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Abstract. Volatile organic compounds (VOCs) and volatile
inorganic compounds (VICs) provide critical information
across many scientific fields including atmospheric chem-
istry and soil and biological processes. Chemical ionization
(CI) mass spectrometry has become a powerful tool for track-
ing these chemically complex and temporally variable com-
pounds in a variety of laboratory and field environments. It
is particularly powerful with time-of-flight mass spectrome-
ters, which can measure hundreds of compounds in a fraction
of a second and have enabled entirely new branches of VOC
and/or VIC research in atmospheric and biological chemistry.
To accurately describe each step of these chemical, physi-
cal, and biological processes, measurements across the en-
tire range of gaseous products is crucial. Recently, chemi-
cally comprehensive gas-phase measurements have been per-
formed using many CI mass spectrometers deployed in par-
allel, each utilizing a different ionization method to cover a
broad range of compounds. Here we introduce the recently
developed Vocus AIM (adduct ionization mechanism) ion—
molecule reactor (IMR), which samples trace vapors in air
and ionizes them via chemical ionization at medium pres-
sures. The Vocus AIM supports the use of many different
reagent ions of positive and negative polarity and is largely
independent of changes in the sample humidity. Within the
present study, we present the performance and explore the
capabilities of the Vocus AIM using various chemical ioniza-
tion schemes, including chloride (C1™), bromide (Br™), io-

dide (I"), nitrate (NO3'), benzene cations (CeHg™), acetone
dimers ((C3HgO),H™), and ammonium (NHI) reagent ions,
primarily in laboratory and flow tube experiments. We report
the technical characteristics and operational principles, and
compare its performance in terms of time response, humidity
dependence, and sensitivity to that of previous chemical ion-
ization approaches. This work demonstrates the benefits of
the Vocus AIM reactor, which provides a versatile platform
to characterize VOCs and VICs in real time at trace concen-
trations.

1 Introduction

Mass spectrometry represents a nearly universal method for
determining the chemical composition of organic and inor-
ganic species across various environmental matrices. In the
fields of environmental and atmospheric chemistry, chemical
ionization (CI) is a versatile real-time method to measure in-
dividual organic and inorganic compounds in air at trace con-
centrations (Yuan et al., 2017; Riva et al., 2019; W. Zhang et
al., 2023; Y. Zhang et al., 2023). As in all chemical ioniza-
tion systems, trace analytes in air react with excess reagent
ions, leading to the formation of charged product ions usually
via electron/proton transfer or adduct formation (W. Zhang
et al., 2023; Y. Zhang et al., 2023). Advances in the field of
chemical ionization over the last decade have yielded excep-
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tionally low detection limits down to 10* molec. cm =3 (parts
per quadrillion), expanded dynamic ranges, and the capabil-
ity of measuring a wide range of gaseous organic and inor-
ganic species with time resolutions of up to S0Hz (Riva et
al., 2019; W. Zhang et al., 2023; Y. Zhang et al., 2023).

Chemical ionization mass spectrometers are uniquely able
to measure temporal variability in trace volatile organic com-
pound (VOC) and atmospheric oxidation products in both the
laboratory and the field, providing a critical tool to mech-
anistically track the most important atmospheric oxidation
processes (Hallquist et al., 2009; Ehn et al., 2014; Bianchi
et al., 2019). In particular, CI has made enormous improve-
ments in the detection and quantification of reactive gaseous
oxygenated species, including peroxy (RO) radicals, stabi-
lized Criegee intermediates, and inorganic acids and bases
that are difficult to directly detect with any other available
analytical technique (Berndt et al., 2015, 2017, 2018; Bre-
itenlechner et al., 2017; Hansel et al., 2018; Krechmer et
al., 2018). For example, measurements via chemical ioniza-
tion mass spectrometry (CIMS) have been pivotal in discov-
ering the existence and importance of extremely low volatil-
ity organic molecules (ELVOCs). These compounds are now
understood to be formed ubiquitously in the atmosphere
and are critical to new particle formation and growth (Ehn
et al., 2014; Bianchi et al., 2019). As a result, CIMS has
emerged as a core analytical tool in atmospheric chemistry
and related fields that require high sensitivity, high tempo-
ral resolution, and molecular-level speciation (Bruderer et
al., 2019; Riva et al., 2019; Tang et al., 2019; Mazzucotelli et
al., 2022; W. Zhang et al., 2023; Y. Zhang et al., 2023).

With the right selection of reagent ions, CI offers the
possibility of soft, selective, and sensitive online detection
for essentially any class of chemical compounds. While in
practice, no reagent ion can simultaneously detect the en-
tire distribution of volatile compounds present in the at-
mosphere with sufficient selectivity and sensitivity, differ-
ent reagent ions can be selected to target distinct chemical
families (Crounse et al., 2006; Bertram et al., 2011; Kim
et al., 2016; Lee et al., 2014; Bianchi et al., 2019; Riva et
al.,, 2019; W. Zhang et al., 2023; Y. Zhang et al., 2023).
Therefore, a critical choice for chemical ionization operators
is which reagent ion is best suited to measure compounds of
interest in each measurement scenario.

Recent advancements in the design of the reactor have
sought to improve measurement quality by addressing two
outstanding limitations of chemical ionization mass spec-
trometers: (i) improved detection efficiency by refining the
reactor geometry and optimizing the flow dynamics within
the system and (ii) reliable, reproducible, and fully con-
trolled reaction conditions. Improvements in the detection
efficiency depend on the balance of two critical parameters
in any chemical ionization reactor. First, compounds present
in the sample gas stream need to be efficiently transported
to the reaction cell and to mix/react with the reagent ions.
The efficiency of the first step depends primarily on ioniza-
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tion pressure and absolute flow rate (i.e., residence time).
At atmospheric pressure, gases diffuse slowly, and main-
taining laminar flows between the sample line and reaction
cell is straightforward (e.g., Eisele-inlet, MION, Crossflow
CIMS) (Eisele and Tanner, 1993; Palm et al., 2019; Rissa-
nen et al., 2019; Pfeifer et al., 2020). However, operating at
high pressure makes controlling ionization conditions much
more challenging. Therefore, most CIMS instruments oper-
ate at a reduced pressure to facilitate control of the ioniza-
tion conditions. Sample vapors enter most reduced-pressure
chemical ionization mass spectrometers through a critical
orifice, which introduces turbulence as the gas expands into
the reaction cell. This turbulence can introduce contact be-
tween the neutral sample gas and the reactor walls, resulting
in memory effects and losses of reactive trace compounds
by collision with the walls. While there have been numer-
ous efforts to improve the introduction of sample gases into
reduced-pressure reactors by laminarizing (Palm et al., 2019)
the incoming airflow or by controlling the expansion in-
side of specially coated glass tubes (Vasquez et al., 2018),
these approaches are often complex and demand consid-
erable optimization, which has hindered their widespread
adoption. Consequently, turbulent wall losses and memory
effects continue to pose substantial challenges in reduced-
pressure chemical ionization instruments, particularly when
detecting reactive or sticky compounds.

