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Preface
This thesis is based on the foliowing papers:

* The charge state distribution of carbon beams measured at the Lund
Pelletron accelerator, presented at the Third European Conference on
Applied Research and Technology (ECAART) held in Orleans (France)
31/8-4/9-93 and published in the proceedings Nucl. Instr. and Meth. B 89
(1994) 259

* The pressure profile in the Lund Pelletron accelerator, accepted for
publication in Nucl. Instr. and Meth. A and is currently in press

» The transmission of a carbon beam through a tandem accelerator, accepted
for publication in Nucl. Instr. and Meth. A and is currently in press

* A negative caesium-sputtering ion source for AMS investigations, will be
presented at the 7th International Conference on Heavy Ion Accelerator
Technology held in Canberra (Australia) 18/9-22/9-95. The proceedings
will be published in Nucl. Instr. and Meth. A

*» The charge state distribution of Be, O, F, Al, Cl, Ti and Ni ions, submitted
for publication in Nucl. Instr. and Meth. B

» Isobar suppression in accelerator mass spectrometry by the detection of the
characteristic X-rays, presented at the VII International Conference on
Particle Induced X-ray Emission and its Analytical Applications. The
paper is accepted for publication in the proceedings that will be published
in Nucl. Instr. and Meth. B
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1. Introduction

Of the more than 2300 nuclides known to man, only 265 are stable {(Lederer
and Shirley, 1978). The others are changing. with time due to radioactive
disintegration. Some of these radionuclides have existed ever since the
creation of the Earth, others are constantly being produced in the atmosphere
by cosmic rays but most of these radionuclides have been studied only after
having been artificially produced by man (Elmore and Phillips, 1987).

In many fields of science it is important to measure low concentrations of
radionuclides. Some of these fields include archaeology, art, biomedicine,
climatology, cosmic-ray physics, environmental physics, glaciology,
meteorites and oceanography (Kutschera, 1950).

The specific activity of a sample, i.e. the number of disintegrations per
time unit, can be measured in two different ways; either by measuring the
radiation emitted in the radioactive decay (decay counting) or by directly
counting the number of radionuclides in the sample (atom counting). If the
half-life of the radioisotope is known both of these measurements will yield
the sarie result (Kutschera, 1993). Depending on a number of circumstances,
either one of these techniques may be advantageous. If the half-life of the
radioisotope is long and/or the sample size is small, atom counting is often a
more efficient way to determine the specific activity in a sample. In some
cases it is impossible to perform ordinary radiation detection of a specific
disintegration due to a high background of other radionuclides in the sample.

Accelerator mass spectrometry (AMS), which is a highly sensitive atom
counting technique, was introduced at several laboratories, independently of
each other, in 1977 (Muller, 1977, Muller et al,, 1977, Schwarzschild et al.,
1977, Nelson et al., 1977, Purser et al., 1977 and Bennet et al., 1977). As can
be guessed by its name, AMS is an extension of conventional mass
spectrometry (MS). In MS an ion beam is extracted from the sample and the
ions are accelerated to keV energies and are mass analysed by a dipole
magnet. Interferences from abundant neighbouring isotopes and atomic- and
molecular isobars are a constraint on the detection limit. In AMS, where the
ions are accelerated to MeV energies using an electrostatic tandem
accelerator, these interferences can often be suppressed by the use of several
filters, the use of a nuclear particle detection system and also due to the fact
that molecular isobars with charge state 3+ or higher are dissociated in the
stripping process. AMS can yield a million-fold increase in sensitivity for
isotope concentration measurements (10-6—10-12) compared to conventional



MS (Kutschera, 1993). Sce Fig. 1 for a schematic comparison between MS
and AMS.
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Fig. 1. A schematic comparison bebween accelerator mass spectromerry (AMS)
and conventional mass spectrometry (MS)

After more than 15 years of development, AMS has proven to be a highly
versatiic ool for rescarch, with a detection limit sufficient for detecting
natural abundancics of long-lived cosmogenic radioisotopces, such as 19Be,
14C, 26A}, 328i, 36C] and 4!Ca. None of these isotopes has been directly
observed in concentrations occurring in naturc by ordinary MS (Wélfli,
[984). '

So [ar, 14C has received most attention duc to its well known biological
history and also duc to its other favourable properties compared to other
radionuclides, see section 2.2. Radiocarbon datings have now been performed
for morc than ten years, using the AMS technique. To perform a 14C-dating
measurement only a few milligrams of carbon are needed, which is
approximately one thousandth of the amount of carbon nceded to measure a
contemporary sample using a fB-scintillation detector (Gillespie, 1984), This
does not only make the AMS measurements virteally non-destructive but also
opens new fields in which dating measurements can be performed, for



instance, a sced extracted from a piece of ancient pottery can be sufficient (o
date the objcct, paintings can be dated using only a tiny piecc of canvas and
50 on,

In AMS, the whole accelerator system must be highly stable and have a
high precision in order 1o produce accurate results and should aiso provide a
high cfficiency, which is important when working on small sampies. To
achicve this, the accelerator system must, among many other parameiers,
provide high beam current and high beam quality, good voltage stability and
accurate reproducibility. Furthermore, the detection system should have high
sensitivity and high discrimination for isobar separation.

The objectives of the work described in this thesis are:

(i) To optimise the AMS set-up at the Lund Pelletron accelerator in order
to be able to perform more accurate and more efficient measurements.

(i) To examine the possibility to perform AMS measurements on heavier
radionuclides, such as 3¥Ni, using small tandem accelerators.



2. Long-lived radioisotopes

2.1 Production

The radioisotopes that exist in naturc can be divided in two categorics;
natural and artificial, where the natural radioisotopes either have cxisted
since the creation of the Earth (e.g. 235U and 238U) or are constantly being
produced by the interaction of the cosmic-ray flux with the Earth. The
artificial radioisotopes are nuclet that have been produced by human
activities.

The isotopes called cosmogenic radioisotopes are produced, directly or
indirectly, by the cosmic-ray flux to which the Earth is exposed. The
atmosphere surrounding the Earth acts as an effective shield against cosmic-
rays and, hence, the production of cosmogenic radioisotopes will vary with
the cosmic-ray flux and thercfore with the altitude above sea level
(Kutschera, 1990). The main components of the atmosphere are nitrogen
(78%) and oxygen {21%). Thc only long-lived radioisotopces that are {formed
from these two elements, arc (excluding 3H which is only moderately long-
lived) '0Be and '4C (Raisbeck and Yiou, 1984). The next most abundant
component in the atmosphere is Ar (0.9%) from which four long-lived
radioisotopes are produced (26Al, 3281, 36Ci and 3%Ar) (Raisbeck and Yiou,
1984). Heavier elements in the atmosphere are extremely rare. Some
production of hecavier, long-lived radionuclides, such as 41Ca, takes place at
sca level even though the cosmic-ray flux is attenuated by a factor of ~1000
(Raisbeck and Yiou, ]984).

