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Abstract We have built and characterized a novel linear ion
trap. Its small horizontal electrode separation of 250 µm
would previously have required microfabrication methods,
while our trap was machined conventionally. The thin trap
is designed to accommodate a transverse optical cavity of
0.5 mm length, a requirement for cavity-QED experiments
with trapped ions in the strong coupling regime. The sand-
wich structure of the electrodes allows for a very accurate
alignment. Employing the Doppler-recooling method, we
found that intermittent laser-induced radiation pressure has a
significant effect on the ion’s spectrum. This must be taken
into account to correctly determine the heating rate of the
trap. To this end, we have derived an analytic expression for
the spectral line shape of the ion, which includes the effect
of natural line broadening, heating as well as radiation pres-
sure. We apply it to determine the accurate heating rate of
the system.

1 Introduction

Radio-frequency ion-traps have become an important tool
in a wide range of applications in atomic physics, quantum
information science, quantum optics, and even chemistry.
Trapped ions have been used to test precisely our under-
standing of the interaction of light and matter [1], to achieve
the highest accuracy in atomic spectroscopy [2, 3], to im-
plement high-fidelity quantum gates [4, 5], and to gener-
ate multi-ion entanglement [6]. The excellent localization
of laser-cooled ions in the trapping potential [7] makes them
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a promising system for deterministic single-photon sources
[8, 9] and atom-light interfaces with applications in entan-
glement distribution and as nodes of quantum networks [10].

In recent years, electrode structures with diverse designs
have been implemented to provide a ponderomotive trap-
ping potential, with trap sizes ranging from several cm to
tens of µm. While early ion traps had cylindrically symmet-
ric parabolic electrodes matching the equipotential surfaces
of the quadrupole field of an ideal Paul trap, most modern
rf traps have linear geometry to store strings of ions. An ap-
proximate quadrupole field in the radial direction is gener-
ated by four linear electrodes, for example, cylindrical rods
or metal blades. With increasing miniaturization, trap con-
struction has moved from manual assembly of convention-
ally machined parts to employing microfabrication methods
used in semiconductor manufacturing [11]. Recently, sur-
face traps with planar electrodes have been developed, sig-
nificantly simplifying the process of microfabrication [12].
Even though monolithic ion traps offer very accurate align-
ment and potentially very low heating rates [13], the ma-
jority of nonplanar traps are still based on manually assem-
bled structures which are manufactured using laser or con-
ventional machining. The advantages are comparatively low
cost and fast turn-around times.

In this paper, we present an ion-trap design which is par-
ticularly well suited for cavity-QED experiments in which
the trap is combined with an optical cavity of small mode
volume. It is built from conventionally machined com-
ponents which are assembled to form a miniature linear
ion trap with an ion-electrode distance of 166 µm. It pro-
vides large secular frequencies and high alignment accuracy
through self-aligning elements. We have built a prototype of
the trap and tested its operation thoroughly.

In the first part of the paper, we describe the trap ge-
ometry and assembly of the trap elements. We proceed
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by presenting characteristic trap parameters we have mea-
sured, and finally report the results of heating rate mea-
surements based on the analysis of fluorescence at the on-
set of Doppler-recooling. We show the importance of laser
induced radiation pressure in these measurements and de-
rive an analytic expression for the spectral line-shape of an
ion exposed to heating following a change in radiation pres-
sure. We use this result in conjunction with an extrapolation
method that allows us to evaluate the ion’s fluorescence at
the onset of recooling, independent of a model for the re-
cooling dynamics. With this new method, we can reliably
determine the ion’s temperature after a controlled heating
phase. In spite of the limited quality of the electrode surfaces
and the unusual choice of the electrode material, the heating
rate measured in this way is comparable to that found in
traps of similar size.

2 Trap geometry and assembly

Construction of the trap presented here was motivated by
its application for cavity-QED with small ion strings under
strong coupling conditions. Strong coupling of the ions to
the optical field in the cavity requires a small mode volume
and hence a small distance between the cavity mirrors on
the order of a few 100 µm. We had previously found [14]
that placing dielectric mirrors inside the rf field used for
the radial confinement of ions leads to distortions of the
field, deteriorating trapping conditions. In order to reduce
the overlap between electric rf field and cavity mirrors, a
small trap with a well-confined rf field is required, which fits
between two closely spaced mirrors. This is the reason for
designing a trapping structure with thin electrodes, suitable
for strongly coupled cavity-QED experiments with trapped
ions.

