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Abstract Neutral ytterbium (YbI) and singly ionized ytter-
bium (YDbII) are widely used in experiments in quantum op-
tics, metrology, and quantum information science. We report
on the investigation of isotope-selective two-photon ioniza-
tion of YbI that allows for efficient loading of ion traps
with YbIIL. Results are presented on two-color (399 nm and
369 nm) and single-color (399 nm) photoionization and their
efficiency is compared to electron impact ionization. Nearly
deterministic loading of a desired number of YblII ions into a
linear Paul trap is demonstrated. First results have been pre-
sented in the context of quantum information (Balzer et al. in
Phys. Rev. A 73:041407(R), 2006), and the present paper is
intended to give a detailed description and understanding of
the photoionization and ion trap loading processes. Further-
more, we provide useful technical details of the production
and characterization of suitable atomic ovens.

1 Introduction

Atomic and singly ionized ytterbium is the element of
choice in numerous experiments in atomic physics and
quantum optics. Trapping and laser cooling of !7!'Yb* in
Paul traps was initially motivated by its potential use as
a frequency standard in the microwave or optical regime
[2-10]. In addition, this element is now employed by an
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increasing number of research groups for implementing
experiments related to quantum information science (e.g.
[1, 11-16]). In [17], loading of shallow ion traps was demon-
strated from a cold sample of neutral ytterbium, using the
same photoionization process which is investigated here,
which in those experiments was provided by the combined
cooling light for the neutral atoms and ions. Neutral Yb is
used, for instance, in Bose—Einstein condensation [18], in
photoassociation [19], or for experiments aiming at the mea-
surement of parity violation in atoms [20].

An important step in trapping ions is the ionization
process. For almost 25 years since the first successful trap-
ping and laser cooling of atomic ions [21, 22], electron
impact ionization was the process of choice. In recent
years, photoionization has begun to establish itself as an
attractive ionization process for different elements, as it
offers distinct advantages over electron impact ionization
[1, 23-28]. First, it is highly efficient in comparison with
electron impact ionization, typically yielding loading rates
that are several orders of magnitude higher. This allows the
neutral atom flux to be reduced considerably, thus avoid-
ing contamination by deposition of atoms on trap electrodes
or other, isolating trap components. Second, the electron
bombardment introduces excess charge into the trap volume
and on trap components that disturbs the trapping poten-
tial. This effect, too, is avoided when using photoionization.
And, third, by employing a resonantly enhanced process,
photoionization can be made isotope selective in contrast to
indiscriminate trap loading with the electron impact method.
Thus, the need for isotope-enriched samples, often a prereq-
uisite for experiments with isotopically pure ionic crystals,
is eliminated.

In this article we present an investigation of photoioniza-
tion of atomic ytterbium, with particular attention to its use
as a loading process for ion traps. A further advantage of the
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Fig. 1 Partial energy level ; 3p,
scheme of YbI. Two resonances Py—x— 3D,
convenient for laser excitation 3D1
and subsequent photoionization
are indicated by arrows

398.9nm

180 — Ground state Yb |

scheme presented here is the need for only one light source
at a convenient wavelength near 399 nm that is reasonably
close to the now established industrial standard at 405 nm
for laser diodes, making access to inexpensive laser light
sources more likely. Recent progress in laser diode produc-
tion processes, however, makes outliers, which deliver the
desired wavelength, less probable and makes it necessary to
use cooled laser diodes [14].

In Sect. 2 we report on laser spectroscopy of the ' So—'P;
resonance near 399 nm in Ybl with the hyperfine structure
resolved. Resonance fluorescence spectra are recorded em-
ploying a collimated thermal atomic beam emerging from
an Yb oven. We present a simplified model of this Yb oven
in Sect. 3 that predicts measured oven temperatures satisfy-
ingly and agrees with density and flux measurements pre-
sented in Sect. 4. Resonance-enhanced photoionization of
YbI using an additional light field near 369 nm is then re-
ported in Sect. 5 while in Sect. 6 it is shown that the light
field near 399 nm alone may ionize YbI in the presence of
the rf field used for ion trapping. Section 7 concludes this
article.

2 Laser spectroscopy of neutral Yb

Photoionization of Yb by one photon would require radia-
tion with wavenumber larger than 50443 cm~! [29] corre-
sponding to a wavelength below 200 nm in the vacuum-UV
range. Generating and guiding radiation in this wavelength
regime is rather inconvenient. In addition, one-photon ion-
ization does not take advantage of bound energy levels of
Yb in order to make this process isotope selective. There-
fore, it is useful to first excite Yb to a bound excited state
and subsequently ionize the excited atom.

Figure 1 depicts relevant low-lying energy levels in Ybl.
Starting from the 'Sy ground state, several energy levels
may serve as a first excitation level from which the actual
ionization process occurs. The inter-combination line near
555.6 nm has been extensively studied [30, 31] as a start-
ing point for a photoionization process. Unfortunately, this
wavelength is presently not accessible using an inexpen-
sive diode laser. Therefore, we concentrate on the optical
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Fig. 2 Two-photon ionization of Ybl via the Py state

dipole transition from the ground state to the 'P level near
398.9 nm. The 'P; state has a lifetime of 5.464 ns [19] and
the transition 'So—!P; is saturated by a light intensity of
60 mW/cm? [32]. Possible decay channels of the Ip, state
are not indicated in Fig. 1, as the ratio between the rate for
radiative decay into the ground state and the sum of the rates
for decay into all other states is larger than 107 [33].

