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Abstract

RATIONALE: Many chemical processes operate at unsteady state and require a rapid mass analysis of transients with high
resolution. An atmospheric pressure interface multi-reflection time-of-flight mass spectrometer (API-MRTOF-MS) has the
potential to be a powerful process analytical tool. METHODS: The ion flight path of the API-MRTOF-MS was extended
from meters to over one kilometer, and the mass resolution was increased to an ultra-high level. Furthermore, the mass analysis
could be done at around ten milliseconds due to the rapidity of TOFMS. The mass analyzer reflects ions via electrostatic
mirrors and directs them along a folded flight path, significantly increasing flight distances and theoretically with no upper
limit. The powerful API, equipped with two quadrupoles, makes the API-MRTOF-MS suitable for complex mass spectrometry
methods with alternative ion selection schemes. RESULTS: A mass resolution of 116,050 for Cs T ions is achieved within a
total time-of-flight of only 18 ms. An ion transmission efficiency of over 50% was achieved after 600 cycles. CONCLUSIONS:
The performance of the API-MRTOF-MS demonstrates that it is exceedingly suitable for high-resolution process analysis,

particularly for transient process analysis, due to its fast analysis speed and high-selectivity.
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Abstract:

RATIONALE : Many chemical processes operate at unsteady state and require a rapid mass analysis
of transients with high resolution. An atmospheric pressure interface multi-reflection time-of-flight mass
spectrometer (API-MRTOF-MS) has the potential to be a powerful process analytical tool.

METHODS : The ion flight path of the API-MRTOF-MS was extended from meters to over one kilometer,
and the mass resolution was increased to an ultra-high level. Furthermore, the mass analysis could be done
at around ten milliseconds due to the rapidity of TOFMS. The mass analyzer reflects ions via electrostatic
mirrors and directs them along a folded flight path, significantly increasing flight distances and theoretically



with no upper limit. The powerful API, equipped with two quadrupoles, makes the API-MRTOF-MS suitable
for complex mass spectrometry methods with alternative ion selection schemes.

RESULTS : A mass resolution of 116,050 for Cstions is achieved within a total time-of-flight of only 18
ms. An ion transmission efficiency of over 50% was achieved after 600 cycles.

CONCLUSIONS : The performance of the API-MRTOF-MS demonstrates that it is exceedingly suitable
for high-resolution process analysis, particularly for transient process analysis, due to its fast analysis speed
and high-selectivity.
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Introduction

With continuous improvement over the past 30 years, multi-reflection time-of-flight mass spectrometer!: 2

(MRTOF-MS) was established as a potent analysis tool in physics®'# for its ability to perform high-
resolution and fast mass analysis. These properties are also essential for analysis in chemistry, biology,
and medicine!®20, Meanwhile, process analysis has become an emerging discipline in analytical sciences
that poses special requirements on analytical techniques?!-2°, particularly in the context of transient process
analysis?®. This type of process analysis requires high analyzing speed. The MRTOF-MS may couple with
various ionizations and meet all requirements through an atmospheric pressure interface (API), which makes
it an effective process analytical instrument.

Several groups have attempted to couple atmospheric ionization?”-2? with the MRTOF-MS for various appli-
cations. T. Dickel et al.??: 3! developed a compact MRTOF-MS for in-situ applications by directly connecting
a simple API to the apparatus. S. Naimi et al.32 coupled electrospray ionization (ESI) with MRTOF-MS
using an ion carpet device to offer a reference ion for nuclear mass measurements. Other studies that
share a similar geometry with the MRTOF analyzer as a linear electrostatic ion trap 33 34 also presented
various designs®® 36 with API. While these types of instruments have not been developed up until now.
A. Verentchikov et al.?” 38 introduced a planar MRTOF technique, and the company Waters launched its
new product, MRT??, which utilizes this planar MRTOF technique and has a resolving power of 200,000.
Thermo Scientific also introduced a high-resolution product called Orbitrap Astral 4, containing a similar
planar MRTOF with a resolving power of 80,000. Planar MRTOF has a wider mass range than an axial
MRTOF, but it requires more control over the energy distribution in the perpendicular direction. This
energy distribution sets limits on the flight length and resolution.