Soeme of these long-lived radionuclides, and others, are also produced by
human activities. In addition to the production of moderately long-lived
radionuclides, cspecially #Kr, 99Sr and 137Cs, and the production of very
long-lived radionuclides, such as 23°Pu and 129], that takes place in the fucl in
nuelear power plants, also 14C is produced through various nuclear reactions
in the fuel, the moderator and the coolant, and in structural materials {Davics,
1979). In the 1950's and 60's, nuclear bomb tests in the atmosphere caused
the production and releasc into the atmosphere of large quantities of 19C in
addition to radioactive fallout products due to the fission process. Some of
these radionuclides are also produced industrially for various applications in
medicine, science and industry,
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2.2 Applications

As previously mentioned, the AMS technique is especially suited for
measuring concentrations of long-lived radioisotopes ir a sample. The reason
for this is that during a normal measuring time, say one hour, many more of
the long-lived radioisotopes in a sample survive than decay, i.e. when the
half-life of the radioisotope is much longer than the measuring time, atom
counting is more efficient than decay counting. The radioisotopes that have
been studied in AMS experiments by 1990 is indicated in Fig. 2 (Kutschera,
1990). In addition to these isotopes, AMS has also been demonstrated for:
3H, 328i, 59Ni and 60F¢ (Paul, 1993 and Elmore and Phillips, 1987).

5]
|O L) ]—Ti l T | kg i T 1 T I T I T } T "l T -I T I Y ' T ]
| RADIOISOTOPES WITH T, >1 yeac fas . .
. 48 Ng {%ph) DECAY MODE
I(-)l-c‘_ l BDd !ﬂzce ::95“1
C -
o, sk 17,4 1860, * f3
s u L s
_ o 149, -
laf B2ey = EC
10 . ® « §F ]
e
I " 'L W Q _l
" 13OTn 5 e IT
[ o E1 -
— - L1 “”sm 176
E o - x '-“ EE 232, 7
I
ol S ¥ 2 -
a0, u
n | x 235 i
I b
B MBsn 2aq,,
C 10T Ryn » 26 W .
" N 29, 2 <05, U Sar
n:_l" Hre b 135 3 , o
x 210m, 37 ]
I e w7 ' * o L : P
o x Te ] 208, Zl-iu 242 __
et =2 1B6m, ot o8
21 %n Re U W y-Cm
7| ¢ ® p
a.e * HTLU ZwTh‘ si—Np -]
I 2025y Plpo—Jn 23 205,
SIND;‘ ZZQIh !g?Pcm ]
93.« 1GGm 241, <28 240& quscm
Mo BBy Blgy ™ is2m, 9, 34‘}’!,, zqzax‘zq?ak -
lOBrnAgtzlm o 137 QS.E Iﬁ'ﬂ!’:ﬂ k..,./ EOQP 232 Er{IBh‘ h'
I 93 T
" 138 f1as |6.5 |7um Py 20 H
95|< ¥ ’mc"mss L Crisae £ B k2%, gz Ry
b ma Ly Tm |? Tt zzs L LI
'102 wi}.h R \'Mgs L:: Eu(1ng Llr/?s quﬁ' B
KT X [ =Gm
Rh ‘ﬂosm o 2 Uil Y mT /5;6"/:_2,- E#;g%‘
1 I L i i l 'l I JLu]
0 20 40 60 80 IOO I20 4 160 IBD 200 220 240 260
MASS

Fig. 2 Radioisotopes with half-lives longer than one year. The six isotopes used in
AMS studies by 1990 are indicated by circles (After Kutschera, 1990).

11



Since the invention of AMS in 1977, by far the most measurements have
been performed on 14C. There are a number of reasons for this. First of all,
ordinary (B-decay measurements on !4C have been performed since the early
fifties and the technique has over the decades been developed into a precise
and widely used dating tool. 14C has a useflul half-life (t,=5730 years) for
dating back to about 50 000 years and has been calibrated with tree rings
back to about 9000 years BC (Long et al., 1993). The distribution of 14C over
the surface of the Earth is very uniform, giving a well-defined 4C/#2C ratio
(Elmore and Phillips, 1987). 1C is very important from a biological point of
view as carbon is an essential element in all {iving matter. Moreover, 1#C is
especially suited for AMS measurements with a tandem accelerator, due to
the fact that there exists no stable, negatively charged atomic isobar, thus
simplifying the detection. There are a numerous of applications where the 11C
activity of a sample is studied. A short and incomplete lisi of these fields
include: archaeology, quaternary geclogy, oceancgraphy, art and biomedicine
(Kutschera, 1993).

Of the other cosmogenical, long-lived radioisotopes, 9Be and 26Al have
received much attention. '®Be has a very long half-life (t,,=1.6x106 years)
and has been used as a sensitive monitor of the cosmic-ray {lux and can
therefore be used us a climate menitor ranging several 100 000°s years back
in time (Sumayalulu, 1977). For 20Al, (t,,=7.2x105 yeas) the potential
application is geoscience and cosmology but it has also been used as a tracer
element to study the correlation between aluminum intake and Alzheimers
disease (Barker et al., 1990).

36C1 is an ideal isotope for dating and tracing old ground water (Elmore
and Phillips, 1987). It has for this application a suitable half-life of 3x[03
years, simple geochemistry, a high solubility in water and a very low sticking
probability to solid surfaces (Kutschera, 1993).

59Ni is a long-lived (t,=7.6X104 years) radioisotope that is produced in
extraterrestrial matter by the interaction of cosmic rays (Paul et al., 1993) but
is also produced in shielding material in nuclear power plants by neutron
activation (Wagner et al.,, 1994 and Artigalas et al,, 1993). For the final
disposal of nuclear waste, activity measurements must be performed (SKB
Report, 1993). Because of its long half-life and since 5?Ni decays only via
electron capture (EC) AMS can be a suitable technique to perform these
measurements.



3. The AMS system

3.1 General

An outline of the AMS system at the Lund University is shown in Fig, 3. It
consists of a NEC Pellctron tandem accelcrator with a maximum tcrminal
voltage of 3 MV. On the low-cnergy side of the accelerator an ion source,
attached to a 15° dipole magnet, creatcs the beam that is injected into the
accelerator. The high-energy sidc of the accelerator consists of a dipole
magnet, where the 36° exit tube is used when performing AMS
investigations, a velocity filter and a particle detection system. The number
of radioisotopes transmitted through the system is counted by the dciector
system, whereas the current of an abundant isotope is directly measured by a
Faraday cup positioned just in front of the detector, thus registering the
rclative concentration of the 1sotopes in the sample in the ion source. By
normalising the results obtained to the result obtained for a standard of
known aetivity, the specific activity of the sample in the ion source can be
deduced. The negative ion beam, which 1s required by the tandem accelerator,
is crcated in the ion source by sputtering solid samples by a Cs* beam.
Depending on the electron affinity, either clementary ions or molecular ions
arc cxtracted. The ion beam is mass sclected by the first dipole magnet and
focused onto an aperture before being injected into the accelerator. The
negative ion beam is accelerated to high velocitics by the potential gap
between ground and the positively-charged terminal of the accelerator. In the
terminal the ion beam traverses a stripping medium, by which a number of
clectrons arc stripped from the jons, yiclding an ion beam of multiply-
charged, positive ions. The beam is then further accelerated down to ground
potential, The encrgy of the ions, in MeV, emerging from the accelerator is
given by E=T,e(I+q)+Ticc, where T, is the terminal voltage in MV, Ty is the
cxtraction potential of the ion source in MV, e is the elementary charge and q
the charge state of the positive ion. On the high-energy side of the accelerator
the 1on beam is focused anto a pair of vertical slits behind the 36° dipolc
magnet by which the beam is momentum- and charge state analysed. On the
cxperimental beam line the beam is velocity-analysed by the usc of a Wien
filter and focused onto an aperiurc just in {ront of the Faraday cup and
detector system. The ratio between the currents of the radioisotope and the
abundant isotope can be measured reproducibly by changing the settings of
the AMS system.

