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Abstract

Accelerator mass spectrometry is a high sensitivity technique for the detection

of numerous long-lived radionuclides at extremely low concentrations. The

present use of this measurement tool is primarily in archeology and the

geosciences. However, novel applications and technological _dvancements

that can have a significant impact on both biomedical research and clinical

procedures and environmental investigations have been identified. We are

studying a small spectrometer for the simultaneous injection and detection of

both hydrogen and carbon radioisotopes.

* Permanent Address: Archaeology Department, Simon Fraser University, Vancouver, Canada
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1. Introduction

The _,_ of accelerator mass spectrometry (AMS) for sensitive

....... radioisotope measurements has been demonstrated widely over the last

several years[ 1]. As usually implemented, the technique utilizes a tandem ..

Van de Graaff accelerator to accelerate an ion beam to high energy and then a

combination of momentum, velocity, energy, and time-of-flight

spectrometric techniques to separate the ions of interest from contaminants.

When compared to decay counting methods, AMS has increased the

sensitivity for the detection of numerous long-lived radionuclides by between

three and six orders of magnitude.

While radioisotopes have been used for decades in the biological

sciences (where labeled compounds are introduced into living systems as

tracers), past use of AMS has primarily been limited to archeology and the

geosciences. Only recently has the applicability of AMS in biological research

been demonstrated [2]. In that experiment, covalent bonding of a 14C tagged

mutagen/c_.rcinogen to mouse liver DNA was measured with the AMS

technique. An order of magnitude improvement in sensitivity over

state-of-the-art post-labeling assays has been demonstrated. For most

biological or biomedical research, the routine application of 14C AMS can

provide an increase of 103 in detection sensitivity over decay counting,

allowing a 103 reduction in sample size or a 103 decrease in delivered radio-

isotope dose to the system.

While significant biological and biomedical research is possible and

will continue with the present measurement facilities, it has become clear'

that the availability of a simple, relatively inexpensive device optimized for

a.ssaying samples for 14C activity would have a broad impact. Extension of the

AMS technique to the measurement of hydrogen isotopes would also be

immensely important. Consequently, we have designed and are in the

process of testing two small spectrometer concepts. One spectrometer is

optimized to measure only hydrogen isotopes, while the second concept is
P

designed to measure both carbon and hydrogen isotopes simultaneously. A
¥

design goal for both spectrometers is that they fall within the financial,

resource, and space limits of typical hospital or research institutions.



2. Tritium AMS

• Of the two small spectrometers that we are studying, the spectrometer

designed for measuring hydrogen isotope ratios is the simplest. The

spectrometer design is schematically shown in Figu _e 1 and consists of three

separate items: (I) an ion source which converts a portion of a particular

sample to a beam of charged particles, (2) a radio frequency quadrupole (RFQ)

accelerator to accelerate those particles, and (3) an energy loss spectrometer to

measure the particles of interest.

In this design, the ion source could either be a gas fed radio frequency

(RF) discharge type source producing a positive ion beam or a sputter type ion

source producing a negative ion beam. Cesium sputter sources with multiple

sample capability are fairly well understood[3], but a gas fed RF source may

have a higher efficiency and provide a more intense beam. Also, it is likely

that a gas fed ion source would be useful in biomedical research and clinical

medicine where the source could be connected directly to a gas

chromatograph to allow real time dose tritations in patients. However, an RF

source might suffer from 'memory' effects due to residual gas in the plasma

bottle. This 'memory' effect can in principle be overcome through the use of

multiple plasma bottles.

Directly coupled to the ion source is an RFQ accelerator operating as a

velocity multiplier for properly matched particles. Initially, it was believed

that in order to properly match the velocity acceptance requirements of the

RFQ, we would have to 'bounce' the source injection voltage to sequentially

inject mass 1, 2, and 3 into the RFQ with the same initial velocity. However,

upon further calculation, it was determined that if we assumed an injection

energy of 50 keV and an RFQ that would accelerate species of mass 3 (i.e., H 3,

HD, T, and 3He) to 1.5 MeV, species of mass 2 (i.e., D and H2) would be

accelerated to 1.0 MeV with an acceleration efficiency of 15% relative to mass

3, and species of mass 1 (i.e., H) would be accelerated to 0.5 MeV with an

acceleration efficiency of 31% relative to mass 3[41. This would enable,i

simultaneous measurement of both the H and T and if necessary D isotopes.



After acceleration, the particles are directed to either of two

spectrometers. The first spectrometer consists of an electrically isolated foil

thick enough to stop all mass 1, mass 2, and helium ions, but sufficiently thin

so that tritons would pass through and be detected in either a surface barrier .

or scintillation detector. T:H ratios would be determined by dividing tritium

counts in the detector by integrated current from the slowing down foil.

Assuming proper ion source operation, the current from the foil is essentially

all H to the accuracy required. An experimental test of this spectrometer

design is scheduled this fall.

