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Abstract

New Time-of-flight Secondary lon Mass Spectrometry (TOF SIMS) setup using MeV heavy ions for
the excitation is developed at the Ruder Boskovié Institute accelerator facility. To focus heavy MeV
ions to micron dimensions, conical glass capillary is used instead of quadrupole magnetic lenses.
The setup uses a continuous primary beam where START signal for TOF is obtained from the PIN
diode placed behind the thin transmission sample. Measured energy spectra for several primary
heavy ions are presented and compared with theoretical simulations. The first mass spectra
obtained with the new setup using reflectron-type TOF analyser are given together with the mass
and spatial resolution values of the new setup.
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Introduction

To overcome high fragmentation of large molecules and consequently complex mass spectra obtained by
conventional (keV) Time-of-flight Secondary lon Mass Spectrometry (TOF-SIMS), in the last couple of years
several setups were designed at the accelerator facilities worldwide which utilize focused MeV heavy ions
for the excitation [1, 2, 3, 4, 5]. Since the electronic stopping is the main energy loss mechanism for
interaction between MeV heavy ions and the sample surface, molecules are more softly desorbed and
therefore up to several orders of magnitude higher yields of intact molecules are expected than in case
when keV ions are used [6]. Therefore, MeV TOF-SIMS spectra are in general easier to analyse comparing
to their low energy counterpart, which makes this method a useful tool in molecular imaging and surface
characterization of organic samples [7, 8, 9]. The major limiting factor of this technique is inability of
proper focusing of high energy heavy ions which are bringing the highest benefit through their large
electronic stopping power values with the existing standard magnetic quadrupole lenses. One way to
overcome this problem is to use alternative setup: instead of using ion optical lens system, one can use
capillary microprobe system where the primary beam is collimated by passing through the small opening
of glass capillary [5, 10, 11]. The target beam current in that case is not merely defined by ratio of input
and output radii of the capillary, but also depends on the capillary shape and material. Interaction of ions
with capillary walls through Rutherford scattering results in an enhancement of output beam current [12].



In present paper, progress in the development of the capillary microprobe system recently installed at the
Ruder Boskovi¢ Institute accelerator facility is presented. The new chamber, coupled to reflectron time-
of-flight (TOF) analyser (manufactured by Kore Technology Ltd), is an upgrade of the existing MeV TOF-
SIMS setup with quadrupole triplet focusing and linear TOF analyser installed at the heavy ion nuclear
microprobe beamline. The old setup (described in detail Ref. [3]) is limited to focus ions with rigidity less
than 14 (equivalent to 8 MeV Si**), therefore not allowing use of heavier and more energetic ions such as
23 MeV I®* ions which are standardly used for TOF Elastic Recoil Detection Analysis (TOF-ERDA)
measurements at 0° beam line. Heavy ions can be provided either by 6 MV HVEC Tandem Van de Graff
accelerator or by 1 MV HVEE Tandetron accelerator. Therefore, new setup that is using capillary for
obtaining micrometre beam dimension is built in the extension of the existing TOF-ERDA beam line which
can accept ions from both accelerators, with no restriction on the ion rigidity. Since the beam current is
heavily reduced by passing through the capillary, pulsed beam which is used for triggering of START signal
at the old MeV TOF SIMS setup at the heavy ion microprobe with magnetic focusing is no longer an option.
It would take too long to obtain enough statistics in the spectrum using this trigger method, so new
triggering options needed to be considered. For thin targets, as a START trigger, particle detector in
transmission geometry is always an option. Major disadvantage of this option is radiation damage suffered
by such a detector due to the fact that beam is not scanned over the sample surface. Instead, the beam
is fixed so charge collection efficiency of the particle detector reduces over time leading to a relatively
short detector’s lifetime. Consequently, one needs to frequently replace the detector with the new one
in order to have a reliable START signal. As presently, our capillary microprobe system is equipped only
with this detector, so MeV TOF-SIMS setup was tested using thin transmission targets. Installation of an
electron detector, which will detect secondary electrons created after interaction of ions with the target
and provide START signal for TOF measurements regardless of sample thickness, is in progress.