Operating chemical ionization instruments at reduced
pressure provides more refined control over ion chemistry
since it allows for more straightforward and effective manip-
ulation of ions within the instrument. Of particular nuisance
in nearly all chemical ionization approaches is water vapor,
which is highly variable and can have significant effects on
the chemical ionization process. The formation of water clus-
ters, which grow rapidly as a function of increasing pressure,
presents a specific challenge for measurements taken near
atmospheric pressure. Even chemical ionization approaches
that operate at low pressures, such as proton transfer reac-
tion (PTR), can be affected by the presence of water va-
por (Yuan et al., 2017). PTR instruments are widely used
for the detection of trace VOCs using high electric fields to
control the reagent ion populations under changing humid-
ity. While PTR instruments can largely control the ionization
and collision conditions in the reactor, applying high elec-
tric fields results in extensive fragmentation of some critical
functional groups in many fields (Yuan et al., 2017). Further,
the PTR ionization process is well known to lead to signif-
icant fragmentation of labile compounds such as acids, per-
oxides, and alcohols. The fragmentation induced by protona-
tion or charge transfer reactions along with elevated collision
energy within the reactor significantly complicate the mass
spectrum, in some cases limiting the possibility of retrieving
the accurate concentration and composition of many classes
of compounds including highly oxygenated and functional-
ized organic species.
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To improve the sensitivity (specificity) and reduce the de-
gree of fragmentation, softer chemical ionization techniques
relying on adduct formation have become increasingly popu-
lar, especially when molecular identification and mechanistic
pathways must be accurately tracked. These reactors operate
under low (E/N < 10Td) or field-free conditions at pres-
sures typically from 50 to 500 mbar to promote adduct for-
mation and stabilization (W. Zhang et al., 2023; Y. Zhang et
al., 2023). Fluid dynamics and the degree of turbulence in-
side the reactor govern reaction times and ion transport in
such reactors. At these elevated ionization pressures, the ef-
fect of water vapor can become a critical parameter affecting
sensitivity. Routinely used reagent ions can result in order-
of-magnitude changes in sensitivity under atmospherically
relevant fluctuations in humidity (Lee et al., 2014; Breit-
enlechner et al., 2017; W. Zhang et al., 2023; Y. Zhang et
al., 2023). Correcting the data for each compound’s humid-
ity dependence is an error-prone and time-consuming pro-
cess where each compound must be treated essentially indi-
vidually. Flooding the reactor with water vapor as is done
in techniques like Vocus PTR can suppress the humidity de-
pendence of some compounds. Such approaches are only ap-
plicable to certain groups of compounds whose water vapor
dependence becomes weaker at higher absolute concentra-
tions of water, which is not a universal characteristic. In gen-
eral, the lack of adequate water vapor control remains a ma-
jor drawback of chemical ionization systems, most critically
those operated at pressures greater than 10 mbar.

Herein we introduce the Vocus AIM (adduct ionization
mechanism) ion molecule reactor (IMR) and report the tech-
nical characteristics, operation principle, and performance
of this new chemical reactor. We evaluate its performance
by reporting the time response of nitric acid, demonstrate a
novel approach to suppress humidity dependence, and com-
pare sensitivity to other CI reactors. We present the design
and capabilities of the Vocus AIM using a wide variety of
reagent ions, including chloride (CI17), bromide (Br™), io-
dide (I"), nitrate (NO3), benzene cations (CeHg™1), acetone
dimers ((CoH50),H™), and ammonium (NHI) ions. Finally,
we show the measurement of RO, radicals and oxygenated
VOCs acquired during the proof-of-concept experiment of
OH/Os-initiated oxidation of a-pinene. This work highlights
the benefits of the Vocus AIM reactor within atmospheric
chemistry and shows its limitations.

2 Experimental section
2.1 Vocus AIM reactor design

Medium-pressure chemical ionization (20-500 mbar) sys-
tems are typically designed as flow tube reactors that primar-
ily transport ions toward the reactor exit by gas flow. Ma-
nipulating ions at high pressure would require high electric
fields, which are impractical or could fragment the labile an-
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alyte ions. Further, RF devices that could focus ions into a
beam do not efficiently operate at such high pressures, pre-
cluding their efficient use. Therefore, the Vocus AIM reac-
tor operates on many of the same fundamental principles
of more traditional flow tube reactors, including field-free
ionization conditions (Fig. 1) and fluid dynamic transport
of ions through the reactor. Specifically, the new design in-
cludes improvements in sample and reagent ion introduction,
a conductive polytetrafluoroethylene (cPTFE) Teflon® coni-
cal reaction chamber to improve time response, and a simple
yet efficient quadrupole-based differentially pumped time-
of-flight (TOF) interface.

Gases enter the reactor manifold via a 1/2in. o.d.
Swagelok fitting, which is pumped through an inlet via a ra-
dially symmetric pump port. Excess flow is used to main-
tain short residence time and to minimize inlet memory ef-
fects such as surface reaction (conversion) and irreversible
wall losses. Typical make-up flow rates of 5—-10slpm (stan-
dard liters per minute) are used to transport neutral analytes
efficiently to the entrance of the reactor. A bored-through
Swagelok interface ensures that all wetted surfaces before
the reactor are Teflon®, to minimize the retention and mem-
ory of the inlet line for semi-volatile gases and reduce surface
activity. At the entrance of the Vocus AIM IMR, the sam-
ple flow enters directly into the center of the conical reac-
tor at a flow rate of 1.8 slpm through a stainless-steel critical
orifice (0.475mm) and a PFA Teflon® sample flow guide,
which promotes subsampling from the center of the lami-
nar inlet flow. The reactor is typically operated at a pressure
of 50 mbar as a compromise between sensitivity and linear
range and is controlled by a pressure control valve and an
IDP3 vacuum pump (Agilent Technologies, IDP3). The re-
actor is temperature controlled to 50 °C, which is the low-
est temperature that can be reliably controlled across vari-
ous field conditions, to ensure constant reaction conditions.
While a lower reactor temperature would promote adduct for-
mation, the long-term stability of thermal conditions would
be more difficult to maintain. Reagent ions are generated by
compact vacuum ultraviolet (VUV) ion sources arranged ra-
dially around the central axis, with reactant ions injected at
an angle (45°) to intersect the expanding sample flow with
minimal sample deflection and ensure that no VUV light di-
rectly enters the IMR. Each ion source introduces the ions
into the reactor with a standard flow rate of 0.25 slpm for op-
timum reagent ion yield (Fig. S1 in the Supplement), with
nearly 1 order of magnitude lower flows than polonium or
X-ray-based ion sources typically use. The residence time in-
side the reactor under these standard conditions is ~ 10 ms.

