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Lifetime, collisional-quenching, and j-mixing measurements of the metastable 3D levels of Ca*
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The metastable 32D, 5, doublet of Ca* ions stored in a Paul trap was investigated in the presence of
different neutral gases, in the pressure range 10~°~107°% mbar. The natural lifetimes were determined to be
7(D3p)=1111%46 ms and 7(Dsp,) =994+ 38 ms, which agree very well with previous experiments. The
estimation of the quenching rates of Ca*-He [[g.=(1.05£042)xX10"'? cm’®s™!], Ca*-Ne
[T Ne=(0.9%0.7)X 107" cm® s7'], and Ca*-N, [T'y,=(1.7£0.2)X 107" cm® s7'] was carried out for col-
lisions in the energy range 0.3—1.3 eV. In addition, rate constants for the mixing of the fine-structure states
were measured in the presence of helium and nitrogen for the j=3/2—j=5/2 case [vis(He)=
(2.24%0.10)X 1071° cm®s™! and 7,5(N,)=(2.820.3)x107° cm?®s™!] and for the j=5/2—j=3/2 case
[¥s3(He)=(1.220.7) X 1071% cm® s™! and 7ys3(N,)=(1.26+0.10) X 10™° cm® s~ !']. The measurements were
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carried out populating the metastable levels by direct laser excitation of the forbidden S-D transitions.

PACS number(s): 32.80.Pj, 32.50+d, 32.70.Cs

L INTRODUCTION

The electrical quadrupole transition 4 2S,,-32Ds, of
Ca* at 729 nm offers an interesting possibility for a fre-
quency standard in the optical domain, which could be
achieved with the ion storage technique. The Q factor
(v/Av) of the proposed clock transition is higher than 10'3
[1,2]. Under extreme conditions, the effect of the collisions
with the particles of the background pressure is one of the
main sources of the broadening of the clock transition and is
difficult to eliminate [3]. On the other hand, the forbidden
transitions of Ca II serve as calibration lines in astrophysics,
where they are used to monitor densities and temperatures in
stellar atmospheres [4,5]. For these applications, precise
knowledge of lifetimes, quenching, and mixing rate con-
stants is necessary. Theoretical computations of the meta-
stable lifetimes with ab initio models using different ap-
proaches exist [6—8] and their comparison with experimental
results is fundamental for improvement of the description
needed for the numerical models.

The relevant energy levels of Ca 1I are shown in
Fig. 1. The resonance lines H and K (4 2S,,-42P,, and
428,,-42%P5,) at 397 and 393 nm are very strong,
7(P1j,P3)~7 ns. The probabilities A(4?P-32D;) of
P-level relaxation toward the D states are high and the cor-
responding branching ratio A(42P-42S,,)/3,A(4%P-
32D,) has been measured to be 17.6+ 1.0 [9].

The very few natural lifetime measurements of the
32D, and 3 2D, metastable states of Ca* that exist were
all done with the ion storage technique. Two of these experi-
ments were performed on an ion cloud at temperatures of
2000 K [10] and 8000 K [11]. The latest improvement of the
method [11] leads to the following values 7(Djp)
=1113+45 ms and 7(Dsp)=1054%61 ms. Other experi-
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ments were performed with very few particles (2—-4) [12] or
a single laser-cooled ion [13]. The detection scheme for the
latter experiment only allowed the determination of the
Dsj-level lifetime, found to be 7(Ds5,)=1080%+220 ms, at
an ionic temperature of 130 mK. The experiments discussed
above concerned either a macroscopic [11] or a microscopic
signal (quantum jumps) [13]. The population of the D levels
was achieved by excitation of the S-P transitions followed
by relaxation to the metastable states (‘“‘indirect popula-
tion”). Observations were made on the S-P fluorescence ei-
ther by probing the corresponding P-D transitions or by de-
tecting quantum jumps in the case of a single ion.