In order to reduce the coupling between axial and radial
components of the ions’ motion, the electrodes need to be
precisely aligned. The presence of an axial component of
the rf field would deteriorate localization of the ions in an
optical cavity. Our design is based on a linear ion trap as de-
scribed in Ref. [7]. Perpendicular to the trap axis, the ions
are confined by an rf potential generated by four electrodes.
The desired small thickness of the trap is achieved by using
thin metal sheets. They are made from highly conductive
oxygen free (HCOF) copper with a thickness of 125 µm. To
confine the ions along the trap axis, dc electrodes at positive
potential are located between the rf electrodes [see Figs. 1
and 2(b)]. They, too, are made from an HCOF copper sheet
with a thickness of 100 µm and have a width of 1 mm. The
dc electrodes are insulated from the rf electrodes by a 75 µm
thick Kapton foil. In order to avoid dielectric material in
the close vicinity of the ions, the Kapton foil is recessed
by 1 mm from the trapping region. There are 8 dc electrodes

Fig. 1 Drawings of the trap electrodes (brown) and the Kapton foil
(gray) incrementally showing the different electrode layers. Figure (a)
shows the two rf electrodes in the rear layer. The vertical spacing be-
tween the electrodes is 220 µm. The copper foil strips used for axial
ion confinement are added in (b). In between each pair of neighboring
electrode strips is a separate ion trapping zone. In (c) the two front rf
electrodes have been added to show the full electrode structure

Fig. 2 (a) Photograph of the trap assembly from the side, showing the
narrow slit between the upper and lower electrodes. At the top and at
the bottom, the electrical connectors are visible. (b) Top view of the
lower electrode assembly, showing three dc electrodes in the central
layer, sandwiched between the two rf electrodes

along the trap axis with a separation of 1.5 mm, forming 7
trapping zones between adjacent electrode pairs. The total
distance between the rf electrodes is 250 µm and the entire
stack of electrodes is 500 µm thick, so that it can be fitted
inside an optical cavity of 500 µm length. Sandwiching the
different layers leads to a high mechanical stability of the
structure.

Even though the numerical simulations have shown that
the trap design is robust against misalignment of the elec-
trodes, great care has been taken to optimize alignment of
the dc electrodes. Instead of inserting the dc electrodes sepa-
rately in between the rf electrodes, the set of 8 electrodes has
been machined out of one copper sheet with all electrodes
still connected in a comb structure. The upper and lower
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half of the trap are assembled by stacking the three elec-
trode and separating Kapton layers as shown in Fig. 1 and
aligning the electrodes by carefully pushing them against
a mechanical stop. The two electrode assemblies are then
mounted opposite each other, forming an rf trap with a ver-
tical electrode separation of 220 µm. This is assured by tem-
porarily inserting a mechanical spacer. The trap assembly is
then fixed with a Kapton insulated metal clamp as shown in
Fig. 2. Care is taken to avoid deformation of the electrodes
when removing the spacer. Alignment is controlled using a
microscope. In the clamped trap, the dc electrodes are sep-
arated by removing the connecting bridge. With the design
of the trap electrodes and the alignment procedure, the sep-
aration of upper and lower part of the trap is constant to
better than 10 µm over the entire length of the trap (20 mm).
The transverse spacing of the electrode layers is constant to
within 3 µm. The machining of the thin metal foils for the
trap construction must not exert large forces on the foil in or-
der to avoid deformation of the electrodes. For this reason,
we have employed wire eroding. However, the surface qual-
ity of the machined parts with a roughness of about 10 µm
rms is worse than for standard milling and may lead to an
increased heating rate [15].

We have characterized the performance of the trap by nu-
merically calculating the trapping potentials with a finite el-
ement code (FEMLAB). The pseudopotential, which deter-
mines the motion of the ion in the plane perpendicular to
the trap axis, is shown in Fig. 3 for typical experimental pa-
rameters. The radial secular frequency of the ion-trap can be
expressed as

ωr = η

√
2QVac

mΩr2
0

. (1)

Here, Q and m are the charge and mass of the ion, Vac is the
amplitude of the potential applied to the rf electrodes, Ω is
the rf frequency, and r0 is the shortest distance between the
ion and the electrode (166 µm in our case). In order to quan-
tify the deviation of the radial trapping potential from an
ideal quadrupole potential, the trap efficiency η is employed,
specifying the ratio of the actual secular frequency and the
secular frequency in a corresponding ideal quadrupole trap
with symmetric parabolic electrodes. The numerically ob-
tained trap efficiency for our geometry is η = 0.75.

The anharmonicity of the ponderomotive potential can
be characterized by decomposing the potential in a Tay-
lor expansion and comparing the amplitudes with the har-
monic term. These ratios perpendicular to the electrode
plane (horizontal) and parallel to the electrode plane (ver-
tical) are summarized in Table 1. Similarly, we have ana-
lyzed the axial confinement and compared it with an ideal
harmonic potential. From the harmonic term of the Taylor
expansion, the confinement strength can be derived to be
νz = 120 kHz

√
Vdc, which is in agreement with our mea-

surement.

Fig. 3 Radial cross-section of the pseudo-potential of the linear trap
at the trap center for Vac = 20 V, obtained from a finite element cal-
culation by averaging the potential over one rf cycle. Profiles of the
pseudo-potential in the vertical and horizontal direction are shown at
the edge of the two-dimensional plot

Table 1 Relative size of anharmonic contributions to the radial pon-
deromotive (rf) and axial (dc) confinement. Cn is the coefficient of
the nth term in the Taylor expansion of the pseudopotential or poten-
tial. The anharmonicity in each direction was evaluated at a distance
l0 = 10 µm, corresponding to the scale of a two-ion crystal in the axial
direction for our experimental parameters

Anharmon.
coefficient

Horiz. rf
confinem.

