table 1. Assuming equal theory
errorsforthepairs (£,,£}) and (€, £5), we conservatively estimate the total
theory uncertainty of the spin-frequency contribution with the following
expression

”(f(st;:)ir) )=¢r ) V€=Vl * €0 > V; (€4
45 1,2,3,6,7,8,9

The form ofthe first sumembodies the assumption of equal fractional
errorsand correlation, A0 = §, &, 5, AE TV = 6, £:& 5, With
6y=1or -1, 6;=1or -1 Thesimilarities y, =y, and y, = y; for the lower
and upper rotational levels thenlead to a strong suppression of the con-
tributions related to the theory errors of &, £}, £s and £5. This results in
the spin-frequency uncertainties shown in Table 1 (column 6). They
dominate the total uncertainty of the transition frequencies f;‘he"r).

Comparisonbetween theory and experiment

Table1presents the comparison between the theory and experimental
data of the individual hyperfine components of the rotational

Table 2| Contributions to the ab initio spin-averaged rotational frequency ftheer

spin-avg

Term  Relative Contribution(kHz)  Origin
order
o 1 1,314,886,776.526 Solution of three-body Schrédinger equation
2 a? 48,416.268 Relativistic corrections in Breit-Pauli approximation; nuclear radii
= a® -9,378.119 Leading-order radiative corrections (for example, leading-order Lamb shift, anomalous magnetic moment)
4 a* -65.631(2) One-loop, two-loop radiative corrections; relativistic corrections
% o 3.923(3) Radiative corrections up to three-loop diagrams; Wichman-Kroll contribution
f©) ot -0.070(18) Higher-order radiative corrections
Total fs(g;ﬁ:\)/g 1,314,925,752.896(18)

The values were calculated using CODATA 2018 values of the fundamental constants. The main contribution £ is of order CR.(m/p,q). Recoil corrections (due to finite masses of nuclei) are
included fully at the order a” the leading recoil corrections proportional to m./m, or m./m, are included at the order a®. Contributions due to the finite size of the nuclei are included in the
2 term'. The one-loop contribution from u*-p~ vacuum polarization is included in f%. The estimated fractional theory uncertainty of the spin-averaged frequency is u,=1.4x10™"

(u(f“’“e"?,vg) =0.018 kHz). The impact of the fundamental constants’ uncertainties is given in the text. The change in the value of £ from CODATA 2014 to CODATA 2018 has contributions of

spin-

-0.041 kHz from the Rydberg constant adjustment and 0.213 kHz from the particle masses adjustments. The change in the value of f? due to the proton and deuteron charge radii

adjustments is 0.104 kHz.
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Fig. 3| Exclusion plot (95% confidence limit) for a Yukawa-typeinteraction
betweenaprotonand adeuteron, deduced from spectroscopy of MHIs.
The parameter space above the linesis excluded. The assumed interactionis
V5(R) = BN,N,exp(-R/A)/R, where Ris the proton-deuteron distance, dis the
interactionrange, N;=1and N,=2are the nuclear mass numbers, and Sis the
interactionstrength. Greenlines, this work (full green, numerical; dashed
green, analytical, equation (4) in Methods); red line, ref. '*; blue line, ref.™;
orange line, ref.'2, For comparison, the black lines show the limits for the
interaction between the antiproton and the helium-4 nucleus, obtained from
two different transitions*¢. See Methods for details.

transition. We find agreement for all lines, within the combined uncer-
tainties of theory and experiment. The agreement is most stringent
for line 16, and it is limited by the prediction’s total uncertainty
(f(theor) )=0.21 kHz, or 1.5 x 107 fractionally. The agreement is far
Iess stringent than the roughly ten times lower experimental uncer-
tainty would allow. The precise experimental value can therefore serve
asabenchmarkfor tests of future improved spin-structure calculations.
Frequencies related to only the spinstructure of the molecule canbe
obtained fromrotational frequency differences Af; ;=fi~f;=f.pini —fspinj»
where the spin-averaged frequency is cancelled. All deviations between
experimentand theory are smaller than 0.42 kHzin magnitudeand are
well within the theory uncertainties (CODATA 2018 uncertainties are
notrelevant here). The most stringent theory-experiment agreement
is found for Af;; 1o, within the roughly 0.7-kHz theory uncertainty, but
tentimes less stringent than the experimental uncertainty would allow.
In view of the relatively large uncertainties for f(‘he"” above,
we introduce a novel way of comparing experiment w1th theory,
using composite frequencies defined as L=2bf with appropriate
weights b,. We aim to find composite frequencies with small theory
uncertainty, and therefore must suppress the contribution of the
spin energies’ uncertainties without suppressing the spin-averaged
energies that give rise to f;,...e- The latter requirement is satisfied
by imposing the ‘normalization’condition}; b; = 1,0 thatf.=f,in.ave +fepines

with mec Y b,.jgpmli.The former requirement is implemented

by finding the composite frequency that minimizes the theory
uncertainty. We use a conservative measure of theory uncertainty
that does not assume any relationship between the theory errors of

