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Abstract
Time-of-flight Secondary Ion Mass Spectrometry (TOF SIMS) with MeV primary ions offers a fine balance between secondary ion yield for molecules in the mass range from 100 to 1000 Da and beam spot size, both of which are critical for imaging applications of organic samples. Using conically shaped glass capillaries with an exit diameter of a few micrometers, a high energy heavy primary beam can be collimated to less than 10 µm. In this work, imaging capabilities of such a setup are presented for some organic samples (leucine-evaporated mesh, fly wing section, ink deposited on paper). Lateral resolution measurement and molecular distributions of selected mass peaks are shown. The negative influence of beam halo, an unavoidable characteristic of primary beam collimation with conical capillary, is also discussed. A new start trigger for TOF measurements based on the detection of secondary electrons released by the primary ion is presented. This method is applicable for a continuous primary ion beam, and for thick targets that are not transparent to the primary ion beam. The solution preserves the good mass resolution of the thin target setup, where the detection of primary ions with a PIN diode is used for start trigger, reduces the background, and enables a wide range of samples to be analyzed.  







Introduction
Secondary ion mass spectrometry (SIMS) with MeV primary ions can be a useful technique for imaging of organic samples. Higher yield of heavier molecules (100-1000 Da) and less fragmentation due to different interaction mechanism is a significant advantage for analysis of samples with molecules of interest in this mass range [1,2]. Lateral resolution as low as few microns can be exploited for determination of spatial distribution of heavy molecules. In the last 15 years, several accelerator facilities have installed MeV Time-of-Flight SIMS setups and started to use this technique routinely [3-7]. Usually, magnetic or electrostatic lenses are used to focus the primary beam. One disadvantage of this kind of beam focusing is its inability to focus heavy primary ions with high energy (such as 20 MeV Iodine) which have been shown to produce a higher secondary ion yield [1,2,8,9]. One cheap and relatively simple alternative is beam collimation with borosilicate capillaries with exit diameter of few micrometers [10-12]. In this way, any primary beam that can be delivered by the accelerator will be collimated to approximately the same dimension, independently of ion mass and energy. Another advantage of capillaries is the possibility of beam extraction into the air without an additional window which separates the high-vacuum part of the setup and negatively affects beam spot size. 
In our setup [12], capillaries have a conical shape, with an inlet diameter of 0.8 mm and an exit diameter of 2.5 – 5 µm. As a result, the collimated beam consists of two distinct parts: a core, made of ions directly transmitted through the capillary, and a halo. The halo is made of ions that are scattered at the capillary walls near the capillary end and ions that pass through the capillary walls at the very end of the capillary tip. While the beam core ions have full energy, ions from the halo can have much lower energy, depending on the amount of energy loss inside the capillary walls. Halo to core ratio, as well as the halo’s shape, is different for every capillary because they are not produced in a perfectly controllable manner. For the homemade capillaries used in our system, produced by ETH in Switzerland, that also works with these capillaries [13], the ratio varied from 30 to 50 percent, which presents a significant disadvantage for imaging applications.
In this work, the application of the capillary MeV TOF-SIMS setup for imaging of organic sample will be presented. Previously, a particle detector behind the sample was used to detect primary ions and start the TOF measurement, limiting the use of the setup only to thin targets, transparent to the primary ion beam. To expand the number of available targets and facilitate the preparation of the targets, a new trigger for start signal of the TOF measurements based on the detection of secondary electrons is introduced. 
Experimental setup
Measurements were performed at the MeV TOF SIMS capillary microprobe of the Ruđer Bošković accelerator facility. A 6 MV Van de Graaff accelerator was used to obtain Cu and I primary beams. Two different options for triggering the start signal of the TOF measurements are available: a) detection of primary ions with a particle detector placed behind the transparent target (thin target or transmission mode), and b) detection of secondary electrons emitted from the sample surface upon the impact of the primary ion with an electron multiplier (thick target mode). Primary beam pulsing before the capillary is not an option because the continuous beam current after passing through the capillary is already low, up to 15 kHz.  In the first mode, which can be only used for thin targets, signal from a Hamamatsu S3590-09 silicon PIN diode placed 10 mm behind the target, is used as a start trigger. More details about the transmission setup can be found in Ref 12. 
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Fig. 1 Schematic overview of the setup and operating principle for thick targets: detection of secondary electrons (left) triggers the start signal of the TOF measurements and sends a signal to the high voltage switch which increases the extraction voltage to +3 kV (right).
