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R4sum4, Afin d'explorer [es possibilitds d'un dtalon de frdquence dans le domaine optique
(729 nm), un nuage d'ions Ca+ est pidg6 dans un disposittf de Paul de dimension intermddiaire. De

longues durdes d'observation ~ont obtenues en prdsence d'h61ium dan; un domaine de pre;;ion

autour de 10~~-10~~mbar et dans un putts de pseudopotenttel de 62eV. Le; preniikre~

ob~ervations de la transition quadrupolaire dlectrique ont dt6 obtenue~ par le peuplement dtrect du

niveau mdtastable correspondant (T
=

s). L'utilisation d'une diode la~er accordable en cavitd

dtendue permettant de ;onder [es deux niveaux, alor~ que seulement l'un de, deux dtait

initialement peupld a niontrd des intensitds des tluore~cences corre~pondante~ du mdnie ordre.

indiquant la prd,ence, h c6td de la relaxation collisionnelle, de trbs forts mdlange; de; niveaux fin,.

Abstract. In order to exploit the capability of a high-Q tran~ition tor a frequency ;tandard in the

optical domain (729 nm), a stored Ca+ ion cloud in a medium-size ion trap i~ investigated. Long
confinement time~ are obtained in the presence of heltum as a buffer gas in the range

10~"-10-~ mbar and at a pseudopotential well depth of 62 eV. First ob,ervations of the electric

quadrupole line were achteved by direct excitation of one of the fir;t metastable doublet level~

IT
= ~ ). Utilisation of a grating-~tabili~ed diode laser in order to probe both level~ when only one

level is initially populated allo~,~ us to ob,erve almost equal ftuore~cence inten,itie, of both

forbidden lines that ~how the pre,ence of a strong fine ~tructure mtxing which exists tn addition to

quenching.

1. Introduction.

Radiofrequency traps are efficient tools for developing new frequency standards [1, 2]. Such
devices exceed, in the micrometric domain, the long term stability properties of cesium
clocks [3]. Indeed, the most important cause of line broadening jfirst-order Doppler effect)
does not exist in ion traps when wavelengths are of the same order of magnitude as the ion
motion amplitude (Lamb-Dicke regime) [4]. Laser cooling extends this property to the optical

region as demonstrated in [5], where an effective line quality factor (Q
=

v/Av of lo' ~
was

achieved on the electric quadrupole UV line of HgII at 281 nm. The very long-lived D levels of

Ball (49 s for D~j~ [6] and 34.5 s for D,j~ [7]) provide another candidate. The corresponding

(*) URA CNRS 773.
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Fig. I. First energy levels of Call.

6~Sjj~-5~D~j~ I-r- transition at 1.76 ~Lm with a natural linewidth of 5 mHz was investigated on a

single laser cooled ion where a linewidth of 13 kHz was observed [8], while the absolute

frequency of the magnetic dipolar transition at 12.48 ~Lm was measured on a single laser-

cooled ion with a linewidth of II kHz [9]. Other possibilities exist with alkaline-earth ions

because of their similar A energy level scheme, for instance Yb+ at 411 nm [10], which also

has a long-lived metastable D-level (T (5D~j~
=

20 ms II ).

Among several candidates for optical frequency standards using the technique of ion

storage, Ca+ appears to be one of the most promising [12, 13]. The forbidden line

4~Sjj~-3~D~j~ at 729 nm (Fig, I allows the prediction of a Q factor superior to 10~~ Linewidth

broadening due to the Zeeman effect can be avoided in ~~Ca+ because of the existence of a

transition which, due to its nuclear spin of 7/2, is independent (to first order) of magnetic
fields. Laser cooling must be used to eliminate the first-order Doppler width. The resonance

line 4~Sjj~-4~Pjj~ is strong enough to cool the ions by radiation pressure. However, the

corresponding branching ratio to the (n I D level
~ ~~~ ~~~'~~

=

17.6 [14], requires
jj A (~P-~Dj)

