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We report on the first experimental determination of the hyperfine structure of the 1s5 − 2p9
transition in 39Ar. We give a detailed description of the sample preparation, spectroscopy cell
cleaning, and spectroscopic setup. The resulting set of parameters consists of the hyperfine constants
of the levels involved and the isotopic shift between 39Ar and 40Ar. With the achieved precision all
laser frequencies necessary for the implementation of atom trap trace analysis for 39Ar, i.e., laser
cooling and repumping frequencies, are now known. © 2009 American Institute of Physics.
关doi:10.1063/1.3257691兴

I. INTRODUCTION
1

The radioactive isotope Ar 共T1/2 = 269 a, 兲 has enormous potential in environmental physics bridging the dating
gap between 50 and 1500 years. This timescale is of interest
for many aspects connected to water cycles such as ocean
circulation, continental glaciers, and water management.2 Ultrasensitive methods for 39Ar detection already exist3–5 but
incorporate very involved experimental effort. The application as a standard dating tracer may become feasible by realizing atom trap trace analysis 共ATTA兲 for 39Ar. ATTA has
been demonstrated for rare isotopes of Kr 共Ref. 6兲 and Ca
共Ref. 7兲 and relies on the precise knowledge of the optical
transition frequencies of the corresponding isotope. We report on the accurate determination of the hyperfine structure
共hfs兲 of the relevant laser cooling transition. We access the
hfs spectrum by means of modulation transfer laser spectroscopy in a glass spectroscopy cell with an external cavity
diode laser at 811.7 nm. It contains an isotopically enriched
sample of approximately 3 nlSTP 共nanolitres at standard
temperature and pressure兲 40Ar and 2.5 nlSTP 39Ar resulting
in a total pressure of ⬃2.5⫻ 10−4 mbar.
39

II. EXPERIMENTAL SETUP
A. Sample preparation

The gas sample is extracted from 410 mg potassium-rich
mineral 共HD-B1 biotite with ⬃8% K,8兲 which has been irradiated in the neutron reactor at the GKSS Research Centre
Geesthacht 共fast neutron flux: 1012 s−1 cm−2兲 for 20 days
leading to the production of 39Ar by 39K共n , p兲 39Ar. The neutron irradiation also induces production of short lived radioisotopes which have sufficiently decayed after an additional
period of ⬃25 days. The irradiated sample is vacuum
melted, the gas purified, and subsequently transferred via a
zeolite-filled cold finger at lN2 temperature to the specially
a兲
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designed spectroscopy cell. For further details of sample
preparation, neutron irradiation, argon extraction, and cleaning, see Ref. 9. The mineral also contains 40Ar from in situ
40
K decay 共T1/2 ⬃ 1.3 Ga兲 leading to 39Ar / 40Ar ⬃ 0.8 as determined via mass spectrometry from a simultaneously irradiated HD-B1 sample.
B. Spectroscopy cell and cleaning procedure

A quartz glass cell attached to a metal glass adapter is
used for spectroscopy. The cell is cleaned by employing a
similar scheme as reported in Ref. 10. After rinsing the cell
with sodium hydroxide solution and de-ionized water it is
subjected to an ultrasonic bath of de-ionized water at 35 ° C
for 5–10 min and finally flushed with methanol and deionized water. This procedure is repeated several times. Subsequently the cell is attached to the vacuum system and
baked out during evacuation 共120 ° C for 12 h兲. In the next
step an argon gas discharge is used to clean the cell more
thoroughly before filling it with the actual sample. This is
done with commercially available argon of atmospheric isotopic composition. The rf discharge used to populate the
metastable levels operates at a pressure of 10−2 mbar and
causes implantation of argon atoms into the cell walls.11
Consequently this argon is desorbed from the cell walls
when the discharge is operated at substantially lower pressures 共⬃10−4 mbar兲. The degassing problem is overcome by
running a high power gas discharge 共up to 80 W兲 for about
half an hour followed by controlled evacuation with a turbo
molecular pump down to pressures of 10−6 mbar or less.
Laser spectroscopy of the 1s5 − 2p9 transition in 40Ar is used
to deduce the pressure during outgassing. This procedure is
repeated until the pressure increase by degassing is negligible. During the evacuations the gas from the cell was analyzed with a commercially available residual gas analyzer
allowing to obtain quantitative information on its composition.
The rf plasma discharge is powered by a multivibrator
circuit with vacuum tubes that operates at high peak voltages
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FIG. 1. The experiment is set up as Doppler-free saturation spectroscopy.
The pump beam 共I = 3 · Isat兲 enters the cell from the left side after being
frequency-modulated at 22 kHz with an amplitude of 10 MHz. The probe
beam 共I = 0.7· Isat兲 counterpropagates and is detected on a fast photodiode.
The FPI has half the free spectral range of a confocal FPI due to the lens/
mirror combination.

