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Abstract. We have measured the ratio between the transition probabilities of two forbidden lines in Ca:
the intercombination line at 657.3 nm and the E2 line at 457.5 nm. The value we obtained for this ratio is
(54.1+2.4). Combined with the most accurate value available in literature for the lifetime of the P level,
our measurement gives a value of (54.4 +4.0) s™' for the 'Sy — 'Da transition probability, significantly

more accurate than the previous determinations.

PACS. 32.30.-r Atomic spectra — 32.70.Cs Oscillator strengths, lifetimes, transition moments —

42.62.Fi Laser spectroscopy

1 Introduction

The forbidden transitions between the ground state and
the metastable levels of calcium and magnesium have a
large metrological interest for frequency standards in the
visible and near-infrared regions. Much work has been
done on the calcium 'Sy — 3P; intercombination line
at 657.3 nm [1-4], and some works are in progress on
the corresponding 'Sy — 3P; transition in magnesium
at 457.1 nm [5,6].

The 'Sy — Dy transition in calcium (Fig. 1) seems
very attractive too, due to its narrow natural line-width
(<10 Hz). The Dy metastable level can be excited either
through an electrical quadrupole absorption at 457.5 nm
(E2 line), or through a dipole-allowed two-photon absorp-
tion at 915 nm. In particular the two-photon transition
appears interesting for metrological applications, because
of its intrinsic Doppler-free properties, and an experiment
is now in progress in our laboratory to observe it on a
cooled and trapped sample of calcium atoms.

In this paper we present a measurement of the
452 185 — 4s53d 'Dy E2 transition probability. In the lit-
erature there are some data on the 1Dy level lifetime [7],
which is however dominated by the 'Dy — 3P; decay.
The only experimental value available in literature for the
E2 transition rate has a large error (20%, see [8]), and
the theoretical estimations are not univocal. The mul-
ticonfiguration self-consistent-field + configuration inter-
action (MCSCF/CI) calculations [9,10] using Slater-type
orbitals gave values around 80+ 90 s~! by taking only va-
lence correlation into account. The effect of core-valence
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Fig. 1. Ca energy levels; the numbers in parentheses are the

transition rates in s7!.

correlation was included in an “all electron” CI calcula-
tion [11], using extended Gaussian-type orbitals. In this
frame, the core-valence correlation reduces the transition
rate by 44%, leading to a value (39.6 s~ 1) in perfect agree-
ment with the experimental result of reference [8]. On the
other hand, a different approach to core-valence corre-
lation by way of first-order theory of oscillator strength
(FOTOS) had lead to a smaller reduction (15%) of the
transition rate [12]. The two-electron multiconfiguration
Hartree-Fock (MCHF) calculation by Vaeck et al. [13]
gave again a value higher than 70 s~'. Recently a value
of 48.1 s~! was obtained using a fully relativistic mul-
ticonfiguration Dirac-Fock method with Breit and QED
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Table 1. Values for the E2 transition probability in s™*. L:
length representation; V': velocity representation.

reference  theoretical values experimental
and year L |4 values

[9] 1980 87 116

[8] 1982 40£8
[10] 1981 81

[11] 1985  39.6

[12] 1983  60.2 65.9

[13] 1991  70.5 78.3

[14] 2001  48.1

this work 54.4+4.0

corrections [14], but details about the calculations are not
available. The situation is summarized in Table 1.

In our experiment the E2 transition probability was
measured by monitoring the transmission of a 50 cm long
absorption cell that has been specially designed in order to
work at a calcium vapor density of some 10*® cm ™2 (cor-
responding to 650-700 °C). The radiation at 457.5 nm
was generated by frequency doubling in a KNbOgs crys-
tal the output of a CW tunable Ti:Sa laser, which can
operate single-mode at the wavelength of 915 nm. The
effective density in the cell was calibrated by measuring
the absorption on the 'Sy — 3P, intercombination line
at 657.3 nm, whose transition probability is well known
from the literature [15]. The source for the radiation at
657.3 nm was a diode laser in an extended cavity.