~

recycling of the 3~Dj~-state ions by using the 866 nm line. The fine structure transition of the

D-levels at 1.89 THz can also be used as a frequency standard in the far I.r. region and finally
the hyperfine structure of the fundamental level of ~~Ca+ at 3.2 GHz. An important quality of

the Ca+ system is that all the transitions involved in the optical domain are accessible by diode

lasers. D-P transitions can be generated directly by using commercial diodes. The clock

transition can be probed with a nitrogen-cooled laser diode. Recently, doubling of a high-

power diode laser was demonstrated to produce the UV lines [15]. Otherwise, Ca+ is of
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Table I. Compilation of data on the fii~st metastable D-levels in Call. All the experiments

were carried out with Paul traps.

Computed (s) Experiments : (s)

Ref. 17 16 18 19 21 22 20

2D~/~ l.271 1.16 1.20 1.24(39) 1-1 13(45)

2D~/~ l.236 1,14 1,16 1.24(39) 0.77(7) 1.08(22) 1.054(61)

astrophysical interest (intense resonance line in the sun spectrum, E2-lines in Seyfert
galaxies, T Tauri stars and in Beta pictoris disk [16]) and precise spectroscopic data are

required to build dynamic models for understanding these phenomena. Finally, knowledge of

Call oscillator strengths contributes to the understanding of the d orbital collapse with

increasing nuclear charge.
The metastable (n I D-levels are now considered both theoretically and experimentally.

Table I gives recent computations of the natural lifetimes by using relativistic many-body
calculations with a third-order perturbation [17], a multiconfiguration Hartree-Fock (MCHF)

method taking into account core-valence correlation [161, an improved MCHF method

including a relativistic correction [18] as well as the experimental values. The latter are

obtained from ion clouds at 2 000 K [19], at 8 000 K [20], with laser cooling on two to three

ions at a temperature lower than I K [21], and on a single ion at 130 mK [22].

In spite of the fact that ultimate qualities for the optical transitions will be reached only in the

presence of a few ions (or only one) with a highly-stabilised laser, we started by confining a

Ca+ ion cloud. The aim of this paper is to report on the interaction between the buffer gas and

the atomic ions and to give our first results concerning the spectroscopic investigations. We

present first our apparatus, secondly the properties of the stored ion cloud and finally we

describe the experiments on the forbidden lines, which were performed from direct excitation

of the D-levels followed by the pumping of the P-level from the metastable states. A qualitative
study of the D-level fine-structure mixing is presented.

2. The r,f, ion storage technique and the experimental set-up.

Radiofrequency ion traps are capable of storing, in a small region of space, thanks to the large

potential well depth available, small ion clouds in a well defined and well controlled

environment, without a magnetic field, for long periods enabling accurate observations.

Confinement [23. 24] is obtained by creating a quadrupole electric field, inside the trap, which

results of the superposition of a direct voltage, V~c, and of an alternating voltage,

V~~, at the radiofrequency fl/2 gr, in such a way that the motion amplitude stays finite for a set

of values (V~~, V~~, fl), which depends on the electron charge to ion-species mass ratio

~ and the geometry of the device, i-o, co (Fig. 2). This set of values constitutes the stability
m

diagram. The usual reduced parameters are (for singly charged ions) :

16 eV~~
a, =

~ ~ ~
; a~ = a~

=

a-/2
mfl (ij + 2z~)

8 eV~~
~°

mfl ~(r( + 2 z() ~~ ~~ ~~~~ ~~~

according to the electrical scheme in figure 2.
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Fig. 2. Experimental apparatus (a) and the r-f- ion trap (b).

