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Abstract Simultaneous ion sampling and sequential de-
tection offered by inductively coupled plasma ‘time of
flight” mass spectrometry (ICP-TOFMS) provides advan-
tagesfor the analysis of short transient concentration-vari-
able signals as produced in laser ablation. In order to in-
vestigate the capabilities of ICP-TOFMS in combination
with an excimer laser ablation system, ablation studies on
reference materials and geological samples were carried
out. Various ICP-TOFMS parameters were optimized for
laser-induced aerosols. Transverse rejection ion pulse was
used to extend the dynamic range in concentration. A re-
duced volume ablation cell was designed and used in or-
der to increase the sample density in the ICP. Results for
63 simultaneously measured isotopes (SRM 610 from
NIST) lead to limits of detection in the 1-100 pg/g range
for 280 um crater diameter (10 Hz, 1.2 mJ pulse energy).
The reproducibility of signal ratios was determined to be
better than 2% RSD for transient signals using 102 msin-
tegration time. These optimized parameters were then
used for the analysis of tin-rich fluid inclusions. Prelimi-
nary results of multielement analysis and isotopic ratio de-
terminations on individual fluid inclusions (63 isotopes,
102 ms integration time) demonstrate the capabilities of
ICP-TOFMS in combination with laser ablation.

Introduction

|CP-TOFMS opens a new way in multielemental analysis
and the acquisition of fast transient signals[1, 2]. The ac-
quisition of 20,000 spectra per second and a fast data read-
out time allow the introduction and detection of very short
concentration-variable transient signals of samples of
small volume, which isinteresting in flow injection analy-
sis (FIA), electrothermal vaporization (ETV), direct sam-
ple insertion (DSI) and in laser ablation (LA).
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Studies of isotope ratio stability [3] using ICP-TOFMS
showed similar precision to that established for single-
collector sector field ICP-MS operated at low resolution.
However, in ICP-TOFM S the number of isotopes measured
has no influence on the precision and an extended element
menu can be selected. As reported [4], sensitivity in the
middle to high mass range is approx. 2000 cps/(ng g™),
which is at least one order of magnitude less than ICP-
QMS, resulting in limits of detection (LOD) of 1-50 pg/g
for solution nebulization. The linear dynamic range of the
instrument used is approx. 6 orders of magnitude. Thislim-
ited linear dynamic range in concentration has a strong in-
fluence on the flexibility in solid sampling, where major,
minor and trace elements from a single ablation spot are
of interest.

The aim of this study was to investigate optimum oper-
ating conditions for laser-induced aerosol introduced into
an ICP-TOFMS. The initial system optimization was car-
ried out using solution nebulization under different condi-
tions and the analytical performance was determined. Du-
ration of opening of the ion-sampling gate (modulation
pulse width) was extended in order to enhance sensitivity;
transverse rejection ion pulse (T.R.1.P) was tested as a pos-
sible tool to extend the linear dynamic range in concentra-
tion. Laser ablation-ICP-MS is the preferred technique for
multielemental analysis of fluid inclusions. To test the po-
tential of the TOF mass analyzer in short transient con-
centration-variable signal detection, natural fluid inclusions
from previous studies [5, 6] were analyzed. Fluid inclusions
are multielemental, multiphase samples of limited quan-
tity, which represent relics of magmatic fluids entrapped
in a growing host crystal and contain useful information
about the original chemical features of ore-bearing fluids.
Therefore, the identification and quantification of as many
elements as possible in such samplesis of great interest in
ore-geochemistry.

Experimental

The commercially available axial geometry ICP-TOFMS “ Renais-
sance” (LECO Corp., St. Joseph, M1, USA) was used for the mea-
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Table1l Operating parameters

of the inductively coupled Solution nebulization Laser ablation
%ﬁg&;&“?&;gﬂrgf Meinhard MCN 6000  ArF* 193 nm
LECO Corp. USA) ICP
Plasma flow (L/min) 14 14 13 to 14
Carrier flow (L/min) 0.85 1.00 0.97 to 1.78
Auxiliary flow (L/min) 0.71 1.09 0.98to 1.27
Power (Watt) 1150 970 1000 to 1100
Torch X pos. (mm) 1.9 1.9 2.0
Torch Y pos. (mm) —2.0 2.1 2.3
Torch Z pos. (mm) 13.0 9.7 119 to 155
MS
lonlens 1 (V) -518 —750 -510 to -700
lonlens 2 (V) —200 -140 -170 to —-200
Modulation negative (V) -103 —100 -100 to -103
Repeller pulse (V) 1000 1000 1000
Repeller bias (V) 0 0 0
Hight tube (V) —1496 —1500 —1500
Einzel lens 1 (V) —1444 -1420 —1422 to-1440
Y -steering (V) —1600 -1620 —1600 to-1620
Einzel lens 2 (V) -810 —900 -810 to -910
X-steering (V) -1491 -1490 —1486 to 1496
Reflectron low (V) 195 200 196 to 200
Reflectron high (V) 1555 1560 1554 to 1566

