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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



.

CONTRACTUAL ORIGIN OF THE INVENTION

The United States Government has rights in this invention pursuant to Contract

No. W-31 -109-ENG-38 between the U.S. Department of Energy and the University of

5 Chicago.

BACKGROUND OF THE INVENTION

This invention relates to a method, named Atom Trap Trace Analysis (ATTA),

and apparatus for ultra-sensitive element and isotope trace analysis. This technique

10 and apparatus employ lasers and magnetic fields to trap and count neutral atoms in

order to determine the concentration of the specific atoms of a certain isotope within the

sample.

As a test we focused on the long-lived85Kr and 81Krisotopes. 85Krhas a half-

Iife of 10.8 years and an abundance of-10-11 while81Krhas a half-life of 2.3 x 105years

15 and an abundance of (5.9*0.6) x 10-13.The present-day 85Krin the environment has
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been released primarily by nuclear-fuel reprocessing plants. It has been used as a

general tracer to study air and ocean currents, monitor nuclear-fuel reprocessing

activities, and as a leak sensor to monitor the structural integrity of nuclear reactors and

nuclear waste containers. In contrast, 81Kris produced in the upper atmosphere by

5 cosmic ray induced reactions and is shielded from man-made fission products by stable

81Br. 81Kris an ideal tracer for dating ancient groundwater and ice on the time scale of

105-106years.

Although the test was performed on krypton isotopes, ATTA can be applied to

10 other elements for a variety of applications. For example, ATTA can be used to

measure 41Ca-tracer concentration in urine samples in order to determine the bone loss

rates of human subjects. This procedure can be used to provide an early diagnosis,

and sensitive assessments of treatments, of osteoporosis. Moreover, ATTA can be

used to measure the concentrations of precious metals, such as silver and gold, in

15 earth samples, and help search for geological deposits of these metals.

Existing methods of ultra-sensitive trace analysis include low-level decay

counting (LLC), accelerator mass spectrometry (AMS), resonance ionization

spectrometry (RIS), and photon burst mass spectrometry(PBMS). LLC has generally

20 been used to measure the abundance of an isotope by counting its nuclear decays. It

is currently used to count ‘5Kr. Although once used to count 81Kr,this is no longer

possible because of the high present-day decay background of85Kr. Taking a different

approach, AMS counts atoms instead of decays, thereby greatly enhancing the

detection efficiency and avoiding the radioactive background problem. AMS is now
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routinely used as the standard method of14C-dating. Recently, AMS has been applied

to count 81Krand date groundwater. In this work, a high energy cyclotron (K1200, MSU)

was used to remove all of the electrons from the atoms so that81Krcan be separated

from its abundant isobaralBr. Laser-based techniques, such as RIS and PBMS, have

5 the potential of being simple and efficient, however, neither laser-based technique has

demonstrated the isotopic selectivity required to count81Kror 85Krin a natural sample.

The ATTA method we developed is based upon laser manipulation of neutral

atoms, and has succeeded in counting 81Krand 85Krin natural krypton samples. ATTA

10 differs significantly from previous methods in that it is free of any contamination from

different isotopes or elements. Therefore, ATTA can tolerate impure gas samples, does

not require a special operation environment, and its apparatus is generally 10-20 times

cheaper than a standard AMS setup.

15 Laser manipulation of neutral atoms is accomplished by pushing the atoms with

laser beams. When the atom encounters a laser beam whose frequency is tuned to the

resonant atomic transition, it can repeatedly scatter photons by going through cycles

of absorption and spontaneous emission as depicted in figure 1. Since the absorbed

photons from the laser beam are all moving in a single direction while the emitted

20 photons are emitted isotropically from the atom, a time-averaged force, known as the

spontaneous scattering force arises due to the momentum transferred from the photons

to the atom. In the case of a krypton atom and a laser beam having a wavelength of

811 nm, a single photon kick changes the velocity of the atom by 6mm/sec. This

velocity change, multiplied by the photon scattering
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which can accelerate the atom at 6 x 104m/sec2, Since the force is directly proportional

to the photon scattering rate which critically depends on the resonance conditions, how

well the laser frequency matches the atomic transition frequency determines the

magnitude of the force and the resulting acceleration. For krypton, direct excitation from

5 the ground level would require a laser at a wavelength of 120 nm, which is not available

with today’s laser

metastable state.

technology. For this reason, applicants excite the atoms from a

Using a magneto-optical trap, an arrangement of three pairs of orthogonal laser

10 beams and a quadruple magnetic field, applicants can trap atoms in a sub-millimeter

size region for many seconds, and detect single atoms with a signal-to-noise ratio of 50.

This is not possible with the other techniques mentioned earlier.

