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Abstract This paper reports on the use of ultrafast pulses
for photoionisation loading of singly-ionised strontium
ions in a linear Paul trap. We take advantage of an au-
toionising resonance of Sr neutral atoms to form Sr* by
two-photon absorption of femtosecond pulses at a wave-
length of 431 nm. We compare this technique to electron-
bombardment ionisation and observe several advantages of
photoionisation. It actually allows for the loading of a pure
Srt ion cloud in a low radio-frequency voltage amplitude
regime. In these conditions, up to 4 x 10* laser-cooled Srt
ions were trapped.

PACS 32.80.Fb - 32.80.Rm - 37.10.Ty

1 Introduction

Samples of laser-cooled ions confined in electromagnetic
traps play a prominent role in several domains related to
atomic physics: quantum information [1, 2], metrology [3],
quantum optics [4-6]. The traditional method used to load
an ion trap with the desired species is to create the ions di-
rectly inside the trapping region by electron bombardment
(EB) of a neutral atomic beam. As already underlined by
several groups [7-10], this technique, while very flexible be-
cause it applies to any atomic (and molecular) specie, has
several serious drawbacks. Firstly, the electron beam may
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charge some insulator present near the trap affecting the
trapping potential with a slowly varying non-controlled elec-
tric field. This situation induces excess micro motion which
is thought to lead to increased heating. The slowly vary-
ing field must be frequently compensated for, by readjust-
ment of compensation-voltages [9, 10]. Secondly, the vac-
uum quality of the setup is deteriorated by the presence of a
hot filament near the trap. Finally, the very small cross sec-
tion of the electron-impact ionisation requires huge atomic
fluxes that negatively affect both the vacuum and the elec-
trode surfaces. In recent years, several groups have devel-
oped new strategies in order to eliminate these drawbacks:
laser ablation [11, 12] and photoionisation. We can distin-
guish two different photoionisation methods, depending on
the excitation path from the neutral atom to the ionised state.
In what we will call two-step photoionisation (TSPI) a first
narrowband cw laser is tuned on an intermediate transition
and the ionisation threshold is attained with a second photon
(that can possibly have the same energy). This method needs
a non-negligible population in the intermediate level (satu-
rating stabilised laser). Another technique, developed here,
consists in using a two-photon transition that directly brings
a neutral atom above the ionisation threshold (two-photon
photoionisation, TPPI). TPPI requires high peak-power, nor-
mally associated with short-pulse lasers with a large spectral
width. TSPI has been applied to Mg [7, 13], Ca [7-9, 14],
Ba [15], Yb [16, 17], and Sr [10]. It presents the important
opportunity of isotope selectivity through the shifts associ-
ated to the intermediate transition. Cd™ ions have been pro-
duced using short pulses [18], taking advantage of the pulse
duration of titanium:sapphire (Ti:Sa) sources to efficiently
double and quadruple the fundamental frequency. These ex-
perimental results are interpreted in terms of TSPI; however,
when spectrally-large pulses excite long-lived intermediate
states, TPPI might also occur.
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This paper reports on photoionisation loading of Sr™ in
a linear Paul trap based on ultrafast pulses. We demonstrate
that TPPI presents indeed several advantages with respect
to EB. In particular, it allowed us to selectively load the
trap with Sr™ ions, to explore trapping regimes with low
RF voltages, to obtain larger ion clouds and to improve the
vacuum quality by lowering the power in the Sr oven. Such
a lower atom flux is particularly interesting in the case of
micro-fabricated traps because it prevents short-circuits on
the electrodes and reduces heating associated with patch po-
tentials [19]. As TPPI is based on femtosecond pulses, the
laser spectral width is on the order of several nm. There-
fore frequency stabilisation is not necessary and Doppler
broadening effects are negligible. Let us also mention that,
because of its two-photon character, TPPI has the poten-
tial advantage to define a well-localised spatial region for
the ion production associated with the waist of the ionising
beam [20]. This facilitates the ion creation at the centre of
the trap with an initially low potential energy. In the par-
ticular case of our trap (atomic beam spread of ~8 mm on
the trap axis), we compared the theoretical performances of
TPPI and TSPI (assuming equivalent ionisation rates) and
we found an initial temperature six times lower for TPPL
More generally, for perfectly collimated atomic beams, the
expected initial temperature is at least two times lower for
TPPI than for TSPI. Finally, from a practical point of view,
the TPPI setup presents the advantage of flexibility because
the same frequency-doubled tunable ultrafast source can be
used for the ionisation of different atomic species.