Vert. rf
confinem.

Axial dc
confinem.

C4l
2
0/C2 7 × 10−4 6 × 10−4 9 × 10−4

C6l
4
0/C2 8 × 10−6 −7 × 10−6 3 × 10−7

C8l
6
0/C2 −8 × 10−9 −2 × 10−8 1 × 10−10

An important issue for use of the trap in conjunction with
a transverse optical cavity is the influence of the dielec-
tric mirrors on the trapping potential. We have numerically
determined the pseudo-potential in the presence of mirrors
with dielectric constant εr = 3.75 at the minimum separa-
tion of 500 µm. The resulting change in the radial frequency
was 0.5 % compared to the case without mirrors. This con-
firms that the trap meets the design criterion of resilience
against dielectric materials in close proximity to the trap.

3 Experimental set-up and trap characteristics

The ion trap assembly is installed in a small vacuum cham-
ber. Large windows sealed with indium wire provide good
optical access from four sides. The rf generator resonantly
drives an LC circuit containing the trap rf electrodes, sup-
plying them with an amplitude of up to 100 V at a frequency
of Ω = 2π × 22.68 MHz. The rf voltage is applied to two
diagonally opposed rf electrodes with the other two elec-
trodes kept at rf ground. Dc voltages for confinement of the
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ions along the trap axis are controlled by computer using a
D/A card. In order to suppress rf pick-up, the dc electrodes
are grounded through capacitors which are soldered directly
to the electrodes. An important issue in ion traps are radial
stray electric fields, which push the ions off the rf field min-
imum, making them undergo a driven motion at the rf fre-
quency (micromotion). To avoid this, any dc fields perpen-
dicular to the trap axis are carefully compensated by adding
dc voltages to the rf electrodes through RC circuits. Each of
the four dc offsets is controlled individually through the D/A
card.

In our experiments, we trap and laser-cool 40Ca+ ions.
The trap is loaded with 40Ca+ ions by photo-ionization of
neutral calcium. The laser beams for photo-ionization inter-
sect an effusive beam of neutral calcium atoms emanating
from a 10 mm long tantalum tube containing solid calcium.
The tube is resistively heated to a few hundred degree Cel-
sius by sending a current of 1.5 A through two tantalum
wires spot-welded to each end of the tube. The ionization
of neutral calcium is performed first by resonantly exciting
neutral calcium from the 4s2 1S0 ground state to the 4s4p
1P1 excited state using a laser at 422 nm and then ionizing
the atom from this state using 389 nm laser light [16].

The ions are Doppler-cooled on the 4S1/2 to 4P1/2 tran-
sition with two 397 nm laser beams. Each beam has an op-
tical power of about 5 µW and is focused down to a waist
of 25 µm radius at the ion position. The two 397 nm laser
beams are propagating almost in the horizontal plane, at an-
gles of ±20◦ with respect to the trap axis and 140◦ with
respect to each other. To ensure that all principal axes of the
trap are cooled and that micro-motion in both the horizon-
tal and vertical direction can be probed and minimized [17],
one of the beams has an inclination of about 4◦ with respect
to the horizontal plane.

In addition to the 397 nm cooling laser, two infrared
lasers at 850 nm and 854 nm are used in the laser cool-
ing cycle. They are required for pumping the ion out of
the metastable 3D3/2-state populated by spontaneous de-
cay from the 4P1/2-state excited during laser cooling. The
850 nm laser is resonant with the transition from the 3D3/2

to the 4P3/2-state, from which the ion can decay to the
ground state again. There is an additional decay channel
from 4P3/2 to the 3D5/2-state, from which the ion is re-
pumped with the laser at 854 nm. Repumping via the 4P3/2-
state rather than 4P1/2 eliminates coherent population trap-
ping to the 3D3/2-state and thus reduces the level scheme of
the calcium-ion to an effective two-level system.

The 397 nm light for laser-cooling is generated by a
commercial frequency doubled laser system. It is stabi-
lized against frequency drifts using a scanning cavity lock
which is described in detail elsewhere [18]. For absolute
optical frequency reference, the scanning cavity lock uti-
lizes a diode laser system at 894.6 nm, locked to a tun-
able cavity with a Pound–Drever–Hall scheme, which in

turn is stabilized to the cesium D1 line using polariza-
tion spectroscopy. The scanning cavity laser lock provides
an overall absolute stability of better than 100 kHz at
397 nm. The 850 nm and the 854 nm repumping lasers
are extended cavity diode lasers. They are frequency sta-
bilized through slow feedback from a computer controlled
wavelength-meter (High Finesse WS-7). All laser light is
delivered to the vacuum chamber through single-mode po-
larization-maintaining optical fibers. The amount of opti-
cal power in each of the two 397 nm cooling laser beams
and the 854 nm repumping beam are controlled using
the first-order diffracted beam in a double pass acousto-
optic modulator before entering the optical fiber. The laser
beams are finally focused to a waist of 25 µm at the ion
position using lenses placed outside the vacuum cham-
ber.

