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Cavity-assisted thermometry for a single trapped ion
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We propose and demonstrate two cavity-assisted thermometry methods that exploit the sensitivity of
cavity radiation to the position of the ion in the cavity mode to achieve highly sensitive temperature
measurements. Our analysis allows us to determine the relative positions of the rf null and the cavity
mode by the change of cavity emission at different positions of the ion in the cavity mode. By analyz-
ing the second-order correlation function of the cavity emission, temperature measurements from near
the motional ground state to over tens of millikelvin can be achieved and motion patterns of different
frequencies can be characterized. We demonstrate our approach by measuring the temperature of a single
138Ba+ ion trapped in a fiber microcavity with a length of 230 µm using both proposed methods, achieving
comparable results.

DOI: 10.1103/vjl6-crbg

I. INTRODUCTION

Optical cavities are efficient quantum interfaces that
enhance the interaction between matter and light [1–3].
Microcavities reduce the mode volume, thereby strength-
ening light-matter coupling strength g and cooperativity
C, which are essential for realizing practical quantum
networks. These microcavities have been integrated into
a variety of quantum systems [4–7]. Trapped ions are
particularly promising as quantum information carriers
due to their long coherence times and high-fidelity gate
operations. They have been coupled to optical cavities,
enabling demonstrations of small-scale quantum networks
[8–11]. Recent progress has also been made in trapped
ion-microcavity systems [12–18]. In these systems, min-
imizing temperature is critical, as thermal motion impacts
coupling strength, gate fidelity, and coherence time. Accu-
rate thermometry plays a crucial role in evaluating cooling
mechanisms, diagnosing heating sources, and optimizing
experimental conditions.

However, the presence of optical microcavities makes
some existing temperature measurement methods ineffective
or more complicated. Existing temperature measurement
methods cover different temperature ranges. For regions

*These authors contributed equally to this work.
†Contact author: jmcui@ustc.edu.cn
‡Contact author: hyf@ustc.edu.cn

near the motional ground state, methods such as the time
evolution of red or blue sideband processes [19], the blue-
to-red sideband ratio method [20–22], and carrier Rabi
spectroscopy have been employed to accurately determine
temperature [20]. The bichromatic driving method [23],
singular value decomposition frequency-domain analysis
[24], and rapid adiabatic passage (RAP) enable researchers
not only to measure ion temperature but also to probe
velocity distributions in the system [25–27]. However,
these methods are generally limited to low temperatures
and require quantum state-detection capabilities. In ion-
microcavity systems, dielectric cavity mirrors can cause
significant heating of the ion [28]. Therefore, the temper-
ature when the ion reaches thermal equilibrium is likely
to exceed the measurement range of these methods. In
temperature regimes exceeding 1 mK, spatial thermom-
etry methods [29–31] provide straightforward means of
temperature measurement. By directly fitting the size of
ion images, temperature can be determined. However,
the accuracy of this method depends on the point spread
function of the imaging system, imposing high require-
ments on the imaging system. When the phonon frequency
reaches the megahertz regime due to a tight trapping poten-
tial, objective-lens systems in typical ion trap setups may
lack the resolution required for effective thermometry.
Another type of thermometry utilizes the Doppler effect
of the ion in motion. Doppler recooling technique uti-
lizes fluorescence intensity changes during ion cooling to
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determine ion temperature [32,33]. This method is typ-
ically applicable for average phonon numbers n̄ > 104.
Similarly, linewidth measurement methods can also only
be used for high-temperature measurements due to the
large upper-level radiation linewidth (approximately 2π ×
20 MHz) used in cooling cycles [34–36]. Dark resonance
thermometry [37–39] overcomes the above limitations.
However, this method relies on accurate assessment of
laser Rabi frequencies and requires complex simulations,
calculations and data fitting. Since the cavity affects the
radiation linewidth, all these temperature measurement
methods using the Doppler effect must consider the influ-
ence of the resonant cavity when applied to cavity QED
systems, requiring accurate measurement of the coupling
strength between the matter and the cavity. Additionally,
there are other temperature measurement methods with
special requirements, such as deep neural-network-based
thermometry [40] and spin-dependent kick methods using
mode-locked lasers [41].