13
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3.2. Background rejection in AMS

The background in the final detection will determine the lowest concentration
of radioisotopes detectable in the sample in the ion source. The background is
cither duc (o contaminations in the samplc to be analysed or to the
instrumental background. The instrumental background may either be duc 1o
stable isotopcs of the radioisotope of interest, often abundant in the sample,
that managed to be transmitted through the accelerator system, isobars of the
radioisotope or any other detected ion giving rise to a signal that is
misinterpreted as a signal from a detected radioisotope. The total background
of the system can be determined by performing a measurement of a blank
sample (practically free of the radioisotope of interest) that has undergone the
same sample preparation as the samples to be analyscd.

In order to reduce the instrumental background of the system several filters
are included in the AMS system, as described above. Three different kinds of
filters exists, which usc static electric and magnetic fields (Litherland, 1980).
These are shown in Table 1. Normally a combination of two or three of these
types of filters is used.

Type of analysis Quantity selected
Magnctic field Massxenergy/charge?
Electrostatic field Energy/charge
Velocity analyser Energy/mass

Table 1. Three types of analytical steps used in AMS.

3.3 Isotope separation
3.3.1 Low-encrgy side mass separation

In the recently-installed, new ion source in the Lund AMS facility, the
negative ion beamn is created, by bombarding the sample with a 25 keV Cs*
beam. In the sputtering process in the ion source, negative ions are created
which are extracted {from the sample by a 20 kV potential gap and further
accelerated in a 20 kV potential gap, yielding a 40 keV ion beam. However,
in the sputtering process, Kinetic energy can be transferred from the Cs ions
to the sputtered ions of the sample, yielding a non-monoenergetic ion beam
(Litherland, 1984). Thcse high-energy tails can be troublesome, especiafly if

15



hcavier clements arc analysed. Low-energetic tails are crcated by unstable
molecules that dissociatc in the cxtraction ficld, yielding an cnergy
continuum (Suter. 1990). Electrical optical clements focus the ion beam onto
a pair of vertical slits beyond the 15° dipolc magnet. As previously
mentioned, the inflection magnet selects E/gxM/q, but since both the energy
and the charge state arc the samc for most ions issuing {rom the source, the
magnct acts only as a mass analysecr.

3.3.2 High-encrgy side mass separation

One of the problems associated with MS measurenients is interferences from
molccular isobars. In the case of MC, the molccular isobars present in the
bcam arc not only 12CH, and 3CH but aiso 7Li,. The use of a tandem
accelerator in AMS provides the possibility, to reduce these interferences to a
very high degree. At the terminal of the tandem accelerator the ions are
charge-exchanged into positive ions in the stripper medium. All molecules
with charge statc 3+ or highcr dissociate rapidly and have not been observed
cemerging from a tandem accclerator (Litherland, 1980). This feature of
tandem accelerators eliminates the need for very high resolution mass
spectrometers to resolve molecular isobars, if charge state 3+ or higher is
sclected by the analysing magnet. However, fragments from dissociated
molccules might still be present in the momentum-analysed beam if the ions
have, for instance, undergonc charge exchange processes in the accelerator
tubes or scattering processcs, [t is therefore crucial to remove these tails. This
can be done cither by using an clectrostatic analyser or, as in the case of the
AMS system in Lund, by using a velocity analyser. The velocity analyser
applies an clectric ficld at right angles to the beam and magnetic ficld
orthogonal to both the beam and the electric field. The fields give rise to two
opposite forces, F, and F,. For the sclected ions the forces arc balaneed,
F,=F, or gE=qvB, and thc ions will pass straight through, while the
unwanted ions will be bent off. The advantage of a velocity analyscr, or Wicn
filter, compared to an electrostatic analyser, is that the Wien fiiter can be
positioned 1n a straight scetion of the beamline.

16



3.4 Isobar separation
3.4.1 General

Isobars, i.c. particles having the same mass as the radioisotope of interest, arc
cither atomic or molecular. As previously mentioned, molecular isobars can
be grcatly suppressed by the use of a tandem acccelerator. In order to suppress
atomic isobars the first suppression can in many cases be performed in the
samplc preparation, by chemical separation. A practical limit of the relative
concentration of impurities present in the samples is 106 to 10-% (Elmorc and
Phillips, 1987). It is oftcn unnecessary to further improve the reduction of
isobars due to significant contributions from contaminations at this level in
the ion source. Additional isobar scparation is neccssary to reach the 10-12 to
10-15 level.

3.4.2 Isobar separation on the low-energy side

In somc cascs, the usc of a tandem accelerator can also reduce the intensity of
atomic isobars, duc to the fact that the tandem accelerator requires ncgative
ions to be injected. In the case of 1C, the atomic isobar ¥N does not form
stable negative ions. In fact, this was one of the reasons, togcther with the
dissociation of the isobaric mwolccules in the stripping process, that the
potential of AMS, using a tandem accclerator, was first realised (Purser et al.,
1977). The atomic isobars, 26Mg, 36Ar and 129Xe, arc also greatly suppressed
compared to the long-lived radioisotopes 26Al, 36Cl and 1291 (Suter, 1990).
Somctimes the usc of a negative molccular beam can suppress the isobaric
background, as in the case of 41CaH4 where the K background is reduced by

several orders of magnitude, compared to extracting negative atomic becams
(Raisbeck ct al., 1981).

3.4.3 Isobar separation on the high-energy side

Onc of the great advantages of AMS compared to ordinary MS is that the usc
of a tandem accclerator yields much higher beam cnergies. In some cases this
provides the possibility to perform isobar separation by analysing fully
stripped ions, thereby removing isobars with a lower atomic number from the
beam. For example, the isobars 7Li and 26Mg can be removed when
measurements on ’Be and 26Al, respectively,. arc performed. However,
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complcte stripping of heavier clements, such as Al, requires very large
accclerators.

Another advantage in accelerating 1ons to high cnergies is the possibility to
usc nuclear particle detection devises for particle identitication and, hence,
for isobar scparation. A dctection system cxtensively used in AMS
mcasurcments ol lighter ions, such as Be and C, is the AE-IE gas counter
telescope. The basic principle of this kind of detector is that the cnergy loss
(dE/dx) of an 1on 1n matter is proportional to the squarc of the nuclear charge
of the ion (Zicgler ct al., 1985). There arc somc varictics of this type of
detector arrangement, but in principle most detectors are similar to the one
used at the AMS facility in Lund, shown in Fig. 4.

NNNNNNNN

5 ]
/ %

Fig. 4. Schematic sketeh of the A E-E gas counter telescope used in Lind, The
numbers corvespond to: energy detector (1), cathode (2), grid (3), anode (4).
entraince window (3), gas inlet (6) and gas outlet (7).