Trapped ion motion is ideally quasiperiodic. For each component, with respect to the

cylindrical revolution, the frequency spectrum contains the so-called fundamental frequency

w~ (resp. w-), which is always smaller than the driving frequency, fl. Higher harmonics are

present at w~±nfl (resp. w.±nfl). The most intense ones correspond to n=0,

±1 and, less important, to n =

2. Therefore, the motion is mainly the superposition of a

Secular motion at w~ (resp. w=) and a micromotion at fl. Secular frequencies w~ (resp.

w=) depend on the a~ and q~ (resp. a. and q=) values, and they are obtained from the r.f.

frequency fl according to

w~ =

p fl/2,
w. =

p- fl/2 (with 0
~

p
~,

p-
~

1) (2)

where p~ (resp. p-), can be approximated by ja~ +
q( resp. a- + q] for small

2

~
2

Mathieu parameters. Computations of more exact values must however use iterative

methods [25].

The micromotion causes r-f- heating and is the main limitation for laser cooling with more

than a few ions. Anharmonicities in the system, responsible for couplings between the secular

and the micromotion or between the different degrees of freedom [26, 27] modify the

frequency spectrum of each component of the motion. The investigation of these spectra can

therefore give information on the ion dynamics and storage properties [?6].

Ca~ ions are stored in a conventional hyperbolic radiofrequency trap (Fig. 2) with

i-o =

,,fi
=o =

7.2 mm. The ring of the ion trap is made< of stainless steel and the end caps from

molybdenum mesh of high transmission (83 fb). The experiment is performed under ultrahigh-

vacuum conditions with residual pressures less than 10~~ mbar. A needle valve allows the

introduction of a pure buffer gas, the pressure of which is measured by a linear quadrupole

mass spectrometer and a Bayard-Alpert gauge. Ca atoms are evaporated into the trap from a

small oven, situated very close to the ring (Fig. 2) and are ionised inside the trap with a pulsed
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electron gun, which is biased at 40 V. The confinement radiofrequency fl is equal to

I MHz x2gr, the dc voltage V~~ varies between 0 and lo V and the ac voltage

V~~ between 90 and 15 V. Working points are therefore close to the best conditions of storage
[28, 29]. Besides optical detection (see below), Ca+ ions can be detected electronically by

resonant detection [30] which monitors the ion energy absorption in a circuit tuned to one of

the motional frequencies, and by a resonant ejection method [3 Ii, by using an electronmultip-
lier. The latter can show the ion motion properties when ions are submitted to an additional

dipole or quadrupole alternating voltage at variable frequency. Both methods can increase

slightly the ion kinetic energy.
For spectroscopic investigations, the resonance radiations are generated by a titanium-

sapphire ring laser (Coherent 899-05). The first harmonic is doubled by an intracavity
LiIO~ crystal which provides up to 19 mW at 397 nm, with a spectral width of i MHz. A laser

diode, covered with an antireflection coating, is mounted in an external cavity (1 200 lines per

mm Jobin-Yvon grating) and can be tuned between 845 and 867 nm with a spectral width of

approximately 30 MHz. At 866 nm, the resulting power is estimated to be 200 ~LW. The 729

and 732 nm lines are available from the fundamental of the Ti-Sa laser with power up to W.

The laser beam traverses the trap diagonally between the ring and the caps. It is focussed at the

centre of the trap giving a beam waist diameter M,o of 70 ~Lm for the 397 nm and of 150 ~Lm for

the red radiation. The diode laser beams, due to their divergence and astigmatism, are difficult

to focus. They have a minimal diameter of about 0.5 mm inside the trap and they overlap the

Ti-Sa laser beam. Emitted photons are collected by a large aperture aspherical lens and are

focused on a Hamamatsu H4730 photo multiplier which is run in the photoncounting mode. To

discriminate the signal from the background and the scattered photons, an interference filter

can be placed in front of the photomultiplier.

3. Electronic and optical ion-cloud studies.

The properties of the ion cloud are firstly investigated with electronic methods. These methods

are more reliable for long measurement periods than optical ones which require the laser power

to be stable enough to precisely measure relative ion number variation, as the ion cloud

evolves. Moreover, all the ions are subject to the electrical excitation and the signal is

generally independent of the geometrical shape of the cloud.