Here we analyze how ion motion affects cavity emission
and demonstrate two cavity-assisted temperature measure-
ment methods. By analyzing the second-order correlation
function of photons collected by the cavity, temperature
measurement capabilities ranging from near the motional
ground state to over tens of millikelvin can be achieved,
and various ion-motion modes with different frequencies
can be resolved. These methods exploit the positional sen-
sitivity of the fluorescence of the ion in the cavity mode
and offer sensitivity that far exceeds that of spatial ther-
mometry methods using objective lens imaging [42,43].
These temperature measurement methods are insensitive
to excitation laser parameters, do not require assessment
of cavity-ion coupling strength, and do not require qubit
preparation, control or detection capabilities.

II. THEORY

Consider the one-dimensional motion of an ion in a
Paul trap along the cavity axis. The ion’s motion can be
expressed using the solution of the Mathieu equation:

x̂(t) = x0

[
1 − q

2
sin(ωrft)

]

+
√

�

2mωp

[
1 − q

2
sin(ωrft)

] (
âe−iωp t + â†eiωp t) .

(1)

Here, x0 represents the ion’s static offset from the rf null,
ωp is the phonon motion frequency, ωrf is the rf drive fre-
quency in the Paul trap, m is the ion mass, � is the reduced
Planck constant and q is a parameter related to the potential
well’s shape, known as the secular parameter.

Assuming the ion is coupled to an optical cavity not
under the strong coupling regime, fluorescence collected
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FIG. 1. An ion oscillates in the cavity mode under the rf poten-
tial U(x) of a Paul trap. In the figure, the rf null is taken as the
coordinate origin. The position x0 represents the ion’s location,
while xb denotes the position of the nearest antinode of the cavity
mode.

by the cavity can be considered approximately propor-
tional to the square of coupling strength g2(x) (corrections
may be required in the strong coupling regime) [2]. As
shown in Fig. 1, the fluorescence collected by the cavity
varies with the ion’s position relative to the cavity mode.
In the symmetric cavity center region, which is much
smaller than the cavity length, the coupling strength vari-
ation along the cavity direction approximates the electric-
field distribution of a one-dimensional standing-wave field,
g(x) ∝ cos(kx), where k is the wave number of the on-
resonance wavelength. The fluorescence collected in the
cavity can be expressed as

Î(t) ∝ cos2(k(x̂(t) − xb)). (2)

Here, xb represents the deviation of the cavity antinode
from the rf null.

A thermal state density operator can be decomposed on
coherent-states basis like

ρ̂th =
∫

d2α Pth(α) |α〉 〈α| , (3)

where

Pth(α) = 1
π n̄

exp
(

−|α|2
n̄

)
. (4)

Here, n̄ represents the average phonon number, which is
related to temperature T by

T = �ωp

kB ln
( n̄+1

n̄

) , (5)

where kB is the Boltzmann constant. Then the fluorescence
collected by the cavity for an ion in a thermal state is

〈I(t)〉th ∝ Tr[ρ̂thÎ(t)]

∝
∫

d2α Pth(α) 〈α| Î(t) |α〉 . (6)
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Under the first-order approximation, the averaged fluores-
cence intensity can be expressed as

〈I〉th ∝ 1 + exp
[
−η2

2
(2n̄ + 1)

(
1 + q2

8
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× J0
(
k x0 q
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× cos
[
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]
, (7)

where η = k
√

2�/mωp is the Lamb-Dicke parameter, J0
is the zeroth-order Bessel function of the first kind and I0
denotes the zeroth-order modified Bessel function of the
first kind. This equation reflects the fluctuations of fluo-
rescence emitted by an ion trapped in a Paul trap when
moving along the cavity direction. When the ion’s temper-
ature rises, the vibration amplitude grows. The averaged
fluorescence intensity at the cavity antinode decreases,
while that at the node goes up. We define the intensity
ratio as R = ((〈I〉th,min)/(〈I〉th,max)), which rises as the tem-
perature increases. Further, as the ion’s position within
the cavity mode varies with time, the fluorescence inten-
sity collected in the cavity also changes. This variation
is reflected in the second-order correlation function of
the emitted photons, which exhibits periodic fluctuations
related to the ion’s motion frequency. This method not only
allows us to measure the ion’s temperature without phys-
ically moving it but also enables the characterization of
different ion motions, such as micromotion.

