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            Abstract
The preparation of cold molecules is of great importance in many contexts, such as fundamental physics investigations1,2, high-resolution spectroscopy of complex molecules3,4,5, cold chemistry6,7 and astrochemistry8. One versatile and widely applied method to cool molecules is helium buffer-gas cooling in either a supersonic beam expansion9,10 or a cryogenic trap environment11,12. Another more recent method applicable to trapped molecular ions relies on sympathetic translational cooling, through collisional interactions with co-trapped, laser-cooled atomic ions, into spatially ordered structures called Coulomb crystals, combined with laser-controlled internal-state preparation6,7,13,14,15,16,17,18,19,20,21,22,23. Here we present experimental results on helium buffer-gas cooling of the rotational degrees of freedom of MgH+ molecular ions, which have been trapped and sympathetically cooled13 in a cryogenic linear radio-frequency quadrupole trap. With helium collision rates of only about ten per second—that is, four to five orders of magnitude lower than in typical buffer-gas cooling settings—we have cooled a single molecular ion to a rotational temperature of [image: ] kelvin, the lowest such temperature so far measured. In addition, by varying the shape of, or the number of atomic and molecular ions in, larger Coulomb crystals, or both, we have tuned the effective rotational temperature from about 7 kelvin to about 60 kelvin by changing the translational micromotion energy of the ions24. The extremely low helium collision rate may allow for sympathetic sideband cooling of single molecular ions, and eventually make quantum-logic spectroscopy25 of buffer-gas-cooled molecular ions feasible. Furthermore, application of the present cooling scheme to complex molecular ions should enable single- or few-state manipulations of individual molecules of biological interest4,5.
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                    Figure 1: Spatial, rotational and collisional speed distributions.[image: ]


Figure 2: Rotational ground-state populations and temperatures.[image: ]


Figure 3: Rotational temperature versus collisional temperature.[image: ]


Figure 4: Cooling dynamics.[image: ]
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Making molecules ultracool
Cold molecules in quantities sufficient for study are in demand in a number of fields, ranging from fundamental physics to astrochemistry. Anders Hansen et al. demonstrate how a combination of techniques — helium buffer gas cooling (for internal rotational states) and 'sympathetic' collision cooling (for translational states) — can be used to achieve efficient cooling of molecular ions in all degrees of freedom. Most notable is the effectiveness of the technique for rotational cooling, which enhances the prospects for undertaking such studies on larger molecules.
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