Introduction of a light buffer gas into the apparatus can, due to elastic collisions, reduce the

ion kinetic energy. This partially compensates the r-f- heating and therefore increases the

confinement times. In the presence of helium at 10~ ~ mbar, ions are stored for several hours.

The storage time depends on the buffer gas pressure and, as predicted, is optimised for a given

pressure [32]. Other gases, such as nitrogen or neon, make the ion-cloud storage time shorter,

as their masses are comparable to that of calcium. These observations are represented in

figure 3.

Resonant ejection [3 Ii with a quadrupolar tickle of 0.01 V during lo ms shows peaks at

w/2, w,, w~, w~ + w/2, 2 w~ w,, w~ + w~, 2 w~ (Fig. 4). The measured secular frequencies

(contrary to the theoretical values) depend on the coupling parameters (space charge,

anharmonicities). The space charge effects are related to the collisions with the buffer gas.

Indeed, with light buffer gases, the collisions reduce the kinetic energy [30, 33] and increase

~

the F coupling factor [34] (F
=

~

,

where k is the Boltzmann constant, T the ion
4

gr ~o akT

temperature, defined below, and a is the mean distance between the ions such that

4 «no
a~

=

I, with no the ion density at the center of the trap). The secular frequencies also are
3

strongly shifted to lower values [35]. These reductions can be seen as a reduction of the p
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Fig. 4. Ion ejection signals in the presence of a quadrupolar excitation. The signal is observed with a

delay after the electric excitation and when the confinement voltage is just interrupted in such a way that

the spectrum is relevant from the axial and radial motion spectrum. al w,/2, b) w,, c) w~, d)
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parameters or a displacement in the Stability diagram. Therefore, if observations are made with

the resonant electronic detection (where the signal is obtained by working with a fixed

resonance) the dc-voltage has to be decreased in order to compensate the displacement of the

working point in the stability diagram. Figure 5 gives a good illustration of such an evolution

of the cloud i,eisus the buffer-gas pressure, as well as the influence of the neutrallion mass

ratio. Apparently, collisions with nitrogen molecules have almost no effect on the kinetic
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long lifetime of the metastable states, ions are trapped in the D-state. However, observation of

a fluorescence signal is possible by the presence of a buffer gas which reduces the D-lifetime

by quenching.
The addition of a diode laser, which empties the D-level and permits all the ions to be

involved in the absorptionlemission cycle, allows a drastic increase of the signal-to-noise ratio

as seen in figure 7.

The Gaussian character of the ion velocity distribution is well established experimentally

[36] as well as theoretically [33, 37]. The distribution for each component (with respect to the

cylindrical symmetry) oscillates at the radiofrequency. Its width depends on the working point

(micromotion amplitude), the potential well depth and, as already mentioned, on the neutral-

to-ion mass ratio. Although already used in this presentation, the notion of temperature applied

to a stored ion cloud must now be defined. The r,f. time-average of the mean kinetic energy

commonly allows definition of an a.<ial or radial temperature. This parameter can be checked

either with electronic detection as in time-of-flight experiments [38-40] or with optical

measurements. In the case of optical measurements, the temperature can be deduced from the

Doppler profile obtained by sweeping the laser frequency. The temperature has to be deduced

from the standard deviation which corresponds to a profile of the velocity distribution i>ersus

one degree of freedom. Since the laser crosses the ion trap diagonally, the profile is related to

the projection of the three components of the ion motion. The standard deviation of the

observed Gaussian profile «~~, is given from the standard deviations for each component

3 kT/m
= « + ml +

al
=

«j~,(2 sin~
~o +

cos~ # (3)

where ~ is the angle between the laser beam and the revolution axis of the ion trap. In our

experiment, ~ is equal to 38° and 3 kT/m
=

1.4 «j~,.
Ion motions are coupled together by the anharmonicities of the fields and space charge,

which permits the assumption that the velocity distribution is isotropic. Ideally (pure
quadrupole field without parasitic coupling) the anisotropic property defined by

« -la does not

exceed, for our (a=, q=) values, 1.3 [41].
The efficiency of the collisional cooling was monitored by observation of the Doppler profile

and controlled by buffer gas pressure. The evolution of temperature can be seen in figure 8.

j~#' ~~~~~~ode~
~ /
" '

fl $
Q#
I

X

~

lo 5 o 5 lo

Laser dewdng GIIz

Fig. 7. Detected resonance line at 397 nm (xl only with a buffer gas, (Al in double resonance.
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the signal to noise ratio diminishes due to the decreasing ion density.

