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Spectroscopic study of the cycling transition 4s[3/2]2–4 p[5/2]3 at 811.8 nm in 39Ar:
Hyperfine structure and isotope shift

W. Williams,1,* Z.-T. Lu,1,2 K. Rudinger,1,2 C.-Y. Xu,1,2 R. Yokochi,3 and P. Mueller1,†
1Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

2Department of Physics and Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
3Department of Earth and Environmental Sciences, University of Illinois at Chicago, Chicago, Illinois 60607, USA

(Received 25 November 2009; published 24 January 2011)

Doppler-free saturated absorption spectroscopy is performed on an enriched radioactive 39Ar sample. The
spectrum of the 3s23p54s[3/2]2–3s23p54p[5/2]3 cycling transition at 811.8 nm is recorded, and its isotope shift
between 39Ar and 40Ar is derived. The hyperfine coupling constants A and B for both the 4s[3/2]2 and 4p[5/2]3

energy levels in 39Ar are also determined. The results partially disagree with a recently published measurement
of the same transition. Based on earlier measurements as well as the current work, the isotope shift and hyperfine
structure of the corresponding transition in 37Ar are also calculated. These spectroscopic data are essential for
the realization of laser trapping and cooling of 37,39Ar.

DOI: 10.1103/PhysRevA.83.012512 PACS number(s): 32.10.Fn

I. INTRODUCTION

Trace analysis of the long-lived noble-gas radionuclides
85Kr (t1/2 = 10.75 yr, isotopic abundance 85Kr/Kr = 10−12),
81Kr (t1/2 = 230000 yr, 81Kr/Kr ∼ 10−13), and 39Ar (t1/2 =
269 yr, 39Ar/Ar ∼ 8 × 10−16) can be used to determine the
mean residence time, or “age,” of old ice and groundwater
samples [1]. While 85Kr is an anthropogenic isotope resulting
from nuclear fission, 81Kr and 39Ar are predominantly cos-
mogenic isotopes; i.e., they are produced in the atmosphere
through cosmic-radiation-induced nuclear reactions on stable
krypton and argon, respectively. The three tracer isotopes have
very different half-lives, and each can be used to cover a
different age range. This is of great interest in many areas
of earth science research including the study of climate
history, hydrology, glaciology, and oceanography. There are
currently three methods of trace analysis that are sensitive to
these noble-gas isotopes at the isotopic abundance level of
parts per trillion: low-level counting (LLC), accelerator mass
spectrometry (AMS), and atom trap trace analysis (ATTA).
The capabilities of these three methods, along with their
relative advantages and disadvantages, have been reviewed
in [1]. ATTA is the newest method among the three. In
ATTA, individual atoms of the desired isotope are captured
by a magneto-optical trap and detected by monitoring their
fluorescence [2]. The superb selectivity and sensitivity of
ATTA has been demonstrated with the analyses of 81Kr
and 85Kr in reference and environmental samples [3,4]. In
principle, ATTA can also be used to analyze 39Ar. However,
the frequencies of the cycling 4s–4p transition in 39Ar (see
Fig. 1 for an energy level diagram) must first be determined
with an uncertainty of ∼1 MHz before it is possible to realize a
magneto-optical trap or ATTA of this isotope. Since the natural
abundance of 39Ar is extremely small, such spectroscopic
studies are best carried out using samples highly enriched
in this radioactive isotope.

While 39Ar has been studied by Klein et al. [5] using
high-resolution laser spectroscopy, precision data on the

*wwilliams@phy.anl.gov
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cycling transition have been incomplete until recently [6]. The
magnetic dipole and the electric quadrupole hyperfine coupling
constants, A and B, had been measured for the 4s[3/2]2

