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1. Introduction

The analysis of large biomedically relevant macromolecules by mass spectrometry and mass
spectrometry imaging [1, 2] is highly challenging and interesting for various applications. The reliable
and sensitive detection of high-mass ions, in particular large proteins, protein complexes, viruses and
bacterial clusters, would provide the life sciences with a powerful analytical tool, which could also
find future applications in routing (bio)medical analysis and diagnosis. While technology for efficient
ion generation and accurate mass analysis has actively and rapidly developed over the past century,
technology for ion detection —particularly of high mass macromolecular complexes- has been lagging
behind [3].

A few examples of high mass detection by electrospray ionization (ESI) in combination with Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) or time-of-fight (TOF) MS have
been reported. Chen and coworkers have detected coliphage T4 DNA ions of 100 MDa on an FT-ICR
MS [4]. Sanglier and co-workers have detected 2.2 MDa native hemocyanins from deep-sea and
shore crabs with ESI in combination with a TOF and quadrupole time-of-flight (Q-TOF) mass analyzer
[5]. Rose and co-workers have analyzed intact protein assembilies in native-like states with molecular
weights approaching 1 MDa with an Orbitrap mass analyzer and ESI [6]. Similarly, DiFilippo has
measured intact viral particles of the tobacco mosaic virus at 40.5 MDa with ESI-TOF [7]. Fuerstenau
and co-workers reported ESI-TOF MS on macromolecules in the MDa range [8]. Doussinau and co-
workers analyze megadalton to gigadalton species by ESI charge-detection MS [9]. Electrospray
ionization is very efficient for the detection of high mass ions, since it readily produces multiply
charged species, which can be detected more easily. However, matrix-assisted laser
desorption/ionization (MALDI), as a “soft" ionization technique, is generally considered a more
appropriate choice of ionization source for large intact macromolecules. MALDI is also suitable for
mass spectrometry imaging where the lateral organization of the analytes from the sample surface is
retained.

Detection systems for MALDI-MS, specifically with regards to mass spectrometry imaging (MSI), are
often based on microchannel plates (MCP). A limitation of this secondary-electron multiplier,
however, is the so-called “high-mass roll-off” of the detector. In a MCP, the ion detection depends on
the generation of secondary electrons. The generation of a secondary electron avalanche is
proportional to the momentum of the incoming particle. As all particles in a TOF-MS are given the
same kinetic energy, high mass ions will impinge on the detector with a relatively lower momentum
than lower mass ions. Hence, they may not deposit sufficient energy to create an electron shower. As
a result, high mass ions are not easily detected.

Alternative detection systems for high-mass measurements with MALDI TOF-MS have been
developed. Park and co-workers presented an inductive detector specifically for MALDI TOF-MS,
whose detection efficiency is not ion velocity dependent and does not saturate at high count rates
[10]. Imrie and co-workers reported the detection of ions above 300 kDa with a Faraday cup detector
on a MALDI TOF-MS [11]. Spengler and co-workers used a metallic conversion dynode for ion
detection/conversion and observed that the detection efficiency of large molecules from MALDI can
benefit from optimization for secondary-ion yield rather than secondary-electron detection [12]. This
approach is similar to the commercially available Covalex detector [13, 14], which routinely detects



immunoglobulin IgM (m/z=973.26 kDa). Cryogenic detectors are another approach to the detection
of high mass ions [15-17].

In this paper, the technical implementation of a Timepix-based detection system for higher mass
molecular ions of both polarities is presented. This system is both suitable for MS and MSI
experiments and is implemented on an ion microscope mass spectrometer [18]. In previous Medipix
2- and Timepix-based setups for MS(I) [19-21], the pixelated detector was held at ground potential.
Therefore, the imaging system was limited in its ability to analyze high-mass ions by the acceleration
voltage. The upgraded detector assembly presented here is operated at a floating voltage of +12 kV/-
8 kV. This provides high voltage (HV) post-acceleration capabilities for both ion polarities. Previously,
only positive mode ion imaging of basic and/or salt adduct species was possible with the
MCP/Timepix detection system on this ion microscope. The extension to negative mode ion imaging
enables the study of acidic species, which enables the analysis of different moieties, i.e. different
lipids, acidic peptides and proteins. Therefore, the capability to study a tissue sample in both positive
and negative mode provides complementary information on biological systems. In addition, the
higher post-acceleration voltages provide the capability to detect higher mass intact proteins in both
polarities.

