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An rf-driven reaction cell offers the potential for enormous efficiency in the removal of
interfering ions prior to mass analysis in inductively coupled plasma mass spectrometry.
Concomitant with this efficiency is the potential for interference production within the reaction
cell. Operation of a low rf-amplitude quadrupole reaction cell in a bandpass mode, either
rf-only or with additional dc voltage between pole pairs, is shown to suppress these in-cell
interferences. Examples of various types of interferences (spectral and continuum) are shown,
and their elimination without sacrificing sensitivity is demonstrated. The advantage of
dynamically sweeping the bandpass in concert with the mass analyzer is shown. The necessity
of efficiently evacuating the reaction cell (in this case by venting it to the high vacuum
chamber) when reaction gas is not added is demonstrated. (J Am Soc Mass Spectrom 1999,
10, 1083–1094) © 1999 American Society for Mass Spectrometry

The dynamic reaction cell is evolved from a ge-
neric rf-driven multipole reaction cell. The latter
has gained much interest recently as an “on-line

test tube” for removal of isobaric interferences, notably
(but not exclusively) for inductively coupled plasma
mass spectrometry (ICPMS). The reaction cell itself is
often considered a variation of the collision cell used for
ion fragmentation in tandem MS/MS. Although these
devices share the characteristics of employing rf to
confine the ion beam and, often, are enclosed in order to
operate at pressures above ambient, the dynamics and
function of the cells are quite distinct. The collision cell
is characteristically operated at sufficiently low pres-
sure (;0.1 mtorr) that the ion kinetic energy remains
relatively high (;20–100 eV). With a non-reactive col-
lision gas, the collision cell is intended to promote
fragmentation of polyatomic ions by conversion of
kinetic energy to internal excitation of vibration. Doug-
las [1] reported an attempt to reduce the relative inten-
sity of CeO1, derived from an ICP source, by collisional
fragmentation. However, he showed that scattering
losses were greater than the fragmentation yield. None-
theless, he also showed that the addition of a reactive
gas (O2) to the cell promoted ion–molecule reaction
which permitted discrimination of the rare earth ele-
ments and their oxides through the specificity of oxida-
tion (e.g., Ce1 and Tb1 readily react to form their oxide
ions, but further oxidation of CeO1 occurs much more

slowly). For the ICPMS application, for which a pre-
ferred application is the reduction of isobaric interfer-
ences derived from plasma ions, ion–molecule chemis-
try is expected to be more efficient than collisional
fragmentation. For example, the elimination of the Ar1

interference on Ca1 cannot be achieved through frag-
mentation (at least at normal laboratory energies!).
Shortly thereafter, Rowan and Houk [2] showed that
argide ions react more rapidly with a number of gases
(such as CH4 and Xe) than do some of the isobaric
elemental ions. This should have ushered in the use of
the reaction cell for ICPMS, but the method remained
fraught with difficulties, primarily those of distinguish-
ing between residual atomic analyte ions and isobaric
polyatomic ions produced within the reaction cell.
Much more recently, Koppenaal and co-workers [3–6]
have shown that great efficiency in interference rejec-
tion by reaction with H2 and/or H2O can be achieved in
an ion trap. Their early reports indicate that similar
processes may be effective in a linear multipole, but
with reduced efficiency [4, 5]. Turner et al. [7] have
published preliminary work that claims efficient chem-
ical resolution, but showed results only at relatively
high ion signal levels.

As noted above, Rowan and Houk [2] recognized
early that the reaction of ions in the multipole cell
produced new ions in the cell, and that these may
interfere with the measurement of other analyte ions.
They demonstrated that, for a non-thermalized reaction
cell, there is a difference between the axial kinetic
energies of the analyte ions (which have suffered suffi-
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ciently few collisions that they retain some of their
initial kinetic energy gained from the expansion
through the interface) and ions produced within the
cell. Application of a potential barrier downstream of
the reaction cell allows some resolution of the analyte
ions from the newly formed interference ions, where
the degree of resolution obtained is dependent on the
differences in the ion energy distributions. Hence, the
method is most effective when the pressure is suffi-
ciently low that few thermalizing collisions occur, un-
der which conditions the efficiency of reaction is rela-
tively low. A compromise is thus required between the
efficiency of reactive removal of isobaric interferences
derived from the plasma and kinetic energy discrimi-
nation against new interferences produced within the
reaction cell.

Koppenaal and co-workers [3–6] have achieved ex-
cellent analytical performance from an ICP coupled
with an ion trap mass analyzer by employing reactive
chemistry within the trap. The ions stored in an ion trap
are not thermalized, but long storage times are feasible
which allow for promotion of efficient reactive chemis-
try. In addition, the ion trap may be operated in a
filtered noise field (FNF) mode (or other auxiliary
excitation modes) in order to selectively trap certain
ions or to “tickle” ions to higher energies at which
collisional fragmentation may be achieved. Operation
of the trap with H2 as a reaction gas leads to the
formation of H2

1 and H3
1 ions. The provision of a low

mass cutoff above 5 amu rapidly removes these product
ions from the trap, and this was reported [3–6] to offer
an opportunity to reduce space charge effects (which
adversely affect the dynamic range of the ion trap).
Eiden et al. [5] noted that removal of Ar1 from the ion
beam before introduction to the ion trap/reaction cell
resulted in lower levels of chemical ionization of the
background gases in the ion trap (with a consequent
improvement in sensitivity). They also noted that ion-
ization of background gases in the trap could produce
interferences for the determination of 129I, and that
operation of the ion trap at higher rf potential (so that
ions with m/z , 40 amu were unstable in the trap)
reduced this interference.

If the pressure of the collision cell is raised, ion
energies are damped [8, 9] and ion collection at the exit
of a closed cell passes through a maximum (collisional
focusing). The reduction of the ion energy facilitates the
use of thermal ion–molecule chemistry. This approach
is particularly attractive because of the enormous spec-
ificity and efficiency of ion–molecule chemistry (“chem-
ical resolution”). The rate of an ion–molecule reaction
process is directly proportional to the partial pressure of
the reaction gas. Collisional focusing is most efficient at
pressures in the range of 10 mtorr (and depends on the
mass ratio of the ion and neutral in addition to other
factors, such as cell length). Because the efficiency
required of the reaction cell may be exceptionally large
(e.g., 10 orders of magnitude to eliminate the Ar1

interference on Ca1), the optimum pressure of the

reaction cell may be greater than optimum for colli-
sional focusing.

