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Abstract

The characteristic features of accelerator mass spec-

trometry are discussed. A short overview is given of the

current status of mass spectrometry with high-energy

(MeY/nucleon) heavy-ion accelerators. Emphasis is placed on

studies with tandem accelerators and on future mass spectro-

metry of heavier isotopes with the new generation of

higher-voltage tandems. ,•...•...•.
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Accelerators have provided beams for most of the

measurements presented at this symposium. While essential to

a sucessful experiment, they are not necessarily considered

an inherent part of the experimental set-up. Quite the

opposite is true in experiments of accelerator mass spectro-

metry (AMS): Here the accelerator becomes the central part

of the experimental configuration, aided by an ion-source at

the injection end, and a heavy-ion spectrometer after the

accelerator. Configurations like the one schematically shown

in Figure 1, have over the past six years ' developed to

mass spectrometers with sensitivities (up t o ~ 1 : 1 0 ) that

can considerably exceed those of conventional, low-energy
a

mass spectrometer? (^1:10 ) . The basic reason is the
capability in high-energy spectrometry to individually iden-



t i f y a c c e l e r a t e d ions by ma s s M and n u c l e a r c h a r g e Z. O n e

ea s i l y c a l c u l a t e s t h a t if a s i n g l e ion can be i d e n t i f i e d and

co u n t e d out of a 1 particle-iiA b e a m i n j e c t e d i n t o t h e

a c c e l e r a t o r and t r a n s m i t t e d w i t h 1 0 % p r o b a b i 1 ity, 'over a

pe r i o d of o n e h o u r a s e n s i t i v i t y of ~ 1 : 1 0 is a c h i e v e d .
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Fig. 1: The Argonne FN Tandem accelerator system as an

example for a tandem facility used in accelerator

mass spectrometry (AMS). A negative-ion beam from a

sputter beam ion source (at left) is injected into

the tandem, stripped at the terminal, and the

radioisotopes of interest are selected and identi-

fied in an all-magnetic beam-line system and spec-

trograph at the high-energy end of the accelerator.

(Figure from reference 9, where additional technical

details can be found).



II. Characteristics of AMS

A number of properties of ion source, accelerator an-d
heavy-ion spectrometer contribute to the success of AMS.
Some are specific to particular isotopes, as the lack of
negative-ion formation for interfering isobars (cr their
molecules) as for example for 1 4 N ( 1 4 C ) , 2 6Mg( 2 6Al),
3 6Ar( 3 5Cl) or 4 1 K H 3 (

4 1 C a H 3 )
Z ) . But the more general advan-

tages of highr-energy (~ MeV/nucleon) mass spectrometry over
conventional low-energy [~ keV/nucleon) mass spectrometry

i i i i i
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Fig* 2: Energy curves re levant f o r high-energy AMS (see
t e x t ) .



arise from a higher kinetic energy: i) through break-up of

isobaric molecules in thin foils which have otherwise no

adverse effect on the high-energy radioisotope ion of

interest, ii) from identification and separation of isobars

through nuclear charge determination via dE/dx measurements,

and iii) from reduced slit scattering cross section (c*r E~ ).

Of these three0 i) and iii) are less dependent on the exact

kinetic energy availableD but ii) requires a certain minimum

energy determined in principal by the fact that the diffe-

rential energy-loss curves overlap at lower energies, and in

practice by the requirement that for reasonable separation

of neighbouring elements one needs incident energies two or

three times the value at which dE/dx has its maximum.

This has consequences for the range of nuclei that can

be investigated through AMS with a specific accelerator.

Figure 2 qualitatively describes the situation for relevant

energies as a function of nuclear charge Z: The solid curves

labeled 3 MVD 8O5 MV„ and 16 MV indicate the maximum ener-

gies (with reasonable intensities) achievable with tandems

of corresponding terminal voltage,, AI:o shown is a curve

indicating twice the energy where dE/dx has a maximum; the

curve for all practical purposes indicates the minimum

energy necessary for separation of neighbouring Z*s. One

recognizes that the projected dedicated facilities ' for AMS

(*w- 3 MV) are limited to rather light isotopes, the often-

used FN tandems (~-"8,,5 MV) allow measurements maybe up to

Ca0 whereas a 16 MV tandem as the one becoming operational

at the host institution of this symposium, Legnaro, can

nearly double the range of nuclear charge accessible and

extend into a new regime of medium-weight radioisotopes, as

discussed in more detail below,, The energy curves shown in

Figure 2 are for all practical purposes minimum energies. In

particular when absorber foils are used to outrange and

eliminate interfering isobars of lower Z considerably higher

energies are necessary (see for example measurements of Be

in reference 1)= Also shown in Figure 2 is a curve for the



approximate energy necessary to fully strip a radioisotope
with 10% probability,, The technique of fully stripping a
radioisotope has been successfully used to eliminate
interfering stable isobars with lower nuclear charge .

111„ Some Technical Aspects

Various types of heavy-ion accelerators have been used
in AMS-type studies, as indicated in the (most likely
incomplete) table below* Most of the actual applications,
however, have been performed with two accelerator types: the
cyclotron and the tandem; and it probably fair to say that
the bulk of these studies was done at tandems. Work at other
accelerators constitutes feasibility studies of these machi-
nes for AMS, or selected measurements as for example the
search for fractionally charged particles '.

Table: Heavy-Ion Accelerators used in AMS-type Studies.