Several technical challenges are related to the in-vacuum mounting of the Timepix detector. In
earlier work, detectors of the Medipix/Timepix detector family were mounted in-vacuum including
substantial parts of the readout electronics in the vacuum chamber [19, 22, 23]. Here, the
implementation of a new, high vacuum-compatible chip carrier is presented for the first time. This
multifunctional chip carrier acts both as a vacuum seal and high-density, electrical feedthrough. As a
result, the chips are mounted in-vacuum while the readout electronics are located in air outside of
the vacuum chamber. The in-vacuum mounting of the Timepix chips requires active cooling of the in-
vacuum components of the system as to prevent overheating. Experimental results in positive and
negative ion mode and protein detection in the mass range up to 100 kDa are presented.

2. Materials and Methods

2.1. The Medipix/Timepix Detectors. The Medipix/Timepix detector family is developed by the
Medipix collaboration hosted by CERN (Medipix collaboration, www.cern.ch/medipix). The Medipix2
[24, 25]/Timepix [26] chips in combination with a detection medium, typically a semiconductor like
silicon or cadmium telluride, are hybrid, active pixel detectors. In the semiconductor sensor layer,
incident particles are converted into electron-hole pairs, which can induce a charge in the charge-
sensitive amplifier of the complementary metal oxide semiconductor (CMOS) read-out chip. The
energy of the incident particle, typically X-rays or electrons, determines the number of created
charge carriers. lons are typically not accelerated sufficiently to penetrate into the sensor layer. lons
can be detected by placement of an MCP in front of the read-out chip [27]. The chip then detects
electron showers produced by ion impacts on the MCP.

The dimension of an individual Medipix/Timepix chip is 1.4 x 1.6 cm?. The application-specific
integrated circuit (ASIC) consists of 256x256 pixels of 55 x 55 um? each. In the Timepix chip, each
pixel can be individually selected to operate in one of three modes: (1) the counting mode, in which



each pixel counts the number of impinging particles; (2) the time-of-flight (TOF) mode, in which the
arrival time of one impinging particle is measured with respect to an external trigger/shutter signal;
(3) the time-over-threshold (TOT) mode, in which the time is measured during which a fired pixel
stays over the detection threshold. Different pixels can be operated in different modes. The chip is
controlled via a dedicated acquisition and control software and graphical user interface, “Pixelman”
[28, 29]. The Medipix2/Timepix chips and their areas of application are reviewed elsewhere [30].

2.2. Mass spectrometers. The Timepix detection system is mounted on a TOF ion microscope. The
ion microscope is a TRIple Focusing Time-of-flight (TRIFT Il) mass spectrometer (Physical Electronics,
Inc., Chanhassen, USA). The TRIFT mass spectrometer delivers an ion optical magnification of a factor
of 40x to 100x. Hence, a 55x55 pum?” detector pixel corresponds to, respectively, areas of 1.38x1.38
um? and 550x550 nm” on the sample surface. The details of ion microscope mass spectrometers is
covered in detail elsewhere [18, 31]. On this ion microscope, a 2x2 chip Timepix detector is installed
2 mm behind a ¢ =4 cm chevron microchannel plate. The pores of the MCP have a diameter of 12
um on a 15 um center-to-center spacing. The system is normally operated at a constant MCP gain of
10’ and with a potential difference of 900 V between the MCP backside and the Timepix detector.
These voltage settings are tuned for optimal electron shower sizes for both spatial resolution and
spectral quality. The MCP-Timepix detector assembly is mounted on the ion microscope using a
specifically developed, high-vacuum compatible chip carrier and vacuum seal, which is described
below. Reference measurements to test the Timepix-generated spectra are taken with the time-to-
digital converter of the TRIFT Il and with an Ultraflex Il MALDI TOF(/TOF)-MS (Bruker Daltonik GmbH,
Bremen, Germany).

2.3. High Voltage Post-Acceleration Capabilities: Detector Floating on +12/-8 kV. The
implementation of the Timepix detector on our ion microscope aims at efficient, position- and time-
/mass-resolved analysis of complex biological samples for molecular histology. In earlier Medipix-
/Timepix-based imaging systems, the detector was held at ground potential [19-21]. Therefore, the
detection system was limited to post-acceleration voltages of about 5 kV, i.e. applied by the sample
potential of +3 kV and the MCP front bias of -2 kV. In addition, the experiments were limited to the
positive ion mode.