We have probed the confining potential of the ion trap
by applying a small modulation voltage to one of the rf
electrodes or one dc electrode. Observing a dip in the flu-
orescence of the ions while scanning the modulation fre-
quency indicates a motional resonance of the trap. Using
this method for different amplitudes Vac of the rf voltage,
we find that stable trapping is obtained for radial secular fre-
quencies in the range of νr = 0.8–5 MHz. For weaker radial
confinement, the trapping time as well as loading efficiency
is decreased. In the experiments presented here, a radial sec-
ular frequency of νr = 1.5 MHz was chosen, correspond-
ing to an rf-drive amplitude Vac = 14.5 V. Axial confine-
ment of the ion between two adjacent electrode strips [see
Fig. 1(b)] is obtained by applying a positive bias potential
of Vdc = 20 V to the strips, resulting in an axial trapping
frequency νz = 575 kHz.

As mentioned above, the presence of stray electric fields
can displace the ion from the nodal line of the rf trapping
fields along the trap axis. The ion then undergoes driven
radial oscillations at the trap frequency Ω , which leads to
line broadening, heating, and reduced coupling to the field,
for example in an optical cavity. To compensate the stray
fields and hence avoid micro-motion, we apply additional dc
offset voltages to the rf electrodes. To determine the com-
pensation voltages required, the ion’s fluorescence is mea-
sured in correlation with the rf-drive of the trap. If micro-
motion is present, the correlation signal is modulated at the
drive frequency due to the Doppler effect. By using two
non-collinear lasers, we find the compensation voltages to
eliminate micromotion in both radial directions. The resid-
ual modulation of fluorescence for an ion after compensa-
tion of micromotion is less than 1 % of the total fluorescence
level detected. This corresponds to a residual motional am-
plitude of the ion of below 8 nm which is two orders of mag-
nitude lower than the size of the standing wave structure of
the cavity mode. This is essential for achieving deterministic
ion-cavity coupling.
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Fig. 4 Average direction of stray fields (blue arrow) as well as de-
viations (red arrows), obtained by subtracting the average from each
individual stray field measurement. The position of the rf electrodes in
the four corners is indicated. Data were taken over a period of 129 days.
The direction of the day-to-day deviations during this time appears
mainly along one diagonal. The scale of the deviations in V/m is in-
dicated at the bottom

The compensation voltages, and hence the stray fields ob-
tained in this way changed during the period of data acquisi-
tion. Over 129 days, the compensation electric fields varied
between −88 V/m and 106 V/m in the horizontal direction
and −135 V/m and −47 V/m in the vertical. The average
shift observed during this time was in the vertical direction.
The size of variations around this average was statistical. In
Fig. 4, the average stray field is shown along with the daily
deviations. It is striking that the variations occur predomi-
nantly along one diagonal between two rf electrodes, indi-
cating that stray fields originate on one or two diagonally
opposite electrodes. This is in keeping with the fact that the
ion trap is loaded in situ, leading to an asymmetric coating of
the rf electrodes with calcium during the loading procedure.
This is expected to result in patch potentials which change
during the loading of the ion trap [19].

4 Spectrum of ion with intermittent cooling

An important issue related to fluctuating patch potentials on
the trap electrodes and the small ion-electrode distance is
heating of the ions’ motion. It has a direct impact on the
localization of the ions and the minimum vibrational excita-
tion that can be achieved by laser cooling. The heating rate
scales inversely to the fourth power of the ion-electrode dis-
tance [20, 21]. In a miniature trap like the one presented
here, heating is therefore expected to be strong and it is im-
portant to ascertain that heating is manageable. In experi-
ments where low thermal excitation is achieved by using re-
solved sideband cooling, a precise measurement of heating
rates from the strength of the sidebands is possible [20–22].
We have employed a simpler method to measure the heating
rate of the trap, based on the one demonstrated by Epstein
et al. [23]. By suspending Doppler-cooling for a given time,
the ions experience a period of exclusive heating, increasing

Fig. 5 Ion fluorescence as a function of time, with the recooling laser
switched on at t = 0. The red curve is an exponential fit to the func-
tion S(t) = S∞ + (S0 − S∞) · exp(−t/τ ). Fit parameters: τ = 3.4 ms,
S0/S∞ = 0.66

their thermal motion in proportion to the heating rate. After
switching the cooling laser back on, the time-resolved flu-
orescence of the ions during Doppler-recooling can be em-
ployed to obtain the temperature at the end of the heating
phase. The fluorescence level of the ion changes since the
ion’s spectrum is narrowed as the ion is cooled. For small de-
tunings, fluorescence increases with decreasing temperature,
while for large detunings, fluorescence decreases. A typical
fluorescence curve in our experiment is shown in Fig. 5, with
the recooling laser switched on at t = 0. As can be seen
from the figure, the ion’s fluorescence, starting from S0 at
t = 0, approaches the equilibrium value S∞ on a time-scale
of τ = 3.4 ms.

