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225Ra+ ions (nuclear spin I = 1/2) have transitions that are first-order insensitive to magnetic field noise,
which is advantageous for optical clocks and quantum information science. We report on laser cooling and trap-
ping of 225Ra+ ions and hyperfine splitting measurements of the ion’s 7s 2S1/2, 7p 2P1/2, and 6d 2D3/2 states. We
measured the ground-state hyperfine constant, A(S1/2) = −27.684 511 052(5) GHz, and the quadratic Zeeman
coefficient, C2 = 142.3(1.0) Hz G−2, of the 2S1/2(F = 0, mF = 0) ↔ 2S1/2(F = 1, mF = 0) transition. Our
result addresses a discrepancy in the literature for the ground-state hyperfine splitting. We measured the hyperfine
constants of the 2P1/2 state, A(P1/2) = −5.447(4) GHz, and the 2D3/2 state, A(D3/2) = −619.7(1.1) MHz. We
also performed state preparation and measurement using the ground-state hyperfine levels and realized a fidelity
of 0.9951(9).

DOI: 10.1103/krnz-tfh1

Atoms with magnetic field-insensitive transitions are ap-
pealing for quantum information science (QIS) [1] and
precision measurements [2,3]. For alkalilike ions with a single
unpaired electron and half-integer nuclear spin, there is a
ground-state qubit composed of two spin projection mF = 0
states separated by the hyperfine splitting. These states are
first-order insensitive to magnetic field noise and are well
suited to laser-driven gates [4,5]. For laser-coolable ions with
nuclear spin I = 1/2, the qubit is straightforward to initialize
and control optically or with microwaves. Such a hyperfine
qubit is a feature of 171Yb+ [6,7] and 133Ba+ [8]. These qubit
features also benefit optical clocks [9,10]. The 225Ra+ ion
(I = 1/2) is a good clock candidate [11], due in part to its
low charge-to-mass ratio and optical transitions at convenient
wavelengths [12,13]. The ion’s large hyperfine splittings make
it possible to operate an optical clock with only two infrared
wavelengths (828 nm and 1079 nm) [14], which could be
generated and controlled with integrated photonics to help
enable a compact transportable system.

In this Letter, we report spectroscopy results with single
trapped and laser-cooled 225Ra+ ions. We improve the preci-
sion of 2S1/2 and 2P1/2 hyperfine splittings and realize the first
2D3/2 hyperfine splitting measurement. We also characterized
state preparation and measurement (SPAM) of the hyper-
fine qubit using the S1/2 ↔ P1/2 and D3/2 ↔ P1/2 transitions,
demonstrating straightforward, high fidelity control.

Radium is famous for its radioactivity and 225Ra is no
exception, with only a 15 d half-life. Despite this apparent
obstacle, we have worked with laser-cooled 225Ra+ ions in a
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sealed vacuum system since June 6th, 2023. The key to seam-
less operation is the oven design based on Fan et al. [15]. We
applied the same technique to thorium-229 (7800-yr half-life
[16]), which continuously produces radium via nuclear decay.
The 225Ra source is a molecular beam epitaxy oven with
8µCI of 229Th deposited in a titanium crucible [15], which
generates 3 × 1011 atoms over one 225Ra half-life. The oven is
heated to between 350 and 500 ◦C to effuse radium atoms, see
Fig. 1(b). Radium ions are loaded into the trap with two-stage
photoionization: neutral radium is driven to the 1P1 state with
near-resonant 483-nm light and then ionized with 450-nm
light. Radium ions are consistently trapped within 15 min of
the oven reaching the target temperature. This long-term 225Ra
source opens the door to working with 225Ra+ ions with high
duty cycles in sealed systems.