To enable the detection of higher mass ions in both ion polarities, the entire Timepix detector
assembly, including the chips, readout electronics, power supplies and cooling system, is floating at a
voltage of about +12 kV (in negative ion mode) and -8 kV (in positive ion mode). This provides high
voltage post-acceleration capabilities for both ion polarities and allows for the analysis of very high
mass macromolecular ions. Fig. 1 displays a potential diagram for the operation of the floating
Timepix detector assembly in positive and negative ion mode. Since the Timepix detector assembly is
floating at HV, it has to be electrically insulated and shielded from the mass spectrometer and
surroundings. Fig. A.1 and A.2 (Appendix A), respectively, illustrate the mechanical and electrical
design of the setup, which contains two cylindrical shells: (1) the “inner" setup shell, which is floated
at HV and (2) the “outer"”, which is held at ground potential. The floating detector assembly is
attached to the mass spectrometer via an electrically isolated ceramic tube. The MCP/Timepix
detector assembly, the ReLAXD readout board [32, 33], the cooling system (Peltier elements,
temperature controller, cooling fans) and mechanical parts in the inner setup shell are all floated at
HV. The floating HV is applied to the inner detector shell from the standard TRIFT Il power supplies of
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the ion microscope via a home-made converter situated in the outer/ground potential setup shell.
The MCP back- and front side are powered by the original TRIFT MCP power supplies. A decoupling
circuit for the MCP backside signal is in place for signal diagnostics on an oscilloscope or to acquire
mass spectra with the Timepix system or an ADC/TDC. The ReLAXD board, the Peltier elements, the
temperature controller and the fans are powered by two home-made, switching mode power
supplies which are located within the inner detector shell and are also floating at HV. Since the
Ethernet signal from the ReLAXD board is at HV, the signal line has to be electrically insulated to
enable the signal transfer into a PC at ground potential. Therefore, the Ethernet signal is translated
by an optical fiber protocol via a media converter (Ntron Industrial Ethernet media converter,
1002MC-SX, N-Tron Corporation, Mobile, USA). The non-conducting optical fiber is sent out of the HV
setup and the signal is reconverted to the Ethernet protocol via another optical-to-Ethernet media
converter. The signal is then coupled to the Ethernet card of the measurement/control personal
computer.

2.4. High-Vacuum Compatible Chip Carrier and Vacuum Seal. The Medipix/Timepix detector
assemblies and readout electronics are not originally designed for in-vacuum use. The chips are
normally mounted on a printed circuit board (PCB) to which another readout PCB is connected. The
PCBs are made up of multiple, outgassing FR-4 (flame retardant 4; fiberglass reinforced epoxy
laminates) layers and other non-vacuum compatible electronics components. In earlier proof-of-
principle experiments, the Medipix/Timepix detectors and readout electronics were mounted either
directly in the spectrometer chamber or in a differentially pumped vacuum chamber. This resulted in
typical spectrometer pressures of P=107 mbar [19, 22]. Despite the increased spectrometer pressure,
the benefits of a new generation of imaging detectors in mass spectrometry imaging and gas-phase
atomic and molecular physics research could be established in these experiments [19, 22] .

Here, a new, ultra-high-vacuum compatible chip carrier (Fig. 2) and vacuum seal are presented (Fig.
3) that increase the performance and applicability of the Medipix/Timepix detectors in ultra-high
vacuum applications, like MS(l). The carrier acts as a seal between the vacuum of the mass
spectrometer and the in-air components of the system. The chips are mounted in-vacuum, while the
readout electronics are located in-air outside the vacuum chamber. The chip carrier also consists of a
standard, multilayer FR-4 PCB. This carrier supports the chips and connects the chips with the
readout interface PCB. The FR-4 PCB is coated with Liquid Crystalline Polymer Circuit material (LCP,
R/ex 3600 Single Clad Laminate, Rogers Corporation, Advanced Circuit Materials, Chandler, USA) on
both sides which prevents the PCB from out-gassing. This material has successfully been applied as a
coating for high-vacuum parts in mass spectrometry [34]. The use of standard PCB material bears
the advantages of easy, economical, reliable and well-established electrical design and fabrication. In
addition, PCBs can be manufactured in various shapes (rectangular versus circular) and sizes (from
few mm up to tens of cm in diameter). In this application, the PCB is circular in shape, has a diameter
of about 50 mm and a thickness of about 1.6 mm. The edges of the PCB are (partly) beveled under an
angle of 45° for optimal vacuum sealing in the stainless steel mount. Since the PCB is only coated
with LCP on the top and bottom surfaces, the board can outgas via its edges. Therefore, the edges of
the board are sealed with a layer of copper (Cu) and indium (In). To ensure the temperature control
of the chips, thermal vias are distributed all over the PCB. In addition, a Max6642 (Maxim Integrated
Products, Inc., Sunnyvale, USA) temperature sensor is incorporated in the PCB which allows to
monitor the temperature of the chips at all times.



