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Abstract

A new design for an enhanced dispersion thermal ionization multi-collector isotope ratio mass spectrometer is proposed and the results of
tests with a small-scale prototype instrument are presented. The measured performance of the small-scale prototytisiret! koiis
compared with the predictions of an ion optical model. The ion optical model is shown to accurately predict the measured mass dispersion,
mass resolution, and general ion beam profile, providing confidence that the ion optical modeling can be applied to design of a full-scale
instrument. The design concept includes a single magnetic sector and an electrostatic dispersion lens to magnify the mass dispersion so tha
full sized discrete dynode electron multipliers can be used to simultaneously monitor each isotope. A conceptual model is presented for a
thermal ionization instrument capable of simultaneous measurement of seven isotopes in the 240 Da mass range with full size discrete dynode
electron multipliers.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in improved precision of the isotope ratios. The trade off is
that the abundance sensitivity is limited+d.0° at best, and
The design of thermal ionization isotope ratio mass spec- is more commonly in the forange, because of both the dark
trometers has been evolving to meet ever-increasing needs fonoise level of the miniature detectors, their proximity to one
higher absolute sensitivity and greater abundance sensitivity.anothef6], limited dynamic range, and physical constraints
The major development has been the addition of multiple col- limiting filtering of stray ions and electrons.
lectors to enable simultaneous measurement of two or more  We have taken a different approach and that is to magnify
isotopeg1-4]; Barnes and Hieftje provide a summary%j. the dispersion to accommodate full sized discrete dynode
In order to accommodate multiple collectors the mass disper-electron multipliers or Faraday cups. In order to obtain the
sion must be increased and/or the size of the collectors re-highest sensitivity, individual ion counting is required for
duced. Infact, most multiple collector instruments have relied the minor isotopes. The state of the art for full size discrete
on a combination of eacl6]. The commonly used method dynode multipliers is impressive, with dark counts as low as
for increasing the mass dispersion is special shaping of thel-2 per min. They are also very efficient, near 100% for ions
magnet polef2] although a double quadrupole zoom lens ar- of sufficient velocity[2,8]. Thus a primary design criterion
rangement has also been implemerfi§dThis has enabled is to increase the mass dispersion enough to measure up
the use of multiple miniature faraday cups combined with to seven isotopes simultaneously, each with a physically
miniature electron multipliers arranged in an array along the isolated, full size discrete dynode multiplier or Faraday cup.
focal plane of the magnetic sector. These geometries allow upSince discrimination against isobaric molecular interfer-
to nine isotopes to be measured simultaneously, which resultsences is not required, the mass resolution need only be in
the range of 400-800. These requirements led to a design,
* + Corresponding author. Tel.: +1 208 526 0862; fax: +1 208 526 8541, 9escribed herein, that relies on magnification of the mass
E-mail addressada2@inel.gov (A.D. Appelhans). dispersion following the mass separation sector of the mass
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into separate full sized pulse counting (or Faraday cup) col-
Fig.. 1. !on optics Qesign of a wide dispersion multi-collector thgrmal 'ion- lectors. The EDL performs two functions; it decreases the
ization isotope ratio mass spectrometer and the calculated trajectories for . ie .
ions in the mass range 238244 Da. a_ngular divergence of ea}ch bea_m, and magnifies the disper-
_ o sion between beams. This permits the detectors to be located
spectrometer. While a similar approach has been suggestedy 5 gistance at which the beams are sufficiently separated to
previously[9], it proposed a high voltage linear dispersion gjow each beam to be diverted into a full sized, physically
lens that produced a second focal plane. We were unablejsg|ated detector. In the designfif). 1, each beamis diverted
to find published reports of the proposed method put into \yith 3 small, 90 cylindrical lens into a well-isolated detector.
practice. Our design does not produce a second focal planesis geometry is anticipated to improve the abundance sensi-
but rather utilizes an electrostatic dispersion lens (EDL) ijyity, as it will discriminate against scattered ions with lower
to magnify the dispersion between mass separated beamgnergy. This geometry also permits further energy filtering
wh.ile_ decreasing' the angular divergence of eac_h beam.ith a device such as a retarding potential 1k on any
This increased dispersion and reduced angular divergence:hannel where increased abundance sensitivity is required.
produced by the EDL allows the detectors to be located along  Fig. 2 graphically illustrates the theoretical EDL perfor-
the beam line where the beams are separated sufficiently tqnance. Two sets of ion trajectories are overlaid, one set with
use physical_lylisolated, fuII_sized Faraday cups or discrete he EDL in place (identical t&ig. 1) and the second set with
dynode multipliers for each isotope beam. the EDL removed. With the EDL removed the angular diver-
gence of the beams quickly results in the beams overlapping.
Inserted, the EDL reduces the beam angular divergence and
2. Conceptual model increases the separation between beams (dispersion) so that
at~80cm from the EDL exit the beams-8 mm wide) are
A proposed application of the wide dispersion concept is fyly isolated and separated by2 cm (center to center). This
the design of an instrument sized fpr simultaneous detectionspacing is sufficient for inserting the 9@eflectors without
of heavy isotopes such as U or PUsing Pu as an example, a interfering with adjacent beanBig. 3shows that at the mag-