If both T:H and T:D ratios are required, as would be the case if one were

interested in studying mass fractionation effects, a second spectrometer design

consisting of a combination momentum/energy loss spectrometer could be

used. This design variant is shown in Figure 2 and differs from the previous

design in that a thin foil would be used after the RFQ to disassociate the

various molecular species followed by a magnet to separate the ion beams.

Faraday cups would be used to measure stable isotope currents while a
scintillator or surface barrier detector would be used to detect the tritons. The

tritium detector would again be preceded by an absorber foil to remove 3He .

as well as any HD + that passed through the first foil intact.[5]

3. Tritium and Carbon AMS

The second spectrometer that we have studied and begun to test has

the capability to simultaneously measure both hydrogen and carbon isotopes.

While tritium is the most widely used tracer in biomedical studies, the ability

to measure carbon isotopes is also important. Because carbon is tightly bound

in most molecules, problems with non-specific binding of labile elements

(i.e., tritium) are not a concern when using 14C tagged compounds. The

capability to simultaneously measure hydrogen and carbon isotopes allows

double labeling techniques to be developed in which one follows separate

metabolic fractions of compounds.

The designed spectrometer is shown in Figure 3 and consists of the

following items: (1) a negative ion source mounted at zero degrees to, (2) a

small electrostatic tandem accelerator, (3) a multi-stage spectrometer to



remove contaminant ions, and (4) a combination of Faraday cups and

detectors to measure particles of interest.

. Perhaps the most important feature of the system is the ion source

located at zero degrees relative to the electrostatic accelerator. The technique

' of mounting an ion source at zero degrees allows simultaneous injection and

detection of all isotopes. Alternative methods utilizing either a

multi-magnet achromatic injector capable of handling masses 1 to 14 or the

technique of switching between isotopes by making changes in injection

energy or field of an inflection magnet, would either be extremely difficult or
less efficient.

The negative beam from the ion source would be injected into a small

(2 to3 MV) electrostatic tandem. The beam would be accelerated to the

positive accelerator terminal, pass through a gas stripper to remove several

electrons and destroy any molecular isobars (i.e., H2, HD, 13CH, 12CH2, etc),

and further accelerated as positive ions. Small tandem accelerators with the

required terminal voltage and high current capability are commercially
available[6,7].

After acceleration, the beam of particles would be directed to a magnetic

spectrometer to separate the individual ion species according to mass.

Hydrogen isotopes would be detected downstream of this magnet (as in the

second RFQ design above), along with the 12C3+ and 13C3+ integrated beam

current. Greater contaminant discrimination required for the detection of 14C

would be provided by a second magnet, Wien (E x B) filter, and AE-E detector

telescope as in the present LLNL AMS spectrometer [8].

To test the concept of truly simultaneous injection, we recently

mounted a cesium sputter source at zero degrees relative to our tandem

accelerator. While 14N count rates were at least four orders of magnitude

higher than normally seen, a 14C peak was observed in the AMS detector. No

other contaminants of consequence were seen. The 14N contamination arose

from injected and accelerated nitrogen molecules (i.e., NH-, NH2-, CN, etc.)P

that disassociated somewhere along the acceleration tubes in such a way that

the resulting 14N ion had the correct charge and energy to reach the 14C



L

detector. This problem was magnified by the presence of a boron nitride

insulator inside the ion source. Tests with our standard AMS source, which

contains no boron nitride, showed 14N count rates of a few kHz. Count rate_

of 14N can be removed by exploiting the 14C-14N differential energy loss in a °

foil placed between the two spectrometer magnets or by ranging out the 14N

in an absorber foil placed upstream of the 14C detector.

4. Conclusions

We are in the process of designing and testing two small spectrometers.

While neither design has been completely tested, initial results are promising

and tests will continue. An important consideration in the evaluations of

these integrated spectrometers is the great freedom allowed in the _Litial

concentration of the isotopic tag. As the difference between radiologically

significant concentrations of an isotope and the natural background

concentration of that same isotope can be several orders of magnitude,

research spectrometers may be simpler and optimized differently than from

those designed to measure radioisotopes at or below natural concentrations.

* This work was preformed under the auspices of the U. S. Department of

Energy at the Lawrence Livermore National Laboratory under contract

W-7405-Eng-48.
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Figure 1 A spectrometer designed to measure hydrogen isotope ratios.
The spectrometer consists of an ion source which converts a



portion of a particular sample to a beam of charged particles, a

radio frequency quadrupole accelerator to accelerate those

particles, and an energy loss spectrometer to measure particles of
interest. °

Figure 2 A variant of the spectrometer design to measure hydrogen

isotope ratios. This type of spectrometer is necessary if both T:H

and T:D ratios are required. The design consists of an ion source,

a radio frequency quadrupole accelerator, and a combination

momentum/energy loss spectrometer.

Figure 3 A spectrometer designed to simultaneously measure both

hydrogen and carbon isotopes. This spectrometer consists of an

ion source mounted at zero degrees to a small electrostatic

tandem accelerator coupled to multi-stage spectrometer to

remove contaminant ions and then followed by a combination

of Faraday cups and detectors to measure particles of interest.
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