2 Experimental apparatus

A sketch of the experimental apparatus is shown in Fig-
ure 2. It is essentially made up of the two laser sources,
tunable around 657.3 nm and 915 nm respectively, a SHG
system providing the radiation at 457.5 nm, the absorp-
tion cell and a data acquisition system, which provides the
normalization of the laser intensities and the frequency
scale linearization during the sweeps.

The cell transmission for the two laser beams was mon-
itored through photodiodes 1 and 2; a small fraction of
radiation was split from the beams just before passing
the cell, and detected through photodiodes 3 and 4 for
monitoring the intensity of the lasers. The calibration of
the frequency scale during the sweeps was provided by
two Fabry-Pérot interferometers. The effective absorption
length for the E2 transition was increased by a factor of
three, using a three-pass geometry.

2.1 The Ti:Sa laser

The blue radiation at 457.5 nm was generated through
SHG of the 915 nm wavelength coming from a home-
made Ti:Sa laser. All the elements of this IR laser are
mounted on an optical breadboard (isolated from the table
with rubber feet) by means of small magnetic bases. The
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Fig. 2. Schematic of the experiment. ECDL: extended cavity
diode laser; PD: photodiode; FPI: Fabry-Pérot interferometer.

non-planar ring cavity is made of two spherical mirrors
(curvature radius 15 cm) and four plane mirrors. Halfway
between the concave mirrors a 20 mm long, Brewster-cut,
Ti:Sa crystal is positioned. The laser is pumped by a com-
mercial green Nd:YVO laser system capable of 10 W of
power at 532 nm.

The unidirectional device is formed by a Faraday ro-
tator and a system of three mirrors. One of these mirrors
is out of the plane of the laser cavity, so that the result-
ing reflection from the optical system generates a rotation
of the polarization of the laser beam which compensates
for the polarization angular displacement induced by the
Faraday rotator [16].

Three intra-cavity elements are used to obtain single
frequency operation: a three-plates birefringent filter, a
thin etalon and an air-spaced tunable thick etalon, made
of two separate prisms, whose relative distance is con-
trolled by a PZT element. Two of the plane mirrors are
mounted on PZT translation systems to allow the tuning
of the optical length of the laser cavity (free spectral range
about 240 MHz). One of these two mirrors constitutes the
output coupler of the system, with a transmission of about
5.5% around 915 nm. The single-frequency output power
at this wavelength is about 400 mW, with a pump power
of 9 W. In order to prevent cavity mode jumps during the
frequency scanning, a servo circuit locks the transmission
maximum of the thick etalon to the laser cavity length. In
this way we obtain a continuous frequency scan of about
3 GHz, where the limitation is imposed by the maximum
allowed stretching of the PZTs of the cavity mirrors. Dur-
ing our measurements, no frequency stabilization has been
provided to the Ti:Sa laser; the bandwidth of the laser
mode is about 10 MHz (frequency jitter), as checked by
an external Fabry-Pérot spectrum analyser.
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2.2 Second harmonic generation (SHG)

The fundamental radiation at 915 nm, generated by the
CW Ti:Sa laser, was frequency doubled in a single-pass
through a temperature tuned KNbOj3 non-linear crys-
tal [17,18], in a condition of non-critical phase-matching.
For this purpose the IR light beam was focused by an
AR coated lens (f = 10 cm) onto the 10 mm long crys-
tal, positioned in a temperature-controlled oven. The right
temperature for SHG at this wavelength is about 140 °C:
this value was fixed and kept constant at the level of few
mK by means of a servo loop, with a Peltier module as
a heater and a thermistor as a temperature probe. The
crystal we used had an AR coating which was optimized
on a slightly different wavelength. Anyway we obtained
about 300 W of blue light, suitable for the absorption ex-
periment. No attempt was made in order to optimize the
SHG efficiency, as the available power was largely enough
for our purposes.

The radiation at 457.5 nm was separated from the IR
beam with the help of a coloured glass filter. Finally it was
collimated in a diameter of about 2 mm, and sent through
the calcium cell.