(€ &P and of (€5, E:a(F) =3, (13, by]  Exl+ 15 by, (Exey - The

spin,c
solution {b} is found numerically (see ‘Composite frequencies’ in

Methods), £ ({p}) = 934.635 kHz, with negligible uncertainty

spin,c

a(fe°”) = 0.001 kHz. We note that this approach for eliminating the

spin,c
spin-energy-related uncertainty iscomplementary to the more general
method recently proposed by some of us in ref. >, where the compos-
ite frequency is equal to fyin.avg-

Fromthe experimental composite frequency, we deduce the experi-
mental spin-averaged frequency

exp) (exp) (theor)
fspnl':l’ avg_f P b fstpm ¢ (b

@
=1,314,925,752.910(17) ,, k

(1,=1.3x10™). The theory uncertainty (via fi‘;‘i"g)) isnegligible and is
therefore not indicated.

QED test and determination of fundamental constants
Acomparison of equations (1) and (2) indicates that our experiment and
theory achieve asuccessful test of three-body physics with acombined
fractional uncertainty of 4.8 x 10™ (0.064 kHz), limited by CODATA
2018 uncertainties. Comparing the total uncertainty off(stf:?arvg with
the QED contributionslisted in Table 2, we see thatit is close to the QED
contribution of highest calculated relative order, f© = 0.070(18) kHz.
Therefore, more specifically, our experiment furnishes a test of QED
at the relative order of a®. According to theory, the contributions to
P stemming from the finite proton root-mean-square charge radius
r,and the deuteron charge radius ry with their CODATA 2018 uncer-
tainties are —0.644(3) kHz and —4.120(3) kHz, respectively. The sum
of these contributions is put in evidence by our experiment-theory
comparison, with a fractional uncertainty of 1.4%.

Our experiment-theory agreement is obtained when including in
the hyperfine structure calculation the contribution of the deuteron
quadrupole moment Q,, quantified by the coefficient £5 = Q. This
contribution is observed here in an MHI for the first time. From the
measured hyperfine structure we can extract, independently of
any QED contributions, a value for Q4 with1.5% fractional uncertainty
(Methods).

The experiment-theory agreement can also be used to setimproved
limits to the hypothetical existence of a spin-averaged fifth force
between a proton and a deuteron (Fig. 3, Methods). Compared with
previous bounds from MHI spectroscopy, theimprovementis a factor
of 21 or more for force rangesA>1A.

We can obtain the combination R..m./j1,4 of fundamental constants
from any of the measured rotational frequencies f(exp) and the cor-
responding ab initio value f(the‘”) However, the highest precision is
obtained by instead choosmg the composite frequency f; or the
spin-averaged frequency, because their spin-structure theory uncer-
tainty is suppressed to a negligible level. Furthermore, we note that
the abinitio calculation is performed assuming trial values for m./m,
and m./my, and naturally yields the rotational frequencies (independ-
entof Rydberg constant value), f:theor'“) =1.998... x 10 *atomic units.
From these, we compute the scaled, dimensionless values

Fitheon - (H,g/me f;theor'")/l atomicunit. These haveanimportant depe-
ndenceonr,andry. The dependence on other fundamental constants
is weak, compared with their uncertainties, the largest of which is

AlnFeo/aIn(m,/u od) =4 1073. Because of this smallness, it is con-
sistent to use the CODATA 2018 values of the fundamental constants
in the computation of F{""*°”, This results in

f(eXD)
spin-avg

2 F(theor) (3)

spin-avg

=8,966.20515050(12)c,, (12)¢neor (4)copaTazors m!

mee(m +my N=

(t,=2.0x10™"), where the third uncertainty is due to the proton and deu-
teronradius uncertainties. The valueisin agreement with the CODATA
2018 value 0f 8,966.20515041(41) m™ (u,=4.6 x10™) (Fig. 4). It results
from atomic hydrogen spectroscopy (providing R-.), hydrogen-likeion
spinresonance spectroscopy (m.) and Penning trap mass spectrometry
(m,, my). Our result’s total uncertainty is smaller by afactor of 2.4 com-
pared with the CODATA 2018 value and ranks among the most precise
measurements of a fundamental constant combination.