SIMION [11] model of a candidate design is showrfig. 1, net focal point the ratio of the beam-to-beam dispersion to
along with a set of ion trajectories. In the model, ions are pro-

duced with a thermal ionization source and are accelerated
and focused using a variation of a univoltage ion Igr. -
The magnetic sector consists of a 27 cm radius magnet with e 0.5
non-normal entry and exit pole faces to provide stigmatic fo-
cusing, based onthe magnets used in atriple sector isotope ra-
tio mass spectrometfr3] that we have in our laboratory. The
EDL physically resembles a conventional electrostatic sector
analyzer (ESA); however, in this arrangement it is not oper-
ated as an energy analyzer nor does it provide any filtering
(there are no entrance or exit slits), thus, we have chosen not
torefer to it as an ESA but to use a name that more accurately

describes its function. The EDL was sized to accommodate
Fig. 3. Predicted beam width and separation at the magnet focal plane (top);
- and predicted beam width and separation at the deflector plane (bottom) for
1 patent applied for. the ion trajectories shown in Fig. 2.

1.3 mm
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E r— | profiles. The ion source consisted of a Pt tube (0.7 mm i.d.)
Electrostatic || i packed with a zeolite previously ion exchanged with Li. The
il'f‘gers'on L ’ Source Pt tube was spot welded to Re filament wires and heated to

? ~900°C to generate théLi* and’Li*. The ion focusing

— o and acceleration lens, described previoysl®], produces

=t | Magnet ; PR i
A a circular cross section ion beam whose focal point can be
|

adjusted with an einzel lens located after the exit aperture
of the acceleration stage. The typical acceleration voltage
for the Li isotopes was 1600V. The nominal one-inch ra-

“~MCP screen —20cm dius magnet was constructed of two iron pole pieces and two

. o ) permanent magnets (neodymium iron boride). The magnet
Fig. 4. Small-scale prototype wide dispersion mass spectrometer layout:

configuration A (left) for beam measurements with EDL in place; and con- gap Was_ 6mm, and the resulting field wad.15kG, mea-
figuration B (right) for beam measurements without the EDL. sured with a Hall probe. The pole faces of the magnet were

set at 18 off normal, producing an included angle of54
the beam width is 2.6, while at the 80 cm position after the in order to constrain beam divergence in @@lane (ver-
EDL the ratio is 2.5 demonstrating that the quality of the tical). This commonly used approa¢h,13] also increases
beams has been maintained during magnification (ignoring the mass dispersion as compared to normal)(@atry and
scattering from neutral gas molecules). This theoretical per- exit. The EDL consisted of two quarter-section right cylinder
formance is very encouraging; however, prior to committing faced electrodes (inner radius 35 mm, outer radius 45 mm)
to adetailed design and construction of such aninstrumentwespaced 13 mm apart and mounted in a grounded enclosure
have used a small-scale prototype to test the concept and vermounted on an adjustab)Y stage Fig. 5). The EDL was
ify that the ion optics model can be relied upon to predict the sized so that both Li isotope beams could be simultaneously
instrument performance. Results of experiments conductedviewed on the MCP, and was typically operatedt350 V
with the small-scale instrument and a comparison with the for a 1500-V beam. The ion gun and magnet were mounted
ion optics model are presented. on a single support plate so that they could be positioned and
aligned before installation in the vacuum housing. The EDL
assembly was mounted on a separate plate that was attached
3. Prototype instrument design to the magnet support plate, linking the two assemblies within
the vacuum housingg. 4).