In this perspective, the reaction cell may be more
properly viewed as an embodiment of a multipole ion
guide reactor [10, 11]. This device is advantageously
used to measure the rate constants of ion–molecule
reactions and to follow sequential reactions. Operated
at high frequency and low rf amplitude (low q) and at
relatively high pressure, the ion kinetic energies are
near thermal and therefore near-thermal ion processes
can be observed. It is advantageous to use a high-order
multipole (such as a hexapole or octapole) for the ion
reactor because the effective potential is wide, and this
further ensures near-thermal conditions. Because it is an
objective of such studies to study both the rate of
reactant ion loss and the appearance of product ions,
the device is operated in the rf-only mode. Again, low q
operation combined with a higher order multipole
improves the mass range of confined ions, and is
therefore clearly preferred. With such a device, sequen-
tial processes involving ions of widely varying mass
may be studied.

In an earlier article [12], we reported that operation
of an rf-only quadrupole at high q results in an increase
in the ion kinetic energy, and consequently enables
certain otherwise thermodynamically prohibited reac-
tions. It is to be expected that an ion gains more kinetic
energy from the rf-field in a quadrupole configuration
than in a higher order multipole. In addition, the mass
range that is stable within a quadrupole field is more
restricted than in a higher order multipole. Accord-
ingly, it is conventional wisdom that the preferred
configuration for the study of ion–molecule reactions is
a high-order multipole operated at low q (high fre-
quency and low rf amplitude) [11].

We describe in this article an improved multipole
reaction cell which takes advantage of the unique
characteristics of the quadrupole. To be an effective
analytical tool for the rejection of isobaric interferences
in ICPMS, the reaction cell must be characterized by
enormous reaction efficiency. Inherent in the need for
efficiency of reaction of interference ions is the concom-
itant efficiency of interference production within the
reaction cell [12]. Certainly, multiple collision condi-
tions are required; a simple Beer’s-law type calculation
shows that the ions must average approximately 20
reactive collisions to achieve reaction efficiencies on the
order of 1010. Under these conditions, sequential reac-
tion chemistry is to be expected, with concomitant
production of intermediate product ions of various
masses. Each product ion has the potential to interfere
at the mass of another analyte ion. Further, despite
heroic attempts to purify the reaction gas, trace levels of
organic impurities will always be present in the cell.
These may derive from impurities in the reaction gas
itself, from backstreaming pump oil, or from outgassing
of ion optical components. The high efficiency of the
reaction cell ensures that at least a portion of these
impurities will be ionized within the reaction cell. It
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should also be noted that an additional source of
“impurity gas” in the reaction cell may result from
inclusion of the plasma gas within the cell. The reaction
cell is typically placed within the ion optics chamber (of
a differentially pumped ICPMS), or communicates be-
tween the high vacuum chambers. In the absence of
added reaction gas, the pressure in the cell is at or
below the pressure of the ion optics chamber (depend-
ing on the conductances of the entrance and exit aper-
tures), and is typically of the order of 0.1–1 mtorr. The
gas that fills the cell under these conditions is predom-
inantly plasma gas that has been sampled through the
skimmer. This gas contains, in addition to Ar, signifi-
cant amounts of H and O and perhaps N and mixed
polyatomics of these. When sufficient reaction gas is
added to the cell to raise the pressure above ambient,
gas flows out of the cell through both the entrance and
exit apertures and shields the cell from entrainment of
plasma gas (and ions must be focused through the
counterflow of reactant gas effusing from the entrance
aperture).

We recall that a quadrupole is characterized by a
well-defined stability region that is normally expressed
in terms of the Mathieu parameters, a and q:

a 5 ax 5 2ay 5
4eVdc

mv2r2 (1)

q 5 qx 5 2qy 5
2eVrf

mv2r2 (2)

where e is the electronic charge, Vdc is the dc voltage
pole-to-pole, m is the ion mass, v is the rf angular
frequency, r is the field radius of the quadrupole array,
and Vrf is the peak-to-peak rf amplitude. The quadru-
pole is most often operated within the first stability
region (0 , q , 0.908; 0 , a , 0.24), which is shown in
Figure 1. Under collision-less conditions, ions that have
masses such that a and q fall within the stability region
have stable trajectories regardless of their initial condi-
tions once they have entered an ideal, infinite quadru-
pole field. This is a result of the independence of motion
in the X and Y directions, and is uniquely characteristic
of the quadrupole; higher order multipoles may be
expressed in a similar manner, but the region of stabil-
ity is a function of the initial position of the ions within
the field. Therefore, a quadrupole finds use as a mass
analyzer, whereas higher order multipoles find greater
use as rf-only confinement guides (they have wider, but
more diffuse, stability regions). Operation of the quad-
rupole under multiple collision conditions is expected
to result in a modified stability region. We expect that
the fundamental characteristics of quadrupole stability
remain, but this has not yet been thoroughly investi-
gated (and will be the subject of a subsequent article).

In the rf-only mode of operation, the quadrupole acts
as a high pass filter. Ions having masses such that q .
0.908 do not have stable trajectories and are ejected

from the device. The low mass cutoff may be scanned
by increasing the rf amplitude or by decreasing the rf
frequency. If conditions are provided that promote
specific reaction of an isobaric interference ion, the
product ion will most often appear at a different mass.
If this ion has a mass that falls within the stability region
and it satisfies the acceptance conditions of the cell, it
will be retained within the cell. Under these conditions,
the product ion may react further with the reaction gas
or with impurities in the cell and produce new ions
which may interfere with the analyte ion (i.e., a se-
quence of reactions leading to a new interference at the
same mass). Provided that one of the intermediate ions
has a mass which falls below the stability cutoff, it will
be ejected from the cell, and further reaction (potentially
producing new interference ions) will be suppressed.
Clearly, the quadrupole offers substantial control over
this sequential chemistry by allowing the selection of
conditions (rf amplitude and frequency) that provide an
adjustable and well-defined low mass cutoff.