In the setup commonly used for the Doppler-recooling
method, heating of the ion’s motion is not the only effect
of switching off the Doppler-cooling laser. In order to pro-
vide axial cooling, this laser must have a component in the
direction of the trap axis. In our set-up, it subtends an an-
gle of 20◦ with the axis. Consequently, the cooling laser ex-
erts radiation pressure on the ion along the axis. While the
cooling laser is on, radiation pressure displaces the equilib-
rium position of the ion away from the center of the axial
potential well. When the cooling is suddenly switched off
at the beginning of the heating period, the ion is left in a
displaced position in the potential well and starts to oscillate
along the trap axis, with an amplitude equal to the initial dis-
placement z0. In the experiment, this displacement cannot
be observed directly, but the corresponding oscillation has a
significant influence on the spectrum of the ion. It leads to a
Doppler shift peaking at a value of Δ0, which is related to
the oscillation amplitude z0 by

Δ0 = 2π
z0

λ
ωz, (2)

where λ is the wavelength of the radiation and ωz = 2π ×νz

is the oscillation frequency of the ion along the trap axis.
Intermittent radiation pressure in the radial direction

leads to a much smaller displacement, due to the much
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stronger radial confinement. However, even a small radial
displacement, moving the ion away from the node of the
trapping field, results in increased micromotion, as dis-
cussed in Sect. 3. Both micromotion and axial oscillations
contribute to the observed Doppler shift in the spectrum and
must be taken into account when determining the ion’s tem-
perature. Ignoring these effects may lead to a considerable
overestimation of the ion’s temperature by falsely attribut-
ing a thermal origin to the oscillatory motion. To our knowl-
edge, the effect of radiation pressure has not been consid-
ered in previous heating rate measurements based on the
method introduced in Ref. [23], even though it can be sig-
nificant.

To distinguish unambiguously between thermal motion
and radiation-pressure induced oscillations, information on
the ion’s fluorescence spectrum is required. In the Appendix,
we derive an expression for the spectrum of the ion tak-
ing into account power broadening, described by a homo-
geneous linewidth γ , thermal broadening described by an
inhomogeneous linewidth σ and oscillatory broadening de-
scribed by the associated maximum Doppler shift Δ0 from
Eq. (2). For an ion at temperature T , Doppler-broadening
leads to

σ = 2π

λ

√
kBT

m
. (3)

Solving for the temperature, we obtain

T = mλ2σ 2

4π2kB
. (4)

For calcium ions, this expression evaluates to T [mK] =
0.758 (σ [MHz])2. As shown in the Appendix, the resulting
spectrum is given by the analytic function

Sheated(δ, γ, σ,Δ0)

= Re

[
w(

√
z − d) − i w(

√
d − z∗) + ie−d w(

√−z∗)√
2πσ(2 − e−d)

]

(5)

where δ is the detuning of the cooling laser from resonance,

z = (|δ| + iγ )2

2σ 2
, d = Δ2

0

2σ 2

and w(z) is the complex error function defined in Eq. (15)
in the Appendix.

For short heating periods, which is the case relevant
here, we have σ < Δ0. The spectrum is then best described
as oscillatory with an amplitude distribution broadened by
thermal effects. It is clearly different from the Voigt pro-
file one would expect in thermal equilibrium. An example
is given in Fig. 6. The blue curve is the power-broadened
Lorentzian spectrum of a laser-cooled ion, corresponding to
Scooled = S∞(δ). The red curve represents the spectrum a
certain time after switching off the cooling laser, according

Fig. 6 Calculated spectra Scooled for a cooled ion (blue) and Sheated
for a heated ion at a temperature of 1 K (red). Expressions for the
spectra are derived in the Appendix. The arrows show the difference
in fluorescence level between the two cases. Only part of the effect
is due to thermal motion. Another contribution is due to an harmonic
oscillation, triggered by switching off the cooling laser. This results
in the intermediate spectrum (green), which displays significant line
broadening, even for a cold ion at 1 mK

to Eq. (5). It takes into account thermal effects and oscilla-
tory motion. As expected, the direction of change in fluo-
rescence level depends on detuning. Close to resonance, the
fluorescence level drops as a result of switching off the cool-
ing laser, while for large detuning it increases. In Fig. 6, the
change in fluorescence level from cooled to heated ion is
indicated at two selected detunings.

To illustrate how much of the spectral redistribution is
due to the ion’s oscillation, we show in the same graph a
spectrum with negligible thermal broadening but otherwise
identical parameters (green fluorescence trace). At the two
indicated detunings, roughly half the effect is due to the har-
monic oscillation of the ion. By fitting the spectrum of the
ion following a period of suspended cooling using Eq. (5),
we can determine the homogeneous linewidth of the ion,
its oscillation amplitude and, most importantly, the correct
inhomogeneous linewidth. From the latter, the temperature
follows directly according to Eq. (4).