Modeled flow velocities in the Vocus AIM IMR (Fig. 1)
were used to optimize the flow patterns inside the reaction
cell. The velocity field shows the intersection of the reagent
ion jet with the sample flow and was optimized to mini-
mize the contact of sample gas with reactor surfaces as well
as to prevent turbulent eddies near the gas expansion re-
gion. The gas flow dynamics were modeled with the open-
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Figure 1. (a) Diagram of the Vocus AIM reactor showing the conical design and relative locations of the sample and reagent ion additions.
(b) Cross-sectional view of modeled flow velocities in the AIM-IMR, showing optimized intersection of the reagent ion and sample stream
flows and limited contact of the sample gas with surfaces. Dopant flow was not considered for the CAD calculation. (¢) Key components of

the Vocus AIM reactor.

source computational fluid dynamics (CFD) software Open-
FOAM v8 (https://openfoam.org/, last access: 13 Septem-
ber 2024) using a customized solver (https://github.com/
pasturm/rhoReactingPimpleFoam, last access: 13 September
2024) to simulate supersonic flow in a vacuum with mix-
ing of different gases. The final geometry is constrained by
machinability (finite tool dimensions), while also minimizing
the response time and reducing reactive and ion wall losses.

2.2 Reagent ion generation

Compact VUV ion sources generate reagent ions by convert-
ing photons from a VUV lamp (UV lamp krypton DC PID
PKS 106, Heraeus) at two wavelength bands corresponding
to energies of ~10.0 and 10.6eV into the desired reagent
ions (Ji et al., 2020; Breitenlechner et al., 2022). As in prior
work, we utilize a primary photo-absorber (e.g., benzene)
as a source of photoelectrons and directly formed cations to
generate subsequent reagent ions. Permeation tubes are held
at 80°C in a compact oven and deliver constant amounts
of corresponding photo-absorber and reagent ion precursor
into the 0.250 slpm ultrahigh purity (UHP) nitrogen stream.
Gaseous benzene (CgHg, Sigma Aldrich, >99.9 %) deliv-
ered from the permeation tube enters the VUV lamp hous-
ing and is photoionized (with an absorption cross-section of
4 x 107 cm? molec.™! and ionization potential =9.24 eV),
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yielding C¢Hg™t and photoelectrons (Lavi et al., 2018). By
mixing benzene with trace methyl iodide (CH3I, Sigma
Aldrich, 99.8 %), bromoethane (C,HsBr, Sigma Aldrich,
>99 %), or nitric acid (HNO3, Sigma Aldrich, > 65.6 %),
various anions such as I~, Br—, or NO;3 are generated along-
side C¢Hg™ following Reactions (R1) and (R2) and are in-
troduced into the Vocus AIM reactor. The compatibility be-
tween multiple ion chemistries in the AIM system is deter-
mined by whether a generated reagent ion can detect the neu-
tral precursors from any other attached ion source. A small
aperture at the exit of the illuminated region of the ion source
prevents back-diffusion of sample air into the primary ioniza-
tion chamber.

CeHg + hv — CgHg T + ¢~
CH3l+e¢ ™ — CH3+17

(RT)
(R2)

By manipulating the above mechanisms, other reagent ions
can be readily produced in high abundance and high pu-
rity. CI~ reagent ions can also be produced by introducing
0.250slpm of UHP nitrogen through the permeation tube
oven containing the pure dichloromethane (CH,Cl,, Sigma
Aldrich, >99.8 %) permeation tube. Once formed, anion
reagent ions mix with the sample flow in the main reaction
chamber and ionize the compounds of interest (M) through
the reactions described in Reactions (R3) and (R4), with X
being I~, Br~, CI™ or (HNO3),,NO3_ (n=0,1,2).
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M+ X — M...X (R3)
M + X — M-H + HX (R4)

To generate ammonium ions, we irradiate gaseous acetone
with VUV light, which results in self-protonated acetone Re-
action (R5) and directly reacts with the acetone molecules
yielding protonated acetone dimers (Reaction R6; Dong et
al., 2022). A continuous flow of NHj3, typically a few stan-
dard cubic centimeters per minute (i.e., [NH3] > 100 ppm),
from a 1 % gas cylinder (in nitrogen) can be introduced di-
rectly into the VUV source along with the acetone (Fig. 1).
NH3 molecules react with the protonated acetone yielding
acetone—ammonia adducts that can be used for subsequent
ionization in the main reaction chamber (Reaction R7). If the
concentration of NH3 is lower than 100 ppm, multiple ion-
ization processes might occur (e.g., acetone dimers or charge
transfer), which would complicate the mass spectrum analy-
ses.

2(C3HgO) + hv — C3H7;0" + C3Hs0~ (R5)
C3H70™ + C3HgO — CeHy305 (R6)
C3H;0" + NH;3 — C3HqO—NH (R7)

Similar to anion reagent ions, these positive ions can ionize
the compounds of interest through either adduct formation or
proton transfer or, in the case of benzene, charge transfer. At
pressures of 50 mbar, most chemical ionization reactions oc-
cur via ligand switching reactions involving the analyte and
hydrated reagent ions.

To minimize the effect of water vapor during the ionization
process inside the IMR, a water vapor control system consist-
ing of a regulated flow of a dopant (i.e., organic compound)
can be injected directly into the IMR (Fig. 1). By replacing
water with a stable concentration of the dopant, a stable ion
distribution is obtained across the entire range of relative hu-
midity (RH; further discussed in Sect. 3.2).