To laser cool 225Ra+, we drive optical transitions from
hyperfine levels of the 2S1/2 and 2D3/2 states to the 2P1/2

state, see Fig. 1(a). The ions are held in a linear Paul trap
with characteristic radial and axial dimensions r0 = 0.6 mm
and z0 = 2.5 mm [17]. The radial electrodes are driven at
8.205 MHz, and dc offsets up to +200 mV and −200 mV
are applied to opposite electrode pairs to break the degen-
eracy between radial motional modes. We can trap chains
of ions, see Fig. 1(b), though measurements were performed
with single ions. Four lasers address all hyperfine levels in
the 2S1/2 ground and 2D3/2 metastable states, see Fig. 1(a).
The frequency and power of each laser is independently con-
trolled with acousto-optic modulators set up in double-pass
configurations. Decays from the 2P1/2 state populate both the
ground state and the metastable 2D3/2 state (642(9) ms life-
time [18]). The 2D3/2 state hyperfine levels are repumped with
1079-nm light, which returns the ion to the ground state
via the D3/2 ↔ P1/2 transition. Both 468-nm lasers and one
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FIG. 1. (a) Energy-level diagram of the low-lying 225Ra+ hy-
perfine structure and 2S1/2 Zeeman sublevels, showing laser and
microwave-driven (MW) transitions. State detection lasers drive tran-
sitions between the bright states (blue) and are off-resonant from
the dark states (black). (b) Experimental apparatus. An oven emits
radium atoms (pink arrow) that are photoionized by (PI) light at
483 nm and 450 nm. Trapped ions, such as the three shown, are
detected and laser-cooled with light at 468 nm. Our objective intro-
duces aberrations to the image but does not affect our measurements.
Permanent magnets define the quantization axis ( �B), and hyperfine
transitions are driven by a microwave horn.

repump laser are stabilized to an optical cavity with a finesse
of ≈1000 and a laser linewidth below 2 MHz. The second re-
pump laser is offset locked [19] to its counterpart. We use the
first-order sidebands of fiber electro-optic modulators (EOMs)
to scan the 468-nm and 1079-nm light across the hyperfine
levels and also use the 468-nm EOM for state preparation,
following Olmschenk et al. [7].

Microwave spectroscopy of the 2S1/2 state is performed
with a horn positioned 10 cm from the trap center, see
Fig. 1(b). The microwaves are generated by mixing a fixed
tone at 27.3 GHz with a tunable rf source from a direct digital
synthesizer that is frequency doubled to 385 MHz.

Each hyperfine splitting measurement consists of Doppler
cooling, state preparation, driving the spectroscopy transition,
and state detection. For 2S1/2(F = 0) state preparation, we
drive the S1/2(F = 1) ↔ P1/2(F = 1) transition for 100 µs
while repumping both D3/2 hyperfine levels. During state de-
tection, the S1/2(F = 1) ↔ P1/2(F = 0) transition is driven.
To prevent leakage to the 2D3/2 (F = 1) state, we repump the
population using the D3/2(F = 1) ↔ P1/2(F = 0) transition.
The 2S1/2 (F = 1) and 2D3/2(F = 1) states are referred to as
bright states, shaded blue in Fig. 1(a). Otherwise the ion is

in one of the dark states, 2S1/2(F = 0) or 2D3/2(F = 2), and
light is not scattered as the dark states are far off resonance
from the state detection lasers. Scattered 468-nm photons are
focused onto a photomultiplier tube (PMT) and camera by an
objective.