The experiments presented here use another technique to
investigate the 3 2D ; level by populating it by direct laser
excitation of the corresponding 4 2S,,-3 2D ; transition.
Compared to the indirect population mechanism, this method
presents the advantage of avoiding parasitic population of
the 3 2D, level, which perturbs the measurements because
of strong fine-structure mixing during the 3 2Dy, study. In-
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FIG. 1. Lower energy levels of Ca II.
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FIG. 2. Experimental setup.

deed, since collisions are almost always present, they prevent
well-defined initial conditions. The latter could be obtained
with an additional laser emptying the 3 2D, level, but this
would make the experiment even more complex.

This paper is organized as follows. In Sec. II we first
describe the principle of the experiments. Then, in Sec. III A
we present our results for the lifetime and the quenching
rates measurements in the presence of neutral gases along
with a discussion. Finally, in Sec. III B the fine-structure
mixing is treated.

II. EXPERIMENTAL METHOD

The experimental setup is presented in Fig. 2. Further
details can be found in Ref. [2]. Ca* ions are stored in a
medium size, hyperbolic rf trap (ro= \/Ezo=7.2 mm). The
ring of the trap is made from stainless steel and the end caps
are formed from molybdenum mesh of high transmission
(83%). The confinement radio frequency () is equal to 27X2
MHz, the dc voltage V4. varies between 0 and 10 V, and the
ac voltage V. is around 420 V rms. Ultrahigh vacuum con-
ditions are obtained with a turbomolecular pump (Balzers
TPUO060) and an ion pump (Méca2000 APID100) giving re-
sidual pressures lower than 10~° mbar after 48 h of bakeout
at 200 °C. Different neutral gases can be introduced into the
vessel without contamination by impurities using a needle
valve. Partial pressures are measured with a linear quadru-
pole mass spectrometer (Balzers QMGO064), complemented
by a Bayard-Alpert gauge. Calcium atoms are created by
evaporation of metallic calcium from a small oven. They are
ionized inside the trap with a pulsed electron gun and stored
for times exceeding 1 h in a total pseudopotential well of 78
eV. The ion cloud has a temperature between 3000 and
15000 K, depending on the pressure and the mass of the
buffer gas [2].

The resonance radiation required for uv transitions is gen-
erated by a cw frequency-doubled titanium sapphire ring la-
ser (Coherent 899-21), with a power up to 19 mW at 397 nm
and a spectral width of 1 MHz. A laser diode, mounted in an
external cavity, can be tuned in order to deliver the three
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FIG. 3. Fluorescence of the 4P5,-4S,,, transition during exci-
tation of the 4S,,-3Ds5), transition and of the 3Ds/,-4 P, transition
(Paser=700 mW at 729 nm). The resonance profile is obtained by
tuning the Ti-Sa laser, while the diode laser is kept at a fixed fre-
quency.

D-P components (200 uW at 866 nm, spectral width less
than 30 MHz). Finally, the S-D lines (729 and 732 nm) are
available from the fundamental mode of the Ti-sapphire laser
with power up to 1 W. The emitted photons are detected by a
blue-peaked photomultiplier (Hamamatsu H4730), run in the
photon-counting mode.

In the following, a discussion of the lifetime measure-
ments will be presented. As mentioned above, we directly
pump the investigated D level [2] instead of populating it by
excitation of the S-P and relaxation of the P level, as in the
previous Ca™ experiments [10—-13]. Figure 3 shows a typical
fluorescence of the S-D transition that occurs during double-
resonance excitation of the 45,,-3D 3, and 3D5,-4 P, tran-
sitions. The fluorescence of the 45,,-4 P, transition is then
detected, allowing the discrimination of the small ion signal
from the large red background of scattered laser light by
means of an interference filter. Experiments on the 4S,-
3Ds, transition are carried out in a symmetric manner. The
D5, level (D5, respectively) is populated by applying the
titanium sapphire laser for approximately 1 s. After a vari-
able time delay ¢;, the D level is probed by the diode laser
and the corresponding ultraviolet fluorescence is detected.
We ascertained that the diode laser power, applied for 10 ms,
was sufficiently high to empty the level completely. Between
two successive times 7, and ¢,+ Az, (where At,; varies be-
tween 5 and 200 ms, depending on the time constant of the
temporal evolution investigated), the fluorescence signal di-
minishes proportionally to the D-state population. A suffi-
cient precision can only be attained with the accumulation of
data, where the number of accumulations is limited by the
fact that the experimental conditions must be Kept stable. In
our experiments, the measurement of the full decay cycle
was usually repeated 40 times. For each elementary decay
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cycle, the relative ion loss is negligible.