5 Heating rates

The approach we follow to measure the temperature of the
ion is more general than that of Wesenberg et al. [24], as
it does not require any assumptions about details of the re-
cooling process other than that the fluorescence level rises
or falls linearly at the onset of recooling. This is well con-
firmed by our experimental data during the first 600 µs (see
Fig. 7).

The most important quantity to determine is the fluo-
rescence level at the moment the cooling laser is switched
on (t = 0). In practice, it depends on the size of the time-
bins chosen to evaluate detector counts. A larger bin-size
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Fig. 7 Relative change R = (S0/S∞ − 1) of fluorescence in the first
bin after recooling starts, as a function of bin-size. The linear increase
is evident and allows us to extrapolate the results to zero bin-size, giv-
ing us an accurate value for the relative fluorescence level at t = 0

decreases fluctuations of the counting statistics but intro-
duces a systematic error caused by the influence of recooling
during the sampling period, which changes the fluorescence
level. Immediately following the switch-on of recooling, a
first-order approximation to the behavior shown in Fig. 5 is
possible. We have found that for t < 600 µs � τ , the fluores-
cence level changes linearly in response to recooling. This
allows us to determine the fluorescence rate at t = 0 inde-
pendently from a model of the recooling dynamics. We ana-
lyze the fluorescence curves such as in Fig. 5 by using vary-
ing bin size. For each bin-size, we take the ratio of counts in
the initial bin (S0) divided by the counts per bin at equilib-
rium (S∞). From the linear change of the fluorescence level,
we extrapolate to the level that would have been obtained for
zero bin-size. The method is illustrated in Fig. 7. It provides
us with a precise value of the fluorescence level at the begin-
ning of recooling. The change of fluorescence with respect
to the equilibrium level obtained in this way is indicated in
Fig. 5 by an arrow.

In order to extract the ion’s temperature from the flu-
orescence measurement at t = 0, we use the method dis-
cussed in Sect. 4, based on the spectrum of the ion. In
a first step, we measure the fluorescence spectrum of the
Doppler-cooled ion, yielding the equilibrium fluorescence
level S∞(δ) and, from Scooled in Eq. (8) in the Appendix,
the power-broadened linewidth γ . An example is shown
in Fig. 8. It serves as a reference for the determination of
the heated spectrum, indicating the asymptotic fluorescence
level approached in the recooling process.

In a second step, we determine the change of fluorescence
level from hot to cold ion, S0 to S∞, from recooling curves
like that in Fig. 5 as described above. The ratio R of the
two values can be compared directly to the corresponding

Fig. 8 Fluorescence spectrum of the Doppler-cooled ion, obtained un-
der steady-state conditions. It corresponds to Scooled in Fig. 6 and pro-
vides the reference level S∞(δ) for measuring the fluorescence of the
heated ion. The measured linewidth is γ = 2π × 21.9 MHz, corre-
sponding to a saturation parameter s = (γ /γ0)

2 − 1 = 2.9

theoretical expression, obtained from the spectra given by
Eqs. (8) and (5).

R(δ, γ,σ,Δ0) = Sheated(δ, γ, σ,Δ0)

Scooled(δ, γ )
− 1

!= S0/S∞ − 1. (6)

With γ already determined from the cooled spectrum, fitting
the theoretical expression (6) to the relative change of the
fluorescence level allows us to determine the values of ther-
mal broadening σ and oscillatory motion Δ0. As the radia-
tion pressure of the laser depends on detuning, so does the
amplitude z0 of oscillatory motion after the laser is switched
off. We accommodate this by using a detuning-dependent
expression for Δ0.

Δ0(δ) = Δ00
γ 2 − γ 2

0

γ 2 + δ2
, (7)

where γ0 is the natural linewidth of the transition and Δ00 is
the maximum Doppler shift for resonant radiation pressure.

The result of the fit for four different detunings of the
laser is shown in Fig. 9. Each data point falls on the theo-
retical curve corresponding to the value of γ used for this
measurement, as indicated by different colors. It is not pos-
sible to fit the data in Fig. 9 with a model neglecting the
oscillatory motion of the ion (cf. the dashed trace in the fig-
ure). These results confirm that the expression (5) accurately
describes the ion’s spectrum at the end of the heating phase.

Having obtained the value of Δ00 and σ from the fit, the
temperature of the ion at the end of the heating period is
determined using Eq. (4). As long as the laser power is kept
constant, γ is identical for all measurements. Therefore, σ

and hence the temperature is the only unknown parameter in
expression (6). It can be determined by working at a fixed
detuning which we have chosen as δ = −2π × 11 MHz.