level of 39Ar together with isotope shifts of the 4s[3/2]2–
4p[3/2]2 (764-nm) transition at the CERN/ISOLDE on-line
isotope production facility using high-resolution collinear
laser spectroscopy [5]. Isotope shifts of the cycling transition
were measured for the three stable isotopes 36Ar, 38Ar, and
40Ar, reaching ∼1-MHz resolution [7]. Recently, isotope
shifts and the hypefine structure of the cycling transition
have also been measured for 39Ar using modulation-transfer
saturated absorption spectroscopy in an enriched sample [6].
In the work presented here, a slightly different technique of
frequency-modulated (FM) saturated absorption spectroscopy
[8] is performed on a radioactive 39Ar sample. High-resolution
39Ar spectra of the 3s23p54s[3/2]2–3s23p54p[5/2]3 cycling
transition at 811.8 nm (in vacuum) are recorded. Its isotope
shift and hyperfine coupling constants for both the lower
and upper levels are determined. Our results significantly
disagree with the findings of Welte et al. [6] with respect
to the magnetic dipole hyperfine constant A of both levels.
Results obtained with our apparatus on hyperfine spectroscopy
on 83Kr, however, agree very well with previous work done
on that isotope [9,10]. Based on earlier measurements as
well as the current work, we calculate the isotope shift
and hyperfine structure of the corresponding transition in
37Ar (t1/2 = 35 days). This isotope could be valuable as a
short-lived tracer isotope for quantitative 39Ar analysis. These
spectroscopic data are essential for the realization of laser
trapping and cooling of 37,39Ar.

II. EXPERIMENTAL SETUP

A simplified experimental layout is shown in Fig. 2. There
are two tunable, grating-stabilized diode lasers: The reference
laser is locked to the cycling transition in the stable and
abundant 40Ar via basic saturated absorption spectroscopy
in a separate gas cell, and the scanning laser is used for
FM saturated absorption spectroscopy of 39Ar. The frequency
of the scanning laser is controlled by a beat lock with the
reference laser with a standard deviation of ∼20 kHz in the
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FIG. 1. Simplified energy level diagram of argon including the
hyperfine levels for the spin 7/2 isotope 39Ar. 4s–4p (F = 11/2 →
F ′ = 13/2) is the “cycling transition” to be used for laser trapping
and cooling of metastable argon atoms.

beat frequency. This setup provides frequency control of the
scanning laser within ±1.5 GHz relative to the reference
laser. In the FM saturated absorption spectroscopy scheme,
the probe beam passes through an electro-optical modulator
(EOM) and is phase modulated at 9.25 MHz. The pump beam
passes through an acousto-optical modulator (AOM) driven at
50 MHz with a 90-kHz square-wave-amplitude envelope and
is overlapped with the probe beam in the spectroscopy cell.
The probe beam is detected with a high-bandwidth (100-MHz)
photoreceiver and the resulting signal is demodulated at
9.25 MHz using a radio-frequency mixer and at 90 kHz
using a lock-in amplifier. This scheme provides Doppler-free
spectroscopy signals with a signal-to-noise ratio close to the
photon shot noise limit.

The enriched 39Ar sample is produced by irradiating a
pellet of 2 g of potassium fluoride (KF) with high-energy
neutrons (up to 8 MeV, with 5 × 1013 s−1cm−2 total flux)
in the cadmium-lined in-core radiation tube of the Ore-
gon State University Radiation Center research reactor. The
39K(n,p)39Ar nuclear reaction has a cross section of ∼0.3 b
above neutron energies of ∼4 MeV [11]. After one hour of
irradiation at a reactor power of 1 MW thermal, the amount

FIG. 2. A schematic of the saturated absorption spectroscopy
setup. The 1-m-long spectroscopy quartz cell is filled with a mixture of
an enriched 39Ar sample (39Ar/40Ar ∼ 1.5 × 10−3, ∼0.5 Torr partial
pressure) and natural krypton (∼2 mTorr partial pressure).

of 39Ar contained in the sample is calculated to be ∼300 nCi
or 1.3 × 1014 atoms. After irradiation, the 39Ar is extracted
out of the the bulk KF sample by melting the pellet at
900◦C under vacuum in a dedicated extraction apparatus.
Chemically active gases in the sample overhead are removed
by a getter pump. Subsequently, the residual gases, dominated
by argon from air trapped in the KF sample, are frozen into a
liquid-nitrogen-cooled charcoal absorber. The getter pump is
then reactivated and the frozen gas sample is released into the
vacuum system for further purification. The purity of the gas
sample is monitored by a residual gas analyzer (RGA) attached
to the extraction vacuum system. The entire extraction process
is about 80% efficient. The processed gas sample contains
∼1 × 1014 39Ar atoms (240 nCi) at an isotopic abundance of
39Ar/40Ar ∼ 1.5 × 10−3.