In this study, we introduce an atmospheric pressure interface multi-reflection time-of-flight mass spectrometer
(API-MRTOF-MS) that can do the high-resolution and rapid mass spectrometry with alternative ion selec-
tion schemes. The analyzer design is based on the ZD-MRTOF-MS*! 42 from KEK (Japan) at the SLOWRI
facility 3, which achieves unprecedented mass resolving powers, i.e.,R pway = m /Am =t /2At> 1 x 10°,
where ? and ¢ are the ion’s mass and time of flight, whereas Am and At are the full widths at half maximum
(FWHM) of the mass and TOF spectral peaks, respectively. A set of ion transmission devices is specially
designed for coupling with atmospheric ionizations, which could improve the duty cycle and supply a variety
of ion selection capabilities. A differential pumping system that covers a massive pressure difference of 10
orders of magnitude is introduced. Test results of performance of the instrument are presented.

Apparatus
2.1 Apparatus structure

Our API-MRTOF-MS for molecular analysis consists of two subsystems. The API subsystem, modified from
our API-TOF** 45 is designed for high-efficiency transport of ions from atmospheric ion sources. The API
is composed of a heated stainless-steel capillary to separate atmospheric pressure and reduce depositions, a
small radio-frequency-only quadrupole (RFQ) labeled MIR*% 47 in Fig. 1, and two larger quadrupoles serve
as RFQs *® (RFQ1 and RFQ2) to cool and transport the ions, providing efficient ion transport with the



capability of mass selection to improve the sensitivity for low-abundance materials. RFQ1 is designed with
the ability to bunch ions, as introduced in Ref.#?. Through cooperating with the following ion trap, bunch
mode could theoretically improve the duty cycle to 100% and supply an alternative ion selection scheme.
RFQ2 serves as a quadrupole mass filter and can assist MS/MS experiments. Moreover, the API offered
great flexibility in the choice of the ion source.

The following MRTOF subsystem consists of a flat ion trap (FLT)?, an accelerating einzel lens (AC), a
double steerer unit (ST), a set of drift tubes (DT), and the MRTOF analyzer. In the symmetric coaxial
MRTOF analyzer, the mirror electrodes are aligned coaxially by eight independent gridless ring-mounted
electrodes. Low-pass RC filters are applied to improve the stabilization of the voltages at the mirror endcap
electrodes (1 M€, 4-8 uF). The axisymmetric electrostatic field made by MRTOF analyzer is presented in
Fig. 1. MRTOF-MS uses the concept of recycling the path length in a time-of-flight analyzer for multiple
reflections®!. The components of the MRTOF analyzer are described in great detail in Refs.*? 52, Unlike
the design in these references, we designed a shorter DT and moved the MRTOF analyzer closer to the FLT.
This helps to expand the mass range of ions injected into the analyzer, but it will increase the gas load in the
analyzer. The symmetric coaxial mirror electrode arrangement gives the analyzer more potential for higher
resolution.
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Fig. 1. Schematic overview of the API-MRTOF-MS and electric potential distribution (insets) along the
axis of the MRTOF analyzer. From top left to bottom right, elements encompass the API subsystem and
the MRTOF subsystem, outlined by dotted boxes. Ions are confined axially between the two ion mirrors as
long as their kinetic energy is lower than the maximum potential in the mirrors.

2.2 Time pattern

The typical measurement cycle is as follows: First, ions are generated by atmospheric pressure ionization and
introduced into the instrument through the capillary inlet. In the API region, the diameter of the ion beams
can be reduced to the submillimeter range by collision action in the RFQs. Then, the ions are transferred to
the FLT and trapped by the voltage of the endcaps switched up. After a final cooling in the FLT, the ions
are ejected orthogonally, accelerated by the AC, and ion-optically adjusted by the ST and DT. Finally, the
ions enter the MRTOF analyzer and reflect back and forth, increasing the ion flight distance from meters
to hundreds of meters or even kilometers. After a predetermined number of reflections, the ejection endcap
switches down and allows the ions travel to a micro-channel plate ion detector (MCP, R3809U, Hamamatsu).
The timings for the FLT ejection and both mirror endcaps switching are mass dependent (as shown in Fig.
2), thus requiring a precalculated timing pattern.
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Fig. 2. Event sequence of experimental cycles. The vertical dashed lines symbolize (from left to right) the
start signal, the end signal and the start signal of the next cycle.