The second-order correlation function of the photons
collected from the cavity can be expressed as

g(2)(τ ) = 〈〈I(t)〉th〈I(t − τ)〉th〉t

〈〈I(t)〉th〉2
t

. (8)

By performing a Fourier transform, the spectral informa-
tion can be extracted

F(ω) =
∫ ∞

−∞
g(2)(τ )e−iωτ dτ . (9)

We then observe the spectral height of the phonon
frequency-related term, denoted as Fωp . Within a cer-
tain range, the height of this spectral term increases
with temperature and enters a decreasing region beyond.
While Eq. (7) provides an analytical expression for R
under a first-order approximation, its accuracy can be lim-
ited, especially at higher temperatures. To obtain accurate
numerical results for comparison with experimental data,
we employed a Monte Carlo algorithm to simulate the
decomposition of the thermal state in the coherent-state
basis. This simulation allows for a precise calculation of
the temperature dependence of both the intensity ratio R
and the spectral height Fωp .

rf

dc

dc

TDCAWGAA

Heating 
Noise

Cooling
493 nmmm4

 Repump
650 nm

Ionize
405 & 554 nm44

(a) (b)

PZT

49
3 

nm 65
0 

nm

B

rf

dc

dc

FIG. 2. (a) A single 138Ba+ ion is trapped between two elec-
trodes with cavity mirrors on their ends, while other regions are
gold coated. The ion is Doppler cooled, and fluorescence col-
lected from the cavity is split into two paths to measure the
second-order correlation function. White noise applied to the rf
electrodes is used to heat the ion. (b) Energy-level diagram of
138Ba+. Doppler cooling is performed using the 493-nm laser, the
650-nm laser is used for repump, and the cavity is on resonance
with the 493-nm driving laser.

III. EXPERIMENTS

A single 138Ba+ ion is trapped in the apparatus shown
in Fig. 2(a). Several electrodes form a needle trap, with the
yellow-labeled central two electrodes providing the rf volt-
age required for ion trapping, and the four side electrodes
providing dc voltage to compensate for micromotion. The
ion is trapped between the rf electrodes, which have an
approximate diameter of 270 µm. The central rf electrode
is machined from a gold-coated fiber with a concave mirror
on the end surface of a radius of curvature of approxi-
mately 300 µm and coated with high-reflectivity coating.
The two central electrodes form an optical cavity, and the
ion is trapped in the cavity mode. The cavity emission is
collected through the fiber integrated into the rf electrode.

The ion is Doppler cooled in the cavity using a red-
detuned 493-nm laser. A 650-nm laser is used for repump-
ing. Using a bias T to superimpose a dc offset on one of the
rf electrodes to move the ion along the cavity axis. The cav-
ity length was tuned via a piezoelectric ceramic beneath the
electrode and locked to resonance with the cooling laser.
As shown in Fig. 2(b), the cavity length is approximately
230 µm, with a beam waist radius of about 5 µm and a
decay rate of κ = 2π × 200 MHz. The cooperative factor
C ≈ 0.3, placing it in the weak coupling regime.

During the continuous Doppler cooling process, the
493-nm fluorescence emitted by the ion is collected by
the cavity. A nonpolarizing beam splitter (NPBS) divides
the fluorescence into two beams, which enter two photo-
multiplier tubes (PMTs) to facilitate measurement of the
second-order correlation function.
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(a)

(b)

FIG. 3. (a) Cavity emission variation as the ion’s position is
scanned along the cavity axis, with the red curve being a fit to
the calculation result. (b) The numerically calculated intensity
ratio of cavity emission R, as a function of temperature T.

As shown in Fig. 3(a), the fluorescence intensity
changes as the ion moving along the cavity axis devi-
ates from a cosine profile due to micromotion, while the
observed asymmetry arises from a displacement between
the rf null and the cavity antinode. Fitting according to
Eq. (7) yields the secular parameter q and the deviation
xb of the rf null from the cavity antinode. The ratio R
of the intensity at the node and antinode can reflect the
ion’s temperature. Figure 3(b) shows the numerical cal-
culation result of the relationship between the intensity
ratio R and temperature T under the fitted parameters.
As the temperature of the ion rises, its motion amplitude
increases accordingly, leading to a rise in the intensity
ratio. This approach enables us to rapidly ascertain the
ion’s temperature.