2.3 Vacuum interface and analyzer

At the exit of the Vocus AIM reactor, product ions are sam-
pled through a 1 mm orifice into the differentially pumped
vacuum interface. The efficiency with which the ions at
the end of the reactor are sampled depends primarily on
the ratio of the sample flow that exits through the orifice
relative to the flow towards the vacuum pump evacuating
the reaction chamber. This flow split is in turn also de-
pendent on the reactor pressure but is typically ~ 0.5 slpm.
After entering the next stage of the interface, an RF-only
(radio frequency) quadrupole ion guide efficiently focuses
the analyte ions into a narrow beam, leading to the net re-
moval of the neutral molecules by a vacuum pump (Ebara
PDV 500). Typical RF amplitudes of 100 V,,_, are sufficient
to focus most ions without significant ion activation for the
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iodide—water adduct, where the iodide—water adduct is a very
weakly bound complex that is known to respond to transfer
through vacuum interfaces relative to its known thermody-
namic distribution. In general, reagent ions and analyte ions
that are very weakly bound to the reagent ions (e.g., wa-
ter clusters with a binding energy of 10kcalmol~!; Cald-
well et al., 1989) are often observed to deviate from the
thermodynamic distribution with RF amplitudes > 50 V,_,.
This is not entirely problematic, as the binding energy of
these complexes is usually too weak for sensitive detection
even at the weakest transfer conditions. For typical analytes
with moderate binding energies (e.g., iodide—formic acid
adducts), no significant declustering is observed at RF ampli-
tudes < 125 V;,_,,. We find that the optimal voltage gradients
in the first quadrupole region are typically all 0 V between
electrodes, as ions are focused on the radial direction effi-
ciently by the RF but transported axially by the gas flow. This
ensures that ions are transmitted with the lowest-possible
added energy into the next stage of the vacuum interface.
The rest of the differentially pumped interface is pumped
by a single split flow turbo pump (Pfeiffer SF270) and con-
sists of an additional segmented quadrupole ion guide held
at 1072 mbar that transfers energetically cooled ions into a
lens stack held at 10~ mbar before an orthogonal extraction
in a time-of-flight mass analyzer (Tofwerk Vocus CI-TOF
2R) operated at < 10~% mbar The instrument was config-
ured to measure a mass-to-charge (m/Q) range of 1-900 Th
(12 kHz extraction frequency) with a mass resolving power
of 10000-11 000 for the experiments described herein.

2.4 Flow tube oxidation experiments

Ozonolysis/OH-radical-initiated oxidation of «-pinene
(C1oH16) experiments were performed under dry conditions,
at room temperature, and at atmospheric pressure in a flow
tube reactor. The reactor consisted of a ~6L Pyrex glass
tube (80 mm i.d., x 120 cm length). The total flow rate of dry
synthetic air (N/O> 80:20) was set at 5.5 slpm, giving an
average residence time of 70s. A mixing ratio of 60—70 ppb
of ozone generated by an ozone generator (Fisher Scientific,
SOG-1) was continuously injected into the flow tube. A
mixing ratio of 200 ppb a-pinene was introduced from a
homemade gas cylinder (40 ppm in UHP N»). The sample
was immediately sampled into the reactor at a sample flow
rate of 1.8 slpm with the excess flow going to exhaust.

2.5 Calibration

To measure the instrument’s sensitivity, we calibrated the
reactor using different compounds, each selected to follow
general structural selectivity rules for each ion chemistry.
For example, no sensitivity for xylene is reported for neg-
ative ions, as negative ions like iodide do not detect xylene
with any significant sensitivity. To calibrate benzene cations,
we used a multicomponent gas (Apel Riemer Environmental
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Inc) containing a mixture of hydrocarbons and ketones (Ta-
ble S1 in the Supplement). An internal calibration gas system
consisting of two mass flow controllers (Bronkhorst, capac-
ity 30 and 2000 sccm) and a mixing volume diluted a flow of
10 sccm of the gas standard into a carrier flow of 2000 sccm
of UHP nitrogen resulted in a final mixing ratio of 5 ppb
for each compound present in the gas mixture. For iodide
anions and protonated acetone dimers, a liquid calibration
system (LCS v2; Tofwerk) was used to form standard con-
centrations of lower volatile species not compatible with gas
cylinders. By introducing a continuous flow of liquid with
a known concentration into a nebulizer and aluminum evap-
oration chamber, the LCS provides a continuous, calibrated
gas-phase concentration to the instrument. The evaporation
chamber of the LCS was set to a temperature of 150 °C, with
a UHP nitrogen flow rate of 2000 sccm thereby slightly over-
flowing the sample inlet. For the lower volatility compounds,
we cannot rule out losses in the LCS but find that collision-
limited sensitivities between positive and negative ion modes
agree well within experimental uncertainty. Aqueous solu-
tions with concentrations ranging from 5 to 50 uM and liquid
flow rates of 10 uLmin~! were used to reach target concen-
trations in the low parts per billion range for each molecule
and maintain constant water vapor concentrations during cal-
ibration. Ammonia concentrations were generated using a
gas standard and independently compared to a cavity ring-
down spectroscopy gas analyzer (Picarro Model G2508) to
validate the sensitivity and linearity of protonated acetone
dimers to ammonia (Fig. S2).

Instrument backgrounds and detection limits are deter-
mined by measuring UHP nitrogen at the entrance of the re-
actor. We note that measuring the total background should
include any background measurement of sampling inlets, but
such characterization and best practices for sampling are be-
yond the scope of this paper and are discussed in detail else-
where (Palm et al., 2019; Riva et al., 2019). We therefore
report detection limits using UHP nitrogen overflowing the
inlet using the zero port, which introduces zero gas only to
the high-pressure (atmosphere) side of the critical orifice at
the entrance of the reactor. We purged the instrument before
and after the calibration experiment for 10 min with UHP ni-
trogen to determine the instrument background count rates.
As reported in detail previously (Palm et al., 2019), dur-
ing a background measurement the reactor walls are pushed
out of equilibrium by the incoming clean air. This pertur-
bation can impart a transient effect on different compounds
depending on primarily volatility. For volatile and extremely
low volatility compounds, the response to a step change in
concentration (introduction of zero air) is close to instanta-
neous (< 100 ms) due to negligible adsorption (sticking rate)
for the volatile species and effectively infinitely slow evap-
oration rates from walls for the lowest-volatility compounds
(irreversible loss). For background determinations, the most
challenging group of compounds are intermediate and semi-
volatile compounds that readily respond to changing inlet
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conditions and partition back and forth between the reac-
tor walls and the reactor flow. In laboratory conditions or at
ground sites where temporal changes are often only slowly
changing, we use dry UHP Ny to replace the incoming sam-
ple air for 1 min. As noted in prior work, under more dynamic
environments the duration and frequency of instrument back-
ground measurements should be decreased and increased to
match the respective temporal changes that are to be mea-
sured.