surements in combination with solution nebulization and laser
ablation sample introduction systems. RF generator frequency of
40.86 MHz with forward power of approx. 1100 W (depending on
the optimization, Table 1) was used. The spectral frequency of
20 kHz alows a single full mass spectrum scan in 50 ps. The res-
olution of the system is variable over the mass range, and a value
of 450-500 at 10% of peak height can be observed. More detailed
information is provided in the literature [4].

Solution nebulization experiments were carried out using both
aMeinhard concentric nebulizer (type C, solution uptake 2 mL/min)
with Wu-Hieftje spray chamber and a micro concentric nebulizer
(MCN 6000 Cetac Technologies, Omaha, USA) with desolvating
unit (sweep gas flow at 4.46 L/min, solution uptake 60 pL/min).

The ICP-TOFMS was coupled to the commercialy available
Geol as |laser ablation system (MicroL as, Gottingen, Germany), that
has been described elsewhere [7]. The laser microprobe is an ex-
cimer ArF* 193 nm laser (Compex110l, Lambda Physik, Gottingen,
Germany). The system was used under standard operating conditions
(180—200 mJ output energy, 10 Hz repetition rate, 20—-120 pm spot
size), which results in a fluence between 25 and 30 Jcm?. Helium
was flushed as carrier gas through the cell. Ablation experiments
were carried out in a21 cm? cylindrical cell and in a newly devel-
oped 1.5 cm? ablation cell. The latter permits to allocate 8 samples
at the same time, similarly asin awider cylindrical cell. The sam-
ples are separated from each other in individual slots to minimize
memory effects on the sample surface from previous ablations. The
design of the cell is based on arotating round central sample holder
and each sample can be moved into the ablation space by rotating
the sample holder plate, like a barrel of a revolver (“gun-barrel”
ablation cell). The transfer tube between the ablation cell and the
ICPMS was approx. 1 m long (i.d. 4 mm). The gas inlet tube was
connected to the cell using a 0.5 mm i.d. nozzle. Operating param-
eters of the ICP-TOFMS system are summarized in Table 1.

Samples. The optimization procedure was carried out on multiele-
ment standard solutions prepared from single element stock solu-
tions (Merck, Darmstadt, Germany). SRM NIST 610 was used for
the optimization of the ablation process and for quantification of
fluid inclusions, as described in [6].

Quartz-hosted pseudo-secondary fluid inclusions from the Y an-
kee Lode of the Mole Granite (New South Wales, Australia), de-
scribed extensively in [5], were analyzed. Three sets (jy07, no02
and dcl4) of inclusions of afew tens of um were ablated using the
cascade sampling procedure described in [6].

Results and discussion

lon optics adjustment. The complete set of ion optical el-
ements was studied scanning the complete voltage range
and collecting the signals using a multielemental standard
solution of 10 ng/g (5 repetitions, total measurement time
10 seach replicate). Each individual parameter was inves-
tigated keeping the others at the pre-optimized conditions.
Figure 1 shows normalized signal intensity in the low mass
region (%3Cu), in the middle mass region (133Cs) and in the
high mass region (2°Bi) as a function of lens voltage. lon
lens 1 isthe extraction lens and together withionlens 2 itis
positioned before the modul ation/accel eration unit, whereas
both Einzel lenses aswell as X/Y-steering plates influence
the accelerated ion beam. For ion lens 1 atop plateau was
reached at alens voltage more negative than =700 V. The
ion lens 2 shows two maxima, which are at —160 V and at
—850 V. Einzel lens 1 shows a maximum intensity for al
masses between —1200 and —1600 V and sharp peaks (ev-
ident for Cu and partly for Cs) with a strong mass depen-
dency at lower lens bias. Therefore, the instrument was op-
erated around —1400 V. The X/Y-steering plates show a
Gaussian behavior. The optimization carried out for solu-
tion nebulization with Meinhard concentric nebulizer was
also applied for laser ablation. The operating conditions
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summarized in Table 1 show that the ion optics settings
were independent of the type of sample introduction (wet
or dry aerosols). It should be pointed out that the values
summarized in this table were devel oped for multielemen-
tal analysis and reduced oxide formation.