Experiments have predicted the j mixing to be very fast in
comparison to the quenching rate [14]. The temporal varia-
tion of the level populations is then governed by two deex-
citation mechanisms: the depopulation process due to the
finite lifetime of the atomic level and the quenching process.
These are described by

1
Ijnatzlr_ ) (1)

nat

Ca+(3Dj)—>Ca+(4S1/2) +hV,

Ca*(3D;))+A—Ca*(4S 1) +A+AE, Ty, (2

where A is the neutral buffer gas (atom or molecule) present
with density np. The quantities I';,, and I', are the corre-
sponding rate constants. The excess energy AE appears as
relative translational energy and also as change in rotational
and vibrational degrees of freedom when A is a molecule. At
a given buffer gas density np, we measure an effective life-
time 7., given by

1 1
:nBFQ+ . (3)

That

Tmeas

The neutral gas must generally be considered as a mixture of
the neutral atoms or molecules present, He, Ne, and N,
(identified with an upper index i in the following). The rate
constants differ for each species. Then

1 i 1
=2 nplp+—. )

That

Tmeas

In order to determine the metastable lifetime in the absence
of collisional deexcitation, we measured the effective life-
times 7Tp,.,s for a wide range of different pressure values and
compositions. The natural lifetime of the atomic level is then
obtained by extrapolation to zero pressure. A multilinear fit
allows the simultaneous determination of the unperturbed
lifetime and the quenching rate for the neutral components.

The measurements of the collisional fine-structure mixing
rates were obtained with a different method. Consider the
case of the determination of the rate constant of the
5/2— 3/2 mixing (js3), where initially both fine-structure lev-
els are empty. We populate the D5, level by excitation of the
4S81,-3D5), transition. The neighboring D, state is filled
exclusively by collisional population transfer from the D5,
level. A laser diode, tuned to the 3Dj;;,-4P,, transition
probes the population of the 3D/, level, which, as above, is
monitored by the intensity of the fluorescence at 397 nm
(4P -4S51,). The temporal evolution of the D5, population
is obtained by varying the delay ,,;, between the end of the
D5, filling process and the beginning of D;,-level probing.
For modeling the time dependence of Ns,(¢), the following
reactions have to be considered in addition to those Egs. (1)
and (2):

Ca*(3D3,) +A—Ca*(3Dsp) +A+AE, v (5)
and

Ca+(305/2)+A*‘)C3+(3D3/2)+A+AE, Y53 - (6)
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FIG. 4. Decrease of the 3D ;/,-level population at a helium pres-
sure of 110”7 mbar.

Assuming that the quenching rate constant I' is the same
for both fine-structure levels and taking N;,(¢=0)=0 and
Nsp(t=0)=N, as initial conditions, the analytical expres-
sion for the temporal evolution of the fine-structure levels is
given by

Y53 1 1
N t)=N——ex —5Dt)—exp(— 3D t),
3 0753+y35[ p(—zD;t) p(—3D5t)]
(7)
1 1 1
N5/2(t)=N0—+ [yssexp(— 3D t) + yszexp(— 3 D5t)],
Y53 V3s

(®)

With D]:Fnat""'nBFQ and D2:Fna1+nB(I‘Q+2’y35
+27s3).

The measured effective mixing time constants 753, 735 are

a function of pressure and are related to the rate constants by

=3 s o =3 nish ©
e~ MB7Y3s p ~ Np7Ys3-
35 i 53 i

In practice, in order to keep the Dj, level empty during
population of the D5, level [ N3,(t=0)=0], a laser diode at
866 nm is applied simultaneously before starting the experi-
ment.