Further, the quadrupole reaction cell may be oper-
ated with an additional dc voltage between pole pairs,
providing a non-zero a. While a impacts somewhat on
the low mass cutoff, its primary impact is through the
introduction of a high mass cutoff. This mode of oper-
ation allows rejection of higher mass intermediate prod-
uct ions which may subsequently react to produce a
new interference ion at the mass of interest. Therefore,
the quadrupole reaction cell offers the potential to
define a mass bandpass window which may be selected
in a manner to reject the intermediate product ions of
sequential reactions which may eventually result in a
new isobaric interference. Notably, it is not necessary
nor desirable to operate the quadrupole reaction cell as
a mass filter; for this application it is operated as a
dynamically adjustable bandpass device, where the
bandpass is selected according to the specific chemistry
which is to be promoted or suppressed.

Figure 1. The stability diagram (first region) for a linear quad-
rupole under collision-less conditions. The region bounded by the
by 5 0 and bx 5 1 curves provides stable ion motion in both x
and y.
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Recall that ions gain kinetic energy from the rf field
in proportion to the magnitude of the rf amplitude.
Further, for a given value of q, the rf frequency in-
creases with the rf amplitude. Therefore, for a given
pressure and q, the number of collisions per rf cycle
decreases as the rf amplitude is increased. Because we
have earlier shown that the rf field energy contribution
to the collision energy increases inversely as the ratio of
the collision frequency to the rf frequency [12], an
increase in the rf amplitude increases the collision
energy. This gain in collision energy, which is both
directly and indirectly proportional to the rf amplitude,
may result in the promotion of otherwise endothermic
processes. In turn, this introduces the potential for new
interference ions and also contributes to reactive loss of
the analyte ion. It may, then, be preferable to scan the rf
frequency of the reaction cell rather than the rf ampli-
tude. In this manner, it remains feasible to adjust the
amount of energy gained from the rf field in a more
uniform manner by adjustment of the rf amplitude as a
global parameter. This is orthogonal to the excitation
achieved by operation at high q, near the bx 5 1
boundary, which also provides control of the collision
energy. An additional benefit of scanning the rf fre-
quency rather than the rf amplitude is that the dc
amplitude at a given a is independent of the mass of the
ion.

It is convenient to reference the rf frequency to the
mass of the ion being analyzed in the downstream mass
filter. This provides a dynamic bandpass which is
adjusted with the mass of analysis. Because a and q are
adjusted by variation of a low amplitude dc voltage and
rf frequency, respectively, they may be adjusted on a
per mass basis. Thus, we have a quadrupole reaction
cell which is characterized by a dynamic mass band-
pass, which is dynamically moved in concert with the
analyte mass and whose bandpass width may be ad-
justed dynamically. It is these dynamic characteristics
which distinguish the dynamic reaction cell (DRC) from
generic rf-only multipole reaction cells.

It is not the intent of this article to discuss the merits
of a particular reaction gas. In fact, a wide range of
reactive gases may be employed with advantage for
special applications, particularly if the reaction cell
provides for control of the secondary reaction pro-
cesses. We have developed successful analytical meth-
ods using hydrogen, ammonia, methane, ethane, ethyl-
ene, nitrous oxide, and oxygen. Nonetheless, it will be
apparent that we favor ammonia as a reaction gas of
relatively general application. In part, this is because
ammonia has a high proton affinity and thus acts as a
convenient terminal ion under thermalized conditions,
and ionization of hydrocarbon impurities by proton
transfer is suppressed. Further, ammonia has an ioniza-
tion potential of 10.2 eV [13], which is intermediate
between those of many analyte elements and argon
(and most of its polyatomics), which accordingly offers
the potential for effective chemical resolution of these
species. Certainly, ammonia reacts with some impor-

tant analyte elements, notably Ti, Ni, and As, and is
accordingly not prescribed for their trace determina-
tion. Further, NH3 acts as a good ligating agent, and
forms cluster ions readily. These clusters would inter-
fere with the determination of other elements unless the
reaction cell provides for selective suppression of these
reactions (which, it might be recognized, is an impor-
tant advantage of sweeping the bandpass in concert
with the analytical mass). The reader is referred to the
printed and electronic database maintained by Anicich
[14] for information on the reaction rates and products
of thermal ion–molecule reactions.

In this article we present data which demonstrate the
exceptional efficiency of the reaction cell for elimination
of interference ions derived from the plasma. Examples
are given of interference ions which are produced
within the cell, and of the use of the dynamic bandpass
to control these without sacrificing sensitivity to the
analyte ions (provided, of course, that the analyte ion
does not react rapidly with the reaction gas, and that the
bandpass of the reaction cell is properly selected and
not too narrow). It is shown that sweeping the bandpass
of the reaction cell in concert with the mass analyzer
allows optimum transmission of the analyte ions across
the mass spectrum while simultaneously providing for
the reactive elimination of isobaric interferences and
suppression of formation of new interferences within
the cell. Conventional ICPMS results are obtained by
venting the reaction cell to the high vacuum chamber
when reaction gas is not added, which eliminates the
interferences which otherwise would form through
reactions with plasma gas entrained into the cell under
this condition. Analytical figures of merit will be pre-
sented in a subsequent publication, as will data relating
to quadrupole stability under conditions of multiple
collisions.

Experimental

Two different research-level prototype instruments
were used to obtain the data reported here, and the data
were recorded on these instruments a year apart. Con-
sequently, the data reported for the two instruments
should not be compared in detail, but the qualitative
characteristics are comparable. The earlier instrument
(used for the data presented in Figures 4–6, 8, and 9)
operated with a fixed-bandpass for the reaction cell,
which was not synchronized with the mass analyzer.
Accordingly, for this instrument the mass analyzer
scanned through the bandpass of the reaction cell, and
sensitivity as a function of mass was convoluted by the
transmission characteristics of the reaction cell band-
pass. The later instrument (used for the remainder of
the presented data) provided a reaction cell bandpass
that was scanned in concert with the mass analyzer. For
this instrument, each ion that passed through the mass
analyzer had passed through the DRC at the same
operating point (a, q) during the time that it was being
measured. It might be noted that the commercial ver-

1086 TANNER AND BARANOV J Am Soc Mass Spectrom 1999, 10, 1083–1094



sion of this instrument (the ELAN 6100 DRC) differs
from both of these prototypes in several aspects, but
notably in that the DRC power supply now provides
digital frequency synthesis (as opposed to the analog rf
supplies used in this work).