Extension of modulation pulse width. The duration of the
opening of the ion sampling gate determines the amount
of ions collected per single analytical cycle. Increasing the
number of ions per cycle can enhance sensitivity, whichis
particularly important when dealing with short transient
signals of trace/ultratrace elements of very low sample
amount. However, a longer sampling duration (modula-
tion pulse width, MPW) reduces the effective mass detec-
tion duration (modulation pulse delay, MPD), since the sum
of the two parameters is constant (MPW + MPD = 50 ys,
at 20,000 Hz spectral frequency). In axial geometry |CP-
TOFMS the source cannot be refilled until the whole ion
packet has reached the detector. In fact, one ion packet must
remain separated from the next one and sufficient time
must be provided to the heaviest (slowest) ion to reach the
end of the flight path. The default MPW of 4.89 usresults
inaMPD interval of 45.11 us. Thisinterval can separate
ions within a mass range of approx. 345 u (heaviest a-
lowed mass) calculated by the m/z—flight time calibration.
In order to increase the sensitivity, the MPW was stepwise
increased from 4.89 ps (345 u) to 7.28 s (300 u). Further

extension of MPW above 7.28 s was considered danger-
ous due to the presence of UO* (m/z 254) and UOO*
(m/z 270), which were detected for liquid sample intro-
duction and for laser ablation. In addition, mass resolution
for longer MPW would degrade due to the generation of a
less spatially defined ion packet in the source. However,
variation of the mass resolution (450-500 as measured at
10% of peak height) was not observed for MPW between
4.89 ps and 7.28 ps. The results for solution nebulization
and dry aerosol (laser ablation) measurements are summa-
rized in Fig.2. The curves for solution nebulization sam-
ple introduction show no significant variation (three se-
lected isotopes). The introduction of laser-induced aerosols
led to a significant mass-dependent increase in sensitivity
(optimum at 5.93 ps). A more significant signal variation
for the low mass than for the high mass region was ob-
served. The increase in sensitivity was a factor of 1.5—
2.5 depending on the isotope. A possible explanation for
the decrease in sensitivity at longer sampling time for dry
aerosol might be atoo high ion current density producing
ion defocusing. In fact, longer MPW might lead to an over-
filling of the sampling stage and a stronger space chargeis
likely.

Transverse rejection ion pulse for wider linear range.
Transverse rejection ion pulse (T.R.I.P.) has been described
in the literature [4]. This alows a selective removal of in-
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Fig.2 Signa intensity as afunction of modulation pulse width for
solution nebulization (top) and laser ablation (bottom)

terfering species like Ar*, Ar,*, O* from the ion beam and
was mainly implemented to avoide detector overload. The
parameters controlling the ion deflection are the start of
the pulse and its duration (or width) and in Table 2 theim-
plemented T.R.1.P. are summarized. In order to extend the
linear dynamic range of some high-sensitivity isotopes
(e.g. sodium as one of the magjor elements in fluid inclu-
sions), ion deflection functionality was investigated using
different concentration ranges for calibration (within the
gain switch limitations). Three calibration curves for dif-
ferent deflected amounts of Na and U (examples for low
and high mass region isotopes, see Table 2) from the ion
beam were tested using nine standard solutions (Na and U)
in a concentration range from 1 to 5000 ng/g (Fig.3). The
linearity of all sodium calibration curves (0.999) indicates

Table 2 Detailed start time and duration for the applied transverse
rejection ion pulses to selectively remove matrix ions, Na and U

Deflection Start/pis Width/ps
Oxygen-16 0.972 0.14
Argon-36 1.452 0.03
Argon-40 1.534 0.15

Argon dimer-80 2.078 0.03
Sodium-23 1.162 0.03 and 0.05
Uranium-238 3.448 0.050

the possibility of quantitative removal of matrix ions. In
the present experiments half an order of magnitude exten-
sion of the linear dynamic range was reached. The same
experiments carried out for 238U showed dlightly lower
linear correlation (0.993). The extension of the linear dy-
namic range was 1.5 orders of magnitude. The observed
mass-dependent variation of the peak shape can explain
the difference in the orders of magnitude gained for Na
and U and their differencesin linearity.