III. RESULTS AND DISCUSSION
A. Quenching rates and the natural lifetime measurements

Both 3D levels were investigated in the presence of he-
lium, neon, and molecular nitrogen. A typical ion population
decrease is given in Fig. 4, which illustrates the Dj,-level
decay with helium at 1X 1077 mbar. The efficiency of the
direct population method for the Ds;,-lifetime measurement
can be seen in Fig. 5. Indeed, the effective lifetimes that we
observed using the indirect population method are dispersed
and far from the straight-line fitted with the data obtained
with the direct method. The natural lifetimes, measured with
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FIG. 5. Evidence of the influence of the initial conditions for the
population of the 3D, level. Measurements were made using in-
direct (@) and direct (A) population method.

the direct population method, were extrapolated by a multi-
linear fitting procedure with 80 points from a Stern-Vollmer
plot as shown in Fig. 6. They were found to be
T7(3D35)=1111+246 ms and 7(3Ds;,) =994+ 38 ms. The
uncertainty quoted is statistical only and at the 90% confi-
dence level. As shown in Fig. 7, our values are in very good
accord with 7(D;,)=1113*+45 ms and 7(Ds;)=1054%61
ms, which were measured recently at a residual pressure
smaller than 7X 107 !° mbar [11]. They can also be com-

pared with the result obtained with a single laser-cooled ion

[7(Ds;,)=1080+220 ms] in Ref. [13], where the measure-
ments were performed in the presence of hydrogen in the
107 '°-107° mbar range. Apparently, all experimental values
measured so far are slightly inferior to the theoretical results
[7(D35)=1160, 1271, and 1200 ms and 7(Dsp)=1140,
1236, and 1160 ms [6—8]].

The quenching rates for the buffer gases used are deduced
from the data represented in Fig. 6 and are

8 T
A He |
L X N,
6 | g l O Ne 7
.m :
- 4
e’ %
x
2
X A
X Y- T
%Ié g o 4 I
o R i R B . .
0 5x10° 1x10% 1.5x10° 2x10°®
p [ mbar ]

tot

FIG. 6. Stern-Vollmer plot for quenching of the 3 2D, level.
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FIG. 7. Presentation of the experimentally determined meta-
stable lifetimes ([, Dsp; X, Dap).

I'p(He)=(1.05£0.42)x 10" cm® s7!,
I'p(Ne)=(0.9+£0.7)x 1072 cm®s7!,
[p(Ny)=(17£02)x10"" cm® s™".

The ion energy varies in our experiment from 0.3 to 1.3 eV.
We assume that the quenching rate constants do not depend
strongly on the energy of the collision, which varies with the
pressure conditions because of the collisional cooling effect.
The uncertainties in our data originate mostly in the error in
the absolute pressure measurements (almost 30%). The con-
tribution of the residual components is always less than
0.5%.

We can roughly estimate the corresponding cross sections
from the approximation I',=(ov)=(o)(v), where (v) is
the average velocity in the center of mass, given by
(vYy=(8kgT/mw)"?, wu is the reduced mass of the
Ca™ —buffer-gas system, and T is the temperature in the
center-of-mass system. In fact, for the determination of 7,
the assumption is made that the temperature of the buffer gas
(~300 K) is negligible compared to the ion temperature,
which is usually defined for trapped ion clouds. This leads to
the quenching cross sections oy at 10 000 K presented in
Table 1.

The measured rate constants can be compared with the
Langevin capture rate constant k; given by

= q (a)l/Z (10)
L 280 “ s

where ¢ is the electric charge of the ion and « its polariz-
ability [15]. The ratios between the rate constants of quench-
ing and the corresponding k; are very small and of the same
order of magnitude for rare-gas—Ca* systems. This ratio is
100 times larger for Ca™-N,, which shows the major role
played by the deexcitation to the ground state in the collision
process, when a molecular gas is involved.