It consists of a gas cell, filled with gas (90% CH, + 10% Ar) to a pressure
of ~100 mbar, and a solid state Si detector. The energy loss of the incoming
projectile is registered by the ionisation detector, and the residual cnergy is
measurcd by the Si detector. A typical, threce-dimensional representation of
H4C data measured with the AE-E gas counter telescope is shown in Fig. 5.

The dE/dx technique can in somc cases be employed successfully for
isobar scparation by simply using a passive absorber, a gas cell or a foil, in
combination with a Si detector which registers the residual cnergy of the
ions. For light elements for which the unwanted isobar has a higher nuclear
charge than the radioisotope, passive absorbers can be used to completely
stop the isobar and let the radioisotope pass through the absorber. This has
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Fig. 5. Three-dimension pulse-height distribution obtained with an activated C
sample in the lon source, with the inflection magnet tuned towards mass 15 in
arder to obtain a 1N peak. ("N is injected as "NH".)

the advantage that counting rates in the detector remain low. Another way of
utilising the dE/dx technique i1s by using a gas cell sufficiently thick to
completely stop of the incoming ions and by measuring the successive energy
loss with an array of ionisation detectors in the sanie gas volume (Paul et al,,
1993). Gas filled magnets in combination with time-of-flight detection
systems have also been successively used when performing AMS
measurements. These systems, however, require high beam energies for best
operation (Suter, 1990). In gas filicd magnets the different isobars will be
deflected diffcrently duc to the fact that the average charge state of an ion
beam will differ depending on the nuclear charge of the ions. The gas filled
magnet detcctor offers little suppression of the isotopic background and,
hence, it is often used in combination with a time-of-flight detector which is
used to distinguish ions with different mass numbers (Paul, 1993).

The limited beam energy available at small AMS facilities, such-as the
Lund Pelletron accelerator, is not sufficient for isobar separation of heavier
radionuclides, such as 4lCa, and 5°Ni, using conventional detection
techniques. However, a new detection technique has recently been presented
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where the different isobars in the beam arc distinguished by their
characteristic X-rays that are produced when the beam is stopped by a target
(Artigatas ct al.. 1993). This detection technique greatly expands the region
of radioisolopes that can bc measurcd at smaller AMS facilities. The
dciection cfficiency is, however, relatively low when smaller tandem
accelerators are uscd and approximately one of cvery thousand incoming
projectiles is registered (Artigalas ct al., 1994).
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4. Measuring procedure

For some years, the AMS system at the Lund Pelletron accelerator facility
has been undergoing development and C measurements are now being
performed (Skog et al., 1992). In order to produce a stable beam current, the
material to be analysed must be converted to elementary carbon. This is done
in the graphitization system (Stenstrém et al., 1994). The carbon obtained
from the graphitization system is mixed with iron or copper powder (to
increase the thermal conductivity, which in turn increases the ion beam
current obtained from the sample (Suter, 1990)) and pressed into a copper
probe that is placed in the ion source.

Accurate AMS measurements can only be performed by doing relative
measurements (Kutschera, 1993). Therefore all measurements are normalised
to the value measured on a standard with a known activity (NBS oxalic acid
standard (Stuvier and Polach, 1977)). To obtain the instrumental background
and the background of the sample preparation system, measurements are
always performed on a 4C-free anthricite sample (old charcoal), prepared in
the same way as the samples to be analysed.

In order to exclude interferences from the molecular isobars 12CH, and
13CH, charge state 3+ is analysed by the high-energy side dipole magnet and
to minimise the isotopic fractionation between 13C3+ and 4C3+, the ions are
stripped at a terminal voltage of 2.44 MV, (see section 6.1). To minimise the
effects of drift in the AMS system, the settings of the AMS are alternated
several times during a measurement between mass 13 and mass 14. To
correct for possible Iong-time drifts in the AMS system, the standard and the
background sample are analysed several times during a series of
measurements,

A puising electrostatic deflector has quite recently been installed on the
low-energy side of the accelerator giving the possibility to inject 12C into the
system without loading the high-voltage terminal of the machine. 12C is
injected in 0.1 ms long pulses with a frequency of 100 Hz. By also measuring
the 13C to 12C ratio the isotopic fractionation, either natural in the sample or
instrumental, can be deduced. Up to now, 813C of the samples have been
measured using conventional MS.

Computer control of the dipole magnets and the Wien filter has been
installed, enabling accurate and efficient alternation between the different
settings of the system during each measuring cycle.
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5. Accuracy and efficiency

5.1 General

The overalil efficiency of an AMS system is defined as the ratio of the number
of detected (radioactive) atoms to the number of sputtered (radioactive)
atoms from the sample. The efficiency is cqual to the product of thc
cfficiency of the formation of negative ions in the ion source, the stripping
yield of the particular charge state selected, the transmission through the
accelerator system and analysing equipment and the efficiency of the detector
system, A high total efficiency is necessary in order to achieve a low
statistical uncertainty when only very small samples are used. To perform
acceptable archacological datings, the accuracy of the measurements must
fall within £1% to compete with classical radiocarbon datings (W4lfli, 1984).
In order to bec able to perform highly sensitive, accurate and efficient
mcasurements the accelerator system must provide, a high beam current and
high beam -quality, low instrumental background, good stability and
reproducibility, good vacuum conditions, low isotopic fractionation and also
the possibility to measure the samples repeatedly.

5.2 The ion source
5.2.1 General

Most ion sources used for AMS measurements are of a Cs-sputter type, based
on a discovery by Krohn (1962) who found that the yield of negative ions
from solid samples incrcases significantly if the sputier surface is
continuously overlaid by Cs.

The cfficiency of a Cs-sputtering ion source is'a function of the Cs ion
energy and the coverage of the sample by Cs atoms. Experiments have shown
that the optimum yield of negative ions is achieved at a coverage of the
sputter target of close to one-haif mono-layer (Middleton, 1983). Cs-sputter
ion sources suitable for AMS measurements should incorporate the following
properties, a high bcam current and stability, low beam emittance and energy
spread, low cross-talk between samples, low background, minimum of
maintenance and also the possibility to use the sputter targets repeatedly and
to change the sputter target with only a short interruption. The old Cs-sputter
ion source in Lund did not fulfil some of these requirements and therefore a
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new source was developed. The principle of the construction of the new ion
source, which was recently installed, is very similar to a type that has been
commonly used at various laboratories for several years (e.g. Astrém and
Possnert, 1983, Elmore, 1981 and Purser et al., 1981).

Preliminary measurements show that the ion source is capable of
delivering an analysed negative carbon beam of approximately 15 pA. The
stability of the source over several days is better than 10% and short term
variations are less than 1%.

5.2.2 Function

A drawing of the new ion source used for AMS measurements in Lund is
shown in Fig. 6. The ion source is a Cs-gun, multiple sample ion source for
solid targets with a target wheel holding 20 samples The mechanical
construction consists of four sections, the caesium gun, the chamber with the
lens system, the multiple sample holder and the vacuum system. The chamber
is mounted on an adjustable stand and is connected to the ceiling via
insulators. The chamber forms the base for the other sections of the ion
source. The ion source is equipped with a mechanism to automatically crack
the glass ampoule containing the caesium. This mechanism consists of a
bellows, containing helium gas, that expands as the volume outside the
bellows is evacuated and cracks the glass ampoule containing the caesium by
a lever,

The Cs gun consists of a Cs reservoir, which is heated to approximately
200 °C. The Cs vapour diffuses through the tungsten crystal, heated to
approximately 1200 °C, from which Cs+ ions are extracted by a 5 kV
potential gap. The Cs* beam is focused by the two Einzel lenses and by the
non-uniform electrical field within the hemisphere and further accelerated, by
a 20 kV potential gap. The central segment of the second Einzel lens is split
into four sections, which provides a possibility to steer the Cs beam. From
the target negative ions are sputtered by the Cs+, accelerated to an energy of
20 keV, focused by the hemisphere and by an Einzel lens and steered by the
electrostatic steerer. Since the whole ion source assembly is clevated to a
negative potential of 20 kV, the ion beam will emerge from the source with
an energy of 40 keV.