The presented chip carrier is mounted in a stainless steel support (Fig. 3). Since the LCP-coated chip
carrier represents a vacuum seal of this system, the connection between the chip carrier and the
stainless steel support needs to be vacuum-tight. The support is machined such that the beveled
edge of the chip carrier can be glued (vacuum-compatible, two-component silver epoxy, Hysol TRA-
DUCT 2902, Henkel, Duesseldorf, Germany) into the stainless steel support (Fig. 3a), which is beveled
at the same angle. This vacuum seal was tested on a leak tester (130 I/s hybrid turbo-molecular
pump, ASM 180T, Alcatel, Annecy, France). A leak rate of less than P=10"° mbar I/s was measured.
The helium testing gas could not be detected at an inlet speed of 4.4 /s, (smallest detectable signal
at full pumping speed is 5.1-10"*> mbar I/s).

The chip carrier is mechanically supported by a copper disc (Fig. 3b), which prevents mechanical
stress due to the pressure difference between the vacuum on the chip-side of the carrier and the
ambient pressure on the electronics-side of the board. The chip carrier and the copper support disc
are connected by an electrically and thermally conducting, two-component silver epoxy glue (EPO-
TEK EE129-4, Epoxy Technology, Inc., Billerica, USA). This copper disc also functions as a heat sink
and connects the chip carrier to the active Peltier element-based cooling system. The stainless steel
support of the carrier is connected to the mass spectrometer by a ¢ =1.5 mm indium thread
(Degussa, Hanau, Germany). The combination of the two seals returns the same leak rate, i.e. less
than P=10"° mbar /s, and the helium leak testing gas still could not be detected.

The detector system was assembled through the following procedure: (1) glue the chip carrier to the
copper cooling disk and into its stainless steel support, (2) probe the Timepix chips (quality control),
(3) glue the Timepix chips to the chip carrier, (4) wire-bond the chips, (5) mount assembly via indium
seal, (6) leak test assembly, (7) install the chip carrier vacuum assembly on the TRIFT ion microscope.
The spectrometer was baked for 48 hours with the standard bakeout procedure of the TRIFT I
spectrometer system, i.e. with external heating straps in combination with internal infrared bakeout
lamps. The heating strap closest to the detection system was located on the adapter flange between
the spectrometer and the detector setup (Fig. A.1). The detector setup beyond the connecting
ceramics tube (Fig. A.1) was not baked out to prevent overheating of the chip-based detection
system. After bakeout a spectrometer pressure of P=2-10° mbar could be established. This
represents an improvement of almost two orders of magnitude compared to previous efforts (P=10"
mbar) which had involved differential pumping or in-vacuum mounting of the readout electronics.
Further, a temperature read-back and control system has been designed (details in Appendix B).

2.5. Samples. A protein sample with analytes in the mass range from about 5-8.5 kDa was prepared
from Bruker Protein Calibration Standard | (Bruker Daltonik GmbH, Bremen, Germany, Table 1) and
spotted on an indium-tin-oxide (ITO) coated glass slide (Delta Technologies, Loveland, USA). The
protein solution was mixed 1:1 (by volume) with sinapinic acid matrix solution (20 mg/ml in 50%
water (0.1% trifluoracetic acid), 50% acetonitrile) and spots of 1 ul were spotted on the ITO slide. A
second protein sample with analytes in the mass range from 5-66.5kDa was prepared from a 1:1
Protein Calibration Standard | and Protein Calibration Standard Il (Bruker Daltonik GmbH, Bremen,
Germany, Table 1) on an ITO coated glass slide. The protein solution was mixed 1:1 (by volume) with
sinapinic acid matrix solution as described above and spots of 1 ul were spotted on the ITO slide and
air dried at room temperature. A sample of the protein ubiquitin was prepared. A solution of 1
mg/ml ubiquitin (Sigma-Aldrich, St. Louis, USA; 50% ACN, 0.1% TFA) and 20 mg/ml sinapinic acid



(Fluka Analytical, now Sigma-Aldrich, St. Louis, USA; 50% ACN, 0.1% TFA) was homogeneously
sprayed onto an ITO slide with a Bruker ImagePrep device (Bruker Daltonik GmbH, Bremen,
Germany). Ubiquitin has a [M+H]" average mass of 8565.76 Da.

