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We present an all-optical mass spectrometry technique to identify trapped ions. The new method uses
laser-cooled ions to determine the mass of a cotrapped dark ion with a sub-dalton resolution within a few
seconds. We apply the method to identify the first controlled synthesis of cold, trapped RaOH™ and
RaOCH; ™. These molecules are promising for their sensitivity to time and parity violations that could
constrain sources of new physics beyond the standard model. The nondestructive nature of the mass
spectrometry technique may help identify molecular ions or highly charged ions prior to optical
spectroscopy. Unlike previous mass spectrometry techniques for small ion crystals that rely on scanning,
the method uses a Fourier transform that is inherently broadband and comparatively fast. The technique’s
speed provides new opportunities for studying state-resolved chemical reactions in ion traps.
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Introduction.—lon traps are powerful tools because their
ability to trap only depends on two properties: the mass and
charge of a particle. Therefore, they can trap ionic species
with rich internal structures that preclude laser cooling or
fluorescence. Such dark ions include molecules, highly
charged ions, and atoms with transitions that are deep in the
UV. These ions can be sympathetically cooled by cotrapped
laser-cooled ions, where they appear as dark ion defects in a
Coulomb crystal. Dark ions have seen great successes in
optical clocks, e.g., Al* [1], constraining new physics, e.g.,
HfF" [2], and studying state-resolved chemical reactions,
e.g., BaCl™ [3] and RbSr™ [4]. There has also been much
progress with highly charged ions, which generally lack
strong fluorescence transitions, for metrology and tests of
fundamental constant variations [5-7]. In this work, we
have synthesized a pair of molecular ions that are promising
for probing new physics: RaOH" and RaOCH; ™.

Recent measurements of parity (P) and time-reversal (T')
violating moments are now probing physics at energy
scales beyond the direct reach of the Large Hadron
Collider [8]. Radium-based molecules are promising for
constraining hadronic P, T-odd forces [9—11]. The heavy
and octupole-deformed radium nucleus enhances sensitiv-
ity to new physics in the hadronic sector [12,13]. This
sensitivity is further enhanced when radium is incorporated
into molecules such as RaOH™ or RaOCH;™ [9,10,14] that
have large effective electric fields and a molecular structure
that is critical for reducing systematic uncertainties. An ion
trap is advantageous for working with radioactive mole-
cules as high measurement sensitivity can be achieved with
small sample sizes due to long measurement times [2,15].
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For example, the long trap times combined with the high
sensitivity of 2> RaOCH; ™" are sufficient for an experiment
with even a single trapped molecule to set new bounds on
hadronic P, T violation [16].

Because dark ions do not fluoresce, mass spectrometry
techniques are commonly used for species identification.
We present a new nondestructive optical mass spectrometry
(OMS) technique to identify a trapped dark ion in a
Coulomb crystal by measuring a motional frequency of
the crystal. In this work, we use cotrapped laser-cooled ions
to amplify the secular (normal mode) motion of the crystal
by using coherent population trapping (CPT) in the
S1/2-P1/2-D3/, A-level system [17] common to Ca',
Sr™, Ba™, and Ra™. For these ions, it is fast and straightfor-
ward to realize CPT by changing the frequency and power
of the Py, — D3/, repump laser from the laser cooling
values with an acousto-optical modulator. With CPT, the
optical spectrum of the S, — P/, cooling transition can
be modified so the ion’s motion is coherently amplified
[18], which modulates the scattered light at the motional
frequency and its harmonics, which can then be measured
with a Fourier transform. Because the motional modes of
the ion crystal are set by the charge and mass of the trapped
particles, motional frequencies can be used to determine
the ion’s mass. The OMS technique can be used with any
laser-cooled ion, even without using a A structure, e.g.,
Be™, Mg™, or Yb™, via “phonon lasing” with bichromatic
light [19].

Many techniques have been used to identify trapped dark
ions in Paul traps. The best technique for large Coulomb
crystals (hundreds to thousands of ions) with multiple dark
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ion species is time-of-flight mass spectrometry, but it is
inherently destructive and requires a purpose-built trap and
custom electronics [20-22]. In the regime of small ion
crystals with a few dark ions, multiple techniques have
been developed that rely on measuring a trap secular
frequency, including secular motion excitation by applied
electric fields (tickle scans) [23-25], optical sideband
spectroscopy [26], and ion crystal phase transitions [27].
Optical sideband spectroscopy requires a narrow linewidth
laser and is also slow (~1 minute). Measuring phase
transitions has limited performance due to the large mass
uncertainties (~5 daltons [27]). A tickle scan typically
requires a > 1 minute measurement where an electrical
drive is scanned over the secular frequency, which results in
a broad resonance peak due to the damping from the laser
cooling that is required by the technique. The applied
electric field can also destructively drive ions out of the
trap. Despite these drawbacks and the need for additional
electrical connections (which are a noise conduit), for small
crystals the tickle scan has been the most widely used
technique. A variation of the tickle scan method modulates
the cooling light intensity instead of modulating an
electrical drive [28]. This removes some drawbacks but
with an increase in technical overhead. In order for any of
these techniques to achieve reasonable measurement times
(~1 minute), a priori knowledge of the trapped dark ions is
required to reduce the secular frequency scan range. In
comparison to these small ion crystal mass spectrometry
techniques, the reported OMS technique is faster, does not
require knowledge of the dark ion’s mass, is less invasive,
and is a simple extension to Doppler cooling.