As indicated in Fig. 2, a second light field with wave-
length below 394 nm is required to reach the continuum.
This process has been proposed by Sankari and Surya-
narayana [34], the principle of which has been demonstrated
by us in earlier work [1]. Fortunately, this second light field
is easily supplied by the cooling laser for the YbII ion near
369 nm, which is already present at experiments working
with trapped YbII. This makes this scheme very practical in-
deed, as only one other diode laser needs to be set up. This
process is termed two-color ionization and its experimental
investigation is described in detail in Sect. 5.

This contrasts with the scheme presented in Sect. 6 that
we label one-color ionization. As is shown experimentally,
a second light field near 369 nm is not necessary to ionize
YbI atoms in an ion trap; instead, employing only the laser
near 398.9 nm is sufficient.

In the remainder of this section we will be concerned
with the spectroscopy and isotope-selective excitation of the
1Sy—!P; transition in YbI. The authors of Ref. [35] carried
out careful spectroscopy of neutral ytterbium and provided
absolute transition frequencies for the transitions of interest
here.

Laser induced resonance fluorescence spectra of YbI are
recorded using a thermal atomic beam emitted from three
different ovens heated resistively. The ovens are molybde-
num tubes with an inner diameter of 0.78 mm and a wall
thickness of 0.2 mm, spot welded to a tantalum wire. The
ground connection is cut from a tantalum foil (thickness
0.2 mm) with a size of approximately 2 x 4 mm?, spot
welded close to the opening of the oven tube. Two ovens
contain samples of YbI that are isotopically enriched with
1yb and '72YDb respectively, while the third oven con-
tains a sample with the natural abundance of isotopes of
ytterbium. Two different experimental setups are used for
the experiments reported in this article: the isotopically en-
riched ovens are mounted in a vacuum chamber maintained
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at a pressure below 10~!9 mbar (when the oven is turned off)
that also houses a miniature Paul trap (compare Sect. 5.1).
The third oven is contained in a vacuum chamber at a typ-
ical pressure of 5 x 10~ mbar together with a linear Paul
trap [1].

For excitation of the !Syo—!P; transition, a tuneable exter-
nal cavity diode laser is used with an emission bandwidth of
about 2w x 500 kHz. The wavelength of the laser radiation
is measured using a wave meter to a precision of 0.05 pm us-
ing a temperature-stabilized HeNe laser as a reference cor-
responding to an uncertainty of ~95 MHz in absolute fre-
quency. The laser beam crosses the atomic beam at an angle
close to 45° or 90°.

Resonance fluorescence of YbI close to 399 nm is col-
lected, imaged, and detected using the setups that are in
use for photon counting the resonance fluorescence close to
369 nm originating from the P;,2—S; > transition in YbIL
With the setup containing the isotopically enriched YbI
ovens, light is collected using an objective with a numeri-
cal aperture of approximately 0.4 and then imaged onto a
photomultiplier tube (Burle C31034A2) operated in photon-
counting mode. The overall detection efficiency is about 1%.
The setup with the oven containing ytterbium with natural
abundance of isotopes uses optical elements for light collec-
tion with a numerical aperture of approximately 0.5 and a
photomultiplier (Hamamatsu R5600P) with an overall cal-
culated efficiency of 1.3% for the detection of light emitted
by YbI and YbIL

2.1 Isotope-selective excitation of Ybl

Figure 3 shows laser induced resonance fluorescence spec-
tra of the 'So—!P; transition in YbIL. These were measured
employing isotopically enriched samples of 71 Yb or 172Yb.
The abscissa indicates the frequency relative to the center of
the resonance corresponding to !7# YbI that was found at a
vacuum wavelength near 398.91 nm.

The excitation line profile in Fig. 3a is Doppler broad-
ened and shifted while in Fig. 3b and ¢ Doppler broaden-
ing is strongly reduced, with the measured line widths of
I'i7p =27 x71(1) MHz and I'17; = 27 x 89(1) MHz a fac-
tor of approximately 3 higher than the natural line width of
21 x 28 MHz due to saturation broadening and the Doppler
broadening due to the divergence of the atomic beam. The
hyperfine splitting of the 'P; level of the '71Yb isotope is
clearly resolved. Small peaks to the left and right of the re-
spective main resonances in Fig. 3b and c are due to impuri-
ties from other isotopes.

After having obtained sufficient spectral resolution with
the isotopically pure '7'Yb and '72Yb ovens, a new oven
with a natural abundance isotope distribution was built, and
Fig. 4 shows the atomic resonance fluorescence spectrum
measured with this oven. The spectrum was fitted to a sum
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Fig. 3 Laser induced resonance fluorescence spectra of the 'So—'P;
transition in YbI. An isotopically enriched sample of 7'YbI (a, b)
or 172YbI (c) was used. The detuning of the laser frequency is given
relative to the resonance of 17*Yb. (a) 171 YbI: the angle between the
laser beam and the atomic beam is about 45 degrees. The resonance
is shifted and broadened by the Doppler effect. (b) !71'YbI: the laser
beam crosses the atomic beam at right angles allowing for resolution
of the hyperfine structure. The rest abundance of !7>YbI can be seen
as a small resonance peak to the left of the two prominent hyperfine
resonances of 17! YbI. (¢) !7>YblI: Doppler-reduced spectrum
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Fig. 4 Laser induced resonance fluorescence spectra of the 1S,-1P;
transition in YbI with reduced Doppler broadening from an oven with
natural abundance isotope distribution. All hyperfine information dis-
played at the resonances concerns the upper levels of the transitions
since the ground state exhibits no hyperfine splitting. Nonlinear regres-
sion was performed by assuming fixed spacing given by [35] and fitting
a common horizontal and vertical displacement, a natural line width, a
residual Doppler width, and individual peak heights

of six Voigt profiles to obtain the isotope shift of the reso-
nance frequencies and agreement within mutual error bars
was found with [35]. In this spectrum, the different isotopes
are resolved, allowing for selective ionization and hence
trapping of different isotopes of ytterbium.

