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Penning-trap eigenfrequency measurements with optical radiofrequency detectors
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We use an electric-dipole laser-driven transition to precisely measure the cyclotron-frequency ratios of
the pairs ?Ca* —*°Ca*, “Cat —*Ca*, and ®*Ca* —*Ca™ in a 7-tesla Penning trap. A single laser-cooled
(T ~ 1 mK) ion serves, together with photon-counting and photon-imaging units, as a radiofrequency detector
covering a broadband frequency spectrum, in the present case from kHz to a few MHz. Such detectors

(40,42,44,48Ca

*) allow measuring extremely small forces increasing the sensitivity in Penning-trap mass spec-

trometry. The direct determination of the ions’ amplitudes makes a cyclotron-frequency measurement process
more robust against inhomogeneities of the magnetic field and/or deviations of the electric quadrupole field due

to mechanical imperfections of the trap.

DOLI: 10.1103/PhysRevResearch.6.L.012001

Penning traps have a distinct and unique feature such as
the natural presence of a large magnetic field, enabling the
stable detection of extremely weak forces and electric fields
with many trapped ions [1,2]. In addition, the accurate deter-
mination of the cyclotron frequency of a charged (anti)particle
confined in the trap can be utilized to evaluate fundamen-
tal constants [3], to perform fundamental symmetries tests
[4,5], and to search for new Physics [6-9]. Penning-trap
single-particle detectors have been developed on the basis of
electronic detection following the principle of the stored ion
calorimeter [10]. The cyclotron frequency

ey

directly proportional to the particles’ charge-to-mass ratio
(q/m), is determined from the measurements of three charac-
teristic frequencies of the target particle [11]. A measurement
of the magnetic field strength (B) is avoided by measuring
cyclotron-frequency ratios, i.e., alternating the v, measure-
ment of the target ion with the v, measurement of another
charged particle, with well-known g/m [6,12]. In single-ion
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Penning-trap experiments carried out to date, the three char-
acteristic frequencies of the ion are determined by damping
one of the ion’s eigenmotions through a resonant tank cir-
cuit at 4 K [13,14]. Thus, one eigenfrequency is obtained
directly by Fourier transformation of the induced-current sig-
nal, and the remaining ones are obtained in the same way
after applying motional conversion [6,15]. In this Letter, we
report on direct measurements of the three characteristic fre-
quencies of a single laser-cooled calcium ion in a 7-tesla
Penning trap, utilizing the ion as a radiofrequency (rf) fluores-
cence detector [16—18] covering the range from kHz to MHz.
We present the cyclotron-frequency ratios of “*Ca* —*°Ca™,
#Cat —Cat, and BCat —*Cat from the observation of
the fluorescence photons of the s, o) —2p, /2 electric-dipole
transition in calcium after applying external rf fields. Precise
cyclotron-frequency ratios of even calcium isotopes have been
used, combined with the mass value of “°Ca [19] and spec-
troscopy data [20-22], to probe fundamental symmetries, and
there is still room for improving the precision.

For a Doppler-cooled ion, a decrease in its temperature
from 4 K (electronic detection) to 1 mK (optical detection)
directly translates into a reduction of the ion’s oscillation
amplitude. It is thus sensitive to extremely small forces, and
the measurement will be less affected by magnetic field in-
homogeneities, imperfections of the electric field, relativistic
effects, and induced charges on the trap electrodes. Fur-
thermore, the ion is (optically) observed before and after
the external field is applied. This ion-based detector can
be utilized in accurate mass spectrometry on any atomic or
molecular ion, which cannot be directly laser cooled, when

Published by the American Physical Society


https://orcid.org/0000-0001-6816-0498
https://orcid.org/0000-0002-9257-1112
https://orcid.org/0000-0001-9140-7858
https://orcid.org/0000-0001-9282-8347
https://orcid.org/0000-0002-2989-7566
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.L012001&domain=pdf&date_stamp=2024-01-03
https://doi.org/10.1103/PhysRevResearch.6.L012001
https://creativecommons.org/licenses/by/4.0/

J. BERROCAL et al.

PHYSICAL REVIEW RESEARCH 6, L012001 (2024)

------------------------------------- PMT _
H‘ \7 ” : &~ (b) Psp— —
‘ | N —
u L ﬂ 5 EMCCD
X2 E E _ DS/Z
397 nm ' =
866 nm & 854 nm |
x4 x4 . — )
X2 : : = Y3n2
397 nm : %’W\M
H P—
: = Zeeman splitting
|n-vacuum i 1%t order 2" order