To verify the modeling results and demonstrate the valid-  The vacuum housing, pumped with a 170 /s turbo pump,
ity of the wide dispersion concept, a prototype instrument has had a base pressure 0210~/ Torr without any of the com-
been designed, constructed and tested. The prototype, showponents installed. The mass spectrometer portion without the
schematically irFig. 4 and in the photograph iRig. 5 was EDL pumped to this same pressure, demonstrating that the
scaled forSLi and Li. It included an ion gun, permanent neodymium iron boride magnetdid not degrade the base pres-
magnet, EDL assembly, and a Faraday cup and multichannelure. When the EDL was installed the base pressure increased
plate image intensifier (MCP) for measuring the ion beam to 2 x 10~ Torr because th¥Y stage on which the EDL was

l —Hl_—— Faraday cup

Fig. 5. Photograph of the prototype system components attached to the mounting platform. The EDL top cover has been removed in the photogsaph to displa
the electrode shape.
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mounted was not designed for vacuum applications. Refer-
ring to Fig. 4, the vacuum housing was designed so that a
detector assembly spool piece consisting of the Faraday cup
mounted on a linear translator and the fixed-position MCP
could be oriented in two positions. One of these positions
allowed measurement of the ion beams after passing through
the EDL, and the other with the EDL removed so that the
beams came directly from the magnetic sector. The Faraday
cup, mounted on a 150 mm linear translator with a resolu-
tion of 0.0254 mm, included a secondary electron suppression
grid and a ground shield with a 1.3 mxn18 mm beam aper-
ture. In addition, a separate 152 mm extension nipple could
be installed between the main vacuum housing and the de-
tector assembly to increase the distance along the beam lines
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Fig. 6. MeasureLi* and’Li* beam profiles with the EDL in place (con-
figuration “A’ of Fig. 4).

where the measurements were made. With this arrangementglict the beam profile and spacing for these conditi&irt. 9

measurements on the mass dispersion and the beam widtlpresents the measured and predicted results. Note that the
could be made at two points along the beam line with and measured beam intensity for each beam has been normalized

without the EDL in place.

4. Results

to 1 for ease of comparison with the model. In the simulations
20,000 ions were flown for each beam and the ions originated
from random positions on the emitter at random angles. The
agreement between the model predictions and the measured
results demonstrates that the model can be used to predict the

Experiments were conducted with the prototype instru- performance of the EDL.

ment to measure the width of each isotope beam, the spacing

between the two beams, and obtain the cross section of the4.2. Magnet only

beam profile with and without the EDL in place at two loca-
tions along the beam line. In addition, the ion optics model

Beam profiles were measured at two distances from the

was used to predict these same measurements using the asragnet with the EDL removed. The ion source voltages and

built dimensions and spacing of the components and the mea-
sured voltages and magnetic field from the experiments. The
measured and predicted performance was then compared.

4.1. EDL in place

Initial measurements were taken with the EDL in place
(configuration A ofFig. 4). The accelerating voltage of the
ion source was adjusted so that both&hie” and’Li* beams
were visible on the MCP, and the beam current was measured
with the Faraday cup as a function of lateral position. This
enabled both the individual width of each beam and their
relative spacing (dispersion) to be determined. The MCP was
also photographed to document the shape of the beams. The
Faraday cup measurements were made with an electrometer
connected to a laptop computer. A simple data acquisition
program was used to record the electrometer signals as a
function of the Faraday cup position. Typical ion currents for
Li* were 50-100 pA.