The multiple sample holder makes it possible to change the samples easily
without letting air into the chamber. The sample head is electrically insulated
from the chamber potential by 2 rotating glass rods. These glass rods also
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Fig. 6. A drawing of the new Cs-sputter ion source in Lund. The legends
correspond fo: Cs extraction electrode (1), bellows (2), Cs ampoule (3), Cs heater,
cooling facility and thermocouple (4), tungsten crystal and heater (35), Einzel

lenses for the Cs beam (6 and 7), sputter target (8), kemisphere (9), Einzel lens for
the negaiive ion beam (10) and electrostatic steerer (11).
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control the rotation of the sample head and the rotation and wobbling of the
samples, respectively. The rods are manoecuvred by 2 air motors. A screen,
which defines the potential surface of the sample head. also serves as a
protection of thc samples not in use, preventing cross-contamination.

5.3 Transmission
5.3.1 Stripping yield and terminal pumping

The terminal of a tandem acccelerator is equipped with a stripper arrangement.
The stripper can be cither solid (thin carbon foil) or gascous. When a beam of
fast ions passcs throngh the stripper material, ionisation and excitation
processes will change the incoming negative ion beam into a multiply
charged, positive ion beam. The charge state distribution emerging from the
stripper is a function of the atomic number and velocity of the inconiing ion
becam and the atomic number, thickness and density of the stripper target
(Suter, 1990). If the stripper target is thick enough, the ion beam will
establish an equilibrium charge state distribution (Betz, 1972). The stripper
cfficiency can be optimised by the appropriate choice of ion velocity, charge
state and target mateiial. For this optimisation a knowledge of the chargc
state distribution 1s necessary. In the publications presented by Wittkower
and Betz (1973) and Shima et al. (1985), previously rcported, experimentally
derived, equilibrium charge state distributions are summarised. According to
thesc reports, charge state distributions have been obtained for the following
stable isotopes to long-lived (*AMS”) radionuclides, using carbon stripper
foils and a terminal voltage of between 1.5 and 3 MV, 9Be and !2C by Stoller
et al. (1983), 12C by Girardcau ct al. (1971), 27Al by Druetta et al. (1983) and
Lennard et al. (1981), 35C1 by Wittkower and Ryding (1971) and by Hofmann
ct al. (1984) and 47 by Wittkower and Ryding (1971). All these results were
obtained by measuring the charge state distribution close behind an external
stripper medium. If the transmission through the high-energy side of the
accelerator is charge-state dependent, the charge state distribution emerging
from the accelerator will be different compared to the distribution measured
close to the stripper foil. Therefore, the charge state distribution obtained,
when using the permanent stripper arrangement inside the fandem
accelerator, has been derived for a number of ions (?Be, 12C, 13C, 160, 27A],
35Cl, 4871 and 58Ni) in the Lund Pelletron accelerator, The results for 12C and
B3C are shown in Fig. 7. Any difference between the results obtained when
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using the terminal stripper compared to the results obtained when using an
external stripper must, if no fundamental difference between the experiments
exists. be due to differences in the transmission between the stripper foil and
the detector set-up.

80 T T T

Fraction [%]

50 52 54 356 58 60 62 64 66 G658
Velocity [10° m/s]

Fig. 7. Equitibrium charge state distribution for a 12C (solid svmbols) and 13C
(open syimbols) obtained with a 2 pg/em? carbon stripper foil. Lines are to guide

the eye.

For ions, such as Be and Al, which have a low affinity for electrons, and
are therefore commonly injected as negatively-charged molecules viz., as
BeQ and Aly, the emittance of the beam will increase due to Coulomb
repulsion between the positively charged fragments as the molecules break
up in the stripper foil. The repulsion incrcases with the charge state of the
ions (Hofmann et al., 1987). The effects due to Coulomb repulsion can be
minimised by using stripper gas exclusively, instead of a solid stripper
medium, or gas, at low pressure, in combination with a stripper foil
(Hofmann ct al., 1987). The molecules will then break up, duc to the iow-
density gas, prior to their being stripped in a gas of higher density or by the
foil.
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The carbon stripper foils normally used when performing AMS
measurements in Lund have a thickness of 2 pg/cm?. During irradiation, the
thickness of the carbon foils change in the irradiated arca, and cventually
they are destroyed (Tait et al,, 1979). This changc in thickness leads to a
variation of the cnergy loss and in the scattering of the tons passing through
the foils, and therefore to a time dependent transmission through the
accelerator system (Tait ¢t al., 1979). Gas cclls have a much better
homogeneity over time and arc indestructible, leading to an improved beam
stability compared to stripper foils. This is a most important property when
performing high-precision measurements using heavy ions, such as AMS and
beam foil spectroscopy (BFS). However, in many tandem accelerators, as in
the case of the Lund Pelletron accelerator, the stripper gas 1s pumped through
the accelerator tubes, using pumps outside the accelerator tank. This leads to
a, using gas, significantly higher pressure in the accelerator tubes and gives
risc to a lower transmission due to the spreading of the beam by collisions
and by charge-exchange procecsses. In fact, the maximum transmission
through an accelerator without terminal pumping is reached at a stripper-gas
pressure below that required to obtain equilibrium charge state distribution
(Bonani ¢t al., 1990). The most significant transmission losses take place on
the low-cnergy side accelerator tube due to the high cross-section for charge
cxchange, in the case of carbon, from C- 10 C° (Bonani et al., 1990),
Therefore, a suggestion for a new stripper design has been presented, based
on our rebuilt NEC stripper house (Hellborg and Hékansson, 1982), sec Fig.
8.
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Fig. 8. Schematic design of the new stripper.
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The incorporation of the new stripper into the terminal of the tandem
accelerator will yicld an improved transmission through the accelerator
system, compared to our present gas-stripper arrangeiment, and to improved
beam stability.

5.3.2 Isotopic fractionation

Isotopic fractionation by the measuring apparatus is a problem that has to be
taken scriously in AMS. Since the charge state distribution obtained for an
ion beam is velocity-dependent, the distributions will be different for the
different isotopes in the beam. The clfect can change the 1sotopic ratios
mecasured by many percent, but since the measurements are performed-
relative to a standard, the effect is not as scrious as it first appears. However,
there are velocities or ion energics at which the isotopic fractionations are
minimised. The isotopic fractionation is the smallest when the charge state
{ractions vary only slightly with energy, i.c. ncar the maximum yield of the
charge state chosen (Hofmann ct al., 1984). 1t is clear that the energy of the
negative ions must not vary before the clectrons are stripped il accurate
rclative measurcments are to be made (Lithertand, [980). The isolopic
fractionation, F(m), is defined here as one minus the ratio of the charge state
fractions between two isotopes. The isotopic {ractionation for HC3+ relative
to 13C3+, stripped using a 2 pg/cm? thick carbon foil, is shown in Fig. 9. F(14)
was calculated [rom the measured result of '3C3, shown in Fig. 7.
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Fig. 9. Isotopic fractionation F(14)=1-¢}’ / dp‘f . The line was calculated from the

experimental values of 13C.
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The results show that in order to obtain the smallest isotopic {ractionation
between 13C3* and 19C3+ a terminal voltage of approximately 2.29 MV should
be applicd, which, in addition to the injector voltage of 40 kV, yields a
stripping cnergy of 2.33 MeV.