2.3 The 657.3 nm laser source

The 657.3 nm laser source is an Extended Cavity
Diode Laser (ECDL) mounted in the Littrow configura-
tion [19,20]. It consists of a 30 mW commercial red diode
laser (whose thin glass window has been removed) opti-
cally coupled to a 1800 lines/mm holographic grating. The
first diffraction order from this wavelength selective ele-
ment is sent back to the diode. This optical feedback tech-
nique is employed for narrowing the emission line-width
and for obtaining a broad tuning of the emission wave-
length without mode jumps. The laser frequency can be
swept around the atomic resonance by tuning the cavity
length through a PZT mounted on the grating. The out-
put radiation is obtained as the zero order of diffraction
from the grating. The typical performance of our ECDL
is a CW-output power of 8-10 mW (single mode, with
a rms-bandwidth of about 1 MHz) and a continuous fre-
quency scan up to about 6 GHz. Rotation of the grating
during the frequency sweep causes a very small misalign-
ment of the laser beam (displacement less than 0.1 mm at
3 m far from the source).

2.4 Frequency calibration system

In order to provide a calibrated scale for the frequency
scanning (more than 5 GHz wide) of the two lasers, a small
fraction of each beam was sent into high-finesse Fabry-
Pérot resonators. The free spectral range of the two res-
onators is 300 £ 1 MHz and 298 + 1 MHz, for the red and
the blue beams respectively. We linearized the frequency
scales by performing a polynomial fit on the position of
the transmission peaks from the interferometers.
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2.5 The calcium absorption cell

The cell has been designed to reach a calcium vapor pres-
sure high enough to have a significant absorption on the
weak blue quadrupole transition. In order to avoid the un-
practical use of very long cells, we heated the absorption
cell up to 650-700 °C to have atomic densities greater
than 10'%/cm?3. In this way, with a three-pass geometry
for the blue light beam, we were able to measure peak ab-
sorptions of 10 + 15%, with a signal to noise ratio larger
than 200. The corresponding peak absorption on the red
intercombination line was about 96 =+ 99% (single-pass).
The cell is made of a 50 cm long steel pipe with a diam-
eter of 2.5 cm. At its center a small calcium reservoir is
soldered to the pipe. A coaxial resistive wire (thermocoax)
is anti-inductively wrapped around the principal cylinder,
leaving out the reservoir. This defines the coldest point
of the oven, whose temperature is checked by means of a
thermocouple. A second thermocouple is positioned on the
body of the pipe, while a third one is located on one end.
The resistive wire is tightened to the body of the princi-
pal pipe by two semi-cylindrical steel parts, kept together
by small steel bands. The structure is then housed inside
another steel pipe, which works as a heat shield. This sys-
tem of two concentric pipes is put inside a larger steel
vacuum cylinder, with a port for the mechanical pump
connection and a feedthrough for current and thermocou-
ples. The vacuum chamber is closed by two water cooled
ISO 100 flanges, supporting the housings for the output
Pyrex windows, mounted at the Brewster angle with re-
spect to the linear polarization of the blue light (laying
in the vertical plane). On the pump port there is a two-
way valve that allows one to fill the cell with 10 = 20 Pa
of Ar. The presence of the buffer gas is fundamental to
confine the calcium vapor inside the tube and to prevent
condensation on the windows. The chosen pressure is low
enough to avoid perturbations of the line profile. In fact,
the pressure-broadening coefficient for Ar—Ca interaction
is about 150 kHz/Pa for the intercombination line [21] and
about 100 kHz/Pa for the E2 line [8], against a Doppler
line-width of about 2 GHz at 650 °C. The structure of our
cell is quite simpler than a conventional heat-pipe, and it
was adequate for our purpose.

2.6 Data acquisition system

A computer collected the signals coming from the six Si
photodiodes via an ADC 12-bit board. We chose an in-
tegration time of 5 ms for the photodiodes 1, 2, 3 and 4
(Fig. 2). The frequencies of the two lasers were simultane-
ously scanned, and the scan duration was about 8 seconds.
The readings from the thermocouples were acquired too,
and we waited until they were stable enough before stor-
ing a set of measures, in order to be sure that the cell was
in stationary conditions.