3. Results and Discussion

3.1. Negative lon Mode. Negative ion mode mass spectra of the protein calibration standard in the
mass range from 0-15 kDa as a function of ion acceleration energy from 4-13 keV are shown in Figs.
4a and 4b. The total ion acceleration energy is calculated by the sum of initial kinetic energy given to
the ions in the source of the mass spectrometer (3 keV) plus the post-acceleration voltage at the
detector (2-10 keV for singly charged ions, see Fig. 1). Each spectrum is generated from a single
mosaic mode acquisition of 5,000 frames, i.e. 5,000 laser shots. The mosaic acquisition rasters a
sample area of 0.9x0.9 mm? with 16x16 positions. This method ensures that every measurement
covers the same size of sample area. Also, the mosaic mode acquisition averages out hot spots on
the sample surface. In the mass range up to 15 kDa, the calibration standard includes three protein
peaks; insulin ([M-H]'=5,732.51), ubiquitin | ((M-H]'=8,563.76) and cytochrome C ([M-H] =12,358.97).
These peaks are clearly observed in the spectra at all ion post-acceleration energies. Fig. 4a
demonstrates that the intensity of the signal (peak and baseline) increases as a function of the ion
post-acceleration voltage (the initial kinetic energy of the ions in the source region was held constant
at 3 keV). Note that the amount of ions generated in the source region is independent of the post-
acceleration voltage. However, the increase in the signal intensity can be explained by the fact that
an increased ion kinetic energy at the detector results in an increased ion momentum for a given ion
mass. The higher ion momentum upon impact on the MCP increases the probability of creating the
first electron needed to start an electron avalanche in the MCP. If the first electron is created, the
MCP amplification (10’) is sufficient to ensure detection on the Timepix pixels, since only
approximately 650 electrons are required to fire a pixel. It is expected that the increase in signal with
a higher extraction field levels off or is not observed at higher count rates and/or higher post-
acceleration voltages, since the number of available pixels on the Timepix is finite. Each pixel is a
single-stop TDC, thus if the count rate is high at normal acceleration voltage (here, 3 keV), then the
extra counts due to the increased post-acceleration voltage will not be registered if all of the pixels in
the field of view have been triggered already.

Fig. 4b displays the time-of-flight spectrum® of the protein calibration standard in the mass range of
about 10-18 kDa acquired in negative ion mode at ion acceleration energies of 7-13 keV. In this mass
range, the calibration standard includes two protein peaks; cytochrome C and myoglobin ([M-H]
=16,950.30). Both peaks could be detected in the Timepix-generated spectra at ion acceleration
energies exceeding 7 keV. At lower ion acceleration energies no significant peaks (signal-to-noise
ratio > 3) could be detected in this mass range. This proves that the combination of a MCP/Timepix
detection system with additional post-acceleration fields enables sensitive negative-ion mode mass
spectrometric analysis where the use of Timepix chips, in addition to the MCP, allows for highly
parallel, multiplexed event detection as compared to MCP-only detection systems.

LA time-of-flight spectrum instead of a mass spectrum is displayed to illustrate the peak shifts observed as a
function of the ion acceleration energy. This effect is commented on in 3.2.



3.2. Positive lon Mode. Fig. 4c shows positive ion mode mass spectra of the protein calibration
standard in the mass range from 0-14.5 kDa as a function of the total ion acceleration energy (5.5-13
keV for singly charged ions). The spectra shows the peaks of the proteins insulin ((M+H]*=5,734.51),
ubiquitin ([M+H] *=8,565.76) and cytochrome C ([M+H] "=12,360.97), as well as lower mass peaks in
the mass range m/z<4,000. Interestingly, the intensities of the protein peaks (insulin, ubiquitin,
cytochrome C) decrease with increasing post-acceleration voltages on the detector, i.e. with
increasing ion acceleration energies. In the lower mass region (m/z<4,000) the inverse is observed,
the intensities of the peaks increase with increasing post-acceleration voltages on the detector. This
effect is related to the ion load on the detection system in combination with the single-stop TDCs in
the Timepix pixels. The count rates in these positive mode measurements are high, i.e. (nearly) all
pixels within the field of view detect an event even at the lowest ion acceleration energy (5.5 keV).
With increasing ion acceleration energies, the ion momentum increases and the probability to
produce a hit (and induce an electron shower) on the MCP increases per ion. Since the Timepix pixels
are single-stop TDCs (i.e. once fired the pixels are blind for events arriving later during the same
measurement interval), this gives a detection advantage to lower mass (earlier arrival time) ions. In
high count rate measurements, higher post-acceleration voltages result in spectra where the lower
mass signal is enhanced (as observed in the mass range m/z<4,000 of Fig. 4c) and where the higher
mass signal is decreased (as observed for the protein peaks in Fig. 4c).