2 Experimental setup

The level structure of the Sr atom is similar to that of most
atoms with two electrons in the outer shell (the relevant lev-
els are represented in Fig. 1a). The !Pj intermediate level has
been used to implement TSPI technique in Sr [10], follow-
ing the example of Ca [8] and Yb [16, 17]. In the particu-
lar case of the Sr atom, the presence of a (4d> + 5p*)'Ds
autoionising state that lies above the ionisation threshold
is very helpful to increase the photoionisation efficiency.
The spectral characteristics of this state have been investi-
gated earlier [21], in particular a cross section of ~5500 Mb
(1 Mb = 1072 m?) for the 'P; — (4d?> + 5p?)' D5 transi-
tion has been measured. Such an autoionising state can also
be reached from the ground state by two-photon absorption:
the (552)%Sg — (4d? + 5p?)' D, two-photon transition has
a linewidth of 0.7 nm FWHM (due to the short lifetime of
the final state) and can be resonantly driven by two photons
centred at 431 nm [22]. The strategy of the TPPI loading ex-
periment described in this paper is based on this transition
(Fig. 1b).

The neutral atomic beam is produced in an oven placed
below the trap. The oven contains a dendritic piece of pure
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Fig. 1 Relevant energy levels of neutral strontium involved in:
a two-step photoionisation TSPI; b two-photon photoionisation TPPI
discussed in this paper. ¢ Relevant energy levels of St ion involved in
Doppler cooling

strontium (Aldrich) heated by a tungsten filament with a
maximum operating current of 1.15 A, corresponding to a
heating power of 1.3 W. Let us remark that the manipulation
of pure Sr under argon atmosphere in a glove box did not
produce visible oxidation of the sample. The temperature
of the (bare) filament displays an approximate linear depen-
dence on the current and we measured 110°C for 0.8 A and
170°C for 1.2 A. Such measurements have been carried out
by recording the -V characteristics and by taking into ac-
count the known dependence of the tungsten resistivity as
function of the temperature. In these conditions we expect
an Sr partial pressure near the filament roughly in the range
10~13-10~2 mbar [23]. An electron gun based on a thorium
tungsten wire allows us to perform EB with a typical elec-
tron energy of ~300 eV. The photoionising laser source is
based on a homemade femtosecond Ti:Sa oscillator that pro-
duces 50 fs pulses of 1.5 nJ energy at 862 nm with a repeti-
tion rate of 100 MHz. The pulses are frequency doubled in a
0.5 mm thick Beta Barium Borate (BBO) nonlinear crystal.
The thickness of the crystal is such that the group velocity
mismatch negligibly affects pulse duration. A pulse energy
of more than 0.15 nJ is routinely obtained at 431 nm. The
beam is directed into the vacuum chamber and focused at the
centre of the ion trap by a lens of focal distance 200 mm. The
measured photoionising beam size at the waist is 202 pm,
corresponding to a peak intensity of ~1 GW /cm?.

Srt ions are trapped in a standard linear Paul trap (see
Fig. 2) [24]. Four parallel rod electrodes (diameter 6.35 mm,
distance between the centre of the trap and the electrode sur-
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Fig. 2 Schematic description of
the linear Paul trap setup. Four
parallel rod electrodes are used
for the rf radial confinement.
Two annular end caps separated
by 20 mm are used for the
longitudinal confinement. The
trapped ions can be axially
ejected and counted by an
electron multiplier. The ion
cloud fluorescence resulting
from Doppler cooling is
recorded on a ccd camera