Furthermore, by utilizing the RFQs and FLT, the API-MRTOF-MS can operate in bunch mode, resulting
in higher duty cycle and enabling ion selection. In the typical continuous mode shown in Fig. 2 (FLT
caps signal), ions are only utilized during ion filling time, and the duty cycle is determined by the ratio
of filling time to cycle time. While in the bunch mode shown in Fig. 3, ions can be preserved by RFQ1,
allowing for a 100% duty cycle. Moreover, by adjusting the pulse time of the FLT end cap, the instrument
can choose ions based on their mass-to-charge ratio. Selectivity is vital for the analysis of processes, which
often presents unique demands on analytical techniques, especially when dealing with complex samples. The
high-resolution and fast mass analysis provided by API-MRTOF-MS will enable the analysis of transient
processes. There are two ways that aid in progress: releasing unwanted small ions and preventing unwanted
large ions from entering. Also, RFQ2 could act as a quadrupole for coarse ion selection. This section also
addresses the issue of mass bandwidth improvement, which will be reported elsewhere in the near future.
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Fig. 3. Hlustration of the bunch mode and ion selection scheme.



2.3 Vacuum system

As stated above, the ion flight distance shall be extended, which in turn requires a long mean free path
length of the ions.

_ kT
A= Toop’
with the gas pressure p , the collision cross-section o , the temperature T , and the Boltzmann’s constant &
. Here, the mean free path is inversely proportional to pressure (A o< 1/p); thus, the analyzer chamber must
be maintained in an ultra-high vacuum to reduce the collision rate and prolong the ion flight length.

Compared with the ZD-MRTOF-MS at SLOWRI, the vacuum system of the API-MRTOF-MS became
more complex. A large acceptance is required to achieve high transmission efficiency with the continuous
sampling from atmospheric ionizations. Considering the high vacuum analyzer chamber, the differential
vacuum system that covers a massive pressure difference is precisely designed using gas-flow calculations.

The Knudsen number (K, ) and the Reynolds number (R, ) are calculated to characterize the type of gas
flow (see Ref. 53page 14). Then, the conductance of a orifice and a long pipe in laminar flow and molecular
flow are well described by simple formulas in Ref.?3.

In a balanced system, the gas flow @ is then given by
Q = ( 7) xC = XSa

which is proportional to the pressure difference of neighboring domains( — ), with the flow conductanceC' ,
and is equal to the product of the pressure of next stage vacuum P; and the pumping speed of a vacuum
pumpsS .

We translate the theoretical concepts, calculations, and requirements into a dedicated design. As a prototype,
we prefer to use the previous components and chambers. The vacuum system for the API-MRTOF-MS
includes four metal chambers, as shown in Fig. 4. These chambers are custom made of cast aluminum
alloy and sealed by “O-ring” seals (Fluoroelastomer). This design is solely for the prototype and not a true
ultra-high vacuum system, but it still achieves the required vacuum level. Our miniature MRTOF-MS will
make use of the improved vacuum design.
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Fig. 4. Sketch of the vacuum system (upper) and its corresponding position in a schematic of API-MRTOF-
MS (lower); the dotted and dashed rectangular frames with different colors indicate the four main chambers
of the instrument: (1) MIR chamber, (2) RFQs and FLT chambers, (3) ST and DT chambers, (4) MRTOF
analyzer chamber. Differential pumping stages and pressure in each compartment are present. The aperture
diameters are presented in mm.

The API-MRTOF-MS apparatus is in the shape of the letter “L” with a length of 2230 mm, coupled with ESI
ionization on the left. Each chamber contains electrical feedthroughs, most of which are multi-feedthroughs,
except those for the ultrahigh voltage supplies. Heating plaster containing the silicone heating sheet inside
is utilized to cover both sides of the MRTOF analyzer chamber, which can maintain a maximum chamber
temperature of 80 to obtain a better vacuum. Table 1 lists the pressure of each chamber marked in Fig. 4,
along with the pumping speed of the used pump. All turbo pumps are backed up by a 6 L/s roots pump
(NeoDry 30E, Kashiyama).