The basic configuration of these instruments has
been described previously [12]. The drive circuitry for
the dynamic reaction cell was modified by the addition
of a dc voltage between pole pairs (the a parameter).
The fixed-bandpass configuration (used for the data
presented in Figures 4–6, 8, and 9) used a frequency
generator (Hewlett Packard, model 33120A) to produce
a low voltage sinusoidal waveform of fixed frequency
and amplitude. The output from the frequency genera-
tor was amplified (in-house manufactured amplifier) to
the desired rf amplitude (typically 200 Vrf peak-to-
peak). This DRC power supply was known to exhibit an
imbalance that generated a dc potential between pole
pairs, and this imbalance was a function of the rf
frequency. Hence, a small non-zero value of a was
always present, and varied with the frequency. The
intentional addition of a dc component in this configu-
ration was obtained from an external dc power supply
(Xantrex, model LXQ 30-2, Burnaby, British Columbia,
Canada) and was symmetrically applied about the DRC
rod offset potential. In this manner, the rf amplitude
and frequency (and dc amplitude) were fixed so that the
mass bandpass window of the DRC was fixed. This
configuration allowed scanning of the mass analyzer
across the mass bandpass of the DRC.

The remainder of the data were obtained using a
dynamically scanned analog DRC power supply. The
dc voltage signals corresponding to the desired q and a,
the rf amplitude, and the analyzer mass (taken from the
digital-to-analog converter of the mass analyzer quad-
rupole power supply) were fed to an external analog rf
power supply. An rf signal was generated dynamically
with a frequency defined by these inputs and was
amplified to the requested Vrf. A dc component be-
tween pairs was generated according to the resultant
frequency and Vrf and requested a, and was added
symmetrically around the DRC rod offset potential. A
small imbalance in the circuitry resulted in a minimum
value of a of about 0.005 (i.e., nearly, but not exactly,
rf-only when a zero value for a was requested). For the
experiments reported here, the rf amplitude was fixed
at 200 Vrf peak-to-peak. In this configuration, the mass
bandpass window of the DRC was dynamically ad-
justed with the reference q and a defined for the mass
being transmitted through the mass filter. The bandpass
is adjusted on a per element basis; that is, a value of q
and of a is defined for each analyte in the peak hopping
mode and the bandpass is adjusted prior to measure-
ment of each signal. For spectral scanning, a constant
value of q and of a is applied throughout a scan
segment; for this work, all scans were performed in a
single scan segment (so q and a are constant throughout
the scan, this being achieved by frequency scanning the
DRC).

For the analysis of elements that are not normally
interfered, it may be desirable to emulate “convention-
al” ICPMS operation with the ICP-DRC-MS. If reaction
gas is not added to the DRC, plasma gas from the ion
optics chamber is entrained into the reaction cell. If the
reaction cell remains enclosed, the plasma gas pressur-
izes the cell and facilitates ion–molecule reactions
which increase the spectral background. Suppression of
this chemistry can be achieved by increasing the mean
free path within the reaction cell, and this is most
readily achieved by increasing its conductance into the
high vacuum (mass analyzer) chamber. In the present
configuration, the DRC acts as the interface between the
ion optics vacuum chamber and the high vacuum
chamber. Although an obvious way to increase the
conductance into the high vacuum chamber is to in-
crease the diameter of the exit aperture of the DRC, or
to remove the aperture plate competely, this has a
deleterious effect on the continuum background signal
obtained. Rather, the DRC employed in this work is
equipped with an externally activated venting mecha-
nism which opens the reaction cell around its circum-
ference. Operation in this mode, with the radial vent
open and reaction gas flow stopped, is referred to as
“vented operation.”

The DRC entrance tube lens, exit aperture lens, and
ac prefilter rod offset were electrically connected and
maintained at 230 V. The DRC rod offset potential was
varied according to the pressure in the DRC; for data
obtained with a reaction gas, it was set to 21 V, and
when vented to the high vacuum chamber (without
reaction gas) it was set to 210 V. With the DRC vented
(i.e., operating in the low 1025-torr range, and therefore
collision-less conditions), the ion kinetic energies are
unaffected by the DRC rod offset and the mass analyzer
rod offset was held at 0 V (i.e., ions were mass analyzed
at energies corresponding to their gas kinetic values
obtained from the isentropic expansion through the
vacuum interface). With the DRC pressurized (multiple
collision conditions), the ion kinetic energies were cen-
tered near the DRC rod offset potential with a narrow
distribution (collisional energy damping), and the mass
analyzer rod offset was set to 25.5 V (i.e., ;5-eV ions).
All other parameters of the ICPMS system were set as
usual for a PE-SCIEX ELAN 6000 ICPMS operated
under normal plasma conditions [plasma power was
1000 W, injector flow was ;0.9 L/min, sampling depth
9 mm, lens voltage (E1) ramped linearly with ion mass].

Most of the experiments were conducted in a rela-
tively clean laboratory (Class 1000) with sample prep-
aration and introduction in Class 100 enclosures. Dou-
ble deionized water (DDIW) was prepared freshly
using an ELIX/Gradient purifier (Millipore Corpora-
tion, Bedford, Massachusetts). Analytical samples were
prepared by serial dilution from standards (Spex Certi-
prep, Metuchen, New Jersey) using DDIW and 1%
Seastar Baseline Nitric Acid. An analyte mixture con-
taining B, Na, Mg, Al, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn,
As, Sn, Sb, Au, and Pb at 1 ng/mL (1 ppb) was used.
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The DRC could be remotely vented to the high
vacuum chamber or closed for pressurized operation.
When vented, the flow of reaction gas was stopped. The
pressure in the DRC under vented conditions is calcu-
lated to be ;0.025 mtorr. For most of the pressurized
DRC work, the reaction gas was semiconductor grade
ammonia that was passed through a getter purifier
(Nupure Corporation, Manotick, Ontario, Canada) to
remove oxides, including water. The getter was oper-
ated at room temperature under which conditions it
does not efficiently remove hydrocarbon impurities. For
some of the early work the reaction gas was a mixture
of 50% NH3 in N2, and one experiment employed a
reaction gas mixture of 40% H2 in He. The reaction gas
pressure was controlled by regulating the flow of
reaction gas into the cell, using an all-metal 1-sccm (or
3-sccm) mass flow controller (MKS Instruments, An-
dover, MA, model 1479 MFC); the minimum detection
limit for Fe was obtained at a flow of ;1.2 mL/min and
that for Ca at ;1.5 mL/min, corresponding to calcu-
lated DRC pressures of 10 and 12 mtorr, respectively.