The resonance 'So—'P; , F = 3/2 corresponding to the
isotope '73YbI is separated from the 'So—'P; resonance in
172YbI by only 17 MHz [35]. Thus, it is difficult to spectrally
resolve these two isotopes. However, if loading an ion trap
with 172YbII is desired, then this is not an obstacle, since
the odd isotope’s hyperfine structure prevents this ion from
being efficiently laser cooled: if no microwave radiation is
present that avoids optical pumping into a ‘dark’ hyperfine
level (with respect to laser light near 369 nm driving the
S1/2-P1,2 transition in YbII) of the electronic ground state,
then it is unlikely that !7>Yb™ at a thermal velocity is suf-
ficiently laser cooled to be trapped. Furthermore, these ions
would be visible as dark gaps in linear ion crystals. This has
not been observed during the loading of ion crystals reported
in Sect. 5.3.

Deterministic loading of only one isotope is, strictly
speaking, never possible by spectral means—the Lorentzian
wings of the absorption profile always leave a non-vanishing
probability for excitation at all detunings, and only a cer-
tain degree of rejection of other isotopes can be achieved. It
should be pointed out, however, that this level of discrimi-
nation is unfavorable for certain isotope combinations.

@ Springer

3 One-dimensional heat model of the oven

We have manufactured a variety of ovens with different
geometries which all have in common that ytterbium inside
a metal tube with one open end is evaporated by ohmic heat-
ing.

The latest ovens were designed to meet the special de-
mand of a microstructured segmented linear ion trap. To
avoid coverage of the trap chip with neutral ytterbium,
the atomic beam should be restricted to a region nar-
rower than the electrode separation. Initial experiments with
squeezed oven nozzles gave good collimation results, con-
firmed by analyzing transverse Doppler-broadening profiles.
But, within 30 h of operation, the Doppler width broadened
gradually, most likely due to clogging or redeposition in the
nozzle. Satisfying long-term behavior could be achieved by
a laser-cut slit aperture a few millimeters apart from the oven
nozzle.

Our recent ovens are made of a steel tube and wire, which
is thinned at one point to give a high local ohmic loss. A steel
tube, partially filled with a small amount of ytterbium, is
mounted close to this point and a collimated ytterbium beam
emerges from the open tube end. The feed wires are made
of molybdenum.

A simple heat model for a small piece of wire states
that the net flux of power per length element vanishes for
a steady state temperature distribution:

dPohm _dPrad_chond=0 (1)

with the infinitesimal power contributions d P due to ohmic
heating, radiation, and conduction. These powers for a small
length interval dx of a cylindrical wire are given as

12
APy = PdR = 720 g )
Tr
AP = dAceT* = 27rrae(T4 - T(;‘)dX, 3)

dPeond = dPeond(x — dx/2) — dPeopa(x — dx/2)
=kmr?(T'(x +dx/2) — T'(x — dx/2))
= kr?T" (x)dx. )

In (2)—(4), the heating current is denoted as I, p(x) is
the electrical resistivity,  is the radius of the wire, o is the
Stefan—Boltzmann constant, € is the emissivity of the wire
material, Ty is the ambient temperature, and the thermal con-
ductivity is termed as «. Inserting (2)—(4) into (1), one finds
that the second derivative of the temperature has its origin in
ohmic heating and radiative losses:

’p(x)
Tr2

—kmr?T" (x) + - 27'rrae(T4 — TS‘) =0. 5)
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Fig. 5 Sketch of the oven

When the oven is modeled as a one-dimensional system
made of the feed-through wire with a small incision as the
heating element, the electrical resistivity along the wire is
given by

p(x) = po+ Rrr2s(x), (6)

where pg is the resistivity of the wire and R is the resis-
tance of the incision at x = 0 (treated as point like). We in-
tegrate (5) numerically, which allows us to account for the
temperature dependence of electrical and heat conductivities
using the Wiedemann—Franz law [36]. We take into account
two boundary conditions: (i) the temperature at the holders
at x = ££ equals the ambient temperature Ty and (ii) the
temperature distribution has a kink at the heating element at
x = 0 and the derivative changes by I>R /kmr?.

Figure 6 shows a numerical solution for the tempera-
ture distribution using a current of 1.5 A and parameters
that describe our oven adequately. These parameters are ob-
tained either from the literature (as for ¥ and p) or from our
own measurements (as for R). The parameters used for cal-
culating and plotting the temperature distribution are: r =
0.35mm, £=10cm, R =0.06 2, p = po X [1 + a1 (T —
To)] = 5.57 x 1078[1 4+ 4.82 x 1073(T — 298 K)/K] mS2
[37], k(Tp) = 138 W/mK [38].

The distribution is found to be dominantly triangular,
with negligible ohmic losses in the wire and small positive
curvature for higher-temperature regions due to radiative
losses. The model gives reasonable agreement with mea-
surements of the oven tip temperature considering that we
did not take into account the geometric details of our oven.