Fig. 6 presents the measured profile of fiié* and’Li*
beams. ThéLi/’Li ratio agreed reasonably well with the
standard values, although no effort was made to conduct a
gquantitative measuremeriiig. 7 shows a photograph of the
two Li beams on the MCP screen for the same conditions
asFig. 6, and the predicted beam cross section at the MCP
location. The beam profiles were also measured with the ex-

Fig. 7. 7Li* and®Li* beam cross sections photographed on the MCP with

tension nipple in place using all the same conditions; results e EpL in place (top) and as predicted with the model (bottom). (Note that

are shown irFig. 8 The ion optics model was used to pre- the scale is in inches).
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Fig. 8. 7Li* and®Li* measured beam profiles (symbols) and the calculated
profiles (solid lines), with the EDL; without (top) and with (bottom) the
extension nipple. Without the extension nippleAm= 33.6; with the nipple
m/Am=38.5.

- - - measured

model

signal (normalized)

20 30 40 50 60
relative position (mm)

- - -measured
——model

signal (normalized)

relative position (mm)

Fig. 9. 7Li* and®Li* measured beam profiles (diamonds) and the calcu-
lated profiles (solid lines) without the EDL; without (top) and with (bot-
tom) the extension nipple. Without the nippféAm=26.6, with the nipple
m/Am=23.1.

magnet position were kept the same as in the previous mea-
surements. The experimental conditions were used in the ion
optics model to predict the beam profiles and mass disper-
sion. The profile results are shownkig. 10, with the beam
intensities normalized to one. The calculated trajectories of
the two beams along with their measured profiles at two loca-
tions are shown ifrig. 11along with a set of ion trajectories
with the EDL in place. Again the agreement between the
model and the experiment was very good.

4.3. Mass dispersion

Mass dispersion is classically defined at the focal plane of
the magnetic or electrostatic secfat, typically where the
detector would be located. However, for the proposed instru-
ment design the detectors are not located at focal points, and
thus the classical definition does not adequately describe the
system performance. More meaningful figures of merit for
the proposed design are the rate of dispersion of one beam
from the other, and the angular divergence of the individual
beams. By measuring the beam separation and the beam pro-
file (width) at two points along the beam path these figures
of merit can be calculated and compared. For example, us-
ing the measured beam profiles frdfig. 9 with the EDL
in place, the rate of separation of thei* beam from the
’Li* beamis 27 mm/152 mm (the extension nipple is 152 mm
long), while for the system without the EDL in place the rate
is 15mm/152 mm. Thus there is a factor of about 2 increase
in the separation rate with the EDL. At the same time that
the beams are diverging one from the other, the individual
beams also have an angular divergence, that is, they are ex-
panding in width. The angular divergence of the beam
after the magnet (without the EDL) is 2.25vhile the angu-
lar divergence after the EDL is T.7Thus with the EDL the
beams are separating at about twice the rate but are increas-
ing in width only 75% as fast as the beams without the EDL
(Fig. 11illustrates the difference). Defining the resolution,
m/Am, as the mass divided by the peak width (at 10% peak
height at the measurement position), over the 152 mm inter-
val between each measurement point the resolution increases
with the EDL in placeFig. 9) from 33.6 to 38.5 as the beams
diverge, while without the EDLKig. 10, the resolution de-
creases from 26.6 to 23.1. Thus for these conditions, the EDL
has doubled the rate of separation (dispersion) and provided
an increased resolution (relative to the magnet-only system).
Note that the EDL does not increase the resolution beyond
that attained at the magnet focal point, but it does enable the
resolution to be maintained as the beams disperse. This was
illustrated inFig. 3for the conceptual model.

4.4, Beam profiles

The MCP enabled the beam cross-section profiles to be
measured. The cross-section profiles illustrateztecus-
ing of the magnet, and provide a stringent test for the ion
optics model. IrFigs. 12 and 13he measured and predicted
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Fig. 10. Predicted ion trajectories féri* and®Li* beams, and the measured (symbols) and modeled (solid line) beam profiles at two positions along the beam
line with and without the EDL in place.

cross-section profiles of tH&i* beam at two locations along ~ between the EDL and the magnet that we are unable to accu-
the beam line without the EDL are shown. The beam has beenrately measure.