Experimental Results and Discussion

A number of spectra were recorded in order to assess
the importance of venting the reaction cell when reac-
tion gas is not introduced (Figures 2 and 3), the impact
of the bandpass on the intensities of background and
analyte signals (Figures 4–6), and to demonstrate the
synchronization of the bandpass with the mass analyzer
(Figure 7). As noted above, these data were obtained on
different instruments a year apart. Because the experi-
ments were intended to provide comparative data
within a series, no particular attempt was made to
optimize analytical performance (this will be the subject
of a separate communication). For convenience, the ion
signals at the m/z of several of the analyte elements have
been extracted from these spectra, and are provided in
Table 1. These data are identified by the corresponding
figure number and by the sample identification, being
either a blank (DDIW) or a 1-ppb mixed analyte sample.
While some information relating to the DRC conditions
is provided, full reference is to be made to the figure
captions and to the text associated with the figures. In
some instances the ion signal saturated the pulse count-
ing channel, and the entry is left blank in this case. The
earliest data (obtained on instrument A) were recorded
with a measurement time of 0.1 s per data point, and so
these signals (cps) appear in increments of 10 cps; the
later data (obtained on instrument B) were recorded at
2 s per data point. The net signals (signal for standard 2
signal for blank) are provided in Table 2.

Spectra obtained for a blank (DDIW) solution and for
a 1-ppb mixture of 18 elements are shown in Figure 2.
They were obtained with the dynamic reaction cell
vented to the high vacuum chamber and without addi-
tion of reaction gas (cell pressure ;2 3 1025 torr) and at
low q (q 5 0.11, where the rf amplitude was fixed at

200 Vrf and the frequency is scanned with mass). Under
these conditions, the dynamic reaction cell behaves as a
conventional rf-only ion guide. The rod offset potential
of the cell in this mode is 210 V so that the (mass-
dependent) ion kinetic energies are in the range of
13–20 eV, and the ions experience ;60 cycles of the rf
during transit through the cell. These spectra are similar
to those obtained using a conventional ICPMS instru-
ment, with the exception of a relatively low continuum
background (see, for example, Figure 3a of [15]). It is
significant that nearly identical spectra are obtained at
higher q (e.g., q 5 0.25). The latter result indicates that
the ionic composition is not affected by the low mass
cutoff of the bandpass. This is to be expected under
collision-less conditions. Illumination of the off-axis
detector by photons and Ar* metastables, being the
major contribution to the continuum background in
ICPMS, is attenuated by the shadow stop and by
collimation through the entrance and exit apertures of
the reaction cell.

Spectra obtained with the DRC “closed” (that is, with
the vent to the high vacuum chamber sealed, so that gas
enters and exits only through the entrance and exit
apertures) are shown in Figure 3. Under these condi-
tions, the pressure in the cell is ;1.0 mtorr and ion flow
through the cell is dominated by collisions. The gas that
fills the cell is entrained plasma gas sampled from the
ion optics chamber through the entrance aperture. For
conventional pneumatic nebulization of aqueous sam-
ples without desolvation, this gas contains up to 17% H
and O (derived from the water sample) in the bulk Ar
[16], in addition to other contaminants derived either
from the sample (i.e., acid) or the vacuum system (i.e.,
vacuum pump oil). As a result, the conditions provide
for a rich and complex ion–molecule chemistry. For the
most part, the sensitivity to the analyte ions is largely
unaffected; that is, there is not significant reaction or
scattering of the analyte ions. (The exceptions to this
appear to be Na and Mg, which are the lowest mass
analytes and are most likely to suffer scattering in the
predominantly Ar gas, although the result may also
reflect the imbalance of the DRC power supply, which
will be most apparent under collisional conditions.)
However, the DDIW blank spectrum is significantly
more populated. Relative to Figure 2, the blank spec-
trum is elevated at nearly every mass (with the excep-
tion of argide ions, which are suppressed by less than a
factor of 3). The most notably increased background
ions include m/z 5 27, 28, 29, 30, 55, 64, 66, 68, and 69.
These ions are probably oxides, nitrides, and hydrates
of plasma-based ions, and perhaps ionized organic
contaminants (particularly the latter two ions). Unlike
the vented cell results, the background DDIW spectrum
is affected by the operating point, q. Increasing q to 0.25
yields a reduction in the spectral background, most
notably at higher m/z. Clearly, operation of the cell
under collision conditions in the presence of gas having
even trace level contaminants (e.g., the organic compo-
nent in the present case) can produce new interference
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ions within the cell itself. Further, the intensity of the
interference is a function of the operating point, q. It is
concluded that the reaction cell provides an environ-
ment which promotes sequential reactions which may
eventually produce a ubiquitous ionic background.
Increasing the value of q, by reducing the rf frequency
in this case, increases the low mass cutoff. If one of the

intermediate product ions of the sequence of reactions
falls below this cutoff, the remainder of the sequence is
terminated and the background interference is reduced.
This is of particular importance at higher masses, be-
cause these interference ions almost certainly arise from
a complex series of reactions, and operation at higher q
at higher mass allows destabilization (ejection) of a
wider range of lower mass (intermediate) ions. It will
later be shown that this broad-band ejection can be
applied for the analysis of low mass analyte ions as well
by application of a dc component (a) which provides a
high mass cutoff in addition to the low mass cutoff.