Fig. 4d shows the time-of-flight spectra of the protein calibration standard in the mass range of about
10-18 kDa acquired in positive ion mode at ion acceleration energies of 5.5-13 keV. The cytochrome
C and the myoglobin ([M+H] *=12,360.97 and [M+H]"=16,952.30) peaks can be detected in the
Timepix-generated spectra. A clear increase of the signal with the increasing ion acceleration energy
is observed, since the count rates in these measurements are sufficiently low to enable additional
counts on previously “unused" pixels. The higher mass protein spectrum is displayed as a time-of-
flight instead of a mass spectrum. In this representation, it becomes apparent that the peaks of the
proteins are being shifted to a shorter time-of-flight as a function of the post-acceleration voltage.
This phenomenon can be explained by the increased post-acceleration applied to the ions. As
indicated in Fig. 1, the ion acceleration is composed of two acceleration stages, i.e. the initial
acceleration at the sample stage (~3kV) and the final acceleration behind the mass spectrometer
towards the detector (2-10 kV) in the post-acceleration region. The magnitude of the post-
acceleration field determines the final time-of-flight of the ions.

3.3. Wide mass range spectral capabilities. The performance of the HV detection system over a large
mass range is evaluated with a protein sample in the mass range < 70 kDa (Table 1). The protein
calibration standard was measured in positive ion mode for ion acceleration energies of 5.5 keV and
10.5 keV (Fig. 5). Fig. 5 displays the raw Timepix-generated spectra. As reported in [20], the bit depth
of the Timepix detector limits the time-of-flight measurements to about 118 ps at a 10 ns clock cycle
resolution. Hence, large mass range spectra have to be recorded in successive portions (for TOF
ranges > 118 ps), which are acquired by delaying the Timepix measurement interval with respect to
the ion-generating laser shot. To cover the mass range of the protein standard, the spectra displayed
in Fig. 5 consist of four consecutive, raw spectra which correspond to 5,000 laser shots each. The
Timepix detection system gives a detection advantage to lower mass ions since the Timepix pixels are
single-stop TDCs. Hence, consecutive ions with a longer time-of-flight are not “seen” by a pixel which
has previously been occupied in a measurement cycle [21]. This results in high ion counts at low mass
8



and gradually lower ion counts towards higher masses in high count rate regimes where many pixels
are occupied multiple times (as discussed in “positive ion mode” above). This effect results in
“bumps” in the “stitched” wide mass range spectra (in Fig. 5, for instance, around 15 kDa where two
spectral portions are stitched together), i.e., there are relatively less ions detected towards the end
of spectrum portion n while there are relatively more ions detected at the beginning of spectrum
portion n+1. This effect can be reduced by moderating the ion count rate or by smoothing
algorithms.

A comparison between the spectra at ion acceleration energies of 5.5 keV and 10.5 keV shows the
analytical advantage that the higher post-acceleration voltage delivers. The BSA* peak at 33,300 Da
is more pronounced at the higher post-acceleration voltage. The protein A" peak at 44,613 Da is
detected in the spectrum acquired at the 10.5 keV ion acceleration energy but not at lower post-
acceleration voltages. A comparison with the standard time-to-digital converter (TDC) of the TRIFT
system is included in Appendix C (Fig. C.1). The protein standard was measured with the TDC system
for ion acceleration energies of 5.5 keV, 8 keV and 10.5 keV. The increased ion acceleration energy
does not result in additional analytical capabilities with the TDC. A comparison of the Timepix-
generated and the TDC-generated spectra of the protein standard shows that with the TDC only a
mass range of up to 33 kDa (BSA®") is accessible, while the Timepix still detects Protein A" at 44.6 kDa.
Further, the signal-to-noise ratio of the raw TDC signal is poor compared to the sharp Timepix-
generated spectra. The Timepix-generated spectra are compared to spectra acquired with an
Ultraflex Il MALDI TOF-MS (Fig. C.2). The Ultraflex spectra were generated in linear ion mode with an
ion acceleration energy of 25 keV. Note that the ions are accelerated by an initial ion extraction in
the Ultraflex, while the acceleration in the Timepix system is composed of the initial extraction and a
post-acceleration (Fig. 1). Fig. C.2 displays the raw Ultraflex spectrum (no baseline subtraction) as
acquired with the standard Ultraflex system analog-to-digital converter. The Timepix- and Ultraflex-
generated spectra are generally comparable, even though the Ultraflex’ ion acceleration energy is
about twice that of the Timepix.