3 Results and discussion
3.1 Vocus AIM time response

Real-time measurements require a fast time response to re-
port temporal trends in measured concentrations accurately.
For many compounds, the time response can approach that
of the volumetric time response of the reactor (3—30ms);
however, for semi-volatile (i.e., sticky) compounds, the time
response is often observed to be much slower than the vol-
umetric time constant as interaction with the reactor walls
results in smearing of the concentration over time. The pri-
mary interaction of the analyte and the reactor walls defines
the response time at constant temperature, pressure, and flow.
Therefore, optimizing the shape and the materials of the wet-
ted surfaces is critical to maintaining a fast response. The
Vocus AIM reactors’ conical design notably improves the
time response by ensuring that the walls get further and fur-
ther from the exit orifice along the length of the reactor. This
shape increases the probability that vapors that have inter-
acted with the wall are pumped away instead of being ion-
ized and transferred into the mass analyzer. It also ensures
that in the region of the primary expansion, the recirculation
eddies do not have significant space to form, allowing a faster
equilibration time at the entrance of the reactor (Fig. 1). To
accurately measure dynamic changes in concentration, par-
ticularly for low-volatility species like oxidized organics, in-
organic acids, and reactive species, cPTFE is chosen as the
reactor wall material. Teflon®-based materials have on aver-
age the weakest interaction with most organic and inorganic
compounds (Morris et al., 2024) and are therefore a good
choice for the reactor walls. cPTFE in particular is chosen
as its conductivity prevents surface charge-up of the reactor
walls, which would result in unstable or slowly equilibrating
ion signals. We evaluate the performance of the reactor us-
ing molecules that represent a worst-case scenario i.e., have
a high surface affinity and interact strongly with the walls
of the reactor. In Fig. 2 we compare the measurement of ni-
tric acid in the AIM reactor with iodide adduct ionization
from other IMR reactors (Lee et al., 2018; Palm et al., 2019)
with different approaches to improve the time response, no-
tably comparing a very short stainless steel tubular reactor
and a larger flow tube reactor with laminarizer and sheath
flow operated at reduced pressure. To quantitatively compare
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Figure 2. Time response to nitric acid of the Vocus AIM IMR com-
pared to the previous IMR designs found in the literature.

the time responses of these different reactors, we measured
the decay time, defined as the duration required for the signal
to fall below 90 % of its peak value after the source of nitric
acid is removed. While the response time of the Vocus AIM
reactor is not instantaneous, it is faster by roughly a factor
of 3—4 than previously published medium-pressure reactors.
The improved time response is most critical for ensuring that
the memory effect in the reactor is minimized, crucial for
applications where fast transients need to be quantified, for
example in mobile laboratories, aircraft, or flow tube reac-
tors.

3.2 Water vapor control and suppression

A major limitation of chemical ionization reactors operated
at elevated pressure is that water vapor can strongly im-
pact the net reaction mechanism and reagent ion distribu-
tion, resulting in sensitivities that are humidity-dependent
(W. Zhang et al., 2023; Y. Zhang et al., 2023), as shown in
Fig. S3 for the reagent ion distribution. Such changes pose
considerable challenges for accurate quantification of species
in conditions where humidity is variable. The sensitivity to a
given compound will depend on whether water vapor com-
petes with it for the reagent ion, i.e., lowering the sensitivity,
or whether the presence of water molecule offers a loosely
bound third body to stabilize the adduct by removing the
excess energy after the M—-reagent ion collision, thereby in-
creasing sensitivity. While post-measurement correction can
be performed, it is labor-intensive and prone to errors, as each
compound essentially has a unique humidity dependence. To
overcome this fundamental drawback, the Vocus AIM reac-
tor introduces a system to mitigate water vapor dependencies
using a dopant. The dopant effectively replaces water vapor,
the dominant ligand in the switching reaction involving the
reagent ions and the analyte molecules. A dopant could in
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principle be any molecule that binds (forms an adduct) with
the reagent ion more strongly than the reagent ion and wa-
ter. In this way, the dopant can displace the water molecules
that would normally be attached to the reagent ions with a
compound that is not variable or present in significant con-
centrations in the sample gas. The following equations show
the modified reaction mechanism in the presence of a dopant
(D) in the case of iodide anions.

I(H,0)n™ +M — IM + (H,0)n (1)
ID+M— IM+D )

The modified reaction mechanism no longer significantly
depends on varying water vapor conditions as long as the
dopant molecule is present in sufficiently high concentrations
to replace most of the water ligand. In the above chemical
ionization mechanism for iodide anions, the challenge can be
to choose a suitable dopant. While the dopant must efficiently
displace the water that is bound to iodide, it is also desir-
able for the binding energy to be close to that of water. This
ensures that the net chemical ionization selectivity remains
nearly unchanged compared to the dopant-free conditions. If
a dopant with a very high binding energy is selected, it will
introduce a binding energy ionization threshold, which will
significantly change the selectivity of the given ion chemistry
by essentially removing all weakly bound adducts from the
spectra. Here we investigate three different dopants includ-
ing acetonitrile, methanol, and acetone. These compounds
weakly interact with iodide anions and have a high vapor
pressure, which facilitates their easy introduction into the re-
actor. This is typically achieved using a mass flow controller
(MFC; Bronkhorst Low Delta P, 30 sccm) that draws from
the headspace of a liquid reservoir, effectively minimizing
the net dilution (net sample dilution ~ 1 %).

For each of the evaluated dopants, stable concentrations of
formic, nitric, and acrylic acids were introduced into the en-
trance of the reactor. The incoming air was humidified with
two mass flow controllers, one delivering dry nitrogen and
the other passing dry nitrogen through a water bubbler held at
room temperature. The ratio of the two mass flow controllers
was programmatically changed to simulate changes in sam-
ple humidity for each dopant flow rate. Figure 3 illustrates
how the systematic introduction of each of these dopants at
different mass flow rates influences the reactor’s detection
efficiency for nitric, formic, and acrylic acids under chang-
ing humidity levels (0 %—100 % relative humidity at 25 °C).
These compounds were selected as characteristic compounds
for the iodide adduct system, each demonstrating a distinct
sensitivity dependence on humidity that follows the changes
in the water—iodide cluster distribution (Lee et al., 2014).