Comparable values for I'p(He) and I'p(N,) have been
measured by Gudjons [I"p(He)=(8*=1.85)x 10 cm? 5!
and TH(N)=(1.1=1.78)+=10"'% cm’s™!] [16]. On the
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TABLE I. Quenching rate constants and cross sections of Ca*(3D) due to collisions with different buffer

gases.

ool A?] &
Gas I‘Q[cm3 s™1) at 10* K kr[em®s™1] kg
He (1.05+ 0.40)x 10712 0.020+ 0.009 5.6x10710 0.0019
Ne 0.9+ 0.7)x 10712 0.034+ 0.026 4x10710 0.0022
N, (1.7 0.2)x 10710 7.10% 0.85 7.5%10710 0.23

other hand, the rate constants for collisions with N, do
not seem to depend strongly on the ion species since for
Ba'-N, they were found to be (4.3+0.3)x107 ! cm?® 57!
[17] and (2.2+0.3) X 1079 ¢cm® s™! [18] and for Yb*-N,,
(1.78+0.19) X 10719 ¢m?® s™! [19]. To our knowledge, the
quenching rate constant for the metastable 3D levels of
Ca™ during collisions with neon has never been measured
before.

B. j-mixing rates

The mixing rate constants were measured for the case of
helium and nitrogen. A typical curve of the temporal evolu-
tion of the population of the level investigated is shown in
Fig. 8 (D5, level at a helium pressure of 3X10~7 mbar).
The j-mixing rates are determined by application of x? mini-
mization using Eq. (7). From the corresponding Stern-
Vollmer plot (shown in Fig. 9), we deduce the mixing rates
for He:

v3s(He)=(2.24=0.1)X1071% cm?® s7!,

vs3(He)=(1.20+0.7)x 1071 cm?® s71.
In the presence of molecular nitrogen, we find

v35(Np)=(2.820.3)X1077 cm?® s~ !,

¥53(Np)=(1.26%£0.1)X107° cm® s~
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FIG. 8. Temporal evolution of the population of the 3D, level
during fine-structure mixing at p(He)=3X 1077 mbar.

Because of the small energy difference between the fine-
structure levels (7.4 meV), negligible in comparison to the
translation energy, we can use the principle of detailed bal-
ancing to determine the relation between ;s and 7ys;3:

Y3s 3 ( AE:«s/z—s/z)
—=—exp| ————|. 11
Y53 2 P kgT (1)
This relation gives the estimation
v35=1.57s3, (12)

which is almost that of the experimental results (within the
given error limits)

yas(He) _
¥s3(He)

yas(Na)
¥53(N2)

Measurements at equilibrium allow the confirmation of
the j-mixing rate constants values. At different pressure val-
ues we compare the fluorescence signals in the ultraviolet
(S1-Pip and S-P3p) if the Dsp, level is directly laser
excited (then probed at the Dj/,-P,, transition) while the
other D level is exclusively populated by collisional mixing
and probed at the Ds,-Psp, transition (sensitized fluores-
cence technique [20,21]). This study was carried out using
helium as a buffer gas.

At around 10~ % mbar, the difference of these fluorescence
signals (/5;;-15/,) is close to zero because the 3D levels are
almost completely mixed. At lower pressures, mixing colli-
sions become less important and the fluorescence signals of

1.8+0.9, 2.2*04.
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FIG. 9. Stern-Vollmer plot for 3D;,— 3Ds5, mixing.
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FIG. 10. Intensity ratio of the two signals resulting from the
measurements of sensitized fluorescence versus buffer gas pressure.

the collisionally populated level vanish. For higher pressures,
the small effective lifetimes due to quenching collisions pre-
vent the system from attaining the equilibrium state [2].
Taking into account Eq. (12), the ratio of the fluorescence
intensities 75,/15, is, at small optical densities, given by

{ﬂ _ Fnat+ FQnB

+ const. (13)
Isp 2y3snp
From our measurements (Fig. 10) and Eq. (13) we obtain a

rate constant for the mixing from D3, to Dy,
v3s(He)=(2.60.9)x 10710 c¢m3 s7 1.