Experimental Setup

Schematic view of the new chamber is shown in Fig. 1. The system is operating in high vacuum of ~ 107
hPa. A sample holder is placed about 40 mm from the capillary outlet at 45° to the incident beam direction.
Grounded extractor tip is placed perpendicular to the sample surface at the distance of 5 mm.
Additionally, during the measurements sample inclination can be slightly varied (+ 1°) in order to maximize
the secondary molecular ion yield. By applying up to 5 kV to the sample (Viarget), the electric field is created
between the sample surface and extractor tip which enables extraction of secondary molecular ions from
the sample. After entering the TOF analyser and passing through 586 mm field-free region, ions are
reflected in the electric field which can be controlled through Reflect (Vrefiect) and Retard (Vretars) Voltages
of the reflectron-type analyser. The reflected ions travel again through 296 mm of field-free region and
enter 25 mm diameter dual micro channel plate (DMCP) detector with flange-mounted external fast
preamplifier. Mass resolution of the analyser can be optimized by adjusting Reflect and Retard voltages,
as well as Einzel lens voltage (Veinzel) placed after the entrance of the extractor. The best obtained time
resolution for the H ion (m/q = 1) was 5 ns with following values for the voltages: Viarget = 4.5 KV, Vrefiect =
4.6 kV, Vretard = 3.1 kV, Veinzel = 2.4 kV and Vmcp-front = -2 kV. A5 x 5 mm? PIN diode, which triggers the TOF
START signal, is placed around 10 mm behind the target and negatively biased (100 — 200 V) through Ortec
142 A, charge sensitive preamplifier. Both START (timing signal from charge sensitive preamplifier) and
STOP (pre-amplified MCP signal) signals go through same electronic chain: first to Constant Fraction
Discriminators (CFDs), followed by Timing filter amplifiers which are then connected to the homemade
Multistop Time to Digital Converter data acquisition system SPECTOR v2 [13]. Coincidence window can



be set in SPECTOR v2 which controls the acquisition and displays acquired spectra (usually, 100 ps
acquisition window over 32k channels is used).

The sample holder is mounted on a 4D piezo-based scanning stage (producer SmartAct) which enables
measurement of spatial distribution of molecules (molecular imaging). Optimum speed of the scanning
stage is 100 um/s, and nominal lateral resolution of each piezo stage is 1 nm. Pre-set time or collected
charge in the PIN diode (normalization to number of counts in the diode) can be used as a trigger to move
stage to the new position. During moving to the new position, spectrum is not acquired.

Results
1. Energy spectra of the primary ion beam transmitted through the capillary

The capillary, produced at the ETH Zirich, is mounted on a precision tilt port aligner enabling initial
aligning of capillary with the beam direction. It is made out of borosilicate glass and conically shaped, with
inlet diameter of 0.86 mm and nominal outlet diameter of ~5 um. When ion enters the capillary it can
either directly pass through it without interacting with the capillary walls (probability of this event is
determined by the square of the inlet to outlet diameter ratio) or it can collide with the capillary walls
through Rutherford (low-angle) scattering, with several different end-results: i) ion can lose all energy
inside the capillary walls, ii) it can be backscattered inside the capillary iii) it can be forward scattered
exiting the capillary or iv) it can pass through the capillary walls at the capillary tip losing some energy
inside the thin capillary walls. Following procedure outlined by M.J. Simon et al. described in Ref. [12]
(SRIM [14] calculated trajectories of primary beam ions inside borosilicate glass capillary) simulations of
energy spectra and spatial distribution of ions in the detector were performed and are shown in Fig. 2.
For the simulations it was assumed that ion beam is perfectly aligned with the capillary axis.