75 ms; 25 ms

tEMCCD

star‘( CCdI stop CCd )) =

i 1
® ;i =200ms = Av, =44 Hz

= Av,=17Hz

Av, =0.91 Hz

FIG. 1. (a) Sketch showing a longitudinal cut of the open-ring Penning trap [28,29], the dipolar electric field (in the radial direction), and the
optical system (not to scale) for photon detection. (b) Level scheme of calcium ions in a strong magnetic field including first- and second-order
Zeeman splittings, indicating all the transitions to be driven to perform Doppler cooling. (c) Sequence of EMCCD images of a calcium ion on
applying Doppler cooling after probing the modified-cyclotron motion with an external field oscillating at vgi, = v4. (d) Standard deviation
of the Lorentzian fit to the projections along the r direction of EMCCD images [e.g., (c)-ccd0] vs frequency of the external field for three
different excitation times. Av corresponds to the FWHM of the fitted Rabi sinc function. (¢) Number of photons registered by the PMT for
three different values of vgi,; when the oscillating electric field is not resonant with the axial motion (dotted red), when vy, = v, (solid black),
and when vy, = v, + Av./2 (solid gray). Inset: the number of photons collected within the time window delimited by the dashed lines vs

frequency of the external field around v,.

the target and calcium ion are confined in the same potential
well of the Penning trap, forming an unbalanced two-ion
Coulomb crystal [23,24]. Such a configuration can be used
for identification of exotic single particles, such as super-
heavy ions, complementing the measurements carried out to
date and permitting the extension of the survey in this mass
region [25-27]. Motional frequency metrology on any ion
species will also be practicable provided the Coulomb crystal
is cooled to the ground state of motion [24].

In the Penning trap, the motion of an ion with a given
g/m in the homogeneous magnetic field (~0.1 ppm within
1 cm?) and under an ideally perfect quadrupolar electrostatic
field is depicted as the superposition of three eigenmotions,
i.e., one in the axial (z) direction and two in the radial (x — y)
plane (represented by the subscripts + and — ), with ideal
characteristic frequencies [11],

1 qU Ve
v, = Vi = —
T2\ md2 T2

where U is the trap depth of the electrostatic potential well,
and dy a geometrical characteristic length of the trap. In the
ideal trap [Eq. (2)], deviations in the eigenfrequencies arise
from inhomogeneities and fluctuations of U and B, linked to

the geometry of the trap and the stability of the DC power
supplies, and of the superconducting solenoid, respectively.

We determine v, in this Letter from a direct measurement
of the three eigenfrequencies via [11]

ch = vi+v§+vi. 3)

All three eigenmotions can be probed individually with a
dipolar electric field applied for a time 1§, (=%, 7), with
Vgip SWept across an ion’s eigenfrequency, analogously to a
forced harmonic oscillator. Our trap follows a vy > v, > v_
configuration (vy =2.686 MHz, v, = 142 kHz, and v_ =
3.8 kHz for 4()Ca*'), which mitigates electric-field-related un-
certainties.

The experiments reported here have been carried out using
a single laser-cooled ion from different calcium isotopes
(A =40,42,44,48) in an open-ring 7-tesla Penning trap,
shown schematically in Fig. 1(a) [28]. The isotope of
interest was produced by photoionization in a Paul trap
using two diode lasers at 423 nm (tunable) and 375 nm
(free running), by tuning the frequency of the laser driving
the 'Sy —!P, transition to that of the target isotope. The
ejection from the Paul trap, transport downstream the
beam line, and capture into the Penning trap was as
described (for “°Ca™) in Ref. [29]. The voltages applied
to the trap electrodes were modified after the capture to
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shape the trap potential with the ring electrode set to 0 V.
Due to the magnetic field strength of 7 T, 10 lasers with
frequencies, tuned for each particular calcium isotope, are
needed for Doppler cooling to drive the transitions shown
in Flg l(b) [28,30] 2 x 397 nm for the 2S1/2':|:1/2 —
2p, s2,+41/2 transitions (cooling), 4 x 866 nm for the
D32 +1/2,43)2 —2p, /2.41/2 transitions (repumping),
and 4 x 854 nm for the 2D5/2,:t1/2,:|:3/2 _>2P3/2,:|:1/2:i:3/2
transitions (repumping). The frequencies are distributed
through 12 laser beams, with two of them in the radial
plane [Fig. 1(a)]. The waists of the 397-nm laser beams
are 220-320 um and 500 um for the radial and axial
directions, respectively [29]. In order to speed up the cooling
process, the 397-nm lasers are initially red detuned by a
few GHz and scanned towards ~10 MHz below resonance,
yielding a cooling time of about 30 s. During laser cooling,
an axialization drive was applied to efficiently cool the
magnetron motion [31]. The detection of fluorescence
photons from the Zp, /2.41/2 —25, /2,41/2 transitions (397 nm)
was carried out using two devices simultaneously: an
electron-multiplying charge-coupled device (EMCCD) and a
photo-multiplier tube (PMT), both at the focal plane of the
~2-m length optical system, at equal distance from a 50:50
beam splitter (BS) [Fig. 1(a)].