Owing to the comparatively small CODATA 2018 uncertainty of R..,
our improved uncertainty impacts mostly the mass ratio sum
me(m,'+ mg'). Combining equation (3) with the CODATA 2018 values
of R.., m,/u and my/uyields the proton mass

Nature | www.nature.com | 5
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Fig. 4| Comparison of results of this work with literature values. In the
inner box, we plot the error bars for the CODATA 2018 R(m./m,, + m./m,) for
the hypothetical cases that the uncertainties of all contributing constants
were zero, except for the named constant. The black arrow indicates the shift
of the CODATA 2014 value for a change AR..=-0.00035 m™ corresponding to
the ‘proton size puzzle™. The brown data point (*) shows the result of the
present work when the CODATA 2014 values of r,and ryare used in fi‘;:;";v)g
instead of the CODATA 2018 values resulting from muonic hydrogen
spectroscopy.

M/t =1.007276466605(20) ¢ (2D)heor (45)copatazos

in excellent agreement with the recent most precise direct measure-
ment*

My/u=1.007276466598(16)5(29)qys;

Taking into account a recent Penning trap measurement of my/m,
(ref.*), we also obtain the proton-to-electron mass ratio

my/me=1,836.152673449(24)c,,(25)theor (13) copaTA2018, Fink-Myers

(u,=2.0 x10™) inagreement but approximately two times more accu-
rate than the most precise value, obtained by combining two published
measurements in Penning traps*®*%: m,/m.=1,836.152673374(78) .,

Conclusion

The performance of the recently introduced TICTES technique for
rotational spectroscopy has been improved by more than two orders
inbothresolutionandaccuracy, reachingafractional FWHM linewidth
of 3x10™2and a fractional uncertainty of 1.3 x 10, This vastly higher
performance compared with traditional techniques can be of general
relevance to the field of precision molecular physics.

Precise measurements of several rotational hyperfine components
of HD"and suppression of theimpact of the limited accuracy of the ab
initio theory of the spin structure allowed us to establish agreement
between experimentand theory at the 5 x 10 level, limited by uncer-
tainties of the CODATA 2018 fundamental constants. To the best of our
knowledge, thisrepresents the most accurate test of amolecular phys-
ics predictionto date and also provides the most accurate experiment-
theory comparison for any three-body quantum system>***, Specifi-
cally, we confirmed the combination of the QED contributions of &
and a® relative order, of the proton finite size contribution and of the
deuteron finite size contribution, with uncertainty equal to 0.7% of the
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total contribution. A strongly improved upper bound for a new force
between a proton and a deuteron was set.

Spin-energy differences were experimentally determined with three
orders smaller uncertainty than previously™. The best (effective) line
resolution for spinenergyisone order higher and theaccuracyis 30 times
higher than the benchmark experiment on the spin structure of H3,
which has stood unchallenged for 50 years. The spin-energy predic-
tions were confirmed within the uncertainties of the theory predic-
tions, the smallest uncertainty being 0.7 kHz. As the experimental
uncertainties are much lower, the obtained spin-energy data offer
new benchmark values for future improved ab initio theory of the spin
structure.

We deduced the combinations Rmme(m[;l +mgYand m,/m.of funda-
mental constants with 2.0 x 107 fractional uncertainty, 2.4 and
3.0 times smaller, respectively, than the CODATA 2018 uncertainties.
The proton mass in atomic mass units was deduced with the same
uncertainty asin CODATA 2018. Interestingly, for the first time, funda-
mental constants have been determined with competitive uncertainty
making use of the rotational motion of a physical system.

Ourresultalso providesindependent evidence of the correctness of
some of the most precise measurements in atomic and particle phys-
ics: Rydberg constant determination via hydrogen spectroscopy,
electron mass determination via the bound-electron g-factor, and
proton mass and deuteron mass determination via cyclotron motion.
Our measurement on a three-body quantum system thus provides
anindependent link between these one- and two-body systems. The
substantial changes introduced inthe CODATA 2018 adjustments of the
fundamental constants are confirmed. In particular, the predicted HD*
transition frequency is shifted by 0.063 kHz when the CODATA 2014
proton root-mean-square charge radius and Rydberg constant are
replaced by the values deduced from the muonic hydrogen experiment
(asin CODATA 2018). Our experimental frequency is consistent with
the prediction based on these most recent values, within the combined
uncertainties from experiment (0.017 kHz), theory (0.018 kHz) and
masses (0.061kHz).