The oven tip temperature was measured close to the inci-
sion shown in Fig. 5 using a j-type thermocouple as a func-
tion of heating current (see Fig. 7) and a hyperbolic depen-
dence is found. This functional dependence is unexpected at
first sight: one would expect a quadratic behavior for small
currents, as the heating power depends quadratically on the
current, and radiative losses are negligible. In fact, such a de-
pendence is found for small currents. For high currents one
would expect a square-root dependence of the tip tempera-
ture, arguing that dominating radiative losses which scale as
T# are balanced by a heating power behaving as 72, but such
aregime is not observed for the currents that we applied. An
extended linear regime can be explained, however, taking
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Fig.7 Temperature of the oven tip as a function of heating current

into account the temperature distribution along the wire as

above. The hyperbolic dependence is reproduced by a sim-

ple analytical model assuming a triangular temperature dis-

tribution in accordance with the results shown in Fig. 6:
Tmax — To

T(x)=Tnax — ——— x|,

7 x| <¢ @)

with the ambient temperature Ty. The heat loss through the
wire ends at |x| = £ equals 2k r>T’ and power balance re-
quires

14

I*R = 2knr?T’ +/ 2rroe(T(x)* — Ty) dx (8)
—£
Arroel
= 2%’ T + o (T — T5))- 9
o * 5(Tmax — To) ( ax O) ( )

After division of the radiative term by a polynomial and con-
sidering terms up to second order in Tmx, the peak temper-

@ Springer



332

M. Johanning et al.

ature is obtained as

~ (T To ’ 2
Tmax“(i_()l)‘f‘\/(?‘i‘a) + 81 (10)

with the constants « and 8 given by

L P (11)
a = 9 == 9
82T €0

= ma

which gives the observed hyperbolic dependence. We have
measured the temperature of the oven tip with a vacuum-
compatible thermistor and find good agreement with a hy-
perbolic model. For a current above 1 A (that leads to a
useful atom flux, as will be reported below), a linear rela-
tion between current and temperature is found. It should be
noted that the measured quantitative asymptotic behavior is
not predicted by the coefficients extracted from (11), most
likely due to geometric details and material properties that
are neglected or simplified in our model. However, the im-
portant general insight remains that heat conductivity and
radiative losses yield a polynomial expression in Tmax — To
in (9) which results in a hyperbolic dependence of the max-
imum temperature as a function of heating current.

4 Neutral atom densities and atomic flux

The temperature of ytterbium in a closed oven would result
in a vapor pressure, which, for a temperature-independent
latent heat, is predicted by the Clausius—Clapeyron equation
to take the simple form

pup(T) = poe~ /T, (12)

The coefficients of a slightly extended model were opti-
mized to match experimental data in the range 1070 Pa to
10% Pa within 5% [39]. Assuming the ytterbium vapor to be-
have as an ideal gas, the particle density can be calculated
from the vapor pressure:

n— pvp(T) _ Poe_T‘/T
ksT ksT

(13)

Furthermore, for a Maxwellian distribution of atom veloci-
ties, one can calculate the flux of atoms through a circular
aperture with radius r:

8mr4 - r?
p= |2 e /T = 2L -n/T 14
n kaTpoe kBT(v>poe (14)

with the mean velocity of the atoms in the beam

8kgT
am

=
I

15)
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When calculating densities and fluxes from currents using
(10) and (12)—(14), one has to bear in mind that the effective
temperature might in general be lower than the one obtained
for the heating element, since the atoms can thermalize with
the whole, and generally cooler, oven tube.

Atom densities and fluxes were characterized for the oven
which was optimized for use with a microstructured seg-
mented linear Paul trap. The neutral atom fluorescence is
imaged onto a small aperture, which in turn is imaged onto a
photomultiplier. Magnification and aperture are chosen such
that the intensity and atom density can be assumed approxi-
mately constant over the detected area. We take into account
saturation by determining experimentally the intensity pro-
file of the laser and the total power. For all measurements,
we assume a steady state temperature distribution which is
ensured by a 10-min warm-up.

The measured current dependence (Figs. 8 and 9) of the
density and flux is fitted by a simple model: the atomic va-
por is in thermal equilibrium with the oven. The oven has an
effective temperature, which is assumed to exhibit a linear
dependence on current as found with thermistor measure-
ments for higher currents (compare Fig. 7). The dependence
of the effective oven temperature is not necessarily identical
with the dependence of the oven tip temperature: we allowed
for a temperature offset and a different slope; in general, the
effective temperature is expected to be lower than the one
measured by the thermistor. The temperature is used to cal-
culate the vapor pressure and flux. Both quantities are multi-
plied by a factor, taking into account the finite atomic beam
divergence, non-equilibrium effects, imperfect characteriza-
tion of our detection efficiency and saturation.

The model describes the measurements quite well. It
states that the effective temperature of the oven (and thus
the atoms’ temperature) shows the same slope with respect
to the current, but is substantially lower than the temperature
of the oven tip (by approximately 50 K).