Under dopant-free conditions, we expect nitric acid to first
sharply increase from dry conditions to humid conditions,
followed by a plateau at water vapor partial pressures of
~ (.25 mbar. This can be attributed to nitric acid’s high bind-
ing enthalpy with I~ and a small (1kcalmol~!) difference
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Figure 3. Impact of the relative humidity on the sensitivity of nitric acid, formic acid, and acrylic acid as a function of different dopant
concentrations (dopants: acetone, methanol, and acetonitrile). The x axis displays the partial pressure of water, corresponding to higher
humidity levels within the reactor (0 %—100 % humidity). The color gradient indicates the increasing flow of specific dopants.

from the binding enthalpy to I(H,O)™, which is sufficiently
compensated by the kinetic stabilization from the increased
number of vibrational modes due to the addition of the water
molecule (Lopez-Hilfiker et al., 2016). In the case of acrylic
acid, the sensitivity as a function of water vapor concentra-
tion falls rapidly following the availability of unhydrated io-
dide anions. With increasing water vapor concentrations, the
weak binding energy between acrylic acid is not enough to
overcome the competition with water for the bare iodide ions.
Formic acid is between these two extremes, initially stabi-
lized by the presence of water but ultimately in competition
with water for iodide ions as the second water cluster forms,
reducing the sensitivity at higher absolute humidity.

In the doped conditions, the humidity dependencies are
significantly reduced for all molecules. The dopant and hu-
midity scans demonstrate the net effect of the different
dopants for each molecule as a function of the total dopant
flow introduced. While methanol and acetone to a certain ex-
tent shift the reagent ion distribution, they are not present in
high-enough concentrations to fully displace the water and
stabilize the reagent ion distribution against changes driven
by humidity changes. Acetonitrile, on the other hand, demon-
strates a significant shift in reagent ion distributions and a
significant damping of the humidity dependency, particu-
larly at flows greater than ~ 20 sccm. With acetonitrile as the
dopant, the change in sensitivity across the humidity range
is reduced to a deviation of < 20 % relative to dry conditions
for all model compounds, more for formic acid and nitric
acid (< 10 %). From the relative flattening of the humidity
dependence, for iodide anions (Caldwell et al., 1989) ace-
tonitrile emerges as the most efficient dopant tested, reducing
sensitivity variability across most analytes to a deviation that
becomes negligible for ambient analysis.

While this example focused on the dopant’s presence in
the reaction mechanism for iodide anions, the same concept
holds for any adduct-forming ion, including Br~ and Cl~.
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For example, when generating protonated ammonium ions
in the presence of acetone, the formation of the C3H¢O-
NHI adduct with acetone itself acts as a dopant and greatly
suppresses the water vapor dependency, as demonstrated
in Fig. S4. Where ammonium ions alone exhibit order-of-
magnitude humidity dependencies when operated at elevated
pressure, this variability is reduced to <30 % with signifi-
cant acetone present as the dopant (Canaval et al., 2019; Xu
et al., 2022; Li et al., 2023), greatly simplifying analysis.

3.3 Sensitivity and limits of detection

Sensitivities for a variety of compounds were evaluated for
each ion chemistry to quantify the overall instrument perfor-
mance. Calibrations were typically done at one or two dif-
ferent concentration steps in the range of a few parts per bil-
lion by volume. Sensitivities were normalized to the num-
ber of recorded reagent ions measured at the detector, which
provides a straightforward method for correcting for any ab-
solute fluctuations in the instrument’s response over time,
and referenced to a recorded total reagent ion current of
10%ionss~!. Typical reagent ion currents measured on the
Vocus AIM reactors are between 3 and 6 x 10°ionss~! for
iodide anions and benzene cations. Results from the calibra-
tion experiments are summarized in Table 1, organized by
reagent ion. The compounds for calibration were specifically
selected based on their selectivity for each reagent ion and
their relative ease of producing stable concentrations. A di-
verse range of hydrocarbons, reactive nitrogen species, or-
ganic compounds (with various volatilities), and inorganic
acids can be detected, with high sensitivities often greater
than ~ 10 counts s~ pptv—! per (10° reagent ions). The sen-
sitivity of the Vocus AIM reactor does not necessarily surpass
that of previous low- and medium-pressure reactors (Lee et
al., 2014, 2018; Ye et al., 2021; Xu et al., 2022) in an ab-
solute sense, however, the sensitivity is in the same approxi-
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mate range and reaches the extremely low limit of detections
(LoD) ranging from 0.1 to 5 ppt for most compounds. LoD
measurements were performed by introducing 2 slpm of dry
UHP Nj (i.e., background measurement) for 10—15 min. The
LoD was estimated using Tofware and calculating the Allan
variance (i.e., the stability of the signal over time). Finally,
the LoD corresponds to 3 standard deviations (o) of the Allen
variance and is determined as a function of integration time
estimation. As an example, using acetone dimers as reagent
ions, the LoD for ammonia is about 10 ppt (1 min averag-
ing), which is 1-8 times lower than previously reported for
this compound (You et al., 2014; Dong et al., 2022; Schobes-
berger et al., 2023). Additionally, using a benzene cation as
a reagent ion, the LoD for monoterpenes (e.g., 0.2 ppt for
o-pinene at 1 min) can even surpass conventional PTR tech-
niques, including the Vocus PTR (i.e., 4 ppt for «-pinene at
1 min; Krechmer et al., 2018) and giving similar results as the
FUSION PTR (i.e., 0.1 ppt at 1 min; Reinecke et al., 2023).