The spectra of Figures 4–6 were obtained by holding
the frequency and amplitude of the rf constant through-

Table 2. Net sensitivity (cps) for 1-ppb mixed element solution

Figure number 2 3 4 5 6 7

Instrumenta B B A A A B
Reaction gas none plasma gas 1:1 NH3/N2 1:1 NH3/N2 1:1 NH3/N2 NH3

Gas pressure 1025 torr 1 mtorr 20 mtorr 20 mtorr 20 mtorr 9 mtorr
q or frequency q 5 0.11 q 5 0.11 3.58 MHz 1.53 MHz 1.53 MHz q 5 0.45
a or Vdc a 5 0 a 5 0 0 Vdc 0 Vdc 14.25 Vdc a50

Element
23Na 15709 7903 7944 0 0 5239
24Mg 10780 4964 4021 0 0 2658
27Al 14926 12614 7433 10 0 6053
39K 43916 38662 7183 40196
40Ca 53397 52048 9995 21785
48Ti 22503 18602 590 600 220 564
52Cr 28491 23537 26821 24300 3391 20356
55Mn 36103 39100 42420 3581 35458
56Fe 29190 14441 2210 17645
58Ni 15695 18591 5538 4841 330 6717
60Ni 6191 7736 23046 1830 120 2733
63Cu 13082 16748 11016 4911 260 7213
65Cu 6259 8018 5252 2090 40 3457
64Zn 6666 8265 7373 4741 80 5902
66Zn 3823 4980 4341 2790 20 3477
75As 3443 5359 2200 60 0 56

aInstrument A is the early version (fixed bandpass DRC power supply), data recorded 07 May 1997; instrument B is the later version (dynamically
scanned DRC power supply), data recorded 10 Apr 1998.

Figure 2. Spectra recorded without reaction gas and with the
reaction cell vented to the high vacuum chamber. The electrical
conditions within the reaction cell included the following: the rf
amplitude was 200 V (peak-to-peak), the dc voltage between pole
pairs was near zero (a 5 0.005), and the rf frequency was scanned
in concert with the mass analyzer to yield q 5 0.11 (calculated for
the mass currently being filtered in the downstream mass analyz-
er). The darker shaded spectrum was obtained for a mixture of 18
elements (B, Na, Mg, Al, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, As, Sn,
Sb, Au, Pb) at 1 ppb (1 ng/ml) each. The lighter shaded spectrum
was obtained for a blank DDIW sample.

Figure 3. Spectra obtained under the same conditions as Figure
2, but with the reaction cell closed (not vented to the high vacuum
chamber).
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out the mass scan. Hence, q and a (when Vdc is
non-zero) decrease linearly with mass. That is, the
dynamic reaction cell was held at a constant bandpass
condition without reference to the mass analyzer. For
these data, the reaction cell was pressurized with a
mixture of 1:1 NH3:N2. Neither the pressure within the
cell nor the flow of reaction gas into the cell were
measured at that time; the cell pressure (;20 mtorr) was
inferred from the pressure in the high vacuum chamber
by assuming effusive flow through the exit aperture.
Throughout this article, we reference mass bandpass
windows which are appropriate for collision-less con-
ditions (i.e., that are given by the conventional quadru-
pole stability limits). It is recognized that stability is
affected by collisions, and this will be presented in a
future article. Our experience is that collisions make the
boundary conditions somewhat diffuse, and particu-
larly the bx 5 1 boundary (the high-q boundary) is
affected by promotion of endothermic reaction loss due
to the nonthermal contribution of the rf-field energy
[12].

The spectra of Figure 4 were obtained with operation
of the reaction cell at 3.58 MHz at 200 Vrf and with
Vdc 5 0 (a 5 0). In this mode, the reaction cell acts as a
high pass filter with a low mass cutoff near m/z 5 5
amu (corresponding to q 5 0.908). Under these condi-
tions, most ions are stable within the reaction cell, and
this provides for a rich ion–molecule chemistry. Com-
parison with Figure 2 shows the significant increase in
chemical background, at nearly every m/z, resulting
from this chemistry. A few of the analyte ions (notably
Ti, Ni, and As) are reactive with NH3, and the sensitiv-
ity to these is accordingly suppressed. Whereas the
sensitivity for nonreactive analyte ions remains roughly
similar to that observed in the vented mode (Figure 2),
the detection limits for normally uninterfered ions is
degraded by the elevated chemical background.
Clearly, the chemistry provided by the reaction cell is
effective at reducing certain plasma-based interferences

(note the reduction of the argide ion signals at m/z 5
36–41, 56, and 80), but the conditions promote the
formation of new interferences within the reaction cell
that limit the effectiveness of the cell for analytical
purposes.

Decreasing the rf frequency to 1.53 MHz provides a
dramatic improvement, as seen in Figure 5. Still oper-
ating as a high pass filter (rf-only), the reduced fre-
quency increases the low mass cutoff to ;m/z 5 27
amu. In this mode, the dominant primary and second-
ary product ions in the cell, NHx

1, are unstable. Because
the instability is achieved quickly, these ions have little
time to react with other neutral species in the cell, and
the chemical background is substantially reduced. This
is a clear case of reduction of interferences by ejection of
the intermediate products of sequential reactions within
the dynamic reaction cell. Whereas there remains a
remnant of the interferences produced within the cell,
particularly at higher m/z, the detection limits are
greatly improved (notably for the normally interfered
ions 40Ca1, K1, and 56Fe1). As will be shown, there is
advantage in yet reducing the bandpass of the reaction
cell, and this may be enacted even for rf-only operation
by scanning the frequency (affecting the low mass
cutoff) with the analyte mass being passed through the
downstream mass filter. It will be recognized that
signals for low mass ions (e.g., Na1, Mg1, and Al1) are
missing from the spectra of Figure 5, and that this is a
result of their instability below the low mass cutoff.
Analyte ions that are reactive with NH3 (Ti, Ni, and As)
remain suppressed. The sensitivities to the higher mass
analyte ions (above m/z 5 60) are suppressed relative to
Figure 4, although it is not clear why this should be.
This may relate to the frequency dependence of the dc
imbalance of this early DRC power supply.