5 Two-color ionization of YbI

In this section we report on resonance-enhanced isotope-
selective ionization of YbI with subsequent loading of the
ions into a Paul trap (ring trap or linear trap). The possibil-
ity to selectively excite a certain isotope out of a mixture of
natural abundance material is an advantage of photoioniza-
tion. This selectivity is achieved by the first excitation step
from the ground state of YbI into the 'P; state as reported
in the previous section. The second excitation step from the
IP state of Ybl into the ionization continuum is achieved by
means of laser light near 369 nm (Fig. 2). The dependence of
trap loading efficiency on laser intensities, laser frequencies,
and relative flux of neutral atoms is studied.
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Fig. 8 The atom density from a collimated ytterbium beam with nat-
ural isotope abundance as a function of oven heating current. The beam
is collimated by an aperture separated 3 mm from the oven nozzle. The
density was measured approximately 5 mm away from the collimating
aperture
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Fig.9 The atomic flux density from a collimated ytterbium beam with
natural isotope abundance as a function of oven heating current. The
density data presented in Fig. 8§ was combined with measurements of
the line shift due to the mean beam velocity as shown in Fig. 3a

5.1 Experimental procedure

A part of the experimental setup was described already in
the preceding section that deals with resonant excitation of
YbI. Now, taking advantage of this isotope-selective excita-
tion of the 'P 1 state, we are concerned with photoionization
of YbI and trapping of YbIL Ions are trapped in either a
miniature ring Paul trap or a linear Paul trap. The ring trap
electrodes are made from molybdenum wire with a diame-
ter of 0.3 mm. The ring electrode has an inner diameter of
2.0 mm and the end cap electrodes are 1.4-mm apart. An rf
field at 9.5 MHz with peak amplitude of about 700 V is ap-
plied between ring and end cap electrodes. The linear trap is

made of four molybdenum rod electrodes 0.5 mm in diame-
ter, held by two Macor plates spaced 6-mm apart. The radial
distance from the axis to the surface of the rods is 0.75 mm.
Two molybdenum end caps with a diameter of 0.4 mm serve
for axial confinement, and are spaced 4.1-mm apart. An 1f
field with frequency between 10 and 20 MHz and amplitude
of up to 2 kV is applied to the rod electrodes for radial con-
finement, and a low voltage of several volts only is applied
for axial confinement. Typical secular frequencies are 30—
60 kHz in the axial direction and 600-800 kHz radially.

Light near 369 nm driving the Sy, —Py/> transition in
YbII is supplied by a frequency-doubled commercial Ti:Sa
laser (Coherent MBR110) which provides about 400 W m
focused to a spot size of approximately 100 um (1/¢* di-
ameter of the intensity). A diode laser delivers light near
935 nm and drives the D3,,—[3/2];> transition in YbII to
avoid optical pumping into the metastable D3, state [40].

An electric current resistively heats the oven and, after
some time, a stationary temperature is obtained. Therefore,
each oven was heated for at least 10 min prior to the actual
experiment, unless stated otherwise. The oven temperature
determines the vapor pressure and atom density inside the
oven and the atomic flux density in the particle beam that
emerges from the open end of the oven.

In order to determine quantitatively the atomic number
density in the trapping region of the ion trap, one would need
knowledge of (i) the spatial profiles of the atomic beam and
the laser beam in the region where they cross, (ii) the overall
detection efficiency of the system measuring the resonance
fluorescence in this crossing region as a function of the posi-
tion of the fluorescing atoms (the depth of focus for the op-
tics collecting the fluorescence is rather small due to a large
numerical aperture), and (iii) the transition line strength of
the 'So—'P; transition. Thus, deducing the number density
from the observed resonance fluorescence spectra is in prin-
ciple feasible, albeit with a large systematic error. If the
number density were known, the investigation of ion loading
rates as a function of oven current reported below could be
presented as a function of neutral atom density instead. The
ion loading rates depend, in addition, on (i) the ionization
cross section for the different ionization schemes reported
(one-color, two-color, electron impact), (ii) the quasi-static
electric field experienced by the atoms in the trap region that
varies spatially and in time in a different manner for each
trap, and (iii) the rate at which different YbII ions are laser
cooled, which in turn is a function of the spatial profiles and
overlap of the laser beams near 369 nm and 935 nm used
for laser cooling YbII and their frequency, intensity, and
polarization (in addition, for odd isotopes also of the para-
meters characterizing the microwave radiation necessary to
avoid optical pumping). We do not attempt here to give a
full quantitative description that might be plagued by a large
uncertainty while not altering the conclusions drawn from
the measurements reported below.
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Fig. 10 Two-color photoionization of 72YbI as a function of time
for different electric currents heating the atom oven. The fluorescence
signal is proportional to the number of trapped YbII ions for a low
number of ions, i.e. short loading times (here, a single ion produces a
photon count rate of 15 kHz). In this region the signals are fitted by
a linear function to extract loading rates as a function of oven current.
Steps in the photon count rate for small heating currents indicate an
increase by one of the number of trapped ions. The oven currents were
(in order of ascending signal slope): 1.8 A, 1.9 A, 2.0 A,2.18 A, 2.3 A,
247 A,2.57TA

The wavelength of the laser near 398.9 nm was set to
a value corresponding to the !So—!'P; resonance of the de-
sired isotope to be loaded into the trap, and the peak laser in-
tensity (Gaussian beam profile) in the ionization region was
3 W/em?, if not explicitly stated otherwise.

When both the lasers near 369 nm and near 398.9 nm
are directed into the trap region, the atomic resonance
fluorescence signal is added on top of the ionic fluores-
cence. Experimentally, the signals due to Ybl and YbII
are discernible by blocking temporarily the repump laser at
935 nm, which leads to optical pumping into the metastable
D3/, state of YbII and thus the ionic fluorescence is in-
terrupted. Typically, the fluorescence signal collected from
neutral atoms amounts to—depending on oven current—
several tens of kHz.