Optimization of the source conditions. Plasma source con-
ditions (forward RF power, gas flows, torchbox position)
for different sample introduction systems and for different
ablation cells were optimized for high sensitivity, low
background, low oxide formation and low doubly charged
ions. CeO*/Ce* was reported [4, 8] with avalue of 24.7%
for the same type of instrument. Different optimization pro-
cedures led to similar oxide formation together with sen-
sitivity of 6 Mio cps/ng g (middle mass region). The LOD
in Fig.4, derived from compromised values for low oxide
formation and multielement analysis, are very similar for
both types of nebulizers. However, major differences were
obtained in the oxide formation with 2.2% CeO*/Ce*
using the MCN 6000 and 7.0% CeO*/Ce* using the
Meinhard nebulizer. The reproducibility of the measure-
ments was in the range of 1% for an integration time of
10 sand 5 repetitions. Further changes of the sample cone
geometry and a reduction of the pressure in the expansion
chamber using an additional rotary pump showed no sig-
nificant improvement in sensitivity or reduction of oxide
formation.
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Fig.4 Limits of detection as derived from solution nebulization
using a Meinhard concentric nebulizer and the MCN 6000 (Cetac
Technologies Inc.)

Integration time. The influence of integration time on iso-
topic ratio precision was tested in transient mode (30 s sig-
nal acquisition) to evaluate the optimum compromise be-
tween high time resolution signal recording as needed for
short concentration variable laser ablation and best isotope
ratio precision. The relative standard deviations for eight
isotope pairs in dependence on the integration time mea-
sured using 100 ng/g standard solutions are summarized
in Table 3. The precision can beimproved using longer in-

Y89 Cs133 Ba137 Bal138 Cel140 Tb159 Lu175 Pb206 Pb207 Pb208 Bi209 Th232 U238

m/z

tegration time. However, for the application of laser abla-
tion analysis on fluid inclusions an extension of the mea-
surement time leads to significant loss of information dur-
ing the sampling. Therefore, all further experiments were
carried out using 102 ms as integration time.

Optimization of the laser ablation system. The dry sample
introduction into the ICP-TOFM S was optimized accord-
ing to the information derived from the solution nebuliza-
tion experiments. The limits of detection of the system
LA-ICP-TOFMS for a 10 Hz repetition rate, 2.8 mJ pulse
energy at 80 um pit size are summarized in Fig.5. Most of
the LOD were determined to be below 100 pg/g (21 cm?3
cylindrical cell). Due to the simultaneous sampling of the

Table 3 Influence of integra-

tion time on isotope ratio pre- 12 ms 51 ms 102 ms 357 ms 510 ms 714 ms 1007 ms
;!;‘r‘]’; \?Jafshgcg‘l%ﬁ“?aﬁg;? 63/65 Cu 6.1% 3.2% 2.2% 1.2% 1.0% 0.8% 0.8%
mode for 30 8 from 100 ng/g  86/88 S 5.50% 2.8% 2.0% 1.0% 0.9% 0.7% 0.6%
standard solution 107/109 Ag 3.9% 1.9% 1.4% 0.7% 0.5% 0.5% 0.4%
135/138 Ba 6.1% 3.1% 2.20% 1.3% 1.1% 1.0% 0.6%
177/180 Hf 4.9% 25% 1.6% 0.9% 0.8% 0.6% 0.6%
178/180 Hf 4.2% 2.2% 1.5% 0.8% 0.6% 0.5% 0.5%
206/208 Pb 4.0% 1.9% 1.4% 0.8% 0.6% 0.5% 0.5%
207/208 Pb 4.1% 21% 1.5% 0.8% 0.7% 0.7% 0.5%
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Fig.5 Limits of detection
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Fig.6 Cascade ablation of fluid inclusion in quartz (Mole Granite,
New South Wales, Australia). The first 34 s of the signal show the
measured background (gas blank). After 34 s the laser was started,
which can be seen on the quartz matrix signal (Si). At 45 sthein-
clusion is opened and the signal of the elements contained in the
fluid phase appears (e.g. Mn, Rb, Cs, Pb). Finally, the crater diam-
eter is enlarged to empty the inclusion and small signals of the
daughter crystal were detected (e.g. Cu, Sn). The lead isotopic ra-
tios of the entire transient (shown at the bottom) indicate a differ-
ent sampling procedure for precise isotope ratio determination

ions, the sample density in the plasma was increased by
ablating the samples in a volume-reduced ablation cell
(“gun-barrel”), see Fig.5. However, the 8-10 times im-
proved LOD can be also related to a more efficient sample
transport. Further studies on the ablation cells are in
progress to validate these observations.
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Fig.7 Reproducibility of elemental ratios (normalized to sodium)  taneous detection system for such short concentration-vari-
for selected isotopes and their corresponding concentrations for a  gh|e transient signals. The quartz-hosted inclusions were

set of nine fluid inclusions

drilled out using different pit sizes. An integration time of
102 ms was selected and 63 isotopes were measured. Fast
drilling through the matrix into the fluid inclusion leads to