A yet further improvement in signal to noise is
achieved with the application of a dc voltage between
pole pairs (i.e., the introduction of an a component). The
spectra of Figure 6 were obtained under the same
conditions as those of Figure 5, except with the addition
of 14.25 Vdc between pole pairs. Operation in this mode

Figure 4. Spectra obtained for the samples of Figure 2, with the
reaction cell closed and pressurized to ;20 mtorr with 1:1 NH3:N2.
The rf frequency was held constant at 3.58 MHz (Vrf 5 200, Vdc 5
0).

Figure 5. Spectra as recorded for Figure 4, but with the rf
frequency reduced to 1.53 MHz.
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provides a bandpass window in the range between 30
and 86 amu. (These limiting masses correspond to the
boundary limits of a collision-less quadrupole; in real-
ity, the bandpass width is significantly less than this
because of destabilizing or reactive collisions.) It is
noted that the values of a and q decrease with ion mass
when operating with a fixed bandpass (fixed rf and dc
amplitudes and frequency). Accordingly, transmission
efficiency in this instance is a complex function of ion
mass. In this case, the transmission efficiency maxi-
mizes near m/z 5 40 amu, for which q ; 0.6 and a ;
0.09. Although the addition of the a component reduces
the sensitivity, it also intercepts chemistry producing
interference signals which involve higher mass interme-
diate products. The net result can be yet improved
limits of detection for analyte ions that are within the
optimum window of the bandpass, with the virtual
elimination of interferences which result both from
plasma-based ions and sequential chemistry within the
reaction cell.

An improved version of the dynamic reaction cell
adjusts the bandpass of the cell in concert with the
analyte mass being passed through the downstream
filter according to the user-selected values of Vrf, q, and
a. These three parameters define the amplitude of the
bandpass dc voltage, Vdc, and with the analyzer mass
defines the rf frequency. Hence, the dynamic reaction
cell is frequency scanned in concert with the mass
analyzer. Accordingly, a bandpass window is not di-
rectly observed in the resulting mass spectrum, but the
benefit of interfering chemical background reduction is
obtained. Spectra obtained at Vrf 5 200, q 5 0.45, and
a 5 0.005 with a 100% NH3 reaction gas pressure of ;9
mtorr are given in Figure 7. Other than the plasma-
based ions NO1, NO2

1 and Ar2
1 (for which NH3 is an

ineffective reaction gas) and an unknown interference
at m/z 5 68, the residual signals in the blank solution
appear to result from elemental contamination (i.e., Cr,
Ni, and Cu) as these ions appear at their expected
normal isotope distributions. Na is clearly present in the
blank, and the residual signal at m/z 5 28 may be due to

Si. We believe that the residual signals at m/z 5 39 and
40 correspond to 39K1 and 40Ca1 with some residual
40Ar1 (optimization for Ca occurs at slightly higher
NH3 pressure). The m/z 5 41 peak is too large to be the
isotope of K; one of the primary reaction products of
Ar1 with NH3 is ArH1, and the NH3 pressure used for
these spectra was insufficient to ensure the complete
secondary reactive loss of this argide ion. Higher NH3

pressure reduces the m/z 5 41 peak to the correct K
isotope ratio, but also reduces the sensitivity to certain
of the analyte elements (e.g., Ni) which react slowly
with NH3. Hence, there is an optimum reaction gas and
reaction gas pressure, as well as q and a, for each
analyte species. However, NH3 at 10-mtorr pressure at
q ; 0.5 and a ; 0.005 is a good compromise for many
of the normally interfered analytes.

Although Al is not severely interfered under vented
operation (Figure 2), the detection limit is yet improved
using NH3 reaction gas (Figure 7). This is principally
because N2

1 reacts rapidly with NH3, and this sup-
presses the ion signal at m/z 5 28 and reduces its
abundance sensitivity overlap on m/z 5 27 to below the
continuum background signal (as discussed by
Bollinger and Schleisman [17]). Operation with a reac-
tion gas of 40% H2 in He at a cell pressure of ;5 mtorr
results in a dramatic increase in the background signal
at m/z 5 27, most probably due to the ionization of a
hydrocarbon contaminant and the formation of C2H3

1.
This allows a convenient demonstration of the use of a
non-zero value for the parameter a to improve signal/
noise. The spectra shown in Figure 8a were obtained
with 200 Vrf at 1.91 MHz and with Vdc 5 0. Under these
conditions, the cell operates as a high pass filter for
which ions above m/z 5 17 amu are stable. The back-
ground equivalent concentration of Al is approximately
300 ppb. Addition of 14.25 Vdc (a 5 0.08 at m/z 5 27)
dramatically reduces the spectral background without
significantly affecting the analyte sensitivity (Figure
8b). This changes the mass bandpass of the collision cell

Figure 6. Spectra as recorded for Figure 5, but with 14.25 Vdc

between pole pairs.
Figure 7. Spectra obtained for the samples of Figure 2, but with
the reaction cell closed and pressurized to ;9 mtorr with NH3.
The rf frequency was scanned in concert with the downstream
analyzer mass to maintain q 5 0.45 at Vrf 5 200, with Vdc ; 0
(a 5 0.005).
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to include the range between 19 and 55 amu (calculated
for collision-less conditions). The C2H3

1 interference ion
most probably arises from fragmentation of a higher
mass hydrocarbon ion. In this case, the introduction of
the high mass cutoff apparently rejects the higher mass
precursor ion from the cell, and hence the fragment ion
at m/z 5 27 is concomitantly suppressed. It remains a
lesser possibility that the C2H3

1 ion is formed by dissocia-
tive ionization of a hydrocarbon by a lower mass precur-
sor ion, and that the change in the stability of low mass
ions by introduction of non-zero a suppresses that precur-
sor ion and its consequent product ion at m/z 5 27. The
uncertainty in the interpretation might have been resolved
by repeating the experiment under rf-only conditions at
slightly lower frequency. In either event, the addition of
the non-zero a improved the signal/noise for Al determi-
nation by approximately an order of magnitude.