Table 1 Chamber pressure with and without load

No. Chamber Label Pumping Speed (L/s) Pump model No Load Pressure (Pa) Normal Load
1 MIR 18 SOGEVAC SV65 BI FC, Leybold 135 135




No. Chamber Label Pumping Speed (L/s) Pump model No Load Pressure (Pa) Normal Load

2 RFQI / / / /

3 RFQ2 250 SpliteFlow310, Pfeiffer / /

4 FLT / / 0.22 6.93

5 AC 200 SpliteFlow310, Pfeiffer 1x 10 1.55 x 1073
6 ST&DT 300 HiPace 300, Pfeiffer 1.52 x 107° 4.76 x 107
7 MR 300*3 HiPace 300, Pfeiffer 8.57 x 106 8.47 x 1076

Experiment setting
3.1
Ionization Source

The ESI operating voltage was 3800 V, the gas pressure was 0.4 MPa (Ny standard gas with purity [?]
99. 999%, Guangzhou Yuejia Gas), and the inlet temperature was 180 degC. With the strong electric field
between the liquid and the inlet capillary of the interface, a so-called Taylor cone was formed. The instable
charged droplets evaporated from the tip of the cone and drift to the inlet. Coulomb fission of the droplet
happened as its radius approaches the Rayleigh limit ®*, resulting in gas-phase ions. The heated inlet
capillary efficiently improved the ionization process and kept neutral gas away.

3.2 Sample Preparation and Data Acquisition

Cesium ions with a nominal average molecular weight of 133 Da were used to test the characteristics of the
API-MRTOF-MS. Solutions were prepared in acetonitrile at different concentrations (Csl, Sigma-Aldrich)
and infused at a flow rate of 5 L min ! using a syringe pump (Harvard Pump 11 Elite, Harvard).

Ton signals were acquired with an oscilloscope (500 MHz, Keysight DSOX3052A, Keysight) with 2 ns reso-
lution and subsequently transferred to a computer for display analysis.

3.3 MS measurement pattern

As described in Section 2, at this stage in the experiment, the API subsystem works in a continuous transport
pattern; all three quadrupoles are RFQs that work as ion coolers, cooling ions by collision with residual gases
without selection or bunch function, bunch function is not enable. The ions are cooled by collision with lighter
buffer gases for extra 5 ms at a pressure of "7 Pa. The transfer section following the FT is similar to that
in Ref.#? but without the pulsed drift tube. The measurement cycle is triggered by a free-running timing
system.

Results and discussion
4.1 Testing of the vacuum system

The vacuum system is redesigned to offer an ability to couple with atmospheric ionizations while preserving
the ultra-high vacuum inside the MRTOF chamber. We recorded the pressure change in the analyzer using
a cold cathode gauge (PKR251, Pfeiffer) with respect to the pumping time at a heating temperature of 100
, which corresponds to about 60 on the chamber.

The pumping process depicted in Fig. 5 is described by an exponential reduction in pressure, with a slower
decreasing trend after the pumping period exceeds 9 hours. For metal vacuum chambers, the desorption of
water vapor and adsorbed gases and the outgassing from seals lengthen the pump-down time ®3. The process
can be shortened by baking out the chambers. After long-time baking, the best pressure in the analyzer
reached up to 6.8 x 1075 Pa for our API-MRTOF-MS, corresponding to a mean free path of 2 km. The result
indicates that a baking time of several days is necessary to achieve high vacuum.

Fig. 5. Experimental results of pressure in analyzer as a function of pumping time.



As we reduced the length of the DT between the FLT and the MRTOF analyzer in the design, the analyzer
pressure changes must be tested with different cooling gas pressures. We regulated the pressure in the FLT
by manually adjusting the intake gas valve. The pressure variation was recorded and compared with the
results calculated by the method mentioned in Section 3.

As illustrated in Fig. 6, the FLT outer chamber pressure (Fig. 6A) and the DT chamber pressure (Fig.
6B) increase with the buffer gas pressure, showing a similar tendency with the calculation results. While the
experimental results do not change much in comparison with the calculation results, according to the different
scales of y-axes, the calculated pressures are about five to six times higher than those in the experiment. In
contrast in Fig. 6C, the experimental data differs from the calculated trend. The buffer gas injection process
appears to have no effect on the analyzer pressure which is mainly due to the elastomer sealing components
(“O-ring”) we used. The diffusion through elastomer seals and their desorption rates caused limitations of
the vacuum. These considerations will be used in future vacuum chamber designs to realize an improved
vacuum. The differential vacuum system was carefully arranged with a pressure of 6.8 x 107 Pa.

Fig. 6. Measured pressures for different buffer-gas pressures in the FLT. Comparison of calculation and
experimental results of the pressure outside the FLT (A), the pressure in the drift tube chamber (B), and
the pressure in the MRTOF analyzer (C).