Beyondthe present results, our work hasimportantimplications for
the near future. First, we suppose thatin the spectroscopy of vibrational
transitions asimilar absolute systematic uncertainty can be achieved
as inrotational spectroscopy, because the systematic shifts will not
increase substantially with transition frequency. Indeed, the shifts
depend on the size of the coefficients of appropriate Hamiltonians,
and these coefficients do not vary substantially between the levels.
If an optical spectroscopic technique with spectral resolution at the
10-Hzlevel becomes available, total experimental uncertainties at the
10" to 10 ™ level could come into reach. Second, our composite fre-
quency approach obviates the need for amore precise spin-structure
theory, both for rotational and vibrational transitions. Therefore, more
precise QED calculations of the spin-averaged rotational and vibra-
tional frequencies are both sufficient and well worth pursuing. If this
challenging programme is successful, the precision of fundamental
constants derived from HD* spectroscopy will further improve. Spe-
cifically, the combination of rotational and vibrational spectroscopy
results and ab initio theory will eventually allow the determination of
the fundamental constants R, m./[1,4, I, and ryindependently rather
thanin combination, with accuracies competitive with or better than
CODATA 2018, and testing QED without limitation by the current deter-
mination of the fundamental constants.
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Methods

Experimental procedure

We simultaneously trapped Be*and HD* ions in alinear RF trap driven
at 14.16 MHz (Extended Data Fig. 1). The distance between the trap
centre and the RF electrodes was 4.3 mm. For translational cooling
of the molecular ions, we laser-cooled the atomic ions with a laser at
313nmandthe HD"ions were sympathetically cooled via electrostatic
interactions withthe Be"ions. We estimated theion secular temperature
asabout 30 mK. Typically, roughly 10*HD" ions were trapped together
with about 2 x10° Be* ions. The number of trapped HD" ions affects
the spectral resolution of the rotational transitions, since the Lamb-
Dickeregime canonly bereached whentheions’ displacementsinthe
transverse direction are much smaller than the transition wavelength.

Black-body radiation populates the excited rotational levels of the
ground vibrational state until a thermal equilibrium population is
reached. We counteracted this by pumping the HD* populationinto the
ground rovibrational state using two lasers. They drive the (0,2) > (1,1)
and (0, 1) > (2, 0) transitions, and the spontaneous decay from the
respective excited states eventually transfers a large fraction of the
HD"ions in the rovibrational ground state. A quantum cascade laser
at 5.48 um excited the former transition, and a distributed feedback
laser at 2.7 um excited the latter transition.

After rotational cooling, the terahertz radiation was turned on to
drive a transition between specific Zeeman components of a specific
hyperfinerotational transition. The terahertz wave intensity was con-
trolled witha half-wave plate, alinear polarizer and via the synthesizer
output level. A 1.4-pm laser selectively excited molecules from the
(0, 1) level to the (4, 0) level. Molecules in this level were rapidly
dissociated by a266-nm laser.

The spectroscopy scheme relies on the ability to determine therela-
tive decrease of the number of trapped HD"ions. Resonant excitation
of the HD" ions’ radial secular motion with an auxiliary a.c. electric
field couples to the Be"ion ensemble, heating it and causing a change
in atomic fluorescence. This fluorescence change is approximately
proportional to the number of trapped HD" ions. Applying the secular
excitation before and after the REMPD and calculating the ratio of aver-
age fluorescence levels provides the fractional decrease of the number
of HD" ions. See Extended Data Fig. 2.

As the REMPD process removes HD" ions from the trap, repeated
loadings are necessary. With one loading of Be*, approximately 40
loadings of HD* were performed. For each HD" loading, typically five
spectroscopy cycles were performed. Each cycle lasted 60 s and pro-
vided one data point.

The magnetic field was B, =45 uT, directed along the trap axis, except
duringrotational spectroscopy/REMPD, when the field was changed to
B=30 uT or lower, oriented perpendicular to the trap axis and paral-
lel to the terahertz radiation wave vector (Extended Data Fig. 1). The
magnitude and direction of the magnetic field were controlled by three
pairs of magnetic coils outside the vacuum chamber.

Owingtothe complicated statistics of theion detection process, we
assigned one-half of the FWHM of a line as the statistical uncertainty
of ameasured transition frequency.

Systematic effects

Asaguidetoand comparisonwith the experimental work, the abinitio
values for various systematic effects were taken from our previous
calculations. Explicit values for the Zeeman effect are given in ref. ¥,
and for the Stark effectinref.*s, Theab initio a.c. polarizabilities at the
frequency corresponding to the wavelength 266 nm were computed
inref.’.

Trap shift. Several systematic shifts are expected to give rise
to a quadratic dependence on RF amplitude. These include the
micromotion-induced Stark shift*, phase-offset-induced Stark shift*,

and a.c. Zeeman shift due to an alternating magnetic field at the trap
frequency correlated with the electric trap drive.

We therefore measured the dependence of the six lines (including
three Zeeman components for line 16 and two Zeeman components
forline19) onthe trap RF amplitude. The typical values chosen for the
RF amplitude were 150 V, 180 V and 245 V. The precise RF amplitude
value for each measurement was determined by measuring the radial
secular frequency of Be". See Extended Data Fig. 3 for an example of
the frequency shift when varying the trap’s RF field amplitude. Fits,
assuming quadratic dependence, furnish the correctiontobe applied
for obtaining eachline’s extrapolated frequency for zero RF amplitude.
The theory of the Stark shift*® predicts shifts of the same sign (positive)
and of similar value for all components considered here. The experi-
mental data are consistent with this prediction.