Measuring the second-order correlation function of cav-
ity emission can provide more information on ion motion.
As shown in Fig. 2(a), the Hanbury Brown-Twiss (HBT)
measurement setup splits cavity-collected photons into two
paths using a NPBS, and a time-digital converter (TDC)
records photon arrival time to obtain the second-order
correlation function.

Figures 4(a) and 4(e), respectively, show the second-
order correlation function when the ion locates halfway
between the antinode and node of the cavity mode and
when it is near the antinode. The g(2)(τ ) approaching
0 at τ = 0 indicates that the system is an ideal single-
photon source. Subsequently, the periodic fluctuations in
the second-order correlation function are caused by the

ion’s motion in the cavity mode. As shown in Fig. 4(c),
when the ion is between the node and antinode of the cavity
mode, the fluctuations mainly manifest at the phonon fre-
quency. The data reveals an ion secular motion frequency
of 2.85 MHz along the cavity direction with a signal-to-
noise ratio (SNR) of approximately 50 dB. When the ion
is near the antinode, as shown in Fig. 4(h), the fluctuations
mainly manifest at twice the phonon frequency. The fre-
quency content of the fluorescence signal, shown in Fig. 4,
depends directly on the ion’s equilibrium position within
the standing wave. When the ion oscillates on a slope of
the electric-field strength profile, its brightness variation
directly tracks its mechanical motion, resulting in a spec-
tral peak at the phonon frequency ωp . However, when the
ion oscillates around an antinode—a point of maximum
brightness—the intensity decreases regardless of the direc-
tion the ion moves. This causes the fluorescence intensity
to undergo two full modulation cycles for every single
mechanical oscillation. As a result, the dominant frequency
in the correlation signal becomes twice the phonon fre-
quency, shifting the spectral peak to 2ωp , as observed when
comparing Figs. 4(d) and 4(h). Additionally, since the ion
has deviated from the rf null, a peak corresponding to the
micromotion frequency of ωrf = 19.906 MHz also appears
in the spectrum. Motions of different frequencies can be
easily distinguished in the spectrum of the second-order
correlation function.

To change the ion’s temperature, we applied white elec-
trical noise to the rf electrode using an arbitrary waveform
generator (AWG). This causes random displacement of the
trap potential while keeping the trap frequency constant.
Combined with the dissipative process of laser cooling, a
steady state with adjustable temperature T can be reached
after a duration of t ≥ 2 ms. The temperature is regulated
by the electric-field noise amplitude, where the tempera-
ture T is proportional to the square of the root-mean-square
voltage V of the white electrical noise (T ∝ V2), simulating
an equivalent thermal bath for the trapped ion [38]. Figure
5(a) shows the variation in spectral height at the phonon
frequency as the temperature increases due to amplified
white-noise driving. Due to the nonmonotonic temperature
dependence of spectral height, an accurate ion tempera-
ture can be obtained by either: (1) using the intensity ratio
method to roughly determine the temperature first; or (2)
heating the ion with the described technique and analyz-
ing the monotonicity of the spectral height-voltage curve
to judge if the actual temperature is below or above the
peak temperature of the simulation curve.

The sensitivity of the correlation-based thermometry
method is governed by the SNR of the second-order cor-
relation function g(2)(τ ). In our experiment, we achieved
a measured SNR of SNRmeas = 50 dB at a temperature of
Tmeas = 6 mK.

At low temperatures, the amplitude of fluorescence
modulation is approximately proportional to the ion’s
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FIG. 4. (a) The second-order correlation function of fluorescence collected by the cavity when the ion locates between the cavity
antinode and node. (b),(c) Local magnification of the second-order correlation function. (d) The spectrum of the second-order cor-
relation function directly reflects the ion’s motion (initial rising segment subtracted prior to spectral analysis), with a SNR of 50 dB
achieved in a photon collection time of 20 s. (e) The second-order correlation function when the ion locates near the antinode. (f),(g)
Local magnification of the second-order correlation function. (h) The peak of the spectrum shifts to twice the phonon frequency. Due
to the increased position offset from the rf null, a peak corresponding to the micromotion frequency can be observed in the spectrum.

motional amplitude, which scales as
√

T. Since the SNR
scales linearly with the modulation depth and with the
square root of the total number of detected photons N , we
have the proportionality

SNR ∝ T ·
√

N . (10)