Accelerator Institution

Cyclotron: Berkeley, Grenoble, Orsay
Tandem

EN: ZCirich
FN: Argonne, McMaster, Pennsylvania,

Rutgers, Saclay, Seattle
MP: Chalk River, Munich, 0rsaye

Rochester, Yale
H U D : Rehovot
3MV(ded): Arizona, Nagoya, Oxford, Toronto, Gif-

sur-Yvette
Linac: Argonne, Munich, Orsay
Cockcroft-Walton: Fermilab
Oynamitron: Argonne



The dominance of tandems results from their widespread use

in nuclear physics but also from the fact, that their

technical layout - designed long before they were considered

for AMS studies - has features very favorable for AM5. This

is illustrated in Figure 1 with the example of the Argonne

FN tandem, which has been used extensively in AMS measure-

ments with essentially no tecnnical components added. The

low-energy end is all-electrostatic, thus independent of th*3

mass of the singly-charged negative ions, except for the

injection magnet which selects the isotope mass of interest.

The high-energy end is essentially a 11-magnetic, with iden-

tical ion optics for ions of same magnetic rigidity.

Therefore the measurement of a radioisotope concentration in

a source sample, which is done by comparing the radioisotope

rate at the heavy-ion spectrometer with that of a stable

isotope from the same source sample (generally a macroscopic

ion-beam measured in a Faraday cup at the location of the

heavy-ion spectrometer), requires only two changes: that of

the injection magnet to switch between radioisotope and

stable-isotope mass and that of the terminal voltage to

produce constant magnetic rigidity for both ion species at

the high-energy endo

IV. Applications of AMS

Measurements of very low concentrations of radioisotopes

in AMS have allowed studies in various fields that were

difficult or sometimes impossible to perform otherwise.

These include measurements of nuclear lifetimes and nuclear

cross sections,, search for exotic particles and a large

number of dating and tracing applications in geology,

archeology,, hydrology, cosmology to name just a few. It is

beyond the scope of this paper to give a complete overview,

the reader is referred to the proceedings of three recent

conferences . The extend of these studies can be seen, for

example,, from a list of AMS measurements of cosmogenic 1 0Be



compiled in a recent article by W. Kutschera ' and
reproduced in Figure 3.
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Fig. 3: Summary of
compiled in a recent article by W. Kutschera

V. Future Extension of AMS to Medium-Mass Radioisotopes

Since this symposium is being held at an institution

where a tandem of higher terminal-voltage is becoming

operational, it seems appropriate to discuss future exten-

sions of AMS to heavier radioisotopes. There is great

interest in several of these as for example in 41Ca.
constituent of fossile bones, with a halflife of 10 years.

Ca might allow to extend dating of fossiles into the time

range inaccessible with C dating. The natural concen-

tration is expected to be very low ('viO ) and consider-

able scepticism is in order whether it will be possible to

utilize Ca in AMS studies. We have had some encouraging
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results at the MP tandem in Munich recently ', where the
combined use of an existing Wien-Filter after the MP and a
Q3D heavy-ion spectrograph has allowed us to detect Ca
radioisotope ions from enriched samples, prepared through

40
tvr, .„ a r e a c t o r , with good

neutron a c t i v a t i o n of Ca in
eff i c i e n c y and, at p r e s e n t , with a lower s e n s i t i v i t y of a
few t i m e s 1 0 " . For natural s a m p l e s we b e l i e v e that a
pr e e n r i c h m e n t of a fa c t o r 100, f e a s i b l e with a c o n v e n t i o n a l
mass s e p a r a t o r , will allow d e t a i l e d AMS s t u d i e s with Ca.
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Fig. 4: Left: Cosmogenic nuclides with various half-lives.
Nuclides enclosed in boxes have baen studied by AMS.
Right: Ratio of radioisotope to stable-isotope abun-
dance (N / N) in various samples. The hatched area
shows typical detection
ref. 7 ) .

limits at present. (From



Other heavy radioisotopes of cosmogenic origin

considerable interest (e.g. 5 3 M n . 5 9 N i , 6 0 F e .
are of
etc) as

7)pointed out in a recent article by Nishiizumi and' Arnold

from which Figure 4 is taken. Not all of them require AMS

techniques (for example Mn was detected at low concentra-

tions by the authors of reference 7 through neutron activa-

tion studies).

A successful measurement of a heavy radioisotope, Ti,
8 \

with AMS has been completed recently at Argonne '. Figure 5

shows isometric spectra of energy loss £ E versus total

energy £ as measured for
44spiked with 4 4Ti at a concentration of 2 x 10

two Ti ion-source samples, one

~7 The
ANI-P-IM4J

ACTIVE SAMPLE

Fig. 5: Energy loss versus total energy of ions detected by

the focal plane detector of the Argonne splitpole
44,magnetic spectrograph for Ti ion "beams"

active and a blank Ti source sample.

from an



to

results together with activity measurements, allowed a quite
accurate determination of the Ti half-life: T\ l0 = 54.2 ±

442.1 years.In these measurements absolute Ti/Ti ratios had
to be determined (in contrast to ratios determined from a
comparison with a calibrated reference sample), and the
relatively small error is a result of careful measurements
of mass fractionation effects using the various stable
isotopes of Ti. The measurement, though only performed at
the low energies available from the Argonne FN tandem,
revealed a limiting sensitivity of 10" for this heavy
radioisotope. Clearly not sufficient for the limits
necessary to sensibly use A.MS in this mass range for natural
(terrestrial or cosmogenic) concentrations. But encouraging
in the sense that AMS works well in principle for the
heavier masses and shouid provide sufficient sensitivity
when improved background reduction is achieved with
higher-energy baams from tandems with sufficiently high
terminal voltages. There is clearly a large number of
interesting problems tc be solved where a high-energy
tandem, as the one becoming operational here at Legnaro, can
make unique contributions.

This work was supported in part by the U.S. Dept. of
Energy under contract number W-31-103-ENG-3d and in part by
the Bundesministerium fur Forschung und Technologic, Bonn.
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