Zeeman shift. Both thelinear and quadratic Zeeman shift coefficients
vary substantiallyamong Zeeman components and hyperfine compo-
nents (compare, for example, lines 16 and 19 in Fig. 2). The frequency
splitting of the two Zeeman components 16, together with the theoreti-
callinear Zeeman splitting coefficient (7.98 kHz pT™ (ref.*)) allows the
determination of the (time- and ensemble-averaged) magnetic field
affecting the molecularions. For the datashowninFig. 2, the nominal
magneticfield B,,,,=2.98(3) x10° Tis consistent with the value deduced
using spectroscopy of the co-trapped berylliumions®. The observed
linewidth of the 16, Zeeman components indicates that the magnetic
fieldishomogeneousto atleast1partin30 over the molecule sample.

We measured the frequencies at three different values of magnetic
field, for RF amplitudes close to the nominal value of 190 V. Since the
RF amplitude varied slightly for the individual measurements, each
measured frequency was corrected for the trap shift.

To obtain the B> 0 extrapolated frequency, flfexp), for eachline, we
fitted to the measured line frequencies ffexp) (B)thesum offlfexp) plus
aquadratic-in-Band/or linear-in-B dependence, depending on the type
of Zeeman component. As an accurate measure of the magnetic field,

weused thesplitting f f6 For my=0-> mg=0Zeeman components,

we assumed a quadratlc in-B dependence. For the two components
19, and for the two components 16,, we allowed for independent
linear-in-B shift coefficients a; ,, a; _. For fio. Jio - WE added to the fit
functions the quadratic Zeeman shift predicted by theory. From the
fits, we found that the ‘positive’ and ‘negative’ shift coefficients of a
givenlineareclose: a;,_ =&y, and ay, = Ay ..

The input data for the magnetic-field dependence fit are the
trap-field-extrapolated line frequencies. The reported uncertainty of
each f;e"p)contains boththe uncertainty of the magnetic-field extrap-
olation and the uncertainty due to the trap-field extrapolation.

The magneticfield is produced by three solenoids. They were char-
acterized withamagnetic probe before closing the vacuum chamber.
We find the field value deduced from the solenoids’ currents agrees
with the value deduced from the splitting £ —ji@, within the experi-
mental uncertainty of the former.

Trap-induced a.c. Zeeman shift. This effect would show up as a varia-
tion of the splitting between two Zeeman components with thetrap RF
amplitude. The 19, components were measured at 245V and 154 V, at
the nominal magnetic field. Their frequency difference did not change,
indicating a negligible a.c. Zeeman shift.

Light shift due to cooling laser. The 313-nm cooling laser perma-
nently irradiates the ion cluster, including when the terahertz wave is
on. Its nominal power is 100 pW and the beam radius is 0.25 mm. We
measured the effect of a change of the 313-nm laser intensity on f, .
No shift was discernible at the 10-Hz level upon increase of the power
by afactor of four.

We computed the scalar, tensor and vector polarizabilities of the
rovibrational levels at A = 313 nm using high-precision variational



wavefunctions, similar to ref. *8, obtaining a,(v =0, L =1) = 3.5054,
a(v=0,L=1)=-0.955,a,(v=0,L=0)=3.496l and a,(v=0,L=0)=0, in
atomicunits. The vector polarizabilities are negligible. The computed
light shiftis of the order of 0.01 Hz. We therefore set the correction due
to the 313-nm wave intensity to zero.

Line pulling. We have no observational evidence that Zeeman compo-
nents, or micromotion-induced sidebands of other hyperfine compo-
nents, could affect the measured transitions. The small linewidths of
the measured transitions are important in this respect. We did not
observeanychangeoff6 fis and f6 atthe10-Hzlevelupona500-Hz
change of the trap frequency.

d.c. offsets. For every measurement reported in the manuscript, the
HD"ions arelocated along the symmetry axis of the Be" ion cluster. An
offset of 10 V was applied to an electrode to displace the beryllium
crystal by about 100 pm from the trap axis along the radial direction.
We observed that this offset potential does not have an effect on the
position ofthe HD" ions, as also found in molecular dynamics simula-

tions'. We measured the frequency shift of f, caused by this offset
potential tobe 1(10) Hz. Possible day-to-day variations of the trap com-

pensation voltage are asmallfraction of the applied offset. Therefore,
the size and uncertainty resulting from these variations are negligible.

Light shift due to the two REMPD lasers. The shift due to the 1.4-um
laser and 266-nm laser waves present during spectroscopy has been
determined by performing spectroscopy inadifferent mode, alternat-
ing terahertzirradiation and REMPD laser irradiation. The shift has
beenmeasured for alllines and allZeeman components discussed here.
The shifts are smaller than or equal to 0.039(17) kHz in absolute value.
The measured shifts and their uncertainties are used as corrections.