The accessible mass range is further investigated with a sample of the protein ubiquitin. Fig. 6
displays two spectra acquired at ion acceleration energies of 5.5 keV and 10.5 keV. The wide mass
range is composed of four measurements of 5,000 laser shots each which have been stitched
together, as outlined above. The higher post-acceleration voltage spectrum shows spectral features
in the mass range up to 100 kDa, which represents the maximum mass range accessible with the
TRIFT spectrometer (hardware/software limitations due to secondary ion mass spectrometry nature
of the instrument), while the lower post-acceleration voltage spectrum displays distinct spectral
features up to about 80 kDa [20]. The 10.5 keV spectrum shows ubiquitin up until its 11-mer at 94.2
kDa, which illustrates that the full mass range of the TRIFT spectrometer is accessible with the
Timepix detection system.

4. Conclusions

We described a high voltage Timepix-based detection system for MS(l). This system extends the
already established advantages of the Timepix, i.e. position- and time-sensitive measurements,
measurement of different masses simultaneously, high dynamic range, high throughput and high



spatial resolution [19-21], towards the detection of high m/z species. The experiments presented
here establish ion detection capabilities in both positive and negative ion mode, which provides the
capability to collect complementary analytical information. The initial experiments indicate that the
ion signal is enhanced with an increased post-acceleration voltage in moderate count rate regimes.
Future studies should investigate the signal increase as a function of the post-acceleration voltage in
different count rate regimes, which will provide systematic experimental guidelines for the optimum
application of post-acceleration voltages for the presented detection system. It was established that
the Timepix detection system benefits from increased ion post-acceleration voltages for both
spectral quality and accessing a mass range up to 100 kDa. This system enables positive and negative
mode MALDI TOF-MSI in the microscope mode, with the added capability of high mass detection (i.e.
intact proteins).
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Tables

Table 1: Protein Calibration Standard | and Il (Bruker Daltonik GmbH, Bremen, Germany).

Protein Average m/z Calibration Standard
Insulin [M+H]" 5,734.51 I
Ubiquitin | [M+H]" 8,565.76 I
Cytochrome C [M+H]" 12,360.97 I
Myoglobin [M+H]" 16,952.30 I
Cytochrome C [M+H]* 6,180.99 |
Myoglobin [M+H]** 8,476.65 |
Typsinogen [M+H]" 23,982 I
Protein A [M+H]" 44,613 Il
Albumin-Bovine (BSA) [M+H]* ~66,500 Il
Protein A [M+H]** 22,307 I
Albumin-Bovine (BSA) [M+H]* ~33,300 Il
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Figures

Fig. 1: Schematic representation of the ion microscope mass spectrometer and potential diagram for
the operation of the floating Timepix detector assembly in positive and negative ion mode.
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Fig. 2: Schematic representation of the high-vacuum compatible chip carrier. The chip carrier consists
of a standard, multilayer FR-4 PCB to which a layer of liquid crystalline polymer (LCP) is applied on
both sides. The edge of the board is sealed with a layer of copper and indium to prevent outgassing
and to provide a metal surface for the vacuum seal between the carrier and the vacuum chamber of

the mass spectrometer.
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Fig. 3: Photos of the high-vacuum compatible chip carrier glued into the stainless steel support. (a)
In-vacuum (front) side of the carrier. The four drilled and threaded holes mark the positions on which
the MCP support will be attached. (b) In-air (back) side of the chip carrier. The copper block provides
mechanical support and functions as a heat sink. The readout interface board can be clicked into the
connector located in the center of the chip carrier. (c) Zoom on the bonding pads and wire-bonded

chips on the in-vacuum side.
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Fig. 4: (a) Mass spectra of the protein calibration standard in the mass range from 0-15 kDa acquired

in negative ion mode at an ion post-acceleration voltage of 4 keV (blue), 7 keV (green), 10 keV (red)

and 13 keV (black). (b) Mass spectra of the protein calibration standard in the mass range from 0-15

kDa acquired in negative ion mode at an ion post-acceleration voltage of 7 keV (green), 10 keV (red)

and 13 keV (black). (c) Mass spectra of the protein calibration standard in the mass range from 0-14.5

kDa acquired in positive ion mode at an ion post-acceleration voltage of 5.5 keV (blue), 8 keV (green),
10.5 keV (red), 13 keV (black). (d) Time-of-flight spectrum of the protein calibration standard in the
mass range of about 10-18 kDa acquired in positive ion mode at an ion post-acceleration voltage of
5.5 keV (blue), 8 keV (green), 10.5 keV (red) and 13 keV (black).
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Fig. 5: Spectra of the protein calibration standard in the mass range up to 70 kDa. The spectra are
acquired with the Timepix detection system on the TRIFT ion microscope at ion acceleration energies
of 5.5 keV (black) and 10.5 keV (red). The green arrows indicate where consecutive Timepix-
generated spectra were stitched together. The inset shows a zoom on the mass range from 30 to 65

kDa.
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Fig. 6: Spectra of the protein ubiquitin in the mass range up to 100 kDa. The spectra are acquired
with the Timepix detection system on the TRIFT ion microscope at ion acceleration energies of 5.5
keV (black) and 10.5 keV (red). The green arrows indicate where consecutive Timepix-generated
spectra were stitched together. The inset displays a zoom on the mass range from 55 to 100 kDa.
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Appendices
Appendix A