共up to 600 V,12兲. This high voltage allows for plasma ignition
even at low densities since the acceleration forces on the
charged particles are sufficiently strong.

C. Spectroscopy

We use modulation transfer Doppler-free saturation
spectroscopy13 as depicted in Fig. 1. The pump beam is frequency modulated by a double pass acousto-optic modulator
共AOM兲. The photodiode signal of the transmitted spectroscopy beam is demodulated using a lock-in amplifier and
leads to a signal 共derivative of the absorption profile兲 only at
frequencies where both beams are resonant with the same
velocity class of atoms. Since the laser linewidth is
⬃0.5 MHz and the gas pressure is low 共⬍10−3 mbar兲 the
predominant line broadening mechanisms are power broadening and modulation broadening. These effects result in a
measured linewidth of 30 MHz whereas the natural linewidth
of the transition is 5.85 MHz.14
The signal-to-noise ratio of the data is improved by averaging over many laser frequency scans. The spectroscopy
signal in Fig. 2 thus corresponds to about 3200 single scans
with 250 ms for each scan. The transmission signal of a
Fabry-Pérot interferometer 共FPI兲 is plotted and corresponds
to a free spectral range c / 共8 · l兲 = 83.3 MHz due to the chosen
design 共lower part in Fig. 1兲. As the scan of the laser frequency deviates slightly from being linear the FPI peaks precisely determine a frequency scale. The 40Ar peak is used as
reference for averaging the single scans and thus allows for
compensation of laser drifts.
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FIG. 2. The spectroscopy signal averaged over 3200 single scans. The vertical lines indicate the deduced resonances where the solid lines represent
transitions between 2 hfs states; dashed: crossovers with adjacent excited
levels; dash-dotted, dotted: other crossovers as indicated in Fig. 3.

III. DATA ANALYSIS AND RESULTS

The data are fitted with hyperfine splittings according to
the hyperfine formula15 as follows:
3

⌬E =

B C共C + 1兲 − 2I共I + 1兲J共J + 1兲
A
C+ 2
,
2
4
I共2I − 1兲J共2J − 1兲

共1兲

where J is the total angular momentum quantum number and
I the nuclear spin. The magnetic dipole and electric quadrupole moments are expressed in the hyperfine constants A
and B, respectively. The Casimir constant is defined as C
= F共F + 1兲 − I共I + 1兲 − J共J + 1兲 where F is the coupling of J and
I. With I共 39Ar兲 = +7 / 2, J共1s5兲 = 2, and J共2p9兲 = 3, the metastable state splits up into five levels from Fs = 3 / 2 to 11/2 and
the excited state splits up into seven levels from F p = 1 / 2 to
13/2.
This gives a set of 15 transitions according to selection
rules. There are furthermore 10 crossover resonances between lines with the same hfs ground state. These 10 are not
easily distinguishable from the other 15 lines as they have
the same sign of slope. So the set of lines obtained from the
spectrum was checked according to whether lines are right
in-between two other lines. There are additional 20 lines
which are also crossovers as illustrated in Fig. 3 but due to
optical pumping rates they reveal an enhanced absorption
leading to a derivative signal of opposite sign and thus are
easily distinguished from the other resonances.
The hfs constants As, Bs, A p, B p, and the—mainly massinduced—isotopic shift ⌬ are deduced by fitting the corresponding line positions. The isotopic shift was also estimated
from the ratio of the shifts in other isotopes between the
1s5 − 2p9 共Ref. 16兲 and the 1s5 − 2p6 transition 共Ref. 17兲 with
help of the following empirical relation:
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TABLE II. Data for the hyperfine constants of the 1s5 and 2p9 levels of 39Ar
as estimated and for the first time directly measured experimentally. The
larger errors on the B’s result from Eq. 共1兲 being much less sensitive to B
than to A.