5.2 Two-color ionization

Figure 10 shows combined atomic (YbI) and ionic (YbII)
fluorescence signals in dependence on the ionization time
and the oven current for two-color ionization. The procedure
to record the time series in Fig. 10 is as follows: the ion trap
is emptied by turning off the rf trapping field and all lasers
except the excitation laser at 398.9 nm are turned on. After
3 s the excitation laser is unblocked, leading to fast loading
of the trap and accordingly to an increase in the ionic flu-
orescence signal. With a fluorescence rate of 15 kHz for a
single ion here, on the order of 100 ions are trapped in the
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Fig. 11 Comparison of efficiency for electron impact and two-color
jonization of 172YbI (oven current set to 2.5 A) [1]. The upper trace
(dots) shows the rise in fluorescence when two-color photoionization
is used and a fit (solid line) to the linear slope of the signal as in Fig. 10
(note that the linear slope is not displayed as a straight line due to
the logarithmic depiction). The step in the lower time trace (electron
impact ionization) signifies the trapping of a single ion

first 15 s for the highest oven current at 2.57 A, indicating
the high efficiency of this process. This oven current repre-
sents the usual value used with electron impact ionization.

The resonance fluorescence signal begins to saturate, af-
ter a time depending on oven current, generally for ion num-
bers greater than about 20, owing both to the limited trap-
ping capacity and the reduced efficiency of the optics for
imaging a large ion ‘cloud’ (the optical setup used here is
optimized for imaging a single ion located in the center of
the trap). A limited capacity for trapping can be attributed
to the laser beam waist being too small to illuminate large
clouds. In addition, large hot clouds exhibit a large number
of micromotion sidebands, such that the scattering of reso-
nance fluorescence induced by a laser with narrow emission
bandwidth is reduced dramatically.

The oven current is varied between 1.80 A and 2.57 A.
For those currents, we obtained feasible loading rates and
low vacuum contamination. As expected, the rate of load-
ing ions increases with the atom flux density. Depending on
the probability for ionizing a neutral atom passing by, two
dependences are conceivable: for almost unit probability of
ionization, the loading rate will be proportional to the atom
flux, whereas for low probability of ionization, the loading
rate can be expected to behave proportionally to the atom
density. A comparison of loading rates on the order of a few
per second and much higher measured fluxes shows that the
latter is the appropriate model, and Fig. 12 shows the mea-
sured loading rate together with a fit that assumes propor-
tionality to the atom density.

In Fig. 11 the loading rate using two-color photoioniza-
tion is compared with electron impact ionization. The time
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Fig. 12 Loading rate extracted from the slope of fluorescence increase
in the linear regime as a function of oven current (compare Fig. 10).
A thermodynamic vapor density is fitted to the data assuming a lin-
ear dependence between current and effective temperature as observed
from probe measurements (see Sect. 4). The fitted dependency is com-
parable to the one measured in Sect. 4, even though the oven was con-
structed with a slightly different design

series indicating the fluorescence signal when using elec-
tron impact ionization shows a sharp increase at about 142 s
that signifies the trapping of a single !7>Yb ion. In contrast,
the ionic signal rises quickly when using photoionization,
indicating trapping of more than 100 ions during the first
seconds after turning on the excitation laser. The two-color-
ionization process results in an estimated increase in trap
loading rate of about 3000 in comparison with electron im-
pact ionization. For this measurement, the oven current was
setto 2.5 A.

In the two paragraphs to follow we examine the influence
of the frequency of both the laser light field near 369 nm
and the one near 399 nm on the efficiency of the ionization
process. The ionization model depicted in Fig. 2 is corrobo-
rated by these measurements.

Figure 13 shows the resonance fluorescence signal of
trapped !7>Yb ions under variation of the frequency of the
cooling laser close to 369 nm over a range of 800 MHz dur-
ing the loading phase. The scan was taken with the oven cur-
rent set to 2.59 A and 30-s ionization time. During the ob-
servation stage of the trapped ions, the laser at 369 nm was
set close to resonance. The observed fluorescence signal is
consistent with a structureless flat dependence of the ioniza-
tion rate on the detuning of the cooling laser near 369 nm in
the frequency range depicted here. This is in accord with the
ionization model that the atom is excited from the 'P; state
into the ionization continuum (Fig. 2). The energy of the
photon at 369 nm is larger than the energy needed to reach
the continuum (equivalent to a wavelength of 394 nm); thus,
no dependence on small frequency variations is expected.
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Fig. 13 Dependence of the ionic resonance fluorescence signal—and
hence the loading rate—on detuning of both lasers for two-color pho-
toionization during the loading time. The fluorescence signal shows a
strong dependence on the detuning of the 399-nm laser (filled dots),
since this excitation is a resonant process. The solid line indicates a
fit using a Voigt profile. The non-resonant excitation with the 369-nm
laser above ionization threshold shows no dependence on variation of
wavelength (open circles) and can be fitted by a constant (dashed line).
The ionization time was 30 s at 2.59-A oven current

On the other hand, based on the excitation spectra of neu-
tral YbI the detuning of the excitation laser at 398.9 nm is
expected to have a distinct influence on the ionization effi-
ciency for a given isotope. The second data set in Fig. 13
confirms this assumption. There, the excitation laser is
scanned over a range of 1.2 GHz and the resulting ionic
fluorescence is recorded. This graph may also be compared
to Fig. 3a, since both data sets were taken using the '7'Yb
isotope and an angle of 45 degrees between the atomic and
laser beams, respectively (thus, the line profile is dominated
by Doppler broadening). The oven current was set to 2.82 A
and the time during which the excitation laser was turned on
was 60 s.