Effccts of isotopic fractionation in the rest of the system are potentially
more serious, cspecially if they are time-dependent. According to Litherland
(1980), timc-dependent isotopic fractionation can be encountered in the
sputlering process in the ion source. Another problem that might occur is if
the degradation of the stripper foil during a measuring cycle affects the
transmission of the isotopes to be measured differently.

3.3.3 Mathematical description of the beam transport

The effcets caused by the charge exchanging processes in the acceferator
tubes and in the stripper can be calculated in order to model the beam
transport if the pressure profile in the accelerator system and the diffcrent
cross sections for charge exchange arc known. The charge of a fast ion
moving through niaterial fluctuates as a result of electron loss and capture in
collisions with the atoms of the target material.

The change in the proportions of the charge states in an ion beam within a
gas target is described by the following system of linear, coupled, differential
cquations (Tawara and Russek, 1973):

ﬂ:Z(F;gj_””_FU ) "z=—l’0’]’.“’z

dv MM
A Jzm

with the normalisation:

z
2 F=l
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where F, represents the {raction of ions with charge m, o, the charge

exchange cross scction for changing froin charge state 7 to i, and d;:'" the
ax

change in the fraction of ions in charge statc m over a target thickness dx,
where x refers to the number of target particles per cm? traversed by the

dF S ‘s
beam. At large values of «, T — 0 and equilibrium conditions are reached.
[{AY

In solid targets, the density cffect becomes important. This is due to
excitation processes in the fon beam. At higher densities the ions will not
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have enough time to de-excite between two collisions (Betz, 1972), leading
to an average equilibrium charge state approximately 5% higher than for gas
targets (Booth and Grant, 1965).

5.3.4 Beam transport losses and detection efficiency

[n order to.achieve a high transmission through the accelerator for heavy ions
the beam optics on the low-cnergy side must be optimised to focus the beam
through the stripper channel in the terminal,

The beam loss in a tandem accelerator due to charge exchange processes in
the accelerator tubes can, under foil stripping conditions, be shown to be very
small. Instead the optical transmission is often the Iimitation. The
clectrostatic ficld due to the accelerator tubes focuses the beam. This effect
varies with the energy and charge state of the ion. Angular and energy
straggling in the stripping process will aiso lower the overall transmission.
For C, the maximum transmission through the Lund Pelletron accelerator
system using carbon stripper foils has been measured by comparing the
positive ion current beyond the accelerator to the negative ion current just in
front of the accelerator and was found, after correction for the charge state
distribution, to be about 60%,

For a standard type of AE-E gas counter telescope the detection efficiency
is close to 100%. For a gas filled magnet in combination with time-of-flight
detection the detection efficiency can be significantly lower (Suter, 1990).
The efficiency of detecting the characteristic X-rays of the projectiles, as
described in section 3.4.4, is typically less than 1% (Artigalas et al., 1994).

5.5 Present accuracy and efficiency of the Lund AMS system

Over the past few years several modifications of the Lund Pelietron
accelerator facility have led to improvements both of the accuracy and
efficiency, thus making (he accelerator system suitable for AMS
measurements. The optical system on the low-energy side has been re-built to
improve the transmission through the accelerator when experiments using
heavier ions are performed, and vacuum pumps with higher pump capacity
and lower final pressure have becn installed, also improving the transmission
through the system (Hellborg et al., 1990). A new magnetic quadrupole
triplet lens and a Wien filter have been installed on the experimental beam
line. Computer control of the dipole magnets and the Wien filter has also
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been implemented, making accurate and cfficient altcrnatio:: between the
different settings of the system during each measuring cycle possible. The
new ion source will significantly improve the accuracy and reproducibility of
the system due to its multiple target wheel, ensuring identical conditions for
the different samples, stable operation conditions and lower background
compared to the sputter ion source previously used. The higher beam current
of the ion source and much reduced interruptions for sample changes will
significantly improve the efficiency of the system. The present accuracy of
the AMS system is shown in Fig. 10, presenting some results obtained in
April 1995. Future improvements of the AMS system will inciude, further
development of the ion source including an eicctrostatic dcflector on the
injector, installation of a terminal pump in the accelerator facilitating the use
of a gas stripper with only a minimal transmission loss, improved accelerator
voltage stability, the installation of a2 new current integrator and the use of a
AE-E gas counter detector in combination will a two-parameter data
collcetion system yiclding threc-dimensional presentations as shown in Fig,
5.

With the new ion source the beam current of 3C3+ obtained, measured at
the beam stop just in front of the detector set-up, has increased by
approximately a factor of 3 compared to the old ion source, and at present a
current of 50-60 nA can be produced. With further development of the ion
source the current is expected to increase. With this current enough 14C
counts for a 1% statistical uncertainty can be achieved within 15 minutes for
a contemporary carbon sample, The precision of the AMS system is at
present around +1.5%.
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Fig. 10. These resuits were obtained for 7 different measurements of an ofd
charcoal sample, over a period of 2 days in April 1995. Each measuwrement was
performed over [Q cycles, and from these vesults the standard deviation of the
measwrement was calculated. The error bars correspond to x1a, where o is the
larger one of either the statistical uncertainty of each measurement or the
calculated standard deviation for each measurement. The 1C age was calculated,
using the results obtained for an NBS oxalic acid standard, to 22594120 years,
well it line the result 200070 years, obtained at the Radiocarbon Dating
Laboratory in Lund, The uncertainties in these results correspond te £lo. The
statistical uncertainty of the measurement of the oxalic acid standard was less
than 1%..
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6. Summary of the papers

6.1 Paper |

"The charge state distribution of cavbon beams measured at the Lund
Pelletron accelerator”
A. Wiebert, B. Erlandsson, R. Hellborg, K. Stenstrdm and G. Skog

Paper [ was presented at The Third European Conference on Accelerators in
Applied Research and Technology (ECAART) held in Orleans (France) 31/8-
4/9-93 and published in the proceedings, Nuclear Instruments and Methods
in Physics Research B 89 (1994) 259-261.

In this paper the first results of the obtained equilibrium charge statc
distribution for 1.7-2.8 MeV 12C and-!3C ions stripped in the high-voltage
terminal were presented. The measurements werc performed by using 2
ug/em? thick carbon stripper foils. 1f the charge state distribution of the ion
beam is known, isotopic fractionation effects, due to drifts in the accelerating
voltage, can be minimised by the choice of the accelerating voltage.