Fluid inclusion analysis using LA-ICP-TOFMS. The opti- increased sample density in the plasma and provides im-
mized system was used to analyze single multiphase fluid proved LOD and better precision. However, to avoid un-
inclusions and thus eval uate the capabilities of thissimul-  desired splashing during the opening of the inclusions, the
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Table4 RSD of lead isotopic
ratios determined in a set of

Full signal ratios

Major peak ratios

nine fluid inclusions, ablated in

> < 207/206 Pb 208/206 Pb 207/206 Pb 208/206 Pb

the “gun-barrel” cell. Improved

precision was obtained for ma-  pc14509 21.3% (n = 128) 17.9% 5.7% (n = 31) 4.7%

jor-pesk ratios (see dlso Fig.6)  pe14a10 15.5% (n = 137) 11.4% 5.2% (n = 29) 43%
Dcl4all 9.9% (n = 140) 8.0% 7.0% (n = 15) 3.3%
Dcl4al2 15.8% (n = 116) 12.7% 8.5% (n = 33) 5.7%
Dcl4al3 14.4% (n = 154) 13.9% 5.7% (n = 25) 4.7%
Dcl4al4 27.0% (n = 111) 20.5% 4.8% (n = 21) 4.3%
Dcl4al5 16.6% (n = 134) 11.7% 6.9% (n = 13) 5.6%
Dcl4al6 21.9% (n = 106) 14.7% 6.3% (n = 15) 4.5%
Dcl4al7 24.6% (n = 145) 20.1% 9.2% (n = 35) 8.2%

cascade ablation [6] was used, which allows a controlled .

Conclusions

release of the fluid and possible daughter crystals. A tran-
sient signal for afluid inclusion opened by a stepwise in-
crease of the spot size is shown in Fig. 6. The variation of
spot size can be followed with the Si signal, which repre-
sents the matrix (fluid inclusions hosted in quartz). Fluid-
contained elements are observed in the early stages of the
opening and the excellent time resolution of the TOFMS
allows to detect afterwards very narrow transient peaks,
e.g. Li, Cu, Zn, As and Sn, which are related to daughter
crystals in the inclusions. These peaks occur after the ab-
lation pit is enlarged enough for the crystal to escape from
the inclusion (Fig. 6). In total 42 isotopes out of the list of
63 isotopes were detected. The analyte-to-sodium ratios
were calculated for inclusions from the same trail, which
are shown for a selection of isotopesin Fig. 7. These ratios
were calculated based on the full integrals of the fluid in-
clusion (from the opening till the emptying). The fast sig-
nal recording allows distinguishing between elements
contained in the fluid and elements contained in the crys-
tal(s) in fluid inclusions by means of inter-element corre-
lation. Figure 8 shows the example of correlated elements
(85Rb and 133Cs versus %*Mn), whereas 1183Sn is not corre-
lated to any element determined in the fluid.

On the same natural inclusions the isotopic ratio preci-
sion for lead isotopes was determined in agreement with
counting statistics [9]. Unfortunately, the modest sensitiv-
ity available so far limits the isotope ratio precision to 10%
RSD for full signal ratios. In Table 4 the RSD of lead iso-
tope ratios for the total signal and for the highest occur-
ring peak are given. The improved RSD in single peak in-
tegration indicates that the quantification of the elemental
composition in fluid inclusions and the determination of
precise isotope ratios demand different ablation strategies.
Therefore, where controlled sampling of elements is not
S0 important as quantification, laser repetition rates above
10 Hz should be used to sample the inclusion in a shorter
period of time with the best signal-to-noise ratio leading
to improved isotope ratio precision.

| CP-time of flight mass spectrometry in combination with
laser ablation can be the preferred technique for multiele-
mental analysis of short transient signals. The optimized
system offers a variety of interesting features for the ap-
plication shown in this study. Especialy the time resolu-
tion and the unlimited number of isotopes measurable are
advantages for high spatial resolution analysis using laser
ablation. Nevertheless, the modest sensitivity and the back-
ground level are currently limiting the applications of the
ICP-TOFMS in solid sampling. The reduction of the abla-
tion cell volume showed first improvements in sensitivity
due to increased sample density in the plasma. However,
further investigation of the transportation system includ-
ing mixed gas studies will lead to a better understanding
of the behavior of dry aerosolsin the ICP-TOFMS.
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