Here the averaged kinetic energy is therefore 0.2 to eV, for a total potential well depth
(D, + D~ of 62 eV. Similar values were obtained for Ca* stored in a shallower potential well

[19]. This confirms that the dependence of the kinetic energy i>eisiis the potential well depth is

not simple [37]. The variation of the kinetic energy ieisiis the pressure should be considered

for rate constant studies.

4. Direct excitation of the E2-transitions.

Becau~e of the ~trong interest for the 729 nm line as a frequency standard, the forbidden

transitions were investigated. One of the D-levels wm pumped directly by the first harmonic of

the Ti-Sa laser. Simultaneously, the corresponding P-D transition was excited using the

grating-stabilized diode laser at a fixed frequency. Detection was made on the S-P fluorescence

at 397 nm, as discussed above. Thi~ pumping scheme has the advantage of eliminating the

scattered photon background.
A typical profile of the 729 nm-line is shown in figure 9, with 700 mW of laser power

(because of the smaller linewidth, lower power will be required for colder clouds). In spite of

the relatively weak count rate, the signal/noise ratio (close to 10) allows us to u~e direct

pumping of the D-levels in order to investigate them. For the excitation of the electric

quadrupole transition, the available laser power is much less than that needed for saturation,

whereas for the D-P transition, the diode laser power far exceeds the saturation limit. In order

to use this detection scheme for further experiments, its efficiency was tested over a broad

range of helium pressures. It was observed that the signal grows rapidly when the pressure

increases, with a slight background increase. This behaviour shows that collisions with the

neutral particles concentrate the cloud and enhance the optical signal. Moreover, the width of

the lines decreases due to the cooling effect. The temperature, which is deduced from thi~

profile is very close to the values given above.

In the presence of helium (or other gases), the lifetime~ of the metastable levels depend on

the quenching and fine-structure mixing rates. Actually, besides the collisional relaxation, a

strong mixing rate exists due to the small energy difference between the D~/~ and D5n levels
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(7.4 mev) [19]. To study this we probed the 3~Djj~ level by observing the resonance line at

397 nm from the 4~Pj~~ pumped with the diode laser at 866 nm. Excitation was made either at

732 nm (4~S,j~-3~D~j~), or at 729 nm (4~Sjj~-3~D5j~). The normalized intensities of both lines

(for which the difference between the oscillator strengths is very small) are quite comparable in

the presence of helium at rather high pressures. Figure 10 shows the variation of the population
differences i,ersus the helium pressure in a large domain. It clearly demonstrates the

dependence of the j-mixing with the pressure. A maximum exists around 10~~ mbar. Lower

pressures reduce collisions and the j-mixing while, for higher pressures, the collisions increase

the observed D~j~ ion loss rate and shorten its lifetime considerably so that mixing can no

longer take place.

5. Conclusion.

In order to study the potential of the high-Q line of Call as a frequency standard in the optical
domain, we began a spectroscopic study on stored Ca+ ions.

We constructed an ion trap apparatus which can confine 10~ to 10~ Ca~ ions and obtained

experimental conditions for long storage. The direct excitation of the electric quadrupole
transitions demonstrated a strong j-mixing which now must be quantitatively investigated. We

intend to this by measurements resolved in time in the presence of gases besides helium, such

as N~, Ne. A quantitative study of the D-level lifetime and corresponding quenching and

mixing rates by direct excitation of the metastable stages is underway [42]. The quenching and

mixing rates should depend on the energy conditions, which can be changed by varying the

working point.
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