The cnergy of the different charge states was measured by using a particle
detector, In order to reduce the intensity of the ion beam, ions backscattercd
on a 50 pg/cm? gold foil (=16 mm) were analysed. The backscattering angle
was 165°. The experimental set-up is shown in Fig. 11.
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Fig. 11. The schematic sketch of the experimental set-up.
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For each terminal voltage setting, at least three measurcments were
performed using differcnt target foils. This was done in order to verify that
the target foils were not broken, since a crack, for instance in the centre of the
foil would reducc the intensity of the ions at higher charge statcs, as the
focusing of the high-cnergy accelerator tube and the magnetic lens act more
strongly on the higher charge states. Also for cach new tcrminal setting, the
beam, prior to being charge state analysed, was focused through a diaphragm
{¢=8 mm) which replaced the target foil, in order to verify that the bcam was
well focused so that the majority of the ions in the beam would hit the gold
target. The stripper foils were also checked repeatedly.

Measurements of the charge statc distribution for carbon beams previously
reported had been done using external strippers fellowed by a magnetic
analyser (Stoller et al, 1983 and Girardeau et al., 1971). The main
advantages of measuring the charge state distribution as presented in paper 1
are that all charge states can be measured simultaneously, so that
normalisation of the beam current is unnecessary, and that any transmission
through the high-energy side of the accelerator tube which is dependent on
the charge state, is included in the measurements, The results obtained
showed a small shift towards a higher average charge state as compared to
the results reported by Stoller et al. (1983) and a somewhat larger shift
towards a higher average charge state compared to the results obtained by
Girardeau et al. (1971), suggesting a charge state-dependent transmission
through the high-energy side accelcrator tube. However, as the target foils
tended to crack when heated by the beam, the measurement series was later
repeated using more reliable gold targets, see paper I11.

According to the results obtained, carbon ions should be stripped at an

energy of 2,44 MeV in order to minimise the isotopic fractionation between
1403+ and 1403+,
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6.2 Paper i
"The pressuire profile in the Lund Pelletron accelerator’
A. Wiebert, B. Erlandsson, R. Hellborg, K. Stenstrém and G. Skog

Paper 1 has been accepted for publication in Nuclear Instruments and
Methods in Physics Research A and is a: the moment in press.

In this paper the pressure profile of the Lund Pelletron accelerator was
derived in order to perform the transmission calculations presented in paper
III. A series of measurement was performed both under foil stripping
conditions, with no stripper gas input, and at several settings of the needle
valve controlling the stripper gas input, in order to correlate the pressure in
the beam tubes on either side of the tandem accelerator to the pressure in the
terminal. With this information the pressure profiles could be calculated both
under foil stripping conditions and under the gas stripping conditions under
which the transmission of a 12C beam is at a maximum, according to the
measurements presented in paper III.

The calculations were based on the kinetic theory of gases originally
presented by Knudsen (1909). As all parts of the accelerator system fulfil the
inequality D/A < 0.4, equations of molecular gas flow were used throughout
(Roth, 1982). D/A is known as the Knudsen number, where D is the diameter
of the vacuum enclosure and A is the mean free path of the gas molecules.
The mean free path in centimetres can be calculated roughly using the
expression A=6.6x10-3/P, where P is the pressure in mbar (Grundemna i
Tillimpad Vacuumteknik, 1988).

The results obtained in these calculations, in combination with the results
presented in paper IiI, clearly showed the limitations of the present pas
stripper arrangement in the terminal of the accelerator. Gas strippers are
preferable when heavy ions are accelerated and when stable beam conditions
are required, i.e. when AMS measurements are performed. However, in order
to fully take advantage of the gas stripper, the terminal of the accelerator
must be equipped with a terminal pump. In the case of the Lund Pelletron
accelerator the stripper gas is pumped through the accelerator tubes using
pumps outside the accelerator tank. This leads to a considerably higher
pressure in the accelerator tubes and will lower the transmission by spreading
the beam by collisions and by charge-exchange processes. Therefore, a
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suggestion for a new gas stripper arrangement, including terminal pumping,
was presented in the paper, and is shown in Fig. 8.

Some of the results obtained in the calculations could be compared with
results of measurements previously made by the manufacturer of the
accelerator. The results agreed beyond expectation and differed by less than
3%.
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6.3 Paper lil
"The transmission of a carbon heam through a tandem accelerator'’
A. Wiebert, B. Erlandsson, R. Hellborg, K. Stenstrom and G. Skog

Paper Ul has been accepted for publication in Nuclear Instruments and
Methods in Physics Research A and is at the moment in press.

In this paper both caiculations and measurements of the non-equilibrium and
equilibrium charge state distribution and transmission for. a carbon beam
were presented.

The measured equilibrium distributions for 1.7-2.9 MeV 12C and 13C
beams were obtained in a similar manner as explained in paper 1. However, in
order o the reduce the uncertainty due to unreliable gold target foils, the
measurements were performed using gold targets (approximately 40 pg/cm?
thick), made by evaporating gold onto pieces of perspex (35x25 mm?2). The
measured equilibrium distributions were very similar to the results presented
in paper I, i.e. indicating a small shift towards a higher average charge,
compared to the distributions obtained by using external stripper foils (Stoller
et al, 1983), Again, the results obtained by Girardeau et al. (1971) were
different from our result, with a noticeably lower mean charge state. Further
investigations, to study the charge state distribution obtained for 160, see
paper V, showed the same shift compared to the charge state distribution for
160 obtained by Girardeau et al. (1971), indicated that a systematic shift
existed between the measurements.

The measured non-equilibrium distributions were obtained for a 2.44 MeV
12C beam. The measurements were performed using N, gas stripper with
target thicknesses varying between approximately 0.01 and 0.5 pg/cm?2. The
results of the measurements are shown in Fig. 12 together with the result of
the calculations. The measurements showed that the maximum transmission
of charge state 3+ through the accelerator was 10%, to be compared with a
transmission of 33% using a foil stripper, and was obtained at a target
thickness of 0.2 pg/cms2.

The calculations of the non-equilibrium charge state distribution was
performed by using the system of coupled differential equations given in
section 5.3.3. On the basis of the relative size between single- and double
electron capture/loss cross sections, all higher order cross sections for charge
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exchange were assumed to be insignificant. The varying target thicknesses
along the accelerator (ubes and in the stripper were calculated using Eq. (5),
from paper 11, and the pressure profile for maximum transmission of a 12C
beam derived in paper II. The cross sections for charge exchange for the
positively-charged ions were taken from Niklaus et al. (1994) on the
assumption that the charge exchange cross section for C in N, gas and for C
in Ar gas are, 10 the first approximation, very nearly equa! (Betz, 1972 and
Betz, 1983). The cross sections for charge exchange for singly-charged,
negative, C ijons stripped in N; gas were obtained f{rom previous
measurements (Tsuji et al., 1989 and Rahman and Hird, 1986). The charge
exchange cross sections for zero-charged ions were assumed to be equal to
the corresponding cross section for singly-charged, negative, C ions (Niklaus
et al., 1994). The maximum transmission of charge state 3+ was 12% and was
obtained at a target thickness of 0.2 pg/cm?, well in line with the measured
results,
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Fig. 12, Measured non-equilibrin charge state distribution for a 2,44 MeV 12C
beam stripped in N, gas, obtained at the high-energy side of the accelerator. The

solid lines represent the calculated charge state distribution.
The calculations performed under foil stripping conditions, i.e. no gas

input, performed in order to examine the size of the transmission loss due to
charge exchange processes in the accelerator tubes, using stripper foils. The
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results showced that these losscs arc very small, <1%. Since the total
transmission using stripper foils for a carbon beam has been measured to be
m the onder of 60%, the losses are most probably due to the optical
transmission of the system. The target thicknesses along the accelerator tubes
and in the stripper were calculated using Eq. (5), from paper IIl, and the
pressure profile under foil stripping conditions derived in paper IL.