Experimentally obtained energy spectra for two different energies of Au ions and three different energies
of | ions after passing through the glass capillary are shown in Figs. 3a and 3b, respectively. Figure 3c
shows spectra collected in the PIN diode for several different ions (I, Cu, Au, Si) with similar incident
energy. The ions passing directly though the capillary are detected with the full energy peak, while low
energy tail can be associated to the ions scattered at the capillary walls as well as transmitted through the
capillary tip. Simulations show that contribution from the ions transmitted through the walls is a minor —
more than 99% of ions in low energy tail come from scattering at the capillary walls. Simulations for Au
ions with different energies (Figs. 2b and 2c) show that low energy tail is always present, but its
contribution depends on ions’ range inside the glass capillary (ions with lower energy have higher chance
of losing all energy inside the capillary walls). Also, low energy resolution of the used particle detector
plays the role — low energy tail is sometimes “hidden” inside the broad full energy peak in measured
spectra (Figs. 3a-3c). Since the capillary walls are very thin at the capillary end, small variation in ion range
can significantly influence energy spectra of transmitted ions, which is shown in Fig. 2c where much longer
low-energy tail for 15 MeV Si ion can be seen compared to the 17.5 MeV Au ion in Fig. 2b, although
difference in the range calculated by SRIM is only 1.6 um. This is also shown in experimental spectrum in
Fig. 3c so one has to have it in mind when considering the optimum ion for the measurement. Influence
of the energy distribution on the time resolution can be easily calculated (ions with lower energy need
more time to travel from the target to the diode placed at the distance of 10 mm behind the target). If we
assume for example that energy range of 1 MeV covers central peak and large majority of low-energy tail

for 17.5 MeV Au in Fig. 2b, one can roughly estimate that the time spread is ~70 ps. In the worst case,



for 15 MeV Si (due to the long low-energy tail), this contribution goes up to few hundreds of ps which is
negligible comparing to the measured intrinsic time resolution of 5 ns.

Simulated spatial distribution of the ions (Fig. 2d) shows that scattered ions create halo around directly
transmitted ions, which is expected given the conical shape of the capillary which determines minimal exit
angle for the scattered ions. That was confirmed experimentally using Gafchromic radiosensitive EBT3
film placed on the sample holder and exposed to the 5 MeV Si ion beam (Fig. 4). Deformed shape of halo
is a result of non-perfect alignment of ion beam with capillary axis [12] and 45° angle between incident
beam direction and sample surface.

Spatial distribution of molecules is created by collection of spectra in each pixel which size depends on
the beam spot size. When central part of the beam is located in one pixel, ions from the halo will hit the
sample around this pixel creating “false” counts in this pixel’s spectrum. In that way, existence of halo will
blur spatial distribution of molecules in each pixel which brings certain challenge for imaging applications
that should be somehow solved in the future. Simulations also predict enhancement factor defined as
ratio between number of all ions in the full energy peak (directly transmitted and scattered) to the number
of ions directly transmitted in the full energy peak. Simulations predict this factor to be in range 1.4 - 1.6,
depending on ion type and energy. In real measurement this enhancement factor can be even larger due
to the capillary surface roughness and neglected plural scattering contribution in the simulations [12].

2. Mass and spatial resolution

First MeV TOF-SIMS spectra measured using 8 MeV Si** beam on thin Phthalocyanine blue (PB15:1,
C32H16CuNsg, m/q 576.1 Da) and leucine (CeH13NO2, m/q 131.2 Da) layers evaporated on 1.5 x 1.5 mm?
100 nm thick SisNs windows are shown in Figs. 5 and 6, respectively. Beam frequency was around 5 kHz in
the PIN diode, while the MCP counting rate was about 10% of that value. Best achieved time resolution
for m/q equal to 1 was 5 ns. Measured mass resolution (defined as ratio between centroid of the peak
and its full width at half maximum) for selected mass peaks are shown in Table 1. Resolution of almost
2500 was achieved for group of peaks with m/q around 576 Da, which is 3 — 5 times better compared to
the existing setup [3]. Background in the spectra was caused by random coincidences with halo ions —
molecular ions are sputtered from the sample and detected in the MCP but START signal is not detected
so new ion can trigger TOF measurement creating false coincidence event in the mass spectrum.