While probing any motion (applying the external dipolar
field), two laser beams [dashed lines in Fig. 1(b)] are blocked
by means of an acoustic-optical modulator (stop cooling),
in order to reduce the linewidth and enhance the sensitivity.
Axialization is also turned off. In this process, the ion’s energy
increases until the dipolar electric field is stopped. Then the
laser beams interact again with the ion and axialization is
turned on, increasing the number of scattered photons until the
ion reaches the Doppler limit. The simultaneous cooling of the
radial modes implies a cooling rate for this plane that is lower
than for the axial direction [29]. The ion’s radial amplitude
decays exponentially with a time constant of 80(23) ms, which
allows direct observation of the excitation using the EMCCD.
Figure 1(c) shows a series of images collected within a few-
hundred milliseconds after probing the modified-cyclotron
motion with t&i*p = 1 s, from which the initial amplitude (o)
can be extracted. For a similar measurement of the magnetron
motion, td’ip = 100 ms. The resonance curve after excitation of
a radial eigenmotion is built by representing the width of the
Lorentzian fitting function to the projection of the photons’
distribution along the radial direction as a function of vgip.
Figure 1(d) shows three resonance curves with different tgp,

scaling the amplitude of the field V! . The axial eigenmotion
had to be excited to amplitudes that are a factor of 3—4 times
larger to be sensitive with the PMT [Fig. 1(e)]. Due to the
faster cooling, the excitation is not visible with the EMCCD.
For the measurement in Fig. 1(e), tjip = 100 ms. The reso-
nance curve after excitation is constructed from the number
of detected photons [inset of Fig. 1(e)]. The amplitude of the
axial motion is estimated as

0, = E; v 0 deip t(ﬁp +p deip thp 4)
= ——\|P+or - ;
Ey v, Viip 2tip Vaip 2Ldip

where v = v, —v_, and E is the amplitude of the electric
field in the center of the trap (from SIMION simulations) [32].
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FIG. 2. Four-day measurement of the cyclotron frequencies of
“Ca* and **Ca*' including the visualization of the ion motion.
Top: Deviation of the center of the ion’s photon distribution during
the measurements of the radial motions. Middle: Amplitude of the
modified-cyclotron (¥ = +), magnetron (# = —) and axial (u = z)
motions during the measurements. Bottom: Comparison between
cyclotron-frequency ratios R = v.(**Ca™)/v.(**Cat) measured in
this work (red empty circles) with the values from the literature [33].
The light-red area (zoomed in the inset) represents the weighted
mean value from this work.

We have sequentially measured the cyclotron frequency of
a calcium isotope (A = 42,44, 48) and that of “°Ca™. The
frequencies of the lasers in Fig. 1(b) were accordingly tuned
for each isotope, ranging from a few-hundred MHz to a few
GHz. Each measurement of the cyclotron-frequency ratio with
this procedure needs about 1 hour, which comprises about 15
minutes per ion and 15 minutes for laser regulation. For a
particular isotope, a cyclotron-frequency measurement com-
prises the measurement of v, v,, and v_ [Eq. (3)], where the
total number of scans was set to about 10/10/5, respectively.
For each measurement, the frequency of the external field,
Vdip, was swept across resonance and EMCCD images and
PMT counts were simultaneously recorded. The time the rf
field was applied (té’ip) and its amplitude (Vd?p) were varied
depending on the eigenmotion’s envisaged precision. Due to
the vacuum conditions and the instabilities of the DC power
supplies in the experiments, tdfp did not exceed 1 s; in most
cases, t(;i“p = 500 ms. tjip was typically 100 ms.