4.2 Performance of the API-MRTOF-MS
4.2.1 Signal intensity varying with lap numbers

Signal degradation over a long flight time is inevitable due to collisions of ions with the residual gas inside the
analyzer, which is crucial for multicycle flight. About 10 ppm methanol solution of Csl was used to investigate
the characteristics of signal variation with increasing flight distance. The ESI worked in a positive mode.

Fig. 7 shows the measured intensity at different laps. The signal is not stable for the first few laps, which can
be attributed to the part of the ions not matching the phase-space acceptance of the analyzer (see also the
corresponding response for the TOF distribution At in Fig. 9). Then, the signal suffers from a monotonic
slow decay with increasing flight length. For the current situation, the transmission of the ions over 600
revolutions is about 50%, with a course of the order of 1.2 km.

Fig. 7. Signal intensity of 133Cs*ions as a function of the number of laps performed in the API-MRTOF-MS.
At the highest lap number 667, the ions’ flight length is 1.2 km, and the corresponding time-of-flight is 20
ms.

4.2.2 Detection limit

Compared with other MRTOF-MS in nuclear physics, API-MRTOF-MS suffers from extra background,
such as the chemical noise from sample injection from the atmosphere, and the electromagnetic interference
from the ambient environment leaving noise to the spectrum®. Thus, the detection limit is another crucial
parameter. Taking Csl as the sample, we diluted the sample into concentrations of 1 ppm and 100, 10 and
1 ppb. Using the ESI to ionize the samples, we conducted a series of experimental tests. A signal-to-noise
ratio (S /N ) [?] 3:1 was accepted as the detection limit.

Fig. 8 shows the spectrum of 33Cs*recorded directly with the oscilloscope at a concentration of 10 ppb.
The intensity of the 33Cst peak is 9.84 x 102 mV, the calculated standard deviation of the noise is 1.23
x 1072 mV, and theS /N is 8. Thus, we obtain a detection limit of 10 ppb, which is a meaningful value in a
situation where a flight distance of more than 1 km is implemented. In this detection level, API-MRTOF-MS
can be used in many scientific fields.

Fig. 8. Spectrum of '3Cs* at a concentration of 10 ppb.
4.2.3 Mass Resolving Power

After a series of optimizations that enabled a hundredfold-magnified flight length, experiments on measuring
mass resolving power with Csl were performed. First, we investigated the mass resolution as a function of



the lap number. Then, we carefully tuned the voltage setting of the mirror electrodes to shift the focus to
the point where the best resolution was obtained.

Fig. 9 displays the At andR at various laps; At is measured by the oscilloscope, andR is calculated by
the corresponding time and At . As the number of laps increased, At (black triangle in Fig. 9) tended to
increase rapidly at first and then slowly over hundreds of laps. The primary reason is the time—energy focus
condition, which cannot be preserved after every turn. Meanwhile, mass resolution (red circle in Fig. 9)
shows a steady upward trend, it is increasing with the lap number, except for a stagnation for the highest
lap numbers. To maximize the instrument’s performance, At must be controlled.

Fig. 9. Measured At and resolution of'?>Cstions as a function of the number of laps performed in the
MRTOF-MS.

Fig. 10 shows an example of a TOF peak of Cst ions with the fitting function. The TOF peaks were fitted
with a Gauss function to obtain the mean TOF and their uncertainties. A mass resolution of up to R pwum
= 116,050 for Cs™ is achieved after 600 laps of reflection, corresponding to a flight distance of about 1.08
km and a TOF of about 18.02 ms, with an FWHM of 77.65 ns.

Fig. 10. Mass spectrum of 33Cs%tions for 600 laps measured by API-MRTOF-MS. The red curves

are the fitted results with a Gaussian function, demonstrating the mass resolution R pwum = 116,050. The
peak width refers to the FWHM.

CONCLUSION

An API-MRTOF-MS was built and tested with an ESI source. A resolution of R gwam = 116,000 was
achieved with an extremely short measurement time at the millisecond level. The performance demonstrates
that the API-MRTOF-MS, with its fast analysis speed and high selectivity, is especially suitable for high-
resolution process analysis. This achievement will facilitate the implementation of API-MRTOF-MS in
various scientific fields, such as the analysis of transient processes in chemistry, biology, and medicine, and
will therefore promote the rapid growth of these disciplines.
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