Fig 7. represents distribution of counts in SIMS spectrum when 5 MeV Si** beam was scanned (250 x 5
um?) over the sharp edge (better than 100 nm) of leucine evaporated on SisNswindow. The beam current
at the capillary inlet was used as a normalization for the movement of the stage during the scanning.
When primary beam hits the sample completely outside the window (minimum number of events), signals
come only from the random coincidences from halo ions (left flat part of the distribution). Right-hand side
of the distribution corresponds to core of the primary beam hitting the sample inside the window.
Measured resolution in x direction, defined as the distance required for the number of counts to rise from
10% to 90% percent of the gap between minimum and maximum values of fit curve, is 22 £+ 1 um. The
same result is measured for resolution in y-direction (5 x 250 um?line scan). Two main factors contribute
to worse than expected lateral resolution for this capillary: first is primary beam halo and second not
sufficiently good ion beam optics of the experimental beam line. The latter results in minimum primary
beam divergence of ~0.04° (~ 1 mm collimator opening at 1.5 m before the capillary) which is significant
if we take into account that the distance between the capillary tip and the sample is 40 mm.



Conclusions

We presented first results obtained from a newly developed MeV TOF-SIMS setup based on the micro-
capillary focusing system. A limiting factor, focusing power of the magnetic optical elements (ion rigidity)
is eliminated and full capability of the MeV TOF-SIMS using heavy ions with high electronic stopping power
can be utilized. Measured energy distribution of the transmitted ions through the capillary is in good
agreement with the performed simulations and it does not significantly affect timing/mass resolution of
the setup when PIN diode is used as a trigger for the START signal for TOF measurements (it contributes
less than 1 ns to timing resolution of DAQ system). Mass resolution of the new setup based on reflectron-
type TOF analyser is increased for a factor of 3 - 5 comparing to the simple linear TOF analyser used in the
old setup. In this sense, accuracy of the mass peak identification, as well as sensitivity, is highly improved.
Measured spatial resolution is 22 um for both x and y direction. That will be improved by using a capillary
with a smaller outlet diameter as well as by optimizing the ion beam optics of the experimental line (new
collimating slits will be installed prior to the chamber to minimize primary beam divergence). Next step in
the development of the MeV TOF-SIMS microprobe will be design of a new triggering system for the START
of TOF measurements based on the (secondary) electrons coming from the primary beam-target
interaction, which will enable TOF-SIMS measurements for both thin and thick samples.
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Figure 1 Schematic view of MeV SIMS capillary microprobe setup


https://www.sciencedirect.com/science/article/pii/S0168583X16302154#!
https://www.sciencedirect.com/science/article/pii/S0168583X16302154#!
https://www.sciencedirect.com/science/article/pii/S0168583X16302154#!

2000
. 10 Mev AUS*

= ions from center
s jons from “halo”

1750

1750
1500

1500
1000

I (cts)

750
1250

500

0
1000

1 (cts)

04
5000 6000 7000 8000 9000 10000 11000 12000

E(keV)
750

500

0

2000 4000

8000

6000
E (kev)

Figure 2a Simulated energy spectrum for capillary collimated 10 MeV Au>* primary beam (energy resolution of FWHM = 10%
assumed). Low-energy tail is caused by scattered ions which form halo around the central part of the beam.
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Figure 2b Simulated energy spectrum for capillary collimated 17.5 MeV Au’* primary beam (energy resolution of FWHM = 10%
assumed). Low-energy tail is caused by scattered ions which form halo around the central part of the beam.
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Figure 2c Simulated energy spectrum for capillary collimated 15 MeV Si** primary beam (energy resolution of FWHM = 10%
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Figure 2d Simulated spatial distribution of the capillary-collimated 5 Mev Si** primary beam at the target.
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Figure 3c Energy spectra of different ions transmitted through the capillary



Figure 4 Gafchromic radiosensitive EBT3 film exposed to capillary focused 5 MeV Si**
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Figure 5 TOF-SIMS spectra of Phthalocyanine Blue PB15:1 using 8 MeV Si**
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Figure 6 TOF-SIMS spectra of protonated leucine using 8 MeV Si**
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Figure 7 Resolution measurement - 250 x 5 um? line scan with 5 MeV Si** beam over the edge of leucine-vaporized SisN, window

Phthalocyanine Blue Leucine
m/q (Da) | m/FWHM(m) | m/q (Da) | m/FWHM(m)
23 1045 2 500
129 1537 23 1278
576 2482 132.2 1488
610 2459 263.4 1458

Table 1 Measured mass resolution for selected mass peaks in Phtalocyanine blue (left) and protonated leucine (right) TOF-SIMS
spectra using 8 MeV Si** primary beam