We characterize the hyperfine qubit by measuring the
SPAM fidelity. After preparing the dark ground state, we
transfer the population to the 2S1/2(F = 1, mF = 0) bright
state with a 235 − µs resonant microwave pulse and perform
state detection. This is compared to state detection after only
2S1/2(F = 0) dark-state preparation (no microwave pulse).
From the SPAM measurement we find a 2.5 photon threshold
to discriminate between bright events (11.6 photons on aver-
age) and dark events (0.04 photons on average) in a 1.7-ms
detection time, see Fig. 2(a). The threshold minimizes the
average false detection fraction, given by 1/2(ε0 + ε1) [20],
where ε0 (ε1) is the fraction of dark (bright) events falsely
identified as bright (dark) events and is related to the fidelity
by F = 1 − 1/2(ε0 + ε1). We determine the fidelity from an
average of 13 measurements, with a single representative mea-
surement shown in Fig. 2(a). The measured average SPAM
fidelity is F = 0.9951(9), with false identification fractions
of ε0 = 0.0035(8) and ε1 = 0.007(2). The result is limited by
off-resonant scattering, PMT dark counts, and the measured
(with statistical uncertainty) 0.2241(11)% photon detection
efficiency [21]. The photon detection efficiency was measured
by preparing the ion into the 2D3/2(F = 1) state and measur-
ing the 468-nm photons while repumping with 1079-nm light,
following Ramm et al. [21]. Our 225Ra+ hyperfine SPAM
result compares favorably to recent results in similar systems
[20,22]. The fidelity can be improved with a larger numerical
aperture collection objective [22] or by shelving population in
the 2D5/2 state with 728-nm laser light.

The S1/2(F = 1, mF = 0) ↔ S1/2(F = 0, mF = 0) hyper-
fine transition is sensitive to the second-order Zeeman shift
�νQZ = C2B2, where C2 is the quadratic Zeeman shift co-
efficient and B is the magnitude of the magnetic field at the
ion. We measured �νQZ for different magnetic field strengths
that were varied by moving a permanent magnet. The mag-
net field is approximately perpendicular to the trap axis, see
Fig. 1. The field direction varies slightly when changing the
magnet position and affects the relative coupling strength of
the microwave π and σ± transitions. However, the line centers
of the transitions are unaffected by these fluctuations and the
linewidths are Fourier limited. We did not use shielding so
the ambient B-field drifts over the course of a measurement.
The maximum observed drift rate is 9 µG min−1 and does not
significantly affect our results. From fitting these measure-
ments we extract the quadratic Zeeman shift coefficient, C2 =
142.3(1.0) Hz G−2, see Fig. 2(b). Our result is consistent with
the calculated value of 141 Hz G−2 [23].

We perform interleaved Ramsey and Rabi spectroscopy
sequences to measure the ground-state hyperfine splitting.
First, we prepare the 2S1/2(F = 0, mF = 0) state. Then we
scan either two 1.8-ms π/2 microwave pulses separated
by 10 ms or a single 10-ms microwave pulse across the
S1/2(F = 0, mF = 0) ↔ S1/2(F = 1, mF = 0) π transition.
After the Ramsey or Rabi measurement, we perform state
detection. To obtain the unperturbed π transition frequency,
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FIG. 2. (a) State preparation and measurement results for the ground-state hyperfine transition. We measure an average of 0.04 photons
in the dark state and 11.6 photons in the bright state. (b) The quadratic Zeeman shift for a range of magnetic field strengths, with studentized
residuals (SR) from the quadratic fit used to extract C2, in the bottom panel. We determine the magnetic field magnitude at the ion by driving σ+

(orange) and σ− (red) transitions from the mF = ±1 Zeeman levels, shown for the 1.5-G data point. (c) Spectroscopy of the S1/2(F = 1, mF =
0) ↔ S1/2(F = 0, mF = 0) transition, offset by νoffset = 276 845 117 30 Hz. A π/2 pulse time is determined from a Rabi flop, an example of
which is shown (pink inset).

�νQZ [B = 2.183(3) G] is subtracted from the scanned fre-
quency. We average 111 Ramsey and 10 interleaved Rabi
measurements to determine the hyperfine splitting frequency,
with a single representative Ramsey measurement shown in
Fig. 2(c). This results in the ground-state hyperfine constant
A(S1/2) = −27.684 511 052(5) GHz. The statistical uncer-
tainty is 0.6 Hz, which is negligible compared to the 5-Hz total
systematic uncertainty.