Other shifts. According to theoretical calculations, the black-body
radiation shift*® and the molecular electric quadrupole shift™ can be
neglected at the present level of accuracy.

Data analysis

Extrapolation of the measured frequencies to zero magnetic field
and zero trap amplitude is done by a standard least-squares method.
Standard formulae for the propagation of uncertainties are applied.

Spin coefficients, their uncertainties, and sensitivity of the
transition frequencies to the spin coefficients

Toallow for anaccurate comparison between experiment and abinitio
theory, we performed a substantially more accurate computation of
the spin-structure coefficients of HD* compared with our earlier work™.
We extended the approach developedinref.*® and the relevant matrix
elements were calculated to ten significant digits. Values of the two
spin-structure coefficients for the lower level, & and &, and the
nine coefficients for the upper level, &;, ..., £, are reported in the
Extended Data Table 1. Using these coefficients in the diagonalization
of the spin-structure Hamiltonian of ref. %, we obtain the spin frequen-
cies f.in; (Extended Data Table 1).

The largest spin-structure coefficients, &, £}, & and £%, have theo-
retical fractional uncertainties of approximately g, = £, = 1x10™° = ¢..
This estimate is confirmed by comparison of the theoretical predictions
of themolecularionH3, calculated with the same theoretical approach,
with the experimental results of refs. ”*, For a given vibrational level,
therotational dependence of the neglected termsin &, and &sis nearly
zero, because these are contact terms determined by the electronic
wave function, which depends very weakly on N. This allows us to
assume that the neglected termsin (&, £7) andin (&, £5) are essentially
equal, respectively.

Under this assumption, the theory uncertainty of a spin frequency
due to these coefficients k=4, Sis set to u, =ly; £~ ,  Exler , Where

y,-,k=—6j§pin’i/a£k isthe derivative of the spin energy of the lower quan-
tumstateinvolved in the transition i with respect to the spin coefficient
Ewandy] = ajg - ;10 is defined analogously for the upper state. The
values of the derlvatlves are presented in Extended Data Table 1.

The spin Hamiltonian coefficients &, = £} and & = £5 are similar for
the two rotational states, and because the transitions studied hereare
those between similar spin states, for which G, = G}, G, = G5, the spin
frequencies are small, |f pini | < &, & &4, £ and the sensitivities are
similar, y; =y, . Therefore we benefit from important reduction of
the theory uncertainties u, and u; contributed by these four coeffi-
cients. Evenin the least favourable case, line 14, the uncertainty con-
tribution is less than or equal to u, + us =14 Hz (1 x 10™), that is,
negligible compared with the following contributions.

A second set of coefficients, £7, £, and £7, are one to three orders
smaller in magnitude, and have estimated fractional uncertainties of
g=e,~&=a’=¢g,~5x107 Their absolute uncertainties, 1.5 kHz to
0.06kHz, are at arelevant level. They enter the spin-structure frequency
uncertainty with contributions uy = [£7]e,.

The fractional uncertainties of the coefficients £5, £3, £gand g are
similar to&,, butare notrelevantat the present experlmental accuracy
level because the coefficients themselves are much smaller than the
others.

As the details of the theory errors are unknown, the total uncer-
tainty of the spin frequencies is set conservatively as the sum over all
u, (instead of the root sum of squares).

The sensitivities y are obtained by first computing the eigenvalues
Egpiniand Egy, ; of the Hamiltonian analytically and then computing
analytically their derivatives with respect to the individual coefficients
&y and &;. These derivatives are then evaluated for the set of current
theory values for £, and &;.

Fit of the spin Hamiltonian coefficients
From the six measured transitions, we can derive information about
the spin Hamiltonian coefficients and about the true spin-averaged
frequency. Under the previous assumption of equal theory errors for
(&, &) and for (&5, £5), there are six remaining important quantities
(&1, &4, €5 4, £7and fiin.av), and they can be solved for using a set of
equations in which the experimental frequencies are equal to the
corresponding theoretical frequencies, allowing for small deviations
from the nominal values. We find £ - g;the°? = 0 32(20) kHz, where
the uncertainty is smaller than the theory uncertainty, £g£{= 1.6 kHz.
Furthermore, £, - £t"¢°0 = 0.5(9) kHz &5V - g5theen = — 0.3(4) kHz
fi;:;»avg fig;i'_’;ig =-0.05(22) kHz. The shown uncertainties
result from the experimental errors and the theory error offi‘;;ﬁf’;ig;
the theory errors of &3, £3, £5 and £ make negligible contributions.
The deviations of £, and £5 from the nominal values cannot be deter-
mined precisely (an aspect thatisintrinsic to the favoured transitions),
butare consistent with zero.