5.3 Nearly deterministic loading of an ion trap

The last paragraph of this section deals with an experimen-
tally important feature of photoionization of YbI for ion trap
experiments: it is desirable to (nearly) deterministically load
a desired number of ions into the trap. In addition, the flux of
neutral atoms possibly contaminating trap structures should
be significantly reduced. So far, the oven current was set to a
certain value and kept there to allow for comparison of dif-
ferent loading rates. Now, when trying to quickly load ions,
all laser frequencies and intensities are set first before the
oven current is turned on. The wavelength of the excitation
laser near 399 nm is set with an accuracy better than 80 MHz
using a wave meter, which is sufficient to find the atomic
resonance without having to rely on the atomic beam. Thus,
already the first atoms emitted from the oven have a chance
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Fig. 14 Deterministic loading of a desired number of ions by
two-color photoionization [1]. The loading rate increases with time,
since the oven emitting YbI atoms heats up during the measurement

of being ionized by efficient two-color ionization and are
immediately laser cooled by the same laser light that ionizes
them. It turns out that the loading rate using this procedure is
such that any desired (low) number of ions is easily selected
simply by blocking the ionization laser at the right time.

Figure 14 shows the number of trapped ions plotted
against time. This experiment was performed with a lin-
ear Paul trap and the ionic fluorescence was detected by an
image-intensified CCD camera. The number of visible ions
and their locations allow us to extract the ion number redun-
dantly, if no dark ions are trapped. The time before the first
ion is detected varies between 60 and 180 s after the oven
current is turned on, depending on laser parameters. Then,
while the oven is being heated the loading rate increases.
This graph shows that nearly deterministic loading of a de-
sired number of ions is possible using this procedure. To
achieve that, the loading rate is set to be low (to reduce to
probability of having additional hot ions in the trap, which
appear in the cold ion string shortly after) and a feedback
mechanism shuts off the laser near 399 nm, once the desired
ion number has been achieved. A spatially resolved detec-
tion can also be used to automatically discard ion strings
with impurity atoms from unwanted isotopes.

6 Single-color ionization of YbI

The energy carried by two photons at 398.9 nm is not suf-
ficient to bridge the energy gap between the ground state of
YbI and the ionization continuum. Therefore, it came ini-
tially as a surprise that YbII ions could be produced using
this laser light alone.

For the experiments presented in this section all lasers
are blocked first for a prescribed time while the laser at
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399 nm is on. Then the laser exciting the atomic resonance is
blocked while the lasers near 935 nm and 369 nm are turned
on for cooling and detecting the ion.

Comparing the two methods shows that for the exper-
imental parameters used here, the two-color ionization is
almost two orders of magnitude more effective than the
one-color ionization. In the latter case, though, the ions are
cooled only after the ionization process is finished when the
cooling laser near 369 nm is unblocked. For the two-color
scheme, on the other hand, the ions are cooled as soon as
they are ionized.

As an explanation of why ions are produced by 399-nm
light alone, three-photon ionization would be conceivable,
with the first photon exciting the atomic !So—!P; resonance
as before, and two more photons ionizing the atom. This
‘second’ two-photon process could again be resonance en-
hanced, if the 399-nm light excites a Rydberg state in YbI.
If the absorption of the last two photons is not resonance
enhanced, then a rough estimate shows that at a light in-
tensity of a few watts per cm? this three-photon-ionization
rate (proceeding resonantly with the first photon through the
P, state and then with two more photons non-resonantly
into the continuum) should be about 12 orders of magnitude
lower than the two-photon rate (i.e. proceeding resonantly
with the first photon through the 'P; state and then with one
more photon into the continuum) [41]. Since such a low ion-
ization rate is not consistent with our experimental observa-
tion, we conclude that a three-photon process that is not a
second time resonance enhanced cannot be responsible for
the observed production of YbII using light near 399 nm.

Is there a Rydberg state that could be resonantly ex-
cited starting from the !P; state with the same light that ex-
cites the 'So—!P; transition, and thus lead to a three-photon
process that is resonantly enhanced a second time? From this
Rydberg state, a third photon at the same wavelength would
then ionize the atom. Starting from the 1P1 level the dipole-
selection rules allow transitions into either S- or D-Rydberg
states. Checking the energy levels of the S- and D-Rydberg
series shows that no level exists at 50136.444 cm™!,
the energy corresponding to two photons near 398.9 nm
[42, 43]. The nearest unshifted singlet states are the 6s23s!Sg
at 50130.98 cm~! and the 6s22d' D5 at 50148.59 cm ™!, with
an energy difference to the value above of 5.46 cm™! and
12.15 cm™!, respectively. We therefore exclude resonant ex-
citation of an unshifted Rydberg state as a likely candidate
for the observed photoionization by a one-color light field.

When considering possible ionization pathways we have
neglected so far the influence of the rf trapping field on the
ionization process. Given the trap dimension of the ring trap
and the applied rf voltage, the peak electric field is estimated
as 7 x 10° V/m. With the Stark shift taking on a value of
about 107% Hz/(V/m)? for hydrogen with n = 2 and being
proportional to n” (with principal quantum number 1) [44],
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it is expected that the Stark shift of the 'P; state is negligi-
ble here while Rydberg states with n =~ 22 are considerably
shifted in energy. In fact, the trapping potential lowers the
ionization threshold such that a second photon at 398.9 nm
directly reaches the continuum.