The dominant source of uncertainty of the 2S1/2 hyperfine
splitting comes from the second-order Zeeman shift, which
shifts the frequency of the measured transition by �νQZ(B).
We measure B from the Zeeman splitting of the (F = 0, mF =
0) ↔ (F = 1, mF = ±1), σ± transitions, see Fig. 2(b) inset.
The average frequency of the σ± transitions is subtracted
from the π transition frequency to determine �νQZ(B). The
uncertainties for the quadratic Zeeman shift data points are
derived from fits to the transitions and contribute almost
the entirety of the 5 Hz to the measured ground-state hyperfine
splitting.

The second-largest contribution to the systematic uncer-
tainty is due to the ac magnetic field Bac generated by
imbalanced rf currents in the trap electrodes. We measured the
π transition frequency for different trap rf powers to character-
ize this effect. We found that the shift is consistent with zero,
with Bac � 60 mG, corresponding to a 0.5-Hz uncertainty.

The third largest contribution to the systematic uncertainty
is inaccuracy of the rf source, which is locked to a GPS-
disciplined reference (SRS FS740). We assign an uncertainty
of 0.3 Hz to this systematic, derived from the reference 1 ×
10−11 short-term stability.

We tested for ac Stark shifts from probe laser light leakage
but did not observe any frequency shifts due to this effect.
We also are not sensitive to shifts due to blackbody radiation,
which we estimate to be below 10 µHz.

The 2S1/2 and 2P1/2 hyperfine splittings of 225Ra+ were
first measured by laser spectroscopy of a hot atomic beam by
Ahmad et al. [24]. The ground-state hyperfine splitting was
remeasured by Neu et al. [25] and resulted in a 47(26) MHz
(3.6σ ) discrepancy with the original measurement. Of the
two previous A(S1/2) hyperfine constant measurements, our

result is in agreement with the first measurement [24], see
Fig. 3.

We measured the hyperfine splittings of the 2D3/2 and
2P1/2 excited states with laser spectroscopy. For both
excited states we scan over a transition with the first-order
sideband of a fiber EOM. The 468-nm EOM sideband
drives the S1/2(F = 1) ↔ P1/2(F = 1) transition, and the
1079-nm EOM sideband drives the D3/2(F = 1) ↔
P1/2(F = 1) transition. We reference the laser carrier
frequency by performing spectroscopy on the D3/2(F = 2) ↔
P1/2(F = 1) and the S1/2(F = 1) ↔ P1/2(F = 0) transitions
for the 2D3/2 and 2P1/2 hyperfine splitting measurements,
respectively.

To measure the hyperfine splitting of the 2D3/2 state, we
prepare the population in the 2D3/2(F = 1) hyperfine level,
scan the 1079-nm EOM sideband frequency, and perform
state detection. The dark-state population is maximized when
the EOM sideband frequency is resonant with the 2D3/2

hyperfine splitting, see Fig. 4. The hyperfine splitting is
then determined from the difference of the D3/2(F = 2) ↔
P1/2(F = 1) and D3/2(F = 1) ↔ P1/2(F = 1) transition fre-
quencies. The measured hyperfine splitting is 1.239(2) GHz,
which corresponds to a hyperfine constant of A(D3/2) =
−619.7(1.1) MHz. The statistical and systematic uncertain-
ties are 100 kHz and 1.1 MHz.

To measure the 2P1/2 hyperfine splitting, we prepare the
2S1/2(F = 1) bright state, scan the 468-nm EOM sideband
frequency, and perform state detection. The hyperfine splitting
is determined from the frequency difference of the S1/2(F =
1) ↔ P1/2(F = 0) and S1/2(F = 1) ↔ P1/2(F = 1) transi-
tions. The measured hyperfine splitting constant is A(P1/2) =
−5.447(4) GHz. The uncertainty is dominated by the 4.0-
MHz systematic uncertainty, primarily due to drift in the
cavity that stabilizes the 468-nm laser. The statistical uncer-
tainty is 120 kHz. Our result is consistent with the previous
measurement [24] and improves the precision by a factor
of 1.9.