A hypothetical equilibrium distribution using N stripper gas was shown to
have an average charge statc 5% lower than the measured equilibrium
average charge state. This can be explained by the "density effects in solids"
(Betz, 1972). At higher densities the ions will not have enough time to de-
excite between collisions, leading to a higher average charge state. The
higher average charge state in the measured result may also be due to a
charge state-dependent transmission through the high-energy side accelerator
tube due to ion optical eftects, which is not included in the calculations.
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6.4 Paper IV
"A negative cacsium-sputtering source for AMS imvestigations"

K. Hdkansson, R. Hellborg, B. Eriandsson, G. Skog, K. Stenstrom and A.
Wiebert

Paper IV has been presented at the 7th International Conference on Heavy
lon Accelerator Technology held in Canberra (Australia) 18/9-22/9-95. The
proceedings will be published in Nuclear Instruments and Methods in
Physics Research A.

In Paper IV the new caesium sputter ion source was presented. The paper
describes the mechanical construction and the special properties of our ion
source design. The new source was constructed to meet the special demands
required for accurate and efficient AMS investigations. Due to the fact that
often very small samples are analysed, a high production of negative ions is
essential. Wheel holders for multiple samples are necessary for repeated
measurenients of the standard sample. The availability of many samples in
the ion source at the same time also ensures similar conditions for multiple
measurements without changing any source parameters. This is very
important since all measurements are performed relative to a standard of
known activity. Short interruptions for sample changes and a high beam
current imply more efficient measurements. The samples can be manoeuvred
in order to find the optimum position of each sample or to increase the life-
time of the samples. The construction also facilitates casy maintenance. A
technical description of the ion source is given in section 5.2.2.
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6.5 Paper V
"The charge state distribution of Be, O, F, Al, Cl, Ti and Ni ions"

A. Wiebert, B. Erlandsson, R. Hellborg, K. Stenstrém and C. Skog

Paper 17 has been submitted for publication in Nuclear Instruments and
Methods in Physics Research B.

In paper V the charge state distributions for a number of ions, some with
applications in the field of AMS, were obtained in a manner similar to that
described in paper III, However, in these experiments the backscattering
angle was changed to 110°, except in the case the N1 measurements, in order
to increase the energy separation between the peaks which correspond to the
different charge states. The results were compared with charge state
distributions previously reported for Be (Stoller et a., 1983), O (Girardeau et
al,, 1971), Al (Druetta et al., 1983 and Lennard et al, 1981) and Cl
(Wittkower and Ryding, 1971 and Hofmann et al., 1984) measured close to
the stripper foil. For the ions injected as moiecules, namely BeO and Al,, it
could be concluded that the transmission through the high-energy side
accelerator tube was dependent on the charge state. This is mainly due to the
Coulomb repulsion between the positively charged fragments as the
molecules break up in the stripper. Of the ions injected in an elemental state,
the only comparable data could be found for O and Cl in the reports by
Wittkower and Betz (1973) and Shima et al. (1985). The charge state
distribution for Cl was in good agreement with previously published results
by Wittkower and Ryding (1971) and Hofmann et al. (1984} indicating a
negligible, charge state-dependent transmission through the high-encrgy side
accelerator tube. As previously mentioned in paper 111, the charge state
distribution for O obtained by Girardeau et al. (1971) clearly disagrees with
our results.
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6.6 Paper VI

"Isehar suppression in accelerator mass spectrometry by the detection of
characteristic X-rays"

A. Wiebert, P. Persson, M. Elfman, B. Erlandsson, R. Hellborg, P.
Kristiansson, K. Stenstrém and G. Skog

Paper VI was presented at the VII International Conference on Particle
Induced X-ray Emission and its Aralytical Applications and has been
accepted for publication in Nuclear Instruments and Methods in Physies
Research B.

In this paper the possibility of using a new detection technique for AMS
investigations was explored. For heavier ions, the use of a traditional detector
system is often limited due to the insufficient ion energy provided when
using a small tandem accelerator. A new detection technique has recently
been presented (Artigalas et al,, 1993) in which the different incoming
isobars are distinguished by their characteristic X-rays that are emitted as the
beam is stopped in a target. A schematic sketch of the detector set-up used in
the experiments 1s shown in Fig, 13,

Aperture Tarzet -
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Incoming _ _ S e e window
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Si(Li)
detector
__ — -t

Fig. 13. The incoming ion beam hiis the target foil that is thick enough to
completely stop the ions. The X-rays emitted in the divection of the Si(Li)-detector
have a high probability of being registered. In the actual experiments, performed
with a 38Ni beam, the solid angle of the detector was decreased to reduce the
count rate.
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The radioisolope %%Ni was investigated because of its importance in
nuclear wastc management. 3Ni is produced by ncutron activation in the
stainless steel shielding surrounding the fuel in nuclear power plants.
Because 39Ni decays only via clectron capture {EC) and has a very long half:
tife (t,,=7.6x10% y) it is very difficult to measurc the radiation emitled in the
radioactive decay.

When performing AMS measurements of 3Ni by detecting the
characteristic X-rays, the two major problems are the detection efficiency and
the background in the X-ray spectrum. ,

The detection efficiency is a function of the X-ray productlon and of the
solid angle of the detector. By bombarding different targets (Fe, Ni, Cu, Zn,
GaP, Ge and Se) with a 58Ni beam at different energies (10-27 MeV) it was
found that the X-ray production increases with projectile energy and has a
maximum for targets with a nuclcar charge slightly higher than that of the
projectile, 1.e. Cu and Zn. Approximately one of cvery thousand incoming
projectiles is registered when a solid angle of detection of 10% is used. The
detcction limit of the specific activity in a stainless steel sample (containing
10% Ni) can be calculated, and according to these results, is a few Bq 59Ni1
per gram steel.

The background in the X-ray spectrum in a 5°Ni measurement is duc either
to stable Ni isotopes that have managed to slip through the AMS systecm or to
isobars, emitting X-ray photons with an encrgy very close to the energy of X-
ray photons produced by incoming Ni projectiles. In the case of 39Ni, the
most problematic isobar is 5%Co, which is relativcly abundant in stainless
steel (~0.02%). In the paper it was investigated whether the background due
to the Co content of the beam could be suppressed by selection of the target
foil. According to these measurements a Ge target scems favourable. it was
found that the 59Ni content in the sample in the ion source must not be less
than 1/160 of the Co content of the sample, in order to achieve a signal-to-
background of 1:1 in the energy spectrum, at a projectile energy of 22 MeV,
using a Ge target. This corresponds to a specific activity in a stainless steel
sample of a few kBq 3Ni per gram stcel. However, by performing a chemical
purification of the sample the Co content can be significantly reduced, and
the detection limit will be mainly due to the cfficiency of the detection
system.
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