Fig. A.1: Representation of the mechanical design of the HV setup. The inner shell contains the
detection system, readout board, temperature control system and signal-converter at high voltage.
The outer shell functions as a protective housing. The most crucial elements of the setup are
annotated.
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Fig. A.2: Schematic representation of the electrical design of the high voltage setup. The electronics

inside the shaded box is floating on HV and is physically contained within the inner shell of the

mechanical design (Fig. 7.2). The electronics outside the shaded box are at ground potential and are

located outside the outer protection shell of the setup.
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Appendix B

Active Peltier Cooling System. The four Timepix chips dissipate approximately 4 W in total.
Therefore, the in-vacuum mounting of the Timepix chips requires active cooling to prevent
overheating. In the presented setup, the chips are cooled actively with two Peltier elements. The
Peltier elements and the chips are connected by a series of copper parts. The assembled chip carrier
is glued to the copper support/heat sink with thermally conducting glue. The copper heat sink is
connected to a copper heat conductor that terminates in a platform on which the two Peltier
elements are installed (PE-127-10-13-S, sealed, 37.2 W cooling power at T=0 and maximum
current=3.9 A, maximum T=70 °C at maximum current=3.9 A and power=0; Global Component
Sourcing, Hong Kong). The Peltier elements are cooled with a heat sink and a fan. The cooling
temperature is probed with a PT-100 temperature probe, which is attached to the copper platform
next to the Peltier elements. The cooling platform temperature is controlled and held at a given set
point, typically 8 °C, with a temperature controller (eTRON M electronic microstat, JUMO GmbH &
Co. KG, Fulda, Germany). The temperature of the chips is monitored via the Max6642 temperature
sensor, which is located in the chip carrier PCB below the four chips. The field-programmable gate
array (FPGA) on the readout board is cooled with a fan (via a cooling tube). The FPGA temperature is
also given by the Max6642 which reads a FPGA-internal sensor diode. The chip and the FPGA
temperature readings are transferred to the measurement personal computer (PC) via the Ethernet
readout connection. A dedicated temperature monitoring and control software was developed. This
software package was incorporated into the Medipix/Timepix readout software Pixelman (Pixelman
software, version 2010/03/29, [29, 35]) as a “plug-in". The temperature monitoring and control
software (system overview in Fig. 6) grabs the chip and FPGA temperature readings from the
Ethernet data stream and displays the temperature readings in a graphical user interface (GUI)
window. In the GUI, the user can specify an “alarm" and a “switch-off" temperature (O<alarm/switch-
off temperature<100 °C) for the chips. If the chip temperature reading is higher than the user-
specified alarm temperature for a user-set amount of time (0O<alarm time-out<100 s), the GUI goes
into alarm status (turns red) and an acoustic alarm sets in. Once the chip temperature exceeds this
switch off temperature for a user-set period of time (O<alarm timeout <100 s), the software is
capable of shutting down the chips' and readout board's power supplies to prevent overheating. The
switch-off procedure is enabled via a multifunction DAQ unit (NI USB-6008, 12-Bit, 10 kS/s Low-Cost
Multifunction DAQ, National Instruments, Austin, USA) and a home-made power supply controller,
which converts the TTL signal from the NI I/0 into a “disable" signal for the Timepix and ReLAXD
board power supplies. Typically, the system is operated at an “alarm" temperature of 35 °C and a
“switch off" temperature of 45 °C. The software writes the chip and FPGA temperatures as well as
the user-set “alarm" and “switch off” temperatures to a log file. This temperature control program
enables unattended measurements, which is convenient for long and/or over-night experiments.
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Fig. B.1: Schematic representation of the hardware components and software working mechanism of

the temperature monitoring and control implemented for this setup.
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Appendix C

Fig. C.1: Protein calibration standard spectra acquired with a TDC on the TRIFT ion microscope. The

spectra are acquired at ion acceleration energies of 5.5 keV (green), 8 keV (red) and 10.5 keV (blue).
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Fig. C.2: Spectra of the protein calibration standard in the mass range up to 70 kDa. The spectrum is
acquired with a Ultraflex Ill spectrometer.
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