Secular motion amplification by coherent population
trapping.—We use CPT in Ra™ to amplify the ion crystal’s
motion. For Doppler cooling, the cooling laser at 468 nm is
red-detuned, Agp <0, from the §;,, — P/, transition,
and a repump laser at 1079 nm is blue-detuned,
App > 0, from the D3/, — P, transition that brings the
population back into the cooling cycle [18] (see Fig. 1). The
high scattering rate of laser cooling can be significantly
reduced by the CPT that occurs when Agp = App [29]. For
CPT motional amplification, the condition is less stringent
as setting Agp < App < 0 (see Fig. 1) heats the ion crystal
because the 468 nm spectrum has a local slope that is
negative due to the excitation suppression from CPT at
Agp = App. However, the heating is bounded by the
468 nm global spectrum, which has a positive slope for
Agp < 0 that cools the heated ion’s motion once it reaches a
sufficient amplitude where the global cooling spectrum is
Doppler shifted into resonance. The trapped ions then
maintain an amplified equilibrium orbit when the optically
induced “local heating” and “global cooling” effects
balance [30,37].

For OMS identification of RaOH™ and RaOCH;™", we
apply a 2.5 gauss magnetic field along the trap axial
direction. The k vectors of both lasers are at 45° with
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FIG. 1. (a)Ra" energy levels and transitions used in this work.

Agp (App) is the detuning, and Qgp (Qpp) is the Rabi frequency of
the 468 (1079) nm light. (b) The S, to P;/, spectrum with Agp
and App set to amplify ion motion. The local slope at Agp (red
dashed line) is negative, while the global slope (blue dashed line)
is positive. (c) OMS geometry with two Rat and one RaOCH;
shown between two radial trap electrodes, as well as the relative
orientation of the cooling and repump light and the magnetic
field.

respect to all trap axes and are linearly polarized
perpendicular to the magnetic field direction (see Fig. 1).
Each laser’s frequency and amplitude is controlled with an
acousto-optical modulator. The multipeak spectrum of the
cooling laser (see Fig. 2) enables “local heating, global
cooling” that amplifies the ion motion up to a fixed value.
The 1079 nm light, with a k vector perpendicular to the
468 nm light [see Fig. 1(c)], breaks the degeneracy between
the axial and radial directions so that the CPT only
amplifies motion along the axial direction (see [30]).
To switch from CPT amplification to Doppler cooling,
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FIG.2. P, state population as a function of 468 nm detuning.
A fit of the spectrum to a numerical solution of the A-level system
that accounts for all Zeeman levels [38,39] gives App/27 =
—10 MHz, Qgp/27 =19 MHz, and Qpp/27 = 13 MHz. The
blue line at Agp/27=—-22MHz is the detuning of the 468 nm
light used for CPT amplification. The P, /, state population is not
suppressed to zero at Agp = App due to the finite linewidths of
both the 468 and 1079 nm lasers (~3 MHz).
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FIG. 3. Fourier transformed PMT counts for Coulomb crystals

where two Ra™ surround a third ion, labeled in the legend, in a
linear chain. The Fourier amplitudes are normalized by their
backgrounds for clarity. The dashed vertical lines show the
calculated center ion masses. The peak amplitudes vary due to
drift in the power and frequency of the 468 and 1079 nm lasers
over the span of several days during which the measurements
were taken.

we detune App positive so the CPT excitation suppression
is far from Agp.

OMS of radium-based molecular ions.—We trap >*Ra™*
ions in a linear Paul trap with a radio frequency (rf) drive of
Q/2m = 1 MHz, radial electrode to trap center distance
ro = 3.0 mm, and axial electrode to trap center distance
7o = 7.5 mm (for details, see [40]). For a single Ra™, the
axial secular frequency is w,/2z = 27.8 kHz. The 468 nm
fluorescent photons are collected and sent to a camera and a
photomultiplier tube (PMT), and the counts are time-tagged
using a field-programmable gate array [41].

We laser cool three Ra*™ ions and apply CPT amplifi-
cation to increase the secular motion amplitude on the axial
center-of-mass (COM) mode to 22(3) yum. A Fourier
transform of the PMT counts while the ion motion is
CPT amplified gives the OMS signal. The signal is
calibrated by using known (fluorescing) ions. In this case,
three Ra™ ions are used for calibration (see Fig. 3). Next,
either methanol vapor or the deuterated equivalent is
introduced to react with the laser-cooled Ra™. A chemical
reaction produces a dark ion defect in the crystal and drops
the PMT counts by roughly 1/3. If the dark ion is not in the
middle of the crystal, we reorder the ions to meet this
condition by blue-detuning the 468 nm light, Agp > 0, for
~1 s, which heats the trapped ions. We apply OMS to find
the secular frequency and with the calibration measurement
we can calculate the center ion’s mass [30] (see Fig. 3).
Each trace is an average of ten 1/3 s long measurements.
The second harmonics of the secular frequencies are used
because in our experimental setup they are the strongest
Fourier components.