Laser trapping of argon atoms is realized by exciting
the 4s[3/2]2–4p[5/2]3 cycling transition at 811.8 nm. The
lower 4s level is 11.5 eV above the ground state and is
metastable with a vacuum lifetime of approximately 40 s [12].
In this work, a radio-frequency-driven gas discharge is used to
populate the atoms into the metastable level. The spectroscopy
cell is made of quartz and is 1 m long and 2.5 cm in diameter.
Since the argon sample size is too small to sustain a discharge
in our vacuum system, krypton carrier gas is added to the cell
to reach an operation pressure of ∼0.5 mTorr. This pressure is
selected to maximize the metastable population of argon [13].
It should be noted that the discharge generates a plasma sheath
near the cell walls that efficiently implants ions into the glass
walls, causing sample loss [14,15]. When starting from a clean
spectroscopy cell, over 90% of the gas in an initial fill at
2 mTorr is implanted into the cell walls within a few seconds
of running the discharge. We found that the implantation loss
can be significantly reduced by treating the cell with a krypton
discharge for ∼12 h at a cell temperature of ∼200◦C prior
to filling the cell with the enriched sample. Following such
treatment, an initial fill at 2 mTorr of krypton results in a
stable operating pressure of ∼0.5 mTorr in the cell when the
discharge is on. Under these conditions, spectroscopic signals
of argon can be observed over many hours.

III. RESULTS AND DISCUSSION

The FM saturated absorption spectrum (i.e., the output
voltage of the lock-in amplifier) is recorded with the scanning
laser advancing at 1-MHz steps every 0.375 s, completing
a 400-MHz scan in 2.5 min. The scans are performed in
both directions, with beat frequency (fBeat) increasing and
decreasing, to explore any systematic shifts, e.g., due to
integration delays by the lock-in amplifier. Spectra centered
on 36Ar (0.3% natural abundance) and 38Ar (0.06% natural
abundance) are also periodically scanned as a systematic
check. A sample spectrum recorded over a frequency range
of 2.5 GHz is shown in Fig. 3. Absorption peaks in FM
spectroscopy are detected by measuring the relative phase of
the probe light modulation and appear as typical dispersion-
shaped features in the spectrum. The signal in the frequency
range of fBeat = −300 to 200 MHz is not shown in Fig. 3 and
excluded from the analysis due to a large increase in noise
caused by the dominant signal of the abundant 40Ar (∼99.6%
natural abundance). Outside of this frequency range we did
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FIG. 3. Frequency-modulated saturated absorption spectroscopy data of the 4s[3/2]2–4p[5/2]3 transition in 39Ar (solid line). The frequency
range from fBeat = −300 to 200 MHz is excluded from the scan because of the large amount of noise introduced by the absorption signal of the
abundant 40Ar. The absorption peaks of the two minor stable isotopes 36Ar and 38Ar and of the cycling transition in the radioactive 39Ar exhibit
the expected dispersion-type signal shape. Additional hyperfine transitions and cross-over signals of 39Ar identified in the data are indicated by
the vertical solid and dashed markers, respectively. The dotted line shows a global fit to the data.

not observe any systematic frequency shifts of the fitted peak
positions that might have resulted from the 40Ar peak tails.

The two tallest peaks at negative beat frequencies are the
absorption signals from the stable isotopes 36Ar and 38Ar
as indicated. These signals are also observed in scans of
natural argon samples, their amplitude ratio matches well
with the natural 36Ar/38Ar abundance ratio of 5:1, and the
center frequencies agree with the previously measured isotope
shifts (see Table III). The tallest peak on the positive side of
40Ar, with beat frequency fBeat ∼ 341 MHz [941.76(10) MHz
above 36Ar], is only observed in the enriched sample and is
identified as the cycling transition F = 11/2 → 13/2 in 39Ar.
This is the transition that needs to be excited for laser trapping
and cooling of 39Ar. Its observed signal amplitude correlates
well with the isotopic ratio of 39Ar/40Ar ∼ 1.5 × 10−3 that
we expect for the radioactive sample. This ratio is roughly a
factor of 2 higher than the natural 38Ar abundance. However,
the amplitude of the absorption signals of 39Ar are reduced
by hyperfine splitting and influenced by optical pumping.
In addition to the strong cycling transition, a total of 16

TABLE I. Hyperfine constants of 39Ar as measured in this work
and experimental values from [6] and [5]. The respective hyperfine
constants for 37Ar are either taken directly from measured values
in [5] or are calculated based on this work (see text).

39Ar (MHz)

This work Other works 37Ar (MHz)

A(4s[3/2]2) −285.36(13) −287.15(14)a

−286.1(14)b 482.1(3)b

B(4s[3/2]2) 117.8(12) 119.3(15)a

118(20)b −77.0(16)b

A(4p[5/2]3) −134.36(8) −135.16(12)a 227.0(2)c

B(4p[5/2]3) 113.1(14) 113.6(19)a −73.9(19)c

aReference [6].
bReference [5].
cThis work.

hyperfine transitions as well as both positive and negative
cross-over peaks in 39Ar are observed above the noise level
over the whole spectrum. Cross-over signals are a typical
feature of saturated absorption spectroscopy and appear when
two transitions connected by a common energy level overlap
within the Doppler width [16]. They occur exactly at the mean
frequency of the two respective transitions and can lead to
enhanced or reduced transmission of the probe beam. In Fig. 3
the frequency positions of the regular hyperfine transitions
are indicated by the vertical solid lines, while the crossover
transitions are marked by the dashed lines.

For analysis, global fits to the complete data are performed
to determine the isotope shift of the transition, as well as
the hyperfine constants for both the 4s and 4p levels. In the
analysis, we first use the sum of a Lorentzian peak shape and
the derivative of a Lorentzian to fit the slightly asymmetric
36Ar peak and to generate a peak template for the global fit.
Relative amplitude and width of these line shapes are then
fixed and used in the global fit for all peaks. As mentioned
above, scans of increasing frequency are separated from scans
of decreasing frequency in an attempt to isolate systematic
errors. The hyperfine constants determined from the scans
in both directions are consistent within error bars. On the
other hand, the isotope shifts determined from the scans in
opposite directions differ by ∼540 kHz, about three times the
statistical error. This difference is probably due to delays in the
detector-amplifier system. For a conservative error estimate,
we take the standard deviation of the measured isotope shift
values as the respective systematic error due to this effect.
The values from the global fits as well as the previously
reported values are shown in Table I.

Obviously, our results for the magnetic dipole hyperfine
constant A disagree significantly with the values from Welte
et al. [6] for both levels involved, while the values for the elec-
tric quadrupole constant B generally agree within the errors.
Both measurements claim on the order of ∼100 kHz uncer-
tainties in the determination of A, but the results differ by
one to two MHz. The less precise value from Klein et al. [5]
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TABLE II. Hyperfine constants and isotope shift for 83Kr from
this work and from previous experimental work in [9] and [10].

83Kr (MHz)

This work Other works

A(4s[3/2]2) −244.04(3) −243.87(5)a −243.93(4)b

B(4s[3/2]2) −453.36(59) −453.1(7)a −452.93(60)b

A(4p[5/2]3) −103.91(2) −103.73(7)a −104.02(6)b

B(4p[5/2]3) −437.03(67) −438.8(12)a −436.9(17)b

�ν78,83 201.33(13) 201.9(25)b

aReference [9].
bReference [10].

for the A of the lower level agrees with both newer mea-
surements and can not resolve the discrepancy. Interestingly,
the ratio A(4s[3/2]2)/A(4p[5/2]3) from this work agrees
very well with that from [6] to within <0.1% [2.124(2)
versus 2.125(2)].

To check our results for consistency, FM saturation spec-
troscopy is also performed on the 5s[3/2]2–5p[5/2]3 transition
(811.5 nm) in a natural krypton sample, which includes
the stable 83Kr (nuclear spin = 9/2, isotopic abundance
11.5%). This measurement was carried out with the identical
experimental apparatus and under very similar experimental
conditions with respect to discharge and laser power settings.
It serves as a systematic test of the measurement and analysis
procedure and specifically confirms that the tallest peak
indicates the cycling transition. The results, which provide a
slight improvement over previous knowlede of this transition
[9,10], are shown in Table II. Generally, the results agree well
with the literature values at the 100- to 200-kHz level for
A and ∼1 MHz for B, which is consistent with the stated
uncertainties of our 39Ar results.

Combining the results of this work on 39Ar and previous
results on different transitions in 37Ar (t1/2 ∼ 30 days), the
frequencies of the 4s–4p cycling transition in 37Ar can also
be derived. The hyperfine constants for the 4s[3/2]2 level of
37Ar were measured by Klein et al. [5] (see Table I). Hyperfine
anomalies due to differences in the distribution of the magnetic
dipole density between 37Ar and 39Ar are predicted to influence
the determination of the hyperfine constants only at a relative
level of ∼10−4 [5]. Ignoring this small correction here, we can
calculate A for the 4p level of 37Ar by equating the ratio of

TABLE III. Isotope shift of the 4s–4p transition and changes in
mean-square charge radii relative to 38Ar.

A′ �ν38,A′
(MHz) δ〈r2〉38,A′

(fm2)

36Ar −242.23(25),a −242.0(12)c −0.082(26)e

37Ar −113.0(27)b −0.081(19)e

38Ar 0 0
39Ar 113.92(41),a 112.9(10)d 0.023(17),b 0.044(68)e

40Ar 207.9(9)a 0.169(33)e

aExperiment (this work).
bCalculation (this work).
cFrom [7].
dAdapted from [6].
eAdapted from [5].

hyperfine constants:

A39(4s[3/2]2)

A39(4p[5/2]3)
= A37(4s[3/2]2)

A37(4p[5/2]3)
. (1)

A similar ratio can be used to calculate the B hyperfine coeffi-
cient. The isotope shift of the 4s[3/2]2–4p[5/2]3 transition for
37Ar can be calculated from the reported nuclear charge radius
of 37Ar [5] and the specific mass shift and field shift calculated
from the isotope shifts and charge radii of 36Ar, 38Ar. and 40Ar
for this transition [7].

The isotope shift �νA,A′
between two isotopes with mass

numbers A and A′ can in first order be calculated from the
equation

�νA,A′ = (KNMS + KSMS)
A′ − A

AA′ + KFSδ〈r2〉A,A′
(2)

where KNMS and KSMS are the normal and specific mass
shift constants, respectively, KFS is the field shift constant,
and δ〈r2〉A,A′

is the change in the mean square charge radius
between the respective isotopes [17]. While KNMS is trivially
calculated from the transition frequency, KSMS and KFS are
determined from experimental data.

To minimize error propagation due to the previously
reported charge radii, the isotope shift for 37Ar is calculated
with respect to 38Ar. Using the values from Klein [5], also
listed in Table III, the specific mass shift and field shift
for the 4s–4p transition are calculated using data from
36Ar and 40Ar to be KSMS = −30 500(4200) MHz/amu and
KFS = −112(49) MHz/fm2. It is then possible to determine
the isotope shift of 37Ar and also slightly improve on the
previous value of δ〈r2〉38,39 as listed in Table III. The 39Ar
isotope shift reported in [6] agrees well with this work.

IV. CONCLUSIONS

This work presents measurements of the isotope shift
and hyperfine constants for the 4s[3/2]2–4p[5/2]3 cycling
transition in 39Ar and 37Ar with accuracies of well below the
natural linewidth of 5.9 MHz. This information will allow to
accurately choose laser frequencies for the cycling transitions
(e.g., the F = 11/2 → 13/2 transition in 39Ar) as well as
for the required sidebands for hyperfine repumping to laser
cool and trap these radioactive isotopes. Applying the ATTA
technique to detect the ultra rare tracer isotope 39Ar has the
potential of opening a number of exciting applications in earth
sciences. The challenge remains to build an ATTA system for
argon with sufficient efficiency to enable analysis of isotopes at
the part-per-quadrillion abundance levels with practical sample
sizes and counting rates.
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