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Table 1.

molecular ionsl.

Influences of fundamental physical constants on the uncertainty of the vibrational transition frequencies of HD™

R Hpe Hde Y Ta a
YT AR AN 2 1.9 ppt 60 ppt 35 ppt 0.002 350 ppm 0.15 ppb
STURAR Sy B e 1 UK R AR ~1 ~0.1 ~0.01 ~107 ~10° ~10°
OB Yo A SR X AN A JEE R ~1 ppt ~10 ppt ~1 ppt ~1 ppt ~0.1 ppt ~0.1 ppq

: FHppm(part per million), ppb(part per billion), ppt(part per trillion), ppq(part per quadrillion)437|3&7~10°6, 109, 102, 10 1.

# 2  QED #HigH R K HDHREIKIE (v, 1):(0, 0)—(6, 1) £ 5TiHk

Table 2. Contribution of QED theory calculation of HD* rovibrational transition (v, L):(0, 0)—(6, 1).
$R /MHz BRI
Upr 303393178.0114(8) SARAEARXTIS R E 15 T R R
(O ~0.096(1) A FRALRL
Vg2 4571.102 59(3) Breit-Pauliift il AIAIXS iR 1E
Vns ~1 234.8136(3) ARIHE IE Gk I
Ut ~8.9607(3) 1 2B AR BHELE; BB AR IE
VUas 0.537(1) 3B B SHE IE ; Wichmann-Kroll 5TERT
Ung 0.003(5) RSB IE
hot 303303396505.784(5)
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Fig. 1. The measurements of proton-electron mass ratio.
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Fig. 2. Spectroscopic measurement of H, molecule, HD* mo-
lecular ion, and antiprotonic helium constrains on the fifth
force of hadron-hadron interaction(26l,
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Fig. 3. The change of voltage on the ion trap under the in-

fluence of laser ablation.
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PRELES, PR G Sk M — L AH R A A FoR 241 e TR g

Fig. 4. The related levels of Be atom and HD molecule photoionization: (a) The relevant energy levels for photoionization of the Be

atom, black arrows indicate two-photon non-resonant ionization, purple arrows indicate [141] two-photon resonant ionization, and

blue arrows indicate [2+1] three-photon resonant ionization; (b) the relevant energy levels for photoionization of the HD molecule,

three blue arrows represent [2+1] three-photon resonant ionization, and combination of two blue arrows and a red arrow represent

[241'] three-photon resonant ionization.
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Fig. 5. The schematic diagram of a bi-component Coulomb
crystal in the view of a radial cross-section, where M, is the
mass of the sympathetically cooled ions in the inner shell,
M, is the mass of the laser-cooled ions in the outer shell, b,
and a, are the radius of the outer and inner surface of the
ions with the mass of M,, respectively, b, is the radius of
the outer surface of the ions with the mass of M;.
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Fig. 6. Related energy levels of Be™ laser cooling.
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Fig. 7. Schematic of the experimental setup for frequency stabilization of the 313 nm laserl®s).
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Fig. 8. The images of Be* Coulomb crystals with cooling laser locked to ULE cavity (a) or wavelength meter (b)), the image time
points are at 2, 40, 80, 120, 160, 200, 240 s after the laser frequency is locked.
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Fig. 9. Rotational-state distribution of the vibrational
ground state after applying the optical pumping schemel™,
the red, black, and blue data points represent the experi-
mental collected signals, simulated signals, and simulated
population after using the optical pumping method, respec-
tively, the gray data points represent the experimental col-

lected signals without using the optical pumping method.
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Fig. 10. HD* ion signals produced by two processes under
the different power of 201 nm laser[*s,
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Fig. 11. Schematic diagram of secular excitation, the blue
and red balls represent coolant ions and dark ions heated

by secular excitation, respectively.
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Fig. 12. The change of fluorescent signals when sweeping
frequency of the secular excitation for HD* molecular ions!*S,
the red and blue lines represent the fluorescent signals be-
fore and after the dissociation of HD* molecular ions, re-