Composite frequencies
The coefficients of the composite frequency givenin the maintextare:

b,,=0.0863720 ...,
bo=0.2442792 ...,

by, =0.1456348 ...,
b,o=0.1328074 ...,

by =0.2516111...,
by =0.1392955 ...

We consider alternative composite frequencies. One alternative
ansatz for finding acomposite frequency is toimpose the ‘insensitivity

conditions'0 =9f """ /g, =3, by, 0= of theen /9€; zforasuitable
subset {k,, kz} of spin Hamiltonian coefficients. As discussed above, if
we assume correlated errors for the pair (£, £,) and (&, £5), then the
largest theory uncertainties arise from £, £; and £5. Four experimen-

tally measured transitions are sufficient to satisfy the three insensitiv-
ity conditions for these three coefficients. The normalization condition
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is easily imposed in addition. Considering, for example, the lines 14,
16, 19 and 21, the resulting uncertainty from hyperfine theory is

u(f (Stp}:s"c’) )=2Hz, much smaller than the uncertainty of the spin-averaged

frequency u(f*" )~ 0.02 kHz. Thus, the composite frequency has

spin-avg
asubstantially reduced theory uncertainty compared with those of
the individual hyperfine transitions. £.“"°” is then also numerically

close to fopin-aver f(ctheo” fit':g";‘)/g +2,232 kHz. With more available

transitions we canimpose additional conditions.

A second alternative composite frequency is as follows. As in the
main text, we consider a composite frequency that minimizes the
spin-coefficients-related uncertainty. If we assume correlated £ errors,
the linear combination of only threelines, f.=b,, fi, + bys fie + (1= by, —
bo)f>, yieldsanuncertainty of 3Hz (2.4 x10™). Asin the first alternative,

thisuncertainty is also much smaller than u(f(thffar) )- The coefficients

spi
are b, = 0.0814..., b, = 0.615...and " = f;g};o;gg 1,524.23 kHz.
Such optimal solutions exist independently of the concrete values of
the estimated theory uncertainties of the £ coefficients: if the assumed
fractional uncertainties &, are doubled, a solution is obtained whose
theory uncertainty is correspondingly larger, 6 Hz. The relationship
between the solution f(theor) and the cancellation conditions is that
the determinantof the sensitivity matrix /; , = y; , = 9f """ /0€} (where
i={14,16,21}and k=11, 6,7}),is closetozero (aboutO 008) Thisimplies
that these three transitions are nearly linearly dependent and allow
foracomposite frequency that nearly satisfies the cancellation condi-
tions (and the normalization condition).

Ifthe correlation assumptionis not made, the optimum composite
frequency based on lines 14, 16 and 21 yields a comparatively large
spin-energy uncertainty of 0.22 kHz. For this reason, in the main text,
we determined the composite frequency based on six lines.

Athird example is the composite frequency based on the five lines
14,15,16,19 and 20: it yields a theory uncertainty u(fiﬂ:refcr)) 3 Hz.

Finally, an example of composite frequency for a v1bratlonal tran-
sition is the following. For the transition (v=0,N=0)> (v'=1,N'=1)
the six lines 14, 15,16, 19, 20 and 21 yield a composite frequency with
theory uncertainty a(f*"*°” ) = 2 Hz. Thisis only 3 x10 ™ relative to the

spin,c
vibrational transition frequencyfsp]n -avg~58.6 THz.

Fifth force bound
Given the present results, the 95% confidence limit to the strength of
the fifth force, S,..(1), is approximately given by

NNJAYQ)IB, , () = 2hit( ),
2 (exp) 2 (theor) 2 (theor) 2
o fio? =U(f o ) + U o) + eopatazors(f ging)

Here, AY(A) is obtained numerically from perturbation theory as the
difference of the expectation value of R'exp(-R/A) in the two rotational
states, where Ris theinternuclear separation divided by 1atomic unit,
and A, N;and N, were defined in Fig. 3.

We have also obtained an analytical approximate expression

utOt(f;ot ) eReM R Evnb
Sor 2NN (L+R./A) Ey

Bra D =2 @)

where R, is the equilibrium separation, and E, = f,,/2cR- and E,;, are
the fundamental rotational transition energy and fundamental
vibrational transition energy, respectively. They are all normalized

to the respective atomic unit. The previous bounds on § are also dis-
cussedinref. %,

Electric quadrupole moment of the deuteron
We deduce a value for the electric quadrupole moment of the
deuteron, Q,. The tensor interaction between Q4 and the electric
field gradient within the HD* molecule® contributes to the hyperfine
structure. It is quantified by the spin Hamiltonian coefficient
£6=5.666 kHz < Q. The ratio £4/Qq is available from our theory
with small fractional uncertainty £, = 5 x107°. The frequencies of the
rotational transition components are sensitive to &£ to varying
degrees, quantified by y! , (see Extended Data). We therefore consider
a composite frequency f =2;af that suppresses the spin-
averaged frequency, and thus all QED contributions, by imposing
Y:a;=0. We determine the weight set {a;} that maximizes the
sensitivity-to-uncertainty ratio|of’, /6€9|2/(u(f’(‘he°r))2+ (f’(ex" )2).
We find a,, = -0.2165167, a, = 0.6508068, a,, = —~0.9098989,
a,,=-0.9738303 and a,,=-0.1153690.