In this way, we have determined the temperature of the
ion for different heating times τ . The results are shown in
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Fig. 9 Measured values for the relative fluorescence change
R = (S0/S∞ − 1) after 500 ms of heating. Three different theoreti-
cal fit curves are shown to accommodate the independently determined
homogeneous linewidths which are slightly different for each measure-
ment. The oscillatory motion and inhomogeneous linewidth of the ion
are obtained from a fit using all data points as Δ00 = 2π × 66.4 MHz
and σ = 2π × 24.5 MHz. This corresponds to a temperature of
T = 457 mK. The dashed line shows the inadequate fit obtained when
the oscillatory motion of the ion is neglected

Fig. 10. The increase of temperature with heating time is
roughly linear, the slope defining the heating rate of the
ion in our trap. We obtain a value of dT /dτ = (2.0 ±
0.1) mK/ms. Note that for τ → 0, the temperature ap-
proaches zero, as it should be starting from an ion cooled
to the Doppler temperature at a level of 1 mK. The effect of
neglecting the oscillatory motion of the ion is also demon-
strated in Fig. 10. The green circles indicate the tempera-
tures that would have been obtained in this case. The ap-
parent heating rate would have been 15 % smaller, but the
biggest problem is the resulting offset of 570 mK at τ = 0,
three orders of magnitude larger than the Doppler temper-
ature of the ion. This is clearly impossible, as at τ ≈ 0, no
thermal heating could have occurred, and hence no measur-
able increase in temperature. Observation of substantial tem-
perature offsets in other heating-rate experiments shows that
radiation-pressure induced oscillations of the ion are a phe-
nomenon that must be taken into account to arrive at correct
values for the ion temperature.

From the observed heating rate, a spectral density of elec-
tric field fluctuations of SE(ω) = 3 × 10−10 V2/m2 Hz is
obtained at an ion-electrode distance of 166 µm. This com-
pares well with measurements of heating in other traps of
the same size [25, 26]. The result is remarkable, given the
limited surface quality of the copper electrodes, which is a
potential source of increased heating, and the presence of
stray fields found in micromotion compensation.

6 Conclusions

In conclusion, we have developed and thoroughly charac-
terized a novel microscopic ion trap based on convention-

Fig. 10 Measured temperature of the ion as a function of heating time.
The heating rate is determined from the slope of a linear fit (solid line)
to be dT /dτ = (2.0 ± 0.1)mK/ms. The temperature measurement is
most precise for the data point at τ = 100 ms, which has error bars
smaller than the size of the marker. The open green circles indicate
the temperature values that would have been obtained from a model
neglecting oscillatory motion of the ion. The corresponding linear fit,
shown as a dashed line, wrongly results in a slightly lower heating rate
and a large temperature offset of 570 mK

ally machined components. It has been constructed to en-
able cavity-QED experiments in the strong coupling regime
at a cavity length of 500 µm which requires minimizing the
overlap between the trapping fields and the cavity mirrors.
We have investigated the long term behavior of micromotion
in the trap and found that the most significant contributions
to fluctuating stray fields are likely to originate in changing
patch potentials during the loading process.

In order to measure the heating rate of ions in our trap,
we employed the Doppler-recooling method, combined with
a novel analysis of the ion’s spectrum during the mea-
surement. We have found an analytical expression for the
spectrum which includes homogeneous and inhomogeneous
broadening, and for the first time, takes into account har-
monic oscillation of the ion induced by radiation pressure.
The resulting heating rate of dT /dτ = (2.0±0.1) mK/ms is
comparable to that of other traps with a similar size in spite
of the surface roughness and the unusual electrode material.
It is worth noting that for experiments with ions in cavities, it
is sufficient to reach the Lamb–Dicke regime of ion localiza-
tion, which extends to a thermal excitation of a few hundred
vibrational quanta. At the measured heating rate, the sys-
tem will remain in the Lamb–Dicke regime for milliseconds,
which is long compared to cavity-enhanced ion-photon cou-
pling rate on the order of MHz. The observed heating rate
is therefore no constraint for achieving controlled ion-cavity
interaction in the trap.
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Appendix: Line shape of an oscillating hot ion

In this Appendix, we consider the fluorescence line shape
of a trapped ion exposed to intermittent excitation. The
treatment of homogeneous broadening and thermal Doppler
broadening is similar to the one in Ref. [24] (note that we
use angular frequencies instead of scaled parameters). The
most important distinguishing feature of our model is that
it includes the oscillatory motion of the ion in the harmonic
trapping potential resulting from the interruption of radia-
tion pressure. For the first time, we derive an analytic ex-
pression for the spectrum of the ion under these conditions.
It allows us to determine the temperature of the ion from the
spectrum, without relying on the details of the recooling dy-
namics used in Ref. [24], which would be difficult to model
in the presence of radiation pressure.

We start by considering the case of homogeneous broad-
ening, applicable to a cold ion at rest in the trapping poten-
tial. The normalized spectrum, which is proportional to the
fluorescence intensity measured in the experiment is given
by a Lorentzian

Scooled(δ, γ ) = γ

π

1

γ 2 + δ2
, (8)

where δ is the detuning from resonance and γ is the half
width at half maximum of the transition due to homoge-
neous broadening. When the ion is not at rest but undergoing
oscillatory motion in the trapping potential, a periodically
changing Doppler shift occurs, given by

Δ(t) = Δ0 cosωzt, (9)

where oscillation along the trap-axis (z-direction) with fre-
quency ωz is assumed and the amplitude Δ0 is given by
Eq. (2).