Assuming the total photon count N remains constant
(longer integration time compensates for reduced photon
rates at lower temperatures), the minimum detectable tem-
perature Tmin under a conservative threshold of SNRmin =
5 dB can be estimated as

Tmin ≈ Tmeas × 10(SNRmin−SNRmeas)/20, (11)

which yields Tmin ≈ 20 µK. This suggests that the
correlation-based thermometry method is capable of
detecting temperatures near the motional ground state,
with ultimate sensitivity limited by photon collection effi-
ciency, residual heating, and stability of ion’s offset. Since
this method is based on position measurement, the phonon
frequency ωp critically affects the measurement sensitiv-
ity. This relationship can be quantified by modeling the ion
as a harmonic oscillator in thermal equilibrium at temper-
ature T. The ion’s motional amplitude A is related to its
thermal energy by A ≈

√
2kBT/(mω2

p). This shows that for
a given temperature, the amplitude scales inversely with

the phonon frequency, i.e., A ∝ 1/ωp . A smaller amplitude
at higher phonon frequencies leads to a weaker fluores-
cence modulation signal at low temperature, thus reducing
the thermometry sensitivity. Consequently, the measure-
ment sensitivity is improved at lower phonon frequencies.
Figure 5(b) presents the variation in spectral height as
the cooling light detuning is scanned. It displays the syn-
chronous change in intensity ratio with detuning of cooling
laser. Both temperature measurement methods show that
the cooling effect is better when the cooling laser detuning
is between −15 and −20 MHz. Figure 5(c) shows the rela-
tionship between the temperature obtained from the data
in (b) and the detuning of the cooling light. The tempera-
ture measurement results of the two methods are relatively
close. The higher temperature measured by the intensity
ratio method may be due to the drift of the electrical noise
intensity in the experimental system. In addition, the inten-
sity ratio method moves the ion away from the rf null,
which may also weaken the cooling effect.

IV. CONCLUSION

We have demonstrated two cavity-assisted thermometry
methods suitable for trapped ions in cavity QED sys-
tems. The spatial fluorescence method provides a quick
estimate of ion temperature, while the photon correla-
tion method offers high sensitivity and resolves distinct
motional components, including micromotion. Compared
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(a)

(b)

(c)

FIG. 5. (a) The spectral height at the phonon frequency as a
function of temperature. White noise applied to the rf electrode
heats the ion. The inset in the top right shows the relationship
between the effective temperature and the white noise voltage
obtained from fits, this curve is derived by mapping the measured
Fωp values at different noise voltages to their corresponding tem-
peratures via the simulated curve. As we are currently unable
to cool the ion to lower temperatures in our system, the low-
est measured temperature shown in the figure is about 6 mK.
(b) Scanning the cooling light detuning, the blue data points
show the spectral height at the phonon frequency as a function
of detuning. The red data shows the ratio of minimum to max-
imum intensity R as a function of cooling laser detuning when
scanning the ion’s position. (c) Temperature measurement results
corresponding to the data in (b).

to existing techniques, our proposed cavity-assisted ther-
mometry demonstrates significant advantages in several
key aspects. It does not require complex quantum state
preparation or detection, making it operationally sim-
pler than methods relying on sideband ratios or carrier
Rabi oscillations, and it can cover a broader temperature
range. Furthermore, the method can effectively probe low-
temperature regimes that are challenging for traditional
Doppler spectroscopy, while its results are not dependent
on a precise assessment of laser and cavity parameters,
which is a key practical advantage in cavity QED sys-
tems. In comparison with spatial imaging thermometry, our
method utilizes the intracavity standing wave for position
detection, offering a spatial resolution far exceeding that
of a conventional objective lens system. This high res-
olution greatly enhances the detection sensitivity of the
ion’s motion. Consequently, our method remains effec-
tive for temperature measurement even in cases where the

phonon frequency is high and the ion’s motional amplitude
is correspondingly small.

Our results expand the thermometry toolbox for trapped-
ion experiments and offer practical tools for diagnosing
and optimizing cavity-integrated quantum network nodes.
In future work, these methods can be generalized to multi-
ion systems, enabling position-dependent thermometry of
collective ion motion and local heating dynamics. Incor-
porating the influence of the Doppler effect in numerical
calculations will allow the temperature measurement range
of this method to be extended to higher temperatures.
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