11/2

F

s

9/2

7/2

As 共MHz兲
Bs 共MHz兲
A p 共MHz兲
B p 共MHz兲

5/2

Estimation

This work

−286.1⫾ 1.4 a
118⫾ 20 a
−133⫾ 14 b
115⫾ 3 b

−287.15⫾ .14
119.3⫾ 1.5
−135.16⫾ .12
113.6⫾ 1.9

a

See Ref. 16: analysis using data from 37Ar.
Estimated from the hfs constants of other noble gas isotopes.

3/2

b

1/2

3/2

5/2

7/2
Fp

9/2

11/2

13/2

FIG. 3. This scheme describes the different types of observed and calculated
transitions. Dots indicate transitions between two hfs levels, the lines of
different style indicate different types of crossover resonance between two
transitions as used in Fig. 2. Other resonances are also possible but are
suppressed due to insufficient Doppler profile overlap.

39
⌬40
共1s5 − 2p9兲 =

iso
共1s5
⌬40
iso
⌬40
共1s5

− 2p9兲
− 2p6兲

39
⌬40
共1s5 − 2p6兲,

共2兲

iso
共1s5 − 2p6/9兲 denotes the isotopic shift in the tranwhere ⌬40
sition 1s5 − 2p6/9 in the isotope isoAr relative to the frequency
of the same transition in 40Ar. The corresponding data are
given in Table I.
The hfs constants for the metastable state were estimated
by Ref. 16 from measured data and for the excited state we
made an empirical estimation with the help of data for other
noble gas isotopes.18–31 Those estimated values are listed in
Table II as well as the results from the fit. The lines calculated from the fitted parameters are plotted into Fig. 2. All
observed features can be reproduced with the right slope 共see
Fig. 3兲.

IV. CONCLUSION

We have shown how to prepare and operate a low pressure gas discharge cell for noble gas isotopes with very limited availability. We solve the problem of igniting the discharge at low pressures as it is mentioned in Ref. 32 without
adding carrier gases leading to undesirable contamination of
the sample. In this context we developed a technique to reduce contamination and admixing from the cell walls due to
TABLE I. Isotopic shifts for different argon isotopes and two transitions.
Equation 共2兲 yields the shift in 39Ar relative to 40Ar and holds as the value
for calculation from 36Ar and 38Ar is the same within the errors. The measured value agrees with the calculated value within errors.

Isotope

Transition

⌬
共MHz兲

36–40
38–40
39–40
36–40
38–40
39–40
39–40
39–40

1s5 − 2p6
1s5 − 2p6
1s5 − 2p6
1s5 − 2p9
1s5 − 2p9
1s5 − 2p9
1s5 − 2p9
1s5 − 2p9

−494.9⫾ .6
−229.5⫾ .4
−107.1⫾ 7.0
−450.1⫾ .9
−208.1⫾ 1.5
−97.4⫾ 6.4
−97.1⫾ 6.4
−95.0⫾ .4

Ref.
16

17
Equation 共2兲 for
Equation 共2兲 for
measured

36

Ar
Ar

38

desorption. With the first direct measurement of the hfs of
39
Ar all necessary laser frequencies for the implementation
of 39Ar-ATTA are now known.
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