CCD camera

Cooling and photoionisation laser beams

Grounded electrode

lon counter

{
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Electrostatic lens

DC voltage electrodes

Radio frequency voltage

electrodes

faces ro = 3.2 mm) are used for the radio-frequency (1f) ra-
dial confinement. A 2.5 MHz rf potential with an amplitude
Vit in the range 50-500 V is applied to two of the diago-
nally opposed electrodes. The remaining two rods are nor-
mally grounded but can also be used to resonantly excite the
ion motion in the trap (see below). The Sr™ ion radial move-
ment is defined by a typical secular frequency vg = 400 kHz
for an applied voltage Vit = 500 V. Two annular “end caps”
separated by 20 mm are used for the longitudinal confine-
ment and brought to a static positive voltage (Ve = 500 V).
The corresponding axial frequency is vao = 20 kHz. The sta-
bility parameter g [25] lies within the range 0.09 to 0.45,
well below the limit of 0.85. The stability parameter a in-
troduced in the case of linear Paul traps [26, 27], that de-
pends on the end caps voltage, is kept constant at the small
value of 107>, Trapped ions can be detected in a destruc-
tive way by an ejection sequence: an asymmetric potential
is applied to the end caps that kicks out the cloud along the
trap axis through an electrostatic lens towards an electron
multiplier. The efficiency of such a process has been esti-
mated to be better than 99% using Simion® software [28].
This detection scheme allows us to perform ion-counting
and to analyse the trapped species by performing mass spec-
trum analysis. A mass spectrum is obtained by measuring
the losses induced in successive realisations of the cloud in
the presence of a “tickle” sinusoidal excitation applied to
two diagonally opposed rods. The result of this parametric
excitation is a depletion of the ion signal when the tickle fre-
quency matches an integer fraction of 2vr (negative peak in
the mass spectrum) [29, 30].

Trapped St ions are Doppler cooled using the 2} 2=
2p, »2 optical transition at 422 nm (natural linewidth,
I' /2w = 20.2 MHz, Fig. 1c). This transition is driven us-
ing laser light generated by a commercial extended-cavity
diode laser (Toptica DL100). A commercial “repumping”
fiber laser (Koheras Adjustik Y10) at 1092 nm drives the

Grounded electrode

cwnowowno

Radial dimension (mm)
NSO oo =

-2 0 2
Axial dimension (mm)

Fig. 3 Fluorescence image at 422 nm of a trapped ion cloud (2 mm
length and 200 um width, FWHM) containing 3 x 10* Sr* ions
(Veg =130 V, Ve =500 V)

2D, 2= 2p, /2 transition to avoid the accumulation of the
ions (optical pumping) into the metastable > D3 /2 state. Let
us mention that this setup allows us to perform both the mea-
surement of the ion fluorescence, useful for optimising the
cooling phase, and the precise evaluation of the number of
trapped ions by ejection and ion-counting detection. An ex-
ample of a fluorescence image of a large cloud (2 mm length
and 200 um width, FWHM) containing 3 x 10* Sr* ions is
shown in Fig. 3. In order to remove background light from
the images, we perform spatial filtering in an intermediate
object plane through a 10 mm long and 0.5 mm wide slit and
we filter both in polarisation and wavelength (interferential
filter) the detected photons.

3 Results

In a first experiment, we performed mass spectrum analy-
sis of the trapped ions produced either by EB or by TPPIL.
Typical mass spectra corresponding to these techniques are
shown on Fig. 4. Basically two main peaks associated with
Srt are expected and observed, corresponding to a tickle
frequency of 2vR and vr (negative peaks in the mass spec-
trum). This frequency (400 kHz for the experimental con-
ditions of Fig. 4) depends on the trap potentials and the
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Fig. 4 Comparison of mass 300 400
spectra of the trapped ions
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ion mass. The main difference between the two spectra is
the value of the peak contrast. The contrast of the satu-
rated peak at 2ur gives us information about the propor-
tion of Sr™ ions in the trap. TPPI produces a contrast of
100%, indicating that a pure Srt cloud is obtained, com-
pared to 66% in the case of EB for which other ion species
are also produced (among these contaminants, we identified
ArT, Cut and water). Since the ionisation rate as a func-
tion of the ionising beam intensity shows a quadratic de-
pendence (Fig. 5), we conclude that the ionisation process
is actually based on the expected two-photon absorption.
The reported rates are obtained by performing several load—
eject cycles for different short loading times t (see below),
and by extracting the slope of the linear behaviour by a fit.
The error bars represent the average variance as extracted
by the fit procedure. The loading rate is expected to satu-
rate when the probability of two-photon absorption for each
atom crossing the interaction region is on the order of unity.
The intensity range in which this saturation occurs depends
on both the two-photon ionisation cross section oy, for the
(55298 — (4d* + 5p>)'D, transition and the photoionis-
ing pulse duration. A rough estimate (i.e. that does not take
into account the spectrum of the femtosecond pulses) [31]
gives oyp 10* GM (1 GM = 107% cm* 5). By considering
a thermal velocity of 200 m/s, an atom interacts with ~10
laser pulses in the interaction region and the saturating peak
intensity is on the order of ~100 GW/cm?. In this high-
intensity regime, we expect the loading rate to be limited by
the density of Sr atoms.
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Fig. 5 Photoionisation rate as function of the average power of the
ionisation beam obtained for Vi = 130 V and Ve. = 500 V. An excel-
lent quadratic law is observed, as expected for a two-photon absorption
process