To enable the analysis of targets with arbitrary thickness, the setup has been upgraded with the electron multiplier to detect the secondary electrons released from the target upon primary ion impact. The implementation of electron detection is complicated by the positive target voltage that is necessary for the acceleration of positive secondary ions toward grounded extractor. To resolve this issue, a high voltage transistor switch (Behlke HTS 61-01-GSM) is introduced to change the target voltage from zero to acceleration voltage and vice versa (see Figure 1.). After the primary ion hits the sample placed on a grounded holder, secondary ions and electrons are released from the sample. The electron multiplier, placed at a distance of ~10 mm from the sample, collects the secondary electrons in a few nanoseconds after the ion impact. The logical signal from the multiplier (created with a fast preamplifier followed by a Constant Fraction Discriminator) is sent to the acquisition system [14] and used as a start signal for the TOF measurement. Additionally, a digital signal from the acquisition system is sent to the control gate of the switch which then increases the target voltage from zero to the designated positive voltage in a few ns. The delay between the start signal, from the electron multiplier, and the signal to the control gate of the switch is ~ 80 ns. A 10 eV ion with a mass of 100 Da travels ~ 350 um during this time, less than 10% of the distance between the target and extractor tip, so no significant loss of secondary ions is expected during this delay. As soon as the extraction voltage is increased, the secondary ions are accelerated toward the mass spectrometer. After 2 µs, the target voltage is switched back to zero and during the time interval of 100 µs (which is a window for TOF measurement), the acquisition system prohibits triggering of the switch. This assures that even if a new primary ion arrives at the target in a time interval smaller than 100 µs, newly created secondary ions won’t be extracted toward the spectrometer. Only primary ions, that arrive after the acquisition window of 100 µs, will trigger a new TOF measurement and target voltage switch. In this way, the background due to non-coincident events (non-correlated primary and secondary ions) is greatly reduced, in contrast to transmission mode setup where the target is constantly kept at the high voltage and any primary ion arriving during the acquisition window will create random events in the mass spectrum. Maximum nominal continuous frequency for the switch is 20 kHz, but usual rates in the measurements are from 5 – 15 kHz. The addition of another electronic unit used for delaying the signal that goes to the control gate of the switch enables a delayed extraction, that is shown to positively influence a mass resolution of the SIMS [15].
A dual slope TOF reflectron analyzer with a MCP detector (from © Kore Technology Ltd) is used for the collection of positive secondary ions. In the transmission mode, the system was previously optimized for the best mass resolution and the same values for setup parameters are used: Vtarget = 4.5 kV, VEinzel lens = 2.33 kV, Vreflect = 4.6 kV, Vretard = 3.2 kV (all values are positive). The time resolution of the SIMS spectra was approximately 5 ns for hydrogen (m/q = 1). In the other mode of operation (with the electron start trigger) the maximum target voltage was +3 kV. For this extraction voltage, the best setup parameters, with respect to the mass resolution are: Vreflect = 3.01 kV, Vretard = 2.05 kV, VEinzel lens = 1.5 kV. As for the DeTech 2300 channel electron multiplier, the voltages used are: Vfront = 360 V, Vinterediate = 1.8 kV and Vback = 1.9 kV. 
Results and discussion
a) Mass resolution of the thick target setup
Mass spectrum of the leucine (m = 131.2 Da) target with secondary electrons used as a start trigger is shown in Figure 2. Mass resolution, defined as a ratio between centroid of the peak and its full width at half maximum, for the main molecular peak (m/q = 132.2 Da) is 1250, which is approximately the same as in the transmission setup for the same target voltage. In the figure inset, it can be clearly seen that the background level is a few times lower compared to the transmission mode: signal to noise ratios for the leucine peaks (M+H at 132.2 Da, 2M+H at 263.4 Da, 3M+H at 394.6 Da and 4M+H at 525.8 Da) are 1318, 688, 150 and 48 respectively in the thick target setup, while in transmission mode these ratios are 721, 180, 32 and 20. 
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Fig. 2 Leucine (m = 131. 2 Da) mass spectrum obtained with secondary electrons used as a trigger for start of the TOF measurement. In the figure inset, leucine spectra for both trigger modes are compared (extraction voltage is 4.5 kV in transmission mode and 3 kV in thick target setup). Primary beam for both measurements, which were done on the same sample, was 14 MeV Cu4+ with the beam current in the range 4 – 5 kHz.

b) Lateral resolution 
Lateral resolution of the setup is defined by the beam spot size and shape after transmission through the capillary. The minimum size of the beam core is defined by the capillary exit diameter (~ 2.5 µm), but the real size at the sample surface is larger due to beam divergence (~1°, defined by ~ 1 mm collimator opening 1.5 m before the capillary). For lateral resolution measurement, the leucine-evaporated carbon-coated copper mesh (Figure 3) was placed on a scanning stage and the setup was operated in transmission mode with the 8 MeV Cu3+ primary beam. The beam current at the capillary inlet was used as a normalization for the movement of the piezo stage during scanning. 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 a logistic fit curve, is 3 – 8 µm, depending on the side of the mesh edge. As the angle between capillary axis and normal to the sample surface is 45°, it is expected that one side of the mesh appears sharper than the other. In y – direction, the resolution is worse (15 – 17 µm), because the collimator placed in front of the capillary chamber cuts the beam (and beam divergence) only in the x – direction. 
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Fig. 3 Total mass spectrum map of leucine-evaporated carbon-coated copper mesh with 127 µm pitch (above). Line scans in x and y directions (1 µm per pixel) were recorded to measure resolution in both directions (below). Shaded blue regions mark calculated resolution.
c) Imaging in the transmission mode
The optical image of the analyzed sample, a fly wing, is shown in Figure 4. 23 MeV I7+ was used as a primary beam. The beam current at the capillary inlet was used for pixel normalization and to trigger the movement of the sample scanning stage. 2D spatial distribution (250 x 250 µm2) of the most significant peak (Na) in the mass spectrum collected in 112 minutes is shown in the same figure. Total mass spectrum follows the same spatial distribution, which indicates that surface morphology is responsible for all features in this image. 
 [image: ]
Fig. 4 Fly wing imaging in transmission mode: photo of the sample with the green square denoting imaged area (up), total mass spectrum (upper right), spatial distribution of total mass spectrