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Abstract

An atom trap trace analysis system based on the technique of laser manipulation of neutral atoms is being developed

to count individual 41Ca atoms present in natural samples with an isotopic abundance of 10�15. Trapping of all stable

calcium isotopes has been demonstrated and single-atom counting has been realized. For the most abundant isotope,
40Ca (97% isotopic abundance), a magneto-optical trap loading rate of 2� 1010 atoms/s has been reached at the overall

capture efficiency of 1� 10�4. System improvements could increase the efficiency by at least an order of magnitude.
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1. Introduction

Atom trap trace analysis (ATTA) developed by

our group has been used to successfully count in-

dividual 85Kr and 81Kr atoms present in a natural

krypton gas sample with isotopic abundances in

the range of 10�11 and 6� 10�13, respectively [1].

Advantages of ATTA compared to other laser-

based techniques have been discussed elsewhere
[2]. The ability of ATTA to tolerate impure sam-

ples with the atom counts free from contamination

from other isotopes, elements, or molecules

promises to enhance the capabilities and expand

the applications of ultrasensitive isotope trace
analysis.

Trace analysis of 41Ca has promising applica-

tions in both radiocalcium dating and in the bio-

medical field. With a half-life of 1:03� 105 years,
41Ca could be used to date bones ranging from 50

thousand to 1 million years old [3,4]. This period is

important in the study of early human develop-

ment, and is beyond the reach of 14C-dating. Early
accelerator mass spectrometry (AMS) work indi-

cated that 41Ca/Ca in different bone samples vary

in the range of 10�15–10�14 [5]. If ATTA can

achieve a detection sensitivity of 1� 10�16 or

lower, then a dedicated setup can be used to in-

vestigate in detail the feasibility of 41Ca-dating.

One particularly interesting proposal that is

currently under investigation with AMS and res-
onance ionization mass spectrometry is to use
41Ca-tracing to diagnose osteoporosis, a disease

commonly found in women after menopause [6–8].
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Measuring the bone loss rate directly could be

more sensitive than the current method of moni-

toring bone density with X-ray imaging. After a

subject ingests a ‘‘41Ca pill’’, urine samples con-
taining 41Ca with an isotopic abundance in the

range of 10�13–10�9 can then be measured on a

regular basis as a monitor of the bone metabolism.

ATTA will be a complementary method to these

existing techniques, with an advantage over AMS

due to a significant reduction of cost (greater than

a factor of 10).

2. Experimental techniques

Our design (Fig. 1) consists of a well-collimated

atomic beam, a 40 cm-long Zeeman slower and a

magneto-optical trap (MOT) chamber. A metallic

calcium sample is heated to 400 �C to form a

thermal atomic beam. The atoms are decelerated
with the Zeeman slowing technique [9], and then

loaded into the MOT [10]. This MOT operates on

the 41S0 ! 41P1 trapping transition (Fig. 2) at

422.7 nm (natural linewidth, Cnat=2p ¼ 34:6
MHz). The appropriate laser light at 423 nm is

produced by a frequency-doubled Ti:Sapphire ring

laser, resulting in about 100 mW of 423 nm radi-

ation. Active frequency-stabilization is provided
by fringe-offset-locking, relative to a commercial

frequency-stabilized He–Ne laser [11].

In the trap, the vacuum is maintained at

1� 10�8 Torr. A single-atom scatters resonant

photons at a rate of 5� 107 s�1, of which 2% are

collected, and focussed onto a low-gain photodi-
ode detector. The trap lifetime is measured by

observing the fluorescence decay after the slowing

beam is turned off. Atoms remain trapped for an

average of 18 ms, a relatively short lifetime due to

the fact that a weak decay channel exists for ex-

cited atoms in the 41P1 state to the 31D2 state (Fig.

2). By repumping the 31D2 atoms to the 51P1 state

using a diode laser operating at a wavelength of
671.95 nm, the trap lifetime is lengthened by fac-

tors of between three and six, agreeing well with

Fig. 2. Relevant energy levels of 40Ca including the trapping

transition at 422.7 nm and the repumping transition at 671.95

nm. The dashed line indicates atoms lost to a metastable state.

Fig. 1. Schematic layout of the atom beamline. Total length of the apparatus is about 1.5 m. Transverse cooling will be installed later

this year.
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previous observations [12,13]. In order to perform

isotope shift measurements on the repumping line,

the frequency of the trapping light is locked to a

selected isotope and the diode laser is scanned over
the 672 nm transition.

This trap system can capture the abundant 40Ca

(isotopic abundance 96.9%) atoms at a rate of

2� 1010 atoms/s and with a capture efficiency of

1� 10�4. With a 0.3 mg sample of calcium and a

5% precision requirement for biomedical applica-

tions (isotopic abundance of 41Ca=Ca � 10�12) this

trap system can count 400 atoms in six hours. To
attain a 20% precision for 41Ca-dating (isotopic

abundance of 41Ca=Ca � 10�15) the trap could

capture 25 atoms in 15 days, with a 20 mg sample.

Further improvement of our system by 1–2 orders

of magnitude is realistic.

3. Results and discussion

We have trapped and measured the MOT life-

time of all stable calcium isotopes. Typical values

obtained are 18 ms without repumping and 80 ms

with repumping. By assuming that the maximum

loading rate is achieved for all isotopes with

the same frequency detuning from resonance

()120 MHz), measurements of the trap fluores-

cence agree with the expected even isotopic abun-

dance (Fig. 3) to an accuracy of 15%. Work is still

in progress to improve this result in order to en-
sure a higher probability of detecting the fluores-

cence signal from a single 41Ca atom.

An important step towards our goal of realizing

ultrasensitive isotope trace analysis of 41Ca is to

determine the isotope shift of the 31D2 ! 51P1

repumping transition between 40Ca and 41Ca.

Preliminary isotope shift measurements have been

made for all stable Ca isotopes. Further measure-
ments under different trap conditions are necessary

to improve our understanding of the trap syste-

matics. Both the number density of atoms within

the trap and a variation in the magnetic field

gradient over the trapped atom volume may at-

tribute to systematic uncertainties in the isotope

shift. Final results will be published elsewhere.

In order to analyze the rare isotope, 41Ca, the
ATTA system must be able to count single-atoms.

In 2001, we realized the single-atom-detection ca-

pability (Fig. 4) with this setup. The observed

photon count rate from a single 40Ca atom is 4

kHz, while the background rate is 5 kHz. With a

trap lifetime of 100 ms, the signal-to-noise ratio of

a single trapped atom is 18.

Fig. 3. Fluorescence of trapped stable calcium isotopes versus laser frequency. The small peak observed approximately 100 MHz to the

right of 40Ca is the beam fluorescence from this isotope. Fluorescence was measured with a low-gain photodiode detector.
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4. Outlook

An order of magnitude increase in the system

efficiency is expected with the introduction of two-

dimensional transverse cooling to reduce the

atomic beam divergence and amplify the atom flux

in the forward direction. Improvements in the

single-atom detection capability will increase the

signal-to-noise ratio, by reducing scattered back-
ground light from the trapping laser beams and

increasing the transmission efficiency of the lens

system. New oven designs are presently being de-

veloped to enable both medical samples and geo-

logical samples to be tested.
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Fig. 4. Signal of a single trapped 40Ca atom. The signal-to-noise ratio is �20.
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