In a simplified picture a hydrogen atom exposed to a con-
stant external electric field in the direction x shows an asym-
metric binding potential along this direction as

V=- — —eEx (16)

with elementary charge e, electron nucleus separation x,
and magnitude of the external electric field E. The poten-
tial maximum in the direction of the electric field is lowered
with respect to the unperturbed atom, which corresponds to
a lowering of the ionization threshold by

e3E
AU = | —. 17
TEQ

This is reminiscent of the Schottky effect [45], which de-
scribes the lowering of the work function of solid-state ma-
terials in the presence of an electric field.

The difference of the ionization energy U = 50443 cm™!
and the energy of two photons 2E393 = 50136.4 cm™! re-
quires a lowering of the ionization energy by at least AU =
306.6 cm~!. Using (17), this corresponds to a required field
strength exceeding |Eph| = 2.5 x 10° V/m.

On the other hand, the peak potential in a linear ion trap
along the z direction is given by

X2 —y?
¢peak = Uoiz (18)
To
with the peak voltage Uy and the electrode separation 2rg,
yielding a peak electric field of

2Uy r
Epeak=_|v¢|=—2 x2+y2=2U0—2- (19)
"o o

Thus, the radius at which the required electric field strength
for one-color photoionization is exceeded amounts to

2
|Eph 7
, — —phl’o

20U, (20)

which gives for our trap (Up = 1000 V and 2rp = 1.5 mm) a
separation from the trap center of » = 140 um. This gives
0.75 eV of initial quasi-potential energy which has to be
laser cooled.

A full quantitative treatment of the electric field enhanced
photoionization has to account, in particular, for the density
and velocity distributions of the YbI atoms moving through
the oscillatory trapping field, and the exact spatial depen-
dence of the trapping field.
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Fig. 15 Ionization efficiency of one-color photoionization of "2Yb
as a function of detuning of the 399-nm light from the !So—'P; reso-
nance. The filled circles show the fluorescence signal as a function of
laser detuning, similar to Fig. 13. The ionization time was 30 s at an
oven current of 2.59 A and laser and atomic beams enclose an angle of
45 degrees. Fitting a Voigt profile yields a FWHM of 320 MHz. The
open circles display the number of trapped ions after a loading time in-
terval of 30 s at 2.79-A oven current. Here laser and atomic beams are
perpendicular yielding low Doppler broadening. Fitting a Voigt profile
yields a FWHM of 110 MHz, which is consistent with fluorescence
profiles from neutral 172Yb

The significantly lower trap loading rate when using
399-nm light alone for photoionization, as compared to the
two-color process, is explained when considering (i) that
only a fraction of the atoms interacting with 399-nm light
have their ionization threshold sufficiently lowered to be
ionized and (ii) the fact that during the short time interval
between turning off the laser near 399 nm and turning on
the lasers necessary for cooling YbII a fraction of the ions
will have already left the trapping region.

Figure 15 shows the dependence of the loading process as
a function of the detuning of the light near 399 nm from the
1S5—1P; resonance in '72YbI. One data set (filled circles)
was taken with an oven current of 2.59 A and an ionization
time of 30 s. Due to an angle of 45 degrees between laser
and atomic beams, the line width (FWHM 320 MHz) shows
substantial Doppler broadening (when comparing this with
Fig. 3a it should be noted that Fig. 3a shows a resonance
fluorescence spectrum of '71Yb, while the data in Fig. 15
shows the ionization of !7>Yb as a function of laser detun-
ing). The second scan was taken with the laser beam per-
pendicular to the atom beam, an oven current of 2.79 A,
and an ionization time of 30 s. The line width displayed
here (FWHM 110 MHz) is consistent with the width of the
atomic resonance line recorded as shown in Fig. 3c with
172YbI. Thus, the ionization rate as a function of frequency
of the laser light field near 399 nm is consistent with the
absorption of the first photon (!So—!P; transition) being a
resonant process and the second photon absorption ending
in the ionization continuum.

@ Springer



338

M. Johanning et al.

7 Conclusion

We reported on two photoionization processes for neutral
ytterbium that allow for loading of Yb™ ions into a Paul
trap. Both methods are implemented using just one addi-
tional diode laser near 399 nm. Laser diodes exist for this
wavelength, and are close to the DVD standard at 405 nm.
Since the saturation intensity of the !So—!P; transition in
neutral Yb is rather small, a diode delivering on the order
of 10 mW is sufficient for efficient ionization. Thus, a usual
diode laser system in external cavity setup characterized by
a small emission line width and easy to tune suffices to im-
plement efficient photoionization of Yb.

The second step in the photoionization process (after ex-
citation of the ! So—!P; resonance) is achieved by absorption
of a photon near 369 nm, the same light field used for cool-
ing and detection of YbII ions. Therefore, it is ensured that
the ionization process takes place in a region where the ion
is immediately laser cooled and thus trapped and detected.

In addition, it is demonstrated that in the presence of the
rf field used for trapping ions in a Paul trap, the light field
near 399 nm alone suffices for a second excitation step into
the ionization continuum shifted by the quasi-static electric
field applied to the trap electrodes.

The isotope shift of the !So—!P; transition in neutral
Ybl is resolved in excitation spectra when reducing Doppler
broadening by crossing the atomic and the laser beams at an
angle near 90°. Thus, isotope-selective ionization is possi-
ble. The efficiency of two-color photoionization is found to
be larger by a factor of 3000 in comparison with electron
impact ionization for the experimental setup used in these
experiments. We showed that (nearly) deterministic loading
of a desired number of YbII ions into a linear Paul trap is
feasible.
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