compressed in thg (vertical) plane by the focusing action

of the off-normal magnet pole faces, and the model predic- 4.5. EDL position

tion agrees very well with the measured profile.Hig. 7

the measured and predicted profiles following the EDL were  The position of the EDL relative to the magnet, and thus
shown. In this case the beam width was predicted very well, the focal plane of the mass separated beams, affects the beam
but the measured beam height was slightly shorter than pre-separation and the beam angular divergence. To demonstrate
dicted. We believe this is due to slight angular misalignment this a series of beam profile measurements were made with
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Table 1
Fig. 11. MeasuredLi* beam cross section on the MCP for the short flight  peasured and predicted peak width (mm) at 10% of the peak height, dis-
path without the EDL (magnet only) (top, note that scale is in mm); and pre- persion (mm), and resolution at 244 mm from the EDL exit plane for three
dicted beam profile generated using the same voltages as in the experimentpositions of the EDL relative to the magnet pole face
scale is 2.3 mm/grid unit (bottom).

Position 16 mm 26 mm 36 mm
the EDL at three positions relative to the magnet pole face, at P2k Width at 10%
. Measured 9.7 11.0 13.2
16 mm, 26 mm, and 36 mm (referkag. 4). All other param- Predicted 93 11.0 13.3
eters were held constant. The measured and predicted bearB_Spers_on
. . . - . . i i
profl!es are shown in Fig. 14, and tﬁ_lel peal§ W|dt_h, dis- Measured 45.0 528 60.3
persion and resolution for each position are liste@adble 1 Predicted 45.0 508 60.3
The agreement between the measured and the predicted pro- .
. . . Resolution
flles is very good. The results show that relative to the spac-  ;aasured 326 33.6 320
ing between the EDL and the focal plane of the magnet the predicted 34.1 33.6 31.8

resolution is essentially independent of the degree of disper-ajother conditions were kept constant.
sion. This implies that the dispersion can be increased by
adjusting the EDL-magnet distance without compromising

. Note again here that the EDL size and position for all of
the resolution.

these experiments was not chosen to optimize the figures of
merit (resolution and dispersion), but rather to demonstrate
the concept and to test the ion optic model’s predictive capa-
bility. What is most significant in this comparison is that the
ion optics model predicts the measured behavior extremely
well, and thus the model can be applied with confidence to
design a larger scale instrument.

5. Discussion

The predicted performance of the prototype wide disper-
sion mass spectrometer agrees very well with the experimen-
tal data. Both demonstrate that by using the EDL the mass
dispersion can be increased without sacrificing resolution,
and indeed using the EDL the effective resolution (defined as
- the resolution where the beam cross section is measured, as

EREEEEE opposed to at a focal point) increases with distance. Conven-

tional designs dictate the detector assembly be located at the

_ _— _ _ _ focal plane because the beam divergence is too great, and this
Fig. 12. 'Li* beam cross section on the MCPforthe long flight path without forces the use of miniaturized detector assemblies. The EDL
the EDL (magnet only) (top); and, predicted beam cross section generated . . . o