In spite of the errors (the main uncertainty arises from the
small number of points), this estimate agrees very well with
the results presented above.

Our measurements exhibit a quantitative difference be-
tween the velocities of the quenching and the mixing pro-
cesses. Quenching of the metastable states takes place much
slower than mixing of fine-structure levels. In fact, nonadia-
batic transitions have a small probability if the splitting be-
tween the adiabatic states is important. Due to the compara-
tively weak spin-orbit coupling, intermultiplet transitions are
therefore favored during collision processes. As for quench-
ing, a molecular buffer gas gives rise to mixing rate con-
stants that are much higher than for the rare-gas case. In fact,
during collisions between an atom and a diatomic molecule,
the presence of a greater number of possible configurations
increases the probability for nonadiabatic crossing between
terms of the same symmetry. We can also estimate the
strength of the interaction by comparing our data with the
Langevin rate constant. Here the ratio k; /y;; is equal to 0.1
for helium and is of the order of 10 for N,, which indicates
the long-range interaction efficiency in the Ca*-N, system.

The measurements we made with Ca* and helium as a
buffer gas can be compared with other j-mixing rate con-
stants (Fig. 11) that have been obtained for collisions be-
tween helium and different alkaline atoms [21-26]. We re-
call that the energy-level structures of alkaline atoms and of
alkaline-earth ions are very similar; therefore, in a first ap-
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FIG. 11. j-mixing rate constants for different alkaline atoms and
alkaline-earth ions in the presence of helium, as a function of the
energy difference of the two levels involved, from Refs. [21-26];
the considered atomic species are given in the reference list.

proximation these species can be compared quite well. We
observe that the j-mixing rates can be roughly described by
the semiclassical approach of the theory of Landau-Zener
[27,28], which establishes that the transition probability be-
tween two atomic levels during a collision is inversely pro-
portional to an exponential function of the energy of the
transition. We can also show that the strength of the transi-
tion has no apparent influence on the mixing rate. Here op-
tical selection rules seem not to be valid for collisional de-
excitation processes. Compared to the measurements that
have been made with alkaline atoms (ppuster gas= 1071-10?
mbar), our experiments have been performed in a consider-
ably lower pressure regime. The time constants for the mix-
ing of two metastable fine-structure levels are then quite
slow, which allows the resolution of the j-mixing dynamics.
This method gives higher precision results than those attain-
able by the method of sensitized fluorescence.

IV. CONCLUSION

In this paper we have presented measurements concerning
the dynamics of the metastable levels of Ca* in the presence
of buffer-gas collisions. We have determined values for the
natural lifetimes, which are in very good agreement (magni-
tude and precision) with other experiments. They confirm the
more recent data of the natural lifetimes of the 3D levels of
Ca 11. We have also measured rate constants for quenching
and mixing in the presence of helium, neon, and nitrogen.
Quenching and j mixing are common phenomena, particu-
larly in astrophysics, and there exists only partial experimen-
tal data, which are rarely consolidated by different measure-
ments. The data given in this work complete previous
experiments by increasing the precision or by giving alterna-
tive collision partners such as, for example, I'(Ca*-Ne) for
quenching and y(Ca™-He) and y(Ca*-N,) for mixing. Mix-
ing and quenching rate constants for different ion—neutral-
atom pairs can be estimated by application of the Landau-
Zener model. However, a realistic application of this model
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requires more detailed descriptions that take into account the
relative importance of the molecular and the spin-orbit inter-
actions. Knowledge of the adiabatic potentials (the relative
positions of the involved states, the repulsivity, and the
strength of attraction) is essential. Due to the presence of the
additional Coulomb interaction and the relative complexity
of the D state leading to A molcular states, approximate
potentials are not precise enough. Multireference

configuration-interaction methods are now planned for the
determination of Ca* —rare-gas intermolecular potentials.
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FIG. 2. Experimental setup.