The use of non-zero a also has value when a reaction
gas is not introduced. The effect is most pronounced
when the cell is not vented so that it is pressurized by
plasma gas. (As noted above, this mode of operation
has little analytical value, but it does exaggerate the
effect to be discussed). In this case the major neutral
species in the cell is Ar. Ar metastable neutrals, Ar*, are

produced in energetic collisions of Ar1 with Ar. Our
experience is that this process is prominent when the
Ar1 ion kinetic energy exceeds about 15 eV. The pro-
duction of Ar* is probable either within the cell or near
the exit of the cell. Once produced, the Ar* may effuse
from the cell and are not affected by the electrical fields
within the mass analyzer. A signal may be produced at
the detector if the Ar* strikes the detector or emits a
photon which strikes the detector, and this signal con-
tributes to the continuum background signal of the
instrument. Clearly, the contribution of this process to
the continuum background is reduced if Ar1 is unstable
within the reaction cell. Two spectra are shown in
Figure 9. Both spectra were taken for a sample contain-
ing 10 ppb Li and with the reaction cell operated at 150
Vrf at a fixed frequency of 2.92 MHz, without venting
and without added reaction gas. With Vdc 5 0, the cell
passes all ions above 5 amu, and the spectrum shows a
substantially elevated continuum background signal.
With the addition of 12 Vdc, the bandpass of the cell
includes the mass range 6–16 amu, which excludes Ar1,
and the continuum background signal is virtually elim-
inated without substantial loss of signal for 7Li1 (the
6Li1 signal is suppressed as this mass is at the edge of
the stability boundary).

The stability of an ion in a quadrupole field with
collisions is affected by a number of parameters includ-
ing scattering, energy loss, energy contribution from the
rf field, ion/neutral mass ratio, reactivity, and thermo-
chemistry. Although it is important to understand the
interaction of these factors, the subject is beyond the
scope of this work. However, it is necessary to point out
that the selection of q (and of a) is important for optimal
performance. Figure 10 shows the ion signal at m/z 5 56
as a function of q obtained using NH3 reaction gas at ;9
mtorr, with 200 Vrf and a 5 0.005. Data are presented
for both a DDIW blank solution and a 100 ppt (0.1

Figure 8. Spectra obtained in the vicinity of Al (m/z 5 27) with
the reaction cell closed and pressurized to ;5 mtorr with 40% H2

in He. Spectra are shown for the blank DDIW sample (solid line)
and for 100 ppb Na, Mg, and Al (dashed line). (a) The reaction cell
was operated at Vrf 5 200 and the frequency was held constant at
1.91 MHz, with Vdc 5 0. (b) Spectra as per (a), but with the
addition of 14.25 Vdc between pole pairs of the reaction cell.

Figure 9. Spectra recorded for a sample containing 10 ppb Li.
The reaction cell was closed and operated at Vrf 5 150, and the rf
frequency was held constant at 2.92 MHz. The spectrum given by
the solid line was obtained with Vdc 5 0, while the dashed line
was obtained for Vdc 5 12. The spectra were recorded using a
100-ms dwell time; the spikes to 10 cps correspond to single ion
counting during the dwell period.
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ng/mL) Fe sample. It is evident that the transmission
(stability) of elemental ions is suppressed at both low
and high q. This has been observed for every atomic ion
that we have studied, although the degree of suppres-
sion, particularly at high q, is dependent on the ther-
mochemistry of the reaction system (a slightly endo-
thermic process may be enabled at high q due to the
addition of energy from the rf field [12]). Of significant
importance and interest is the response of the blank
signal at low q. Clearly, the increase of the blank signal
near q 5 0.15 is not due to Fe in the blank. Rather, this
must correspond to a m/z 5 56 interference ion which is
produced at low q, and its production must involve
(either directly or indirectly) a lower mass ion which is
stable in this region. Recall that q is inversely propor-
tional to ion mass (eq 2). On the assumption that the
lower mass precursor ion is NH4

1, which is the domi-
nant ion within the reaction cell, we have provided a
separate q-scale in Figure 10 corresponding to m/z 5
18. It appears that the interference peak in the DDIW
data corresponds roughly to the stability for this ion (it
could equally well be ascribed to OHx

1 or NHx
1, where

x 5 0 to 3). It is not necessary to identify the precursor
ion, but to recognize that it subsequently reacts either
directly or indirectly to form a new interference at
m/z 5 56 amu, and that this interference may be elimi-
nated by operation at higher q. It will be understood
that it is important to recognize the contribution of such
potential interferences, particularly when complex (i.e.,
indiscriminate) chemistry is employed. Of course, the
problem is most serious when the chemistry is direct
and the precursor ion is close in mass to the analyte ion;
in this case, it may not be possible to efficiently sup-
press the formation of the interference ion, and an
alternate chemistry is prescribed.

Conclusions

The dynamic reaction cell offers tremendous flexibility
in chemical approaches to isobaric interference suppres-
sion. An enormous range of chemistries are known and
may be developed. The application of these chemistries
may be limited, in some cases, by the appearance of
new interferences produced in sequential reactions
within the reaction cell. The use of a quadrupole con-
finement device with an adjustable bandpass allows
suppression of these chemistries by rejection of inter-
mediate product ions of these sequential reactions, with
the result that the interference is concomitantly re-
duced. This additional “electronic control” of the chem-
istry facilitates the use of yet more complex ion–mol-
ecule chemistry. It is to be expected that substantial
method development will occur, with the evolution of a
“cookbook of recipes” of chemistries that are tailored to
specific applications. Nonetheless, we have found that
NH3 is an attractive reaction gas, as it offers rather
exceptional suppression of most argide interference
ions. It has also been shown that venting the cell to the
high vacuum chamber, in order to reduce the pressure
and thus the number of collisions within the cell, is a
benefit which realizes “conventional” ICPMS perfor-
mance in the reaction cell configuration.

We will report analytical figures of merit for the
dynamic reaction cell in a separate paper. We intend to
continue our investigation into the stability of ions in
the DRC.
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Figure 10. Ion signal profile for m/z 5 56 as the rf frequency is
varied to yield a scan of q (calculated for the m/z 5 56 ion) from
0.06 to 0.9. For this data, Vrf 5 200 and Vdc ; 0 (a 5 0.005). The
reaction cell was closed and pressurized to ;9 mtorr with NH3.
The solid line was obtained for a sample containing 100 ppt (0.1
ng/mL) Fe. The dashed line was obtained for a blank DDIW
sample (and the blank signals have been multiplied by a factor of
10). The inset scale gives q calculated for an ion of m/z 5 18.
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