spectively.
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Fig. 13. Determination of the number of sympathetically
cooled HD* jons by molecular dynamics simulation, com-
paring the crystal structures in the experimental and simu-
lated images, the shape and size of the internal dark core
are related to the number of HD* ions (within the red
square), and the simulated image containing (15 4+ 1) HD*
molecular ions is the most consistent with the experimental

image.
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(b) REMPD it #2 i AH BB DL ; (c) ML BRIT (v, L):(0, 0)—(6, 1) MR BRE M LE M BERIE, Hoh it FHCF, S, T2 T A BE 5.
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Fig. 14. Resonance enhanced multiphoton dissociation (REMPD) process of HD* molecular ions: (a) The distribution of electrons
two-dimensional probability density p before and after dissociation, and its chromaticity is proportional to logigp; (b) the relevant
energy levels of the REMPD process; (c) the relevant hyperfine structure levels of the rovibrational transition (v, L):(0, 0)—(6, 1),
the quantum numbers refer to the following coupling scheme for the electron spin s,, proton spin I,, deuteron spin I3, and molecu-
lar rotation N: J = S+L, where S = F+1, I' = s.+1I,. The four strongest hyperfine transitions for AF = 0 and AS = 0 are represen-
ted by four different colored arrows.

P Y 111G kSO

Jikapird

4

\-98 8 nm RIS

201 nm \
A
£~ (TTHEY o 7 |4

532 nm

\ E NS it

15  HD+4F B FIRFEIKIE (v, L):(0, 0)—(6, 1) JEig L5 BR & &l
Fig. 15. Schematic diagram of the experimental setup for the HD* molecular ion rovibrational transition (v, L): (0, 0)—(6, 1) spec-

trum.
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Fig. 16. Spectrum of the (v, N): (0, 0) — (6, 1) HD* mo-
lecular ion rovibrational transition, data points are the av-
erage of 8 measurements, and vertical error bars represent

the standard deviations.
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SPECIAL TOPIC—Precision spectroscopy of few-electron atoms and molecules
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Abstract

A molecular hydrogen ion HD', composed of a proton, a deuteron, and an electron, has a rich set of
rovibrational transitions that can be theoretically calculated and experimentally measured precisely. Currently,
the relative accuracy of the rovibrational transition frequencies of the HD* molecular ions has reached 10'2. By
comparing experimental measurements with theoretical calculations of the HD' rovibrational spectrum, the
precise determination of the proton-electron mass ratio, the testing of quantum electrodynamics(QED) theory,
and the exploration of new physics beyond the standard model can be achieved. The experiment on HD™
rovibrational spectrum has achieved the highest accuracy (20 ppt, 1 ppt = 10'?) in measuring proton-electron
mass ratio. This ppaper comprehensively introduces the research status of HD* rovibrational spectroscopy, and
details the experimental method of the high-precision rovibrational spectroscopic measurement based on the
sympathetic cooling of HD* ions by laser-cooled Be' ions. In Section 2, the technologies of generating and
trapping both Be' ions and HD™" ions are introduced. Three methods of generating ions, including electron
impact, laser ablation and photoionization, are also compared. In Section 3, we show the successful control of
the kinetic energy of HD™ molecular ions through the sympathetic cooling, and the importance of laser
frequency stabilization for sympathetic cooling of HD™ molecular ions. In Section 4, two methods of preparing
internal states of HD* molecular ions, optical pumping and resonance enhanced threshold photoionization, are
introduced. Both methods show the significant increase of population in the ground rovibrational state. In
Section 5, we introduce two methods of determining the change in the number of HD* molecular ions, i.e.
secular excitation and molecular dynamic simulation. Both methods combined with resonance enhanced
multiphoton dissociation can detect the rovibrational transitions of HD' molecular ions. In Section 6, the
experimental setup and process for the rovibrational spectrum of HD* molecular ions are given and the up-to-
date results are shown. Finally, this paper summarizes the techniques used in HD* rovibrational spectroscopic
measurements, and presents the prospects of potential spectroscopic technologies for further improving
frequency measurement precision and developing the spectroscopic methods of different isotopic hydrogen
molecular ions.

Keywords: rovibrational spectroscopy, HD* molecular ion, sympathetic cooling
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