From the comparlson of f’(the‘”) and f’(exp) we then deduce
Q;=0.282(4) fm”. It is consistent with the reference value
Q,=0.28578(3) fm , obtained from RF spectroscopy of neutral D, and
theory®. The precision is expected to improve with progress in MHI
spin-structure theory and experimental precision.
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Extended DataFig.1|Conceptual view of the arrangement used for
high-resolutionspectroscopy of HD" using TICTES. The spectroscopy wave
(1.3 THz) crosses theion cluster perpendicular toits long axis, enabling
spectroscopy inthe Lamb-Dicke regime. Theion cluster comprises atomic Be*
ions (blue dots) and HD* molecularions (red dots). The indicated laser beams

Be" cooling
313 nm

implement the Doppler cooling of Be*ions (313 nm), rotational cooling of HD*
(2.7pmand5.48 um) and detection by REMPD (266 nm and 1.4 pm). The
magnetic field Blifts the degeneracy of Zeeman sublevels during terahertz
spectroscopy. The polarizer and the half-wave plate enable adjustment of the
polarizationand intensity of the terahertz radiation.
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Extended DataFig.2|Berylliumion fluorescence during one preparation- excitation. B, amagnetic flux strength Bisapplied during REMPD. B, a
spectroscopy cycle.Spectroscopy (terahertz wave on) occurs during the strength B, is applied for rotational laser cooling. CPS, counts per second. The

interval marked ‘REMPD’. Beryllium laser coolingis on all the time. SE, secular signal obtained from the spectroscopy cycleisindicatedincyan.
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Extended DataFig.3|Systematic shifts of the Zeeman component19,ofthe  dissociationlasers, determined by comparing two spectroscopy modes.
rotational hyperfine transitionline19.a, The trap’samplitudeis decreased ‘Continuous’indicates that the lasers are onwhen the terahertzradiationis
by2.5VfromVPtoV@. The FWHM linewidthis 4 Hz, corresponding to3 x1072 applied.‘Interleaved’ indicates that thelasers and terahertzradiationare on
fractional FWHM.b, Thelight shiftinduced by the266 nmand 1.4 pm alternatingly.
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Extended Data Table 1| Spin Hamiltonian coefficients, spin-structure frequencies and spin-frequency derivatives

&' &' &' &' &s' &' &' &' &' &4 Es
31.98465 -0.03134 —0.004810 924.56943 142.16092 8.61111 1.32177 —0.003057 0.005666 925.39588 142.28781

Line i . s;vli]:j‘) Vi1 Yi2 Vi3 Yia Yis Yi6 Yig Vi Y'io Yi4 Yis
12 —33.20866 —-0.569 -0.559 -1.718 0.250 0.425 0.039 -3.347 -3.284 -2.944 0.250 0.500
14 -9.07415 -0.429 —0.386 0.654 0.249 -0.908 -1.028 0.834 0.721 -0.502 0.250 —1.000
16 —2.13496 -0.107 0.111 0.995 -0.734 -0.184 0.010 0.143 -0.157 —-0.493 -0.737 -0.169
19 10.07468 0.500 0.500 1.000 0.250 0.500 —-0.500 —1.000 —1.000 —-0.500 0.250 0.500
20 11.73591 -0.225 —0.265 -0.510 0.250 0.500 1.734 3.439 3.559 1.764 0.250 0.500
21 11.78771 0.332 0.154 0.514 0.234 -0.315 0.255 —0.582 —-0.402 0.229 0.237 —0.331

£, (€,) are the updated coefficients of the spin Hamiltonian®® of the upper (lower) rotational level, in MHz. f"* are theoretical spin frequencies in MHz. y are the dimensionless sensitivities of

spin,i

the spin frequencies to the spin Hamiltonian coefficients. y; , = 0f{+/3¢&; refer to the upper state andy; , =~ afg;'j:?"/agk to the lower state. The entries for line 19 are decimal representations of

rational values (see equation (6) in ref. ). Note that because of the tracelessness of the spin Hamiltonian®,  ; dy;,=0and} dy;, =0, where d,=(2F(i) +1)/36 and d;= (2F (i) + 1)/36 are the
degeneracies of the respective spin states, and the sum is over the ten favoured transitions i=12, ..., 21.
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