In a second experiment, we compared the loading times
and the maximum number of trapped ions in the two cases
of EB and TPPI. The experiment is performed as follows:
we turn-on the electron gun or the photoionising beam at
time ¢t = 0; after a certain time 7, we turn off the laser cool-
ing and eject the loaded ions towards the ion counter. Laser
cooling is stopped in the ejection phase to avoid spurious
losses induced by damping. We show in Fig. 6a the num-
ber of trapped ions, as a function of t, obtained using the
two techniques. In both cases, saturation in the number of
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Fig. 6 a Number of trapped ions as function of the loading time. In
the case of photoionisation, the curves corresponding to several V¢
are traced. b Mass spectra of the trapped ions produced either by
electron-beam (solid curve) or by photoionisation (dashed curve) for
Vie = 350 V. All the data are obtained for Ve =500 V

trapped ions is reached within a few tens of seconds. How-
ever, only TPPI allowed us to create pure Sr™ clouds con-
taining a large number of ions: the EB technique saturates
around 1000 trapped ions. In fact, with TPPI an optimum of
4 x 10* trapped St ions is obtained for Vit = 125 V. In the
case of EB it is impossible to explore the same range for the
parameter V¢ without affecting the sample purity, since too
many spurious ionic species, of mass lower than Sr, are pro-
duced and trapped at low V;s. This effect is clearly visible in
the mass spectra of Fig. 6b obtained with the two techniques
in an intermediate regime (Vif = 350 V). Therefore, in our

case of a non-crystallised regime, the possibility to work at
a low Vi is crucial in order to obtain a large number of
trapped ions. We interpret this result in terms of a rf-heating
process that increases with Vi¢ [32]. In this situation, and
in the presence of laser cooling, the ion density depends on
the balance between cooling and heating. A maximum den-
sity is then achievable by minimising Vit (i.e. the rf heating)
within the stability region. But the total number of trapped
ions also depends on the volume of the trap that is imposed
by Vit and V.. Numerical simulations carried-out using
Simion® software [28] allowed us to estimate the trap vol-
ume as a function of V¢ for V. =500 V. An optimum (max-
imum) volume is obtained for Vi = 180 V, slightly larger
than the experimental value that maximises the total number
of trapped ions. Let us note that for low-temperature sam-
ples (e.g. in crystallised regime) the ion density increases
by increasing Vi, provided that the rf heating remains low
enough to prevent the melting of the crystal.

We also observed that, when working in the regime of
relatively high Vi, that is optimal for EB (Vi = 500 V),
1100 £ 5% ions can be trapped by EB to be compared to
1200+ 5% ions obtained by photoionisation. This small dis-
crepancy might be explained by space charge effects due to
electrons that can perturb the trap electrostatic potential. Let
us also finally remark that the selectivity of the TPPI tech-
nique allowed us to load pure Sr™ clouds in the trap at very
low oven temperatures (on the order of 120°C), contrary to
the case of EB (on the order of 165°C). As mentioned above,
this lower temperature implies a vapour pressure reduction
of several orders of magnitude.

4 Conclusion

We demonstrated the loading of Sr™ in a linear Paul trap
using two-photon absorption of ultrafast pulses centred
at 431 nm. We compared this technique to the electron-
bombardment loading and observed several advantages, al-
ready mentioned in previous experiments concerning other
species or other photo-excitation paths. In particular, this
technique allowed us to selectively load pure Sr* clouds,
to explore trapping regimes with low RF voltages, to obtain
large cooled-ion clouds, and to improve the vacuum qual-
ity by lowering the power in the Sr oven. Concerning this
last point, it has been possible to reduce the expected Sr
partial pressure near the oven filament by roughly 4 orders
of magnitude. Our results have been obtained with a home-
made femtosecond source that delivers relatively low energy
pulses. We expect an improvement of two orders of mag-
nitudes in the photoionisation rate in the case of commer-
cially available Ti:Sa oscillators delivering routinely 10 nJ
per pulse. Let us finally mention that the trapping of up to
4 x 10* cooled Sr* ions is an important step towards the
realisation of an ion-based quantum memory [33].
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