3 Data analysis

With our apparatus we measured the ratio between the
transition probabilities of the intercombination line and
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the E2 line. As the transition rate of the intercombination
line is already known by lifetime measurements of the 3P
level, we could estimate the transition rate of the E2 line
with an accuracy which is limited by the uncertainty on
the 3Py lifetime value.

The value of the ratio between the transition rates was
obtained by comparing the integral of the absorption coef-
ficient (v, ) on the two lines. The absorption coefficient
depends on the atomic density N(z) and on the transition
rate Ag; as

2
alv,z) = N(x)%i—ﬂg(l/, ) Ari (1)

where g(v,z) is the normalized (with respect to the fre-
quency) lineshape and g (g;) is the degeneracy of the up-
per (lower) level. The integral of a(v, x) over the length ¢
of the absorption cell can be measured from the frequency-
dependent vapor transmission T'(v):

Py(v)

- foé a(v,z)dz 2
=e
Ro) (2)

T(v) =

where Py and P; indicate the laser power before and af-
ter the cell respectively. The ratio between the integrated
absorption coefficients of the two lines is independent on
N(z) and ¢:

[[dv [ dza(v,z)]
[f dufdxa(u,x)]lD?Hlso
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where the factor % arises from the three-pass geometry for
the blue beam in our apparatus. Our measurements were
made in the linear absorption regime, i.e. we checked that
saturation effects were absent (see also further discussion).
To measure the integrated absorption we simultane-
ously scanned the two lasers across the lines, and fitted the
recorded profiles assuming a pure Doppler line broadening
(Fig. 3). In fact, the ratio between Doppler and homoge-
neous line-width is expected to be of the order of 103.
For an exact interpretation of the recorded data it is
necessary to take into account the isotopic structure of the
absorption line, which is different for the two transitions.
We considered the three most abundant isotopes of Ca
(4°Ca, isotopic abundance 96.941%, **Ca, isotopic abun-
dance 2.086%, and *?Ca, isotopic abundance 0.647%) and
the values of the isotope shifts available in literature. For
the intercombination line, the experimental values in [22]
were used: the shifts for the 40-42 and 40-44 pairs are re-
spectively 509.5 and 996.2 MHz. This causes an asymme-
try in the Doppler-broadened absorption profile that can
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Fig. 4. Isotopic structure of the intercombination line; the
absorption profile due to each isotopic component is shown, as
deduced from our fit, together with the recorded signal. The
fitted curve (Eq. (4) in the text) is indistinguishable from the
recorded signal on this scale.

be put on evidence in the experimental data (see Fig. 4).
For the E2 line no experimental values are available for
the isotope shifts. From the data in [22] we have however
done a theoretical estimation of 3.5 GHz and 1.8 GHz re-
spectively for the 40-44 and 40-42 pairs. The peak of *Ca
then falls outside of the scanning range of our laser, thus
reducing the systematic error due to the inaccuracy of our
estimation. In fact, for the E2 line no line asymmetries
were observed in our experiment.

The numerical analysis was made in the following way.
We fitted the recorded absorption profiles, that is, the
ratio between the signal S;(v) of the photodiode after the
cell and the signal S, (v) of the intensity-normalization
photodiode, to the function

Z0 = AeBa) (4)
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assuming for the normalized line-shape G(v) the form

57(1/) = 096941G(V) + 002086G(V — Al/40,44)

+0.00647G (v — Avgo—42) (5)
where Avyg_44 and Avyg_40 are the isotopic transition fre-
quency shifts and G(v) is the normalized Gaussian func-
tion, centered at the resonance frequency vy for the 4°Ca

isotope:
2 [In2 _4m2w-v4)?
G = — _— - 6112 . 6
() = —y/ = (6)

The validity of our procedure relies on the principle of
spectral stability, equation (1). That is, the frequency in-
tegral of the absorption coefficient is independent on the
line broadening mechanisms. Equation (1) is true as long
as the saturation parameter of the line is low compared
to 1. This condition is well satisfied in our experiment.
The saturation parameter is given by