The absolute sensitivity of the instrument depends funda-
mentally on the reaction time and collision frequency (pres-
sure) as well as the absolute number of generated reagent
ions introduced into the reactor. Figure 4a shows the depen-
dence of the measured sensitivity of levoglucosan on the re-
actor pressure. By increasing the pressure from 35 to 75 mbar
the sensitivity of the instrument can be increased by a factor
of ~4, which is consistent with the increase expected based
on reaction time and collision frequency. Operating at higher
pressures can be beneficial in pristine or highly diluted envi-
ronments, where the concentrations of target compounds can
reside in the sub-parts-per-trillion (sub-ppt) range. A nomi-
nal operation pressure of 50 mbar provides a good balance
between sensitivity and linear range that under typical con-
ditions extends to ~ 100-200 ppbv depending on the analyte
(Fig. 4b). This allows the standard conditions (which are a
compromise between sensitivity and linear range) of the Vo-
cus AIM reactor to operate equally well in pristine and pol-
luted environments with the same configuration. In highly
polluted environments where the total detectable mass con-
centrations greatly exceed the linear range of the instrument,
reagent ion normalization can compensate for up to 50 % of
reagent ion depletion before normalization errors begin to
accumulate. In such conditions, the incoming sample flow
would need to be diluted to maintain concentrations within
the normalization range.

Finally, taking advantage of the improved time response
and the possibility of operating more than one VUV lamp on
the Vocus AIM reactor (Fig. 1), a fast switch between differ-
ent ion chemistries at up to 2 Hz is now possible, as shown in
Fig. S5. This valuable feature allows the Vocus AIM reactor
to extend the variety of compounds detected by one instru-
ment within a single polarity, as the mass analyzer used in
this study had polarity-switching timescales of 5—10 min.
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3.4 Vocus AIM performance for atmospheric
applications

To evaluate the bulk detection capabilities of Vocus AIM, we
measured oxidation products from the OH/Oz3-initiated oxi-
dation of «-pinene using a steady-state flow tube setup. This
reaction mechanism was chosen because it is a well-studied
system resulting in a suite of oxidation products spanning
a wide range of functionalities. Additionally, it generates
molecules with a wide range of molecular masses, from
lightly oxidized monomers to heavily oxidized dimers. In to-
tal, four AIM reagent ion chemistries, namely NH', ClI-, 1,
and NOy3', were used to investigate their relative detection ef-
ficiency (selectivity) towards produced oxygenated volatile
organic compounds (OVOCs). AIM offers an ideal method
for evaluating ion chemistries as it ensures uniformity in the
introduction of all reagent ions and utilizes the same ana-
lytical instrument for comparison. This approach effectively
eliminates the instrument-to-instrument variability, thus pro-
viding a highly direct and unbiased comparison of ion chem-
istry and detection efficacy for a variety of mixed organic
compounds.

RO, radicals generated from the combined ozonolysis and
OH radical reaction of «-pinene can further react, yield-
ing mixed oxidation products during the reaction time in
the flow tube. Among the different RO, radicals formed,
C10H150~3 and CjoH{70-, were detected by the different
reagent ions used. While the mass spectra are generally sim-
ilar between the different reagent ion chemistries, there are
some notable differences in the detection efficiencies. NO5 -
ion-based chemistry is by far the most selective of the reagent
ions tested. A smaller group of compounds was detected,
with a particular inclination towards the most heavily oxi-
dized monomers and gas-phase dimer species. The variable
selectivity of the different ion chemistries is demonstrated
in Fig. 5, organized by the increase in reagent ion selec-
tivity. NHI and Cl~ are the least selective ions evaluated,
highlighted by the large ion signal intensity of compounds
m/Q < 100 Th (least oxidized) and the largest number of ab-
solute compounds detected. While the sensitivity to less oxi-
dized compounds is limited to the less selective reagent ions
(.e., NHI and CI™), more-selective reagent ions excel at de-
tecting the lower concentration of more oxidized compounds.
The selectivity of the reagent ion plays a pivotal role in limit-
ing the backgrounds and potential isobaric interferences that
might hamper the detection of the compounds of interest.
With the AIM reactor and the right selection of reagent ion,
even the most highly oxidized RO, radicals (e.g., C;oH1707
and C;oH;503) and dimeric products (e.g., C19H2g 300, and
Ca0H30,320,) can be identified under relevant atmospheric
conditions, highlighting the very high sensitivity and versa-
tility of the Vocus AIM reactor.

To demonstrate the bulk detection properties of the dif-
ferent reagent ion chemistries more clearly, we categorized
each compound according to its estimated volatility. Due to
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Table 1. Sensitivities (pptv) normalized by 10 detected reagent ions for different ion chemistries used with the Vocus AIM reactor.

Compounds Reagent ion Sensitivity LoD
(counts s~ ! pptv—! per (100 reagent ions)) (1 min)
Toluene Benzene (+) 7.8 0.4
m-Xylene Benzene (+) 7.6 0.2
1,2,4-Trimethyl benzene  Benzene (+) 7.5 0.2
«o-Pinene Benzene (+) 6.8 1.4
Methyl ethyl ketone Acetone—ammonia (4) 5.0 4.8
Ammonia Acetone dimer (+) 1.5 1.0
Methyl amine Acetone dimer (+) 1.2 10
Ethyl amine Acetone dimer (+) 1.6 1.0
Dimethyl amine Acetone dimer (+) 2.2 1.0
Diethyl amine Acetone dimer (+) 2.6 1.0
Trimethyl amine Acetone dimer (+) 2.5 4.0
Triethyl amine Acetone dimer (+) 5.0 2.0
Formic acid Todide (—) 2.0 0.8
Levoglucosan Iodide (—) 6.0 0.1
Chlorine lIodide (—) 5.5 3.0
Nitric acid Todide (—) 43 5.0
Fluoric acid Iodide (—) 3.0 10
Iodine Bromide (—) 3.0 2.0
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Figure 4. Panel (a) presents the sensitivity dependance on the IMR pressure. The solid line represents the average sensitivity from six
distinct Vocus AIM instruments, each normalized to 1 million reagent ions. Individual sensitivity measurements for each reactor are depicted
as unique symbols. The error bars provide an estimate of the pressure gauge measurement uncertainty within 5 % of error. Panel (b) shows
the evolution of the sum of the reagent ions for benzene cation chemistry (upper panel) and the ion signal intensity of toluene with and
without normalization to reagent ions under a wide range of concentrations (lower panel).