Thus, the object of this invention is to develop an apparatus and method to

15 provide for the determination of the amount and presence of ultra-sensitive trace atoms

in material samples.

Additional advantages, objects and novel features of the invention will become

apparent to those skilled in the art upon examination of the following and by practice

20 of the invention.

5
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SUMMARY OF THE INVENTION

This invention comprises an apparatus and method for measuring the

concentration of ultra-sensitive trace isotopes. This is accomplished by exciting a beam

5 of the atoms of interest to a metastable level by means of a DC discharge. Lasers are

employed in a transverse cooling step to increase the forward atomic beam intensity.

A tuned laser beam oriented opposite to the atomic beam slows the atoms. The slowed

atoms are subsequently captured in a magneto-optical trap which employs three pairs

of orthogonally positioned tuned lasers and a pair of electromagnetic coils to create a

10 quadruple magnetic field. A photon counter is used to determine the presence of

atoms of the desired isotope within the trap by measuring the scattered photons

generated by individual atoms captured by the trap.

15

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated in the accompanying drawings where:

Figure 1 illustrates the spontaneous scattering force where the arrows indicate

the directions of photon momentum.

Figure 2 illustrates the apparatus for measuring the trace isotopes of the

20 sample.

Figure 3 is an atomic energy level diagram for krypton.

Figure 4 shows the optimum laser frequencies for trapping85Kr and 81Krwhere

fOis the frequency of the reference transition in83Kr. f,g!jand fat are the frequencies of
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light for trapping ‘5Kr and 61Kr,respectively. Note only the hyperfine levels relevant to

trapping are drawn.

Figure 5 illustrates a typical signal of a trapped 8’Kr atom. During loading time,

the photon-count rate was low because the counter was blocked for protection from

5 over-exposure.

Figure 6 illustrates that the fluorescence of a trapped 85Kratom decreases as

the laser frequency is tuned away from resonance.

Figure - ‘ ‘ “ ““ “
. c.”..

frequency; (b)

10 frequency.

f (a) shows the number of O°Kratoms counted versus laser

shows the number of 81Krand 8sKratoms counted versus laser

DETAILED DESCRIPTION OF THE INVENTION

Figure 2 depicts the apparatus for measuring the trace isotopes of a given

sample. To determine the presence and concentration of the isotopes81Krand ‘5Kr of

15 krypton, the gas sample containing krypton is injected by means of an injection port 10

into a source chamber 12. A DC discharge is maintained between a grounded probe

14 in the discharge chamber and the skimmer 16 which is maintained at a high voltage
.

potential. Krypton atoms escape the discharge chamber through a small hole in the

end of the chamber 18. The DC discharge excites the Krypton atoms from the ground

20 level to the metastable level 5s[3/2]2, only about one in 104 atoms is elevated to the

metastable level using this method. For optimum discharge of the gas sample the

pressure in the discharge chamber is maintained at around 2 Torr. At the transverse

cooling stage 20, laser beams 22 damp the transverse velocity of the atoms and

decrease the divergent angle of the atomic beam 24. This increases the forward atomic
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beam intensity by a factor of 20. A solenoid 26, Zeeman Slower, provides an

appropriate magnetic field to keep the atoms of interest on resonance with the slowing

counter-propagating laser beam 28. The atoms are then loaded into the magneto-

optical trap 30. The final pressure in the trapping chamber should reach around 1xl 04

5 Torr with differential pumping at the discharge, the traverse cooling, and the trapping

chamber. Under such low pressure, an atom can stay in the trap for about 1 second

before being knocked out by background atoms. A trapped atom continuously scatters

photons from the laser beams 32 which are produced from a single beam which has

been split, expanded and then delivered to the trapping region 30 by a set of optics (not

10 shown). The presence of the atom or atoms can be detected by imaging the scattered

photons onto a photo-detector 34. The magneto-optical trap consists of 3 pairs of lasers

32 oriented orthogonally to each other (the third set is not depicted as it is oriented

perpendicular to the paper). A pair of electromagnetic coils is oriented with their axes

perpendicular to the path of the atomic beam 24 in order to stabilize the atoms in the

15 magneto-optical trap 30.

Figure 3 illustrates the atomic energy level diagram for Kr. As shown, a 10eV

discharge excitation is needed to elevate the Kr atom from the ground state to the

metastable level 5s[3/2]z while use of a 811 nm laser can excite the atom from the

20 metastable level to the 5p[5/2]~ level by photon excitation. A Ti:Sapphire laser or a

diode laser tuned to the proper frequencies (Fig. 4) can be used.