The difference in the mass spectrum of molecules when
the trapped ions are exposed to methanol versus deuterated
methanol confirms that we are producing the molecular

TABLE 1. Statistical results (Stat.) and systematic shifts and
uncertainties (Syst.) of the radium-based molecular ion masses
measured by OMS in daltons. The final molecular ion masses are
calculated from a linear sum of the shifts, and the final
uncertainties are given by summing the uncertainties in quad-
rature. See [30] for details on the systematics. For comparison the
calculated molecular ion masses (Calc.) are given [46].

RaOH* RaOD*  RaOCH;*  RaOCD;*
Stat.  243.19(7)  243.79(7)  256.72(8)  259.85(8)
Syst.  0.01(11) 0.21(11) 0.34(11) 0.22(11)
Final  243.20(14) 244.01(14) 257.06(14)  260.07(14)
Calc. 243.03 244.03 257.04 260.06

ions identified by mass. When methanol is introduced, only
RaOCH; ™" [42-44] and RaOH™ [45] are created, while
RaOCD; " and RaOD™ are only formed with deuterated
methanol. The differences between the measured and
calculated second harmonics of the secular frequencies
are all within 13 Hz, corresponding to a fractional mass
difference of m/Am ~800 in a 3 s measurement. We
observe that with a methanol (deuterated) background
pressure of ~5x 1071 torr, RaOH* (RaOD™) is not
chemically stable and typically reacts in a few minutes
to form RaOCH;* (RaOCD;™), which is easily detected
because the OMS technique is fast, precise, and broadband.

The OMS statistical uncertainty of 3 Hz was set by the
Fourier transform resolution, which in turn comes from a
1/3 s data acquisition memory limit. The line center is
found with a Lorentzian fit, which has an uncertainty
(< 0.1 Hz) that is much less than the Fourier frequency
resolution. We also consider systematic effects, including
trap potential drift, secular motion amplitude shifts, and
micromotion shifts [30]. Both the statistical and systematic
effects contribute to the ion mass uncertainty or shift by
much less than 1 dalton, as summarized in Table I.

OMS in a high frequency ion trap.—In a separate
experimental apparatus, we confirm the OMS technique
with strontium isotopes 88, 86, and 84, which we also
identify with fluorescence. We demonstrate that the stat-
istical mass sensitivity can be enhanced with a higher
frequency ion trap (rp =0.6 mm, z5= 2.5 mm,
Q/2x =22 MHz). The axial secular frequency for a
single 88Sr+ is w, /27 = 91.7 kHz. We trap two-ion crystals
with one 8Srt and one 88-87:80:84Sr+ and measure the axial
COM secular frequencies of the crystal by OMS with CPT
amplification applied to the 38Sr*. #’Sr* is identified only
with OMS.

The Fourier spectra of second harmonics of the axial
COM secular frequency are shown in Fig. 4. The mass
labels are calibrated using two 38Sr* ions [30]. Each trace is
an average of ten 0.5 s measurements. The corresponding
statistical mass resolution is m/Amg, ~ 20000. The sub 1
dalton discrepancies between measured and calculated
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FIG. 4. Fourier spectra of the fluorescent light from %851,
which is in a crystal with a second 38Sr*, 87Srt, 3651+, or 84Sr*
ion. The calculated dark ion masses for the above crystals are
shown as dashed vertical lines in the plot [30].

masses are primarily due to temporal drift of the trap
potential.

Conclusion—We have produced 2*RaOH* and
226RaOCH;* molecules in this work. Their isotopologues
22RaOH* and 2*»RaOCH;* are proposed for nuclear
Schiff moment measurements [9,10] and can be produced
with trapped *Ra™ and methanol. The production, sym-
pathetic cooling, and fast nondestructive identification
of these radioactive polyatomic molecular ions enables
studying their internal structure with techniques such
as photodissociation spectroscopy [47] or quantum logic
spectroscopy [48,49].

The short measurement time and sub-dalton mass
resolution could enable detection of short-lived molecular
ions, as demonstrated in this Letter using RaOH" and
RaOD™", which are metastable when in the presence of a
methanol background. We note that the measurement time
can be further reduced to 0.1 s or less with an iris to
selectively collect ion fluorescence on one end of the
amplified ion motion. With such a short measurement time,
it is possible to apply this technique to study the dissoci-
ation channels of radium-based molecular ions. For exam-
ple, Ra* in the D5, state (lifetime 0.3 s [50]) is optically
indistinguishable from a radium-based molecular ion, as
neither of them fluoresce during Ra™ Doppler cooling, but
can be distinguished with mass spectrometry. This provides
a new tool to study the electronic states of chemical
reaction products. The simultaneous determination of
product and reactant states can be achieved by combining
this method with optical pumping, which will help inves-
tigate full reaction pathways with single particles [4,51].
The technique may also be used to rapidly characterize the
motional frequencies of an ion trap. For example, it could
be incorporated into a feedback loop for the long-term
stabilization of trap motional frequencies [52].
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