Figure 2 shows the cyclotron-frequency ratio
RO =y (PCat)/v.(**CaT) from 18 data points
taken during four days of measurements. The positions
and amplitudes of the ion are also shown. Our value
R4 =1.0999170772(89) is in agreement and with
the same relative uncertainty as the most accurate value
quoted in the literature, ((SR/R)“O*44 =8.1x 107 [33].
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FIG. 3. Relative cyclotron-frequency shifts from the measure-
ments on “Cat (T) and *°Cat (R) as a function of p; (from
observations) and p, [Eq. (4)], considering first-order deviations
from the ideal quadrupolar field (left) and from an homogeneous
magnetic field (right). The histograms are obtained from the data
shown in Fig. 2. The solid vertical line is the average of these mea-
surements, the dashed line is the value assumed from experiments
at Florida State University [39], and the dash-dotted line is the one
from the ion’s amplitude in experiments with highly charged ions
at the Max-Planck Institute for Nuclear Physics in Heidelberg [40],
scaled to an ion with m/q ~ 40. The short-dotted lines in both panels
(UGR at Doppler limit) indicate our estimated smallest shifts using
our technique with the maximum sensitivity in the Doppler limit.
The vertical solid lines (7j,, = 1 mK) indicate the shifts, providing
pu during the measurement is equal to p, at 1 mK.

These measurements were taken with tcﬂp =500 ms and

tji’p_ =100 ms. The same configuration was utilized
for the measurement of the cyclotron-frequency ratio
of *Cat —*Ca*, yielding R** =1.049948070(11)
and ((SR/R)“O’42 =1.0x 1078, This result arises from
11 data points and is less precise than the one from
the literature, (8R/R)ﬁ?’42 =3.9 x 107°. With the current
performance of our system, one would need about 80 data
points to reach the same level of precision. Our result of
R4 —1,199938029(15) with (SR/R)*** =13 x 1078
(based on 26 data points) is also in agreement with the quoted
value R}"* =1.199938024 55(81), but with much lower

precision than (SR/R);>** = 6.8 x 107'° (see Ref. [33] and
Supplemental Material [34]). *8Cat has been measured with
several Penning traps by means of destructive detection tech-
niques, yielding better precision than in this work [35-37].
Reaching the same uncertainty level using the optical detector
would demand an increase of tdi’Z by a factor of ~35 and,
implicitly, the use of DC power supplies with higher stability.

Our method provides the direct observation of the radial
motions, allowing for a fine tuning of amplitudes of the
target and reference ion to reduce the systematic deviation
due to the mass difference. Figure 3 shows histograms for
Av./v. from the amplitudes of the ions’ eigenmotions (p,
in Fig. 2), in units of c4/c, and b, /by [38]. Our results are
also compared with our calculations from the estimated ion’s

oscillation amplitudes in other experiments [39,40]. Note that
in the case of Ref. [40], the charge state of the ions is +17.
This leads to larger eigenfrequencies and a better value of
Ave/ve ~4 x 1077 in c4/c, units than the one shown in
Fig. 3 (1.1 x 1079), scaled for an ion with m/q ~ 40. Our
uncertainty due to image charges is estimated to be 9 x 107!
in v, and 2 x 107" in R in the worst case. The uncertainty
due to relativistic effects is negligible, with a maximum from
our measurements of 1.2 x 1013 (in v,).

The use of this ion-based detector in Penning-trap mass
spectrometry requires only small ion-motional amplitudes,
and thus very tiny fields for detection. The minimum
amplitude utilized in our experiments to obtain a full res-
onance curve allows us to extract a force sensitivity of
50(14) yN/+/Hz when vg, = vy [Fig. 1(d)], with a signal-
to-noise ratio (SNR) of 6.8(1.3). This value has been
obtained from F, = 2ma)1p+/t;i”p with o = \/w? — @2, us-
ing the measured value of p, within t;irp =1Ss 4+ tgmccp =
75 ms. In the axial direction, F, = 2mw,p;, /tjip, and the sen-

sitivity achieved for a SNR = 3.9(5) is 97(26) yN/+/Hz
(tgip = 100 ms + tpyr = 75 ms). These values can be im-
proved by orders of magnitude if the ion is cooled to the
ground state of motion, overcoming the best value of 5.76(24)
yN/+/Hz at 1.59 MHz using quantum protocols [2], as can be
inferred from measurements of single quantum jumps in the
modified-cyclotron frequency of an electron [41].

Improving the sensitivity in the Doppler limit by a
factor of 4-5 will result in a considerable improvement in
the accuracy, as shown in Fig. 3 (UGR at Doppler limit).
This can be accomplished by reducing the intensities and
waists of the cooling laser beams, once the stability of
the DC power supplies has been improved. A long-term
stability of 4.5 x 107> is obtained from measurements of
the magnetron frequency. The magnetic field, however,
is stable on the level of precision in reach in this Letter
(see Supplemental Material [34]). Measurements with
longer 1, will result in cyclotron frequencies with the
precision envisaged for experiments aiming at determining
the modes’ eigenfrequencies of an unbalanced Coulomb
crystal (*°Ca™ —X"*) at the lowest temperature [24].
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