the lack of authentic standards measuring the vapor pressure
of oxygenated organic molecules (OOMs), this remains an
analytical challenge. To overcome this problem, model cal-
culations have been developed to estimate the vapor pressure
using, for example, structure-based estimations and formula-
based estimations. The volatility basis set (VBS) frame-
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work has been established by Donahue et al. (2011) and is
widely used in atmospheric chemistry to estimate the volatil-
ity of products measured by mass spectrometry techniques.
The VBS parameterization is useful for classifying the wide
range of OOMs into multiple volatility groups, including
extremely low volatility organic compounds (ELVOCs) and
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Figure 5. Mass defect plots of organic compounds measured by the Vocus AIM reactor using ammonia, chloride, iodide, and nitrate ion
chemistries generated via the O3 /OH-initiated oxidation of «-pinene. The x axis represents the mass-to-charge ratio of the neutral analyte;
the y axis represents the corresponding mass defect, which is the difference between their exact mass and nominal mass; and the size of the
circle represents the square root of the signal intensity measured for each ion.

low-volatility organic compounds (LVOCs), based on their
effective saturation concentration (C*; in units of ugm=3).
In this work, we apply the VBS parameterization optimized
by Li et al. (2016),

logoC* (298K) = (nOC - nc) be —nobo
neno
(nc +no)

where nc, no, nn, and ng are the number of carbon, oxygen,
nitrogen, and sulfur atoms of the specific molecule, sepa-
rately; nOC is the reference carbon number; bc, bo, bN, and bg
are the contribution of each atom to log;,C*,; and bco is the
carbon—oxygen non-ideality. The b coefficient values can be
found in Li et al. (2016). In this study, all oxidation products
generated from the OH/Os-initiated oxidation were grouped
into six volatility regimes: ultralow-volatility (ULVOCs,
C* < 10783 ugm=3), extremely low volatility (ELVOCs,
10783 < C* < 107*3ugm=3),  low-volatility ~ (LVOCs,
10745 < C* < 10705 ug m_3), semi-volatile  (SVOC:s,
10799 < C* < 10>  ugm=3), and intermediate-volatility

bco —nNbn —nsbs, 3)
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organic compounds (IVOC, 10?7 < C* < 10%° ugm=3), as
well as VOCs (10%° < C* pgm—3), based on VBS.

Figure 6 illustrates the measured range of oxidation prod-
ucts generated by the hydroxyl radical and ozone reaction
with «-pinene. These products were analyzed using one mass
spectrometer with the AIM reactor setup employing various
ionization chemistries. Therefore, unlike other studies (Riva
et al., 2019; Li et al., 2023) this study utilizes a single in-
strument, thereby reducing uncertainties associated with the
calibration and settings of different instruments, as well as
with the conditions during sample collection. The total signal
in each volatility bin represents the sum of the signal inten-
sity of OOMs within the volatility range. Organic compounds
with C* of < 10~! pygm~3 made up the largest signal contri-
butions for the Vocus AIM using NOj -ion-based chemistry
(Table S2). This observation is consistent with the conven-
tional atmospheric pressure using NOj3 as the reagent ion
and indicates that the design of the Vocus AIM reactor al-
lows the detection of ELVOC and ULVOC (Riva et al., 2019;
W. Zhang et al., 2023; Y. Zhang et al., 2023). This is a
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of a-pinene.

substantial improvement for the atmospheric science com-
munity, as measurement of such species is solely possible
with the use of atmospheric pressure interfaces that can be
associated with sensitivity fluctuations (e.g., the RH effect).
As demonstrated previously (Riva et al., 2019), I -ion-based
chemistry detects oxygenated compounds with C* ranging
from 107> to 107 uygm—3, which corresponds to OOMs and
starts to be less sensitive to oxygenated compounds having
fewer oxygen atoms that are included in the IVOC frac-
tion. While CI™ and NHZr can also measure OOM with C*
as low as 1075 pgm—3, the weak selectivity of these ion-
based chemistries allows them to measure a wider range
of compounds (i.e., IVOCs and VOCs). IVOCs and VOCs
generally include less-oxygenated VOCs with shorter car-
bon skeletons and comprise the main fraction of organics
formed from the oxidation of pinene (Isaacman-VanWertz
et al., 2018). We stress here that while it was not possible
to detect ULVOCs and ELVOCs using I7-, C1™-, or NHI—
ion-based chemistries, it is purely a selectivity limitation of
the more general reagent ions and not of absolute sensitiv-
ity, as all the tested reagent ions have similar overall absolute
sensitivities. Nitrate reagent ions benefit from the high se-
lectivity, which also manifests in a lower background signal,
therefore enabling nitrate anion chemistry to detect ULVOCs
and ELVOCs. With the significantly lower background con-
centrations of nitrate ions, the detection of compounds at ex-
tremely low concentrations (as low as 10-100 ppqv) becomes
possible.
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Differences in the contribution of these compound groups
(i.e., relative signal contribution to total OOMSs) compared to
previous work could be due to different sensitivities of the
instruments towards organic compounds with varying oxida-
tion extents (Riva et al., 2019). In addition, experimental con-
ditions (e.g., RH, temperature, precursor concentration) and
setup (flow tube reactor, atmospheric simulation chambers)
can greatly impact the distribution of OOMs retrieved by MS
techniques. By carefully selecting the type of reagent ion, the
combined volatility distribution can cover VOCs to OOMs,
with varying O:C ratios and volatility ranges (Fig. 6), all
within a single instrument. The Vocus AIM can therefore
provide a more complete picture of the volatility distribu-
tion of gaseous organic and inorganic compounds found in
the atmosphere.

4 Conclusions

The primary goal of this work was to evaluate the perfor-
mance of the newly designed Vocus AIM reactor to deter-
mine the time response, sensitivity, and selectivity using mul-
tiple reagent ions. Of specific importance, we introduced and
demonstrated the utility of a dopant-based water vapor sup-
pression system that improves data quality and reduces the
number of corrections required during analysis. By compar-
ing detection efficiency for different compounds, we demon-
strated that the Vocus AIM captures nearly the entire range of
OVOCs, spanning VOCs to ULVOCs, using different types
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of reagent ions. Through the optimization of reactor geom-
etry and materials, the time response of the Vocus AIM re-
actor is greatly improved, even for sticky and reactive com-
pounds. The high sensitivity achieves sub-parts-per-trillion
detection limits for a range of VOCs and volatile inorganic
compounds (VICs). The innovative design of the new reactor
substantially eliminated this humidity sensitivity, facilitating
more straightforward measurements of samples with water
vapor and simplifying data interpretation. This improvement
is crucial for robust and reliable analysis across a spectrum
of environmental samples. As a result, the Vocus AIM reac-
tor represents a highly versatile platform able to measure the
wide variety of VOCs and VICs in the atmosphere using a
single instrument.
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