IBik
5= cl’ (M
where I is the laser intensity, I" is the homogeneous line-
width, ¢ is the speed of light and Bj;i is the Einstein B
coefficient of the transition. The line broadening due to
the finite interaction time with the laser beams is of the
order of few hundreds of kHz for both lines, while the
pressure broadening is of 1.5 = 3 and 1 + 2 MHz for
the red and the blue line respectively (see Sect. 2.5).
Thus the homogeneous linewidth is dominated by collision
broadening in our experiment, and the saturation param-
eter turns out to be of the order of 1072 for the red line
and of the order of 2 x 107® for the blue line. In any case
we have experimentally verified that no saturation effect
is visible by changing the intensities of the light beams.
By fitting the recorded profiles as in equation (4) we
have assumed that

[ daN(z)g(v,z)

TN =) )

but this may not be true, even if g(v, z) = g(v) Vz, as the
temperature is not uniform along the cell. However, the
quality of our fits was quite satisfactory (see Fig. 4). Thus
the fit provided a precise estimation of the integral of the
absorption coefficient, which is the aim of our measure-
ment.

The Doppler linewidth dv as deduced from the fit gives
an independent estimation of an “effective” vapor temper-
ature. As a test for the consistence of our procedure, we
compared the observed line-widths of the two simultane-
ously recorded profiles (at 657.3 nm and 457.5 nm). We
found a value of 1.00 & 0.01 for the ratio between the rel-
ative line-widths.

We obtained the integrated absorption coefficient as
the parameter B of the fit; then we applied (3) to deduce
the ratio between the transition rates. We repeated the
procedure several times on different days, varying the cell
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Fig. 5. Measured ratio between the 1Sy — 3Py and 'Sy — D>
transition rates; each point represents a group of measure-
ments, taken under different conditions of pressure, temper-
ature and optical beam alignment. The horizontal scale is the
Doppler temperature dv as deduced from the fit on the inter-
combination line; the error bars are the standard deviations in
each group.

temperature and the buffer gas pressure in order to change
the absorption length and the optical beam alignment too.
Due to the high ratio between the absorption coefficients
of the two lines, the chosen values of the atomic density
had to be a compromise between a significant absorption
for the blue radiation and an observable transmission for
the red radiation. The results are summarized in Figure 5.

We measured the ratio between the two transition
rates as (54.1£2.4). The uncertainty on our result is given
by the combination of a statistical uncertainty (1.7%),
given by the spread of the different measurements, and
of an estimate (4.1%) for the systematic uncertainty. Pos-
sible sources of systematic uncertainty are the calibration
system for the frequency scale (0.6%), and the inaccuracy
of the isotope shift determination on the E2 line (0.4%).

The strongest contribution to systematic uncertainty
comes from the possible presence of spectral impurities
and small irregularities in the laser spectral scanning. We
estimate this effect to be of the order of 4%, as deduced
from the spread of the experimental results observed in
some scanning (not considered in the statistical analysis)
in which the red laser presented a higher level of spectral
noise.

Considering the value of (0.34 4 0.02) ms for the 3P
lifetime [15], we give an estimation of (54.4 +4.0) s™! for
the F2 transition rate.

4 Conclusions

The precision of our estimation of the E2 transition rate
is limited by the uncertainty (6%) on the value of the 3P
lifetime [15].

Our result is significantly higher than the value re-
ported in reference [8]. We cannot give an explanation
for this; however we can consider that in reference [8] the
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measurement was performed at a much higher Ca den-
sity and buffer gas pressure, using a white light source.
The calibration of the Ca density was made in compar-
ison with the 422.7 nm resonance transition, using the
hook method. The derivation of the oscillator strength
value of the 'Sy —! Dy E2 transition (and then also of
the transition probability Ag;) in reference [8], is then less
straightforward than our procedure and it may be more
sensitive to perturbing factors.

We thank Mr M. Francesconi for the precious technical help
provided. This work has been partially supported by INTAS
programs.
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