The system must be capable of detecting a single atom in the trap. In the trap

30, a single atom scatters resonant photons at a rate of 107 see-i, of which 1% are
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collected, spatially filtered to reduce background light, and then focused onto an

avalanche photodiode (EG&G, SPACM-AQ-212) 34 with a specified photon-counting

efficiency of 25Y0. With each trapping laser beam 32 set at 1 cm diameter and 2

mW/cm2, and the magnetic field gradient of the magneto-optical trap set at 16G/cm

5 along its axis, fluorescence from a single atom induces a signal of 15kcps (kilo-counts

per second) (Fig. 5). These laser and field parameters are significantly different from

those needed for an optimum trap loading rate (3 cm diameter, 10 mW/cm2 intensity,

and 8 G/cm field gradient). In order to meet the two different requirements, the system

is switched at 2 Hz between the optimal parameters for loading and for detection.

10

For precise trace analysis of an atom such as Kr, the system must trap 61Kr

or 85Krwith good efficiency and avoid trapping any of the other isotopes of Kr which

are 1012times more abundant. In general, a magneto-optical trap works when the

laser frequency is tuned to about 10 MHz below the atomic transition. The trapping

15 force decreases rapidly as the laser frequency is tuned further away. The laser

frequency can be set to trap one particular Kr isotope because the resonance

frequency of the trapping transition of 8’Kr and 85Kris 129 MHz and 90 MHz

respectively away from the resonance frequency of the abundant 83Krisotope. The

rest of the stable isotopes are all even numbered isotopes, and they are even further

20 away (>600 MHz) from the resonance frequency of *lKr and 65K

85Krand 81Krwere trapped and counted from natural krypton gas. Fig 5 shows a

typical signal of a trapped 81Kratom. The frequency settings of the trapping laser

and the two sidebands are in good agreement with spectroscopic measurements

using enriched 85Krand 81Krgas (Fig 4). Figure 6 shows that the fluorescence from
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a trapped 85Kratom decreases as the laser frequency is tuned away from

resonance. The curve follows the expected Lorentzian shape. The atom capture

rate vs. laser frequency was mapped and the curve in figure 7 showed that the

maximum loading was achieved with the frequency detuned approximately 4 MHz

5 below resonance. This is consistent with the results obtained from the 83Krtrap. In

addition, tests were performed under conditions in which a 85Krtrap should not work,

such as turning off the repump sideband and tuning the laser frequency above

resonance. These tests yielded zero atom counts. Atom Trap Trace Analysis

(ATTA) is immune from isotope contamination for several reasons: fluorescence is

10 only collected in a small region (0.5mm diameter) around the trap center a trapped

atom is cooled to a speed below 1 m/s so that its laser induced fluorescence is

virtually Doppler-free; a trapped atom allows a long observation time; and trapping

allows the temporal separation of capture and detection so that both capture

efficiency and detection sensitivity can be optimized.

15

Thus, the subject invention represents an apparatus and method for

conducting ultra-sensitive trace element and isotope analysis. The apparatus injects

a sample through a fine nozzle to form an atomic beam. A DC discharge is used to

elevate select atoms to a metastable energy level. These atoms are then acted on

20 by a laser ofiented orthogonally to the beam path to reduce the traverse velocity

and to decrease the divergence angle of the beam. The beam then enters a

Zeeman slower where a counter-propagating laser beam acts to slow the atoms

down. Then select atoms are captured in a magneto-optical trap where they

undergo fluorescence. A portion of the scattered photons are imaged onto a photo-
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detector, and the results analyzed to detect the presence of single atoms of the

specific trace elements.

The foregoing description of a preferred embodiment of the invention has

5 been presented for purposes of illustration and description. It is not intended to be

exhaustive or to limit the invention to the precise form disclosed, and obviously

many modifications and variations are possible in light of the above teaching. The

embodiments described explain the principles of the invention and practical

applications and should enable others skilled in the art to utilize the invention in

10 various embodiments and with various modifications as are suited to the particular

use contemplated. It is intended that the scope of the invention be defined by the

claims appended hereto.



Abstract of the Disclosure

An apparatus and method for conducting ultra-sensitive trace element and

isotope analysis. The apparatus injects a sample through a fine nozzle to form an

atomic beam. A DC discharge is used to elevate select atoms to a metastable

energy level. These atoms are then acted on by a laser oriented orthogonally to the

beam path to reduce the traverse velocity and to decrease the divergence angle of

the beam. The beam then enters a Zeeman slower where a counter-propagating

laser beam acts to slow the atoms down. Then select atoms are captured in a

magneto-optical trap where they undergo fluorescence. A portion of the scattered

photons are imaged onto a photo-detector, and the results

presence of single atoms of the specific trace elements.

analyzed to detect the
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