The periodic Doppler shift leads to a modified spectrum

SD(δ, γ,Δ0) = 1

π
Re

[
1√

Δ2
0 − (δ + iγ )2

]
. (10)

For an ion undergoing thermal motion, spectrum (10) must
be averaged over a distribution of Doppler shift ampli-
tudes Δ0. It is convenient to express the Doppler shift
through the oscillatory energy ε = mω2

zz
2
0/2 of the ion and

the recoil energy Er = h2/2mλ2 [24]:

�Δ0 = hz0ωz

λ
= √

4εEr . (11)

The probability distribution for oscillation energy ε of the
ion is given by

P(ε, ε̄) = 1

ε̄
exp

(−ε

ε̄

)
. (12)

The thermally broadened spectrum is then obtained as

Stherm(δ, γ, σ ) =
∞∫

0

P(ε, ε̄)SD(δ, γ,
√

4εEr/�) dε, (13)

with �σ = √
2Er ε̄. The integral can be evaluated and ex-

pressed in analytical form

Stherm(δ, γ, σ ) = 1√
2πσ

Re

[
w

( |δ| + iγ√
2σ

)]
. (14)

The function w(z) is the Faddeeva function or complex error
function, given by

w(z) = exp
(−z2)(1 − erf(−iz)

)
(15)

and can be readily computed [27]. Expression (14) is identi-
cal to a Voigt profile with inhomogeneous linewidth σ .

In the experimental configuration described in this paper,
switching off the cooling laser results in the ion undergoing
an oscillation with a fixed amplitude z0, even before it starts
heating up. This can be accommodated by using a modified
distribution function, spread around an oscillation at fixed
energy ε0 = (�Δ0)

2/4Er .

Posc(ε, ε0) = 1

ε̄[2 − exp(−ε0/ε̄)] exp

(
−|ε − ε0|

ε̄

)
. (16)

The spectrum of a hot ion including homogeneous broad-
ening, harmonic oscillation and thermal effects is therefore
given by

Sheated(δ, γ, σ,Δ0)

=
∞∫

0

Posc(ε, ε0)SD(δ, γ,
√

4εEr/�) dε. (17)

The integral in (17) can be solved analytically, again using
the Faddeeva function, leading to the expression given in
Eq. (5) in Sect. 4.

Sheated(δ, γ, σ,Δ0)

= Re

[
w(

√
z − d) − iw(

√
d − z∗) + ie−dw(

√−z∗)√
2πσ(2 − e−d)

]

where

z = (|δ| + iγ )2

2σ 2
, d = Δ2

0

2σ 2

and w(z) is defined in Eq. (15). It is easy to see that for
negligible oscillatory motion of the ion (Δ0 → 0), the above
expression reduces to (14), i.e., a Voigt-profile.

Expression (5) describes the most general fluorescence
spectrum of a trapped ion. To our knowledge, it has not been
derived in analytic form before. In the experiment, the ho-
mogeneous linewidth γ is determined by power broadening
of the natural linewidth, σ is related to the temperature of the
ion and Δ0 is either due to secular motion in the trap or due
to micromotion. Oscillation along the axis of the linear trap
is initiated as a result of the sudden switch-off of the cool-
ing laser at the beginning of the heating period. Radiation
pressure of the cooling laser displaces the equilibrium posi-
tion of the ion by an amount z0 in the axial potential well.
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Fig. 11 Fluorescence spectra S(δ) calculated from Eq. (5) for dif-
ferent sets of parameters. (a) (γ, σ,Δ0) = 2π × (20,1,0) MHz,
corresponding to homogeneous broadening (Lorentzian profile);
(b) (γ, σ,Δ0) = 2π × (20,1,90) MHz, corresponding to a cold os-
cillating ion; (c) (γ, σ,Δ0) = 2π × (20,50,90) MHz, corresponding
to a hot oscillating ion; (d) (γ, σ,Δ0) = 2π × (20,50,0) MHz, cor-
responding to a hot ion with no oscillation (Voigt profile). The graph
below shows the corresponding probability distributions P (ε), plotted
as a function of the scaled energy

√
4εEr

Removal of radiation pressure therefore launches oscillatory
motion with amplitude z0.

Figure 11 shows fluorescence spectra calculated from
Eq. (5) for different parameters. In the figure below, the
corresponding distribution of oscillation energies, which ap-
pears explicitly in Eq. (17), is plotted. While an oscillating
ion is characterized by a delta-function (case (b), green line),
adding thermal motion leads to a broader distribution. In
case (c), red line, there is still a peak at the original oscil-
lation energy. It is, however, approaching the pure thermal
distribution of case (d).
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