using the same voltages as in the experiment, scale is 2.3 mm/grid unit (bot-d€sign reduces the beam divergence, and this characteristic
tom). makes it possible to locate detectors not at the focal plane,
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where the spacing between beams is small, but rather at eseoncomitant modest resolution, place demands on both the
sentially an arbitrary distance where the beam-to-beam spac-energy spread of the ion source and the isobaric purity of the
ing can accommodate full sized detectors. The differencessample. The model predicts that the energy spread typical of
observed in the beam spacing with and without the EDL in conventional thermal ionization sources is acceptable. How-
the prototype instrument were modest; however, when this ever, for the EDL concept to be used with ion sources that
concept is applied to a larger system the effect is substantial,produce a wider energy spread, an energy filter such as an
as illustrated irFig. 1 For the 234 and 235 isotope trajecto- electrostatic energy analyzer (E) would need to be inserted
ries shown irFig. 1, the resolution at the magnet focal plane in the beam line prior to the magnetic sector (B). Thus a con-
(without the EDL in place) is~700, and the beams (0.5 mm ventional EB configuration with an energy-resolving slit in
wide) are separated by 1.3 mm. With the EDL in place the the E sector but without a mass resolving slit in the B sector
resolution is~680 where the beams enter the individual de- could provide mass resolved beams with sufficiently low en-
flection lenses, and the beams9mm wide) are separated ergy spread for the EDL concept to be applied, albeit with a
by 22 mm (center to center). This large inter-beam spacing loss of sensitivity due to the ions discarded in the E sector.
makes it possible to insert the 9feflection lens into each In both the small-scale prototype instrument and in the
beam line to bring the individual beams to a well-shielded model of the full sized instrument, the magnet is equipped
collector or pulse counter. In practice, an energy filter could with off-normal pole faces in order to provide focusing in
also be installed on each separate beam line following thethe Z plane. If a magnet with normal pole faces was used,
90 deflection to further improve the abundance sensitivity. the beam would expand in tleplane and the losses would
be significant since the flight path after the EDL is long.
5.1. General characteristics of the EDL Thus efficient application of the EDL concept requiresZhe
focusing strength of the magnet be matched with the length
lon optical analysis with SIMION of the EDL has illus-  of the flight path to the detectors.
trated several characteristics important for its application.
First off, it is the shape of the electric field within the EDL
that controls the ion trajectories, and thus any configuration
of electrodes that produces the same field shape will pro-
duce similar results. It has been observed that the maximum
dispersion is obtained by using the smallest possible radius.

Thus, the number of isotopes that are to be S|multaneouslying beam divergence has been proposed and the results of

measured and their dispersion will determine the optimum ra- ;
dius. The degree of magnification of dispersion between mas tests of a small-scale prototype instrument were presented.
i >The measured performance of the small-scale prototype sized

separated beams in the EDL is a function of the separation of, . . 71 . I ) -
the beams at the entrance to the EDL. The wider the separa-for Li and 'Li compared with the predictions of an ion opti

tion at the EDL entrance, the greater the dispersion after thecjdl model showed that the on Opt'cf'il model accurate_ly pre
. . dicted the measured mass dispersion, mass resolution, and
EDL. The criteria for placement of the EDL relative to the . . A . .
) : . general ion beam profile, providing confidence that the ion
magnet are that point where the ratio of the beam separation® ~ . ; . : :
o . . optical modeling can be applied to design of a full-scale in-
to beam width is greatest and the beam angular divergence is

. . strument. A conceptual model was presented for an instru-
low. Thus a magnetic sector with off-normal pole faces and . .
. ; ment capable of simultaneous measurement of seven isotopes
the resultant lower beam divergence angles is preferred.

... inthe 238-244 Da mass range in which each isotope can be
Because the energy spread from a thermal ionization . . . .
. : Lo measured with an isolated, full sized, discrete dynode elec-
source is small{0.1 eV), no slits are necessary in this de-

) X ) ; . . tron multiplier. It is anticipated that coupling the wide dis-
sign to obtain the required mass dispersion and resolution. A ; . . . :
slit-less system also has very high ion transmission efficiency persion m'ult|ple collector design W'th.the. total evaporauon
and reduces the number of scattered ions that can degrade threnethod will enable measurgment of \.Nlde |sot_o_p§ ratios from

e . - . . extremely small samples with very high sensitivity.
abundance sensitivity. It is anticipated that coupling the wide The B/EDL configuration used in the current instrument
dispersion multiple collector design with the total evaporation 9

. - . should be appropriate for any ion source with a narrow en-
method[15] will enable measurement of wide isotope ratios . .
: . o ergy spread. The design could also be adapted for an ion
from extremely small samples with very high sensitivity.

source with a broad energy spread if an electrostatic sector
was included to control the ion energy spread (for example
an E/B/EDL configuration).

6. Conclusions

A new design for a thermal ionization multi-collector iso-
tope ratio mass spectrometer that utilizes an electrostatic dis-
persion lens to magnify the mass dispersion while constrain-

5.2. Limitations

The design proposed herein, as most others, inherently in-
volves trade offs between different aspects of a measurementacknowledgements
In this case the ability to control the mass resolution with slits
has been deferred and will undoubtedly make some practi- The authors thank M.J. Ward for assistance in mechan-
tioners uncomfortable. And indeed the lack of slits, and the ical design and fabrication of components of the prototype
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