The 2P1/2 and 2D3/2 hyperfine splitting measurements
share the same sources of systematic uncertainty. The leading
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10 Hz

FIG. 3. A comparison of our result (purple) with previous mea-
surements [24,25] (blue) of the A(S1/2) hyperfine constant. The
plotted values are offset by Aoffset = −27.704 GHz.

source of uncertainty for both the 2P1/2 and 2D3/2 hyperfine
measurements is drift of our laser stabilization cavities, which
results in laser frequency drifts during measurements. We
characterize the drift and assign uncertainties of 3.2 MHz to
the 2P1/2 and 0.7 MHz to the 2D3/2 measurements.

The combination of Zeeman splitting with imperfect linear
laser polarization or with an unequal population distribution
in the Zeeman sublevels used for state preparation results in a
systematic shift of the 2P1/2 and 2D3/2 hyperfine frequencies.
For this shift we assign an uncertainty that corresponds to
the largest Zeeman splitting of each transition, measured at a
magnetic field of 1.1 G. The resulting uncertainty is 1.6 MHz
for the 2P1/2 measurement and 0.8 MHz for the 2D3/2 mea-
surement.

We investigated frequency shifts of the 2P1/2 and 2D3/2

states due to ac Stark effect from the probe lasers by varying
the 468-nm laser power from 5.0 µW to 15.0 µW and varying
the 1079-nm laser power from 1.7 µW to 11.0 µW. We did not
observe ac Stark shifts for either the 2P1/2 or 2D3/2 measure-
ments, which is consistent with our calculated upper bound of
10 kHz.

Hyperfine measurements allow us to indirectly study nu-
clear magnetization, whose contribution to the hyperfine
splitting is known as the Bohr-Weisskopf (BW) effect. Direct
nuclear calculations of the BW effect are challenging, with a
30% uncertainty for the 2S1/2 state of 225Ra+ [26]. But the
effect can also be determined with a combination of atomic
theory and hyperfine measurements [27]. The uncertainty
from atomic theory (0.5% in Skripnikov [28] and 0.8% in
Cserveny and Roberts [29]) is larger than the previous mea-
surement uncertainty [25]. Nevertheless, our measurement
combined with atomic theory shifts the BW value by several
percent and reduces the uncertainty by a few tenths of a
percent. As theory improves, this hyperfine measurement will
be increasingly important for our understanding of nuclear
physics effects. The ground-state hyperfine measurement may
also be used to improve knowledge of the BW effect for
225Ra+ excited states [27].

In summary, we have operated a 225Ra+ ion trap for over
two years in a sealed vacuum system and measured the hy-
perfine splitting of the states used for laser cooling and state

FIG. 4. The 2S1/2(F = 0) and 2D3/2(F = 2) dark-state popula-
tion as the 1079-nm EOM first-order sideband is scanned over the
D3/2(F = 1) ↔ P1/2(F = 1) transition. A Lorentzian fit determines
the 2D3/2 hyperfine splitting.

detection. The demonstrated long-term source of short-lived
radium isotopes enables the development of a 225Ra+ ion
optical clock, whose hyperfine structure is amenable to op-
eration as a two-laser infrared clock [14]. Our SPAM result
using only the three lowest electronic levels, i.e., there is
no additional auxiliary shelving, and the ion’s large hyper-
fine splitting make a case for 225Ra+ as a system for QIS
applications [30].

Tests of time-reversal symmetry with 225Ra benefit from
its nuclear structure, which enhances experimental sensitivity
to the Schiff moment [31–33]. Sensitivity can be further en-
hanced by incorporating 225Ra into a molecule [34], which
can be synthesized with laser-cooled 225Ra+ [17]. The hy-
perfine and optical qubit features of 225Ra+ can be utilized
in molecular spectroscopy techniques such as quantum logic
spectroscopy [35,36]. Finally, 225Ra+ ions are a potential
route to trapped actinium ions, as 225Ra beta-decays to
225Ac+, and therefore 225Ra+ decays could result in trapped
225Ac2+, which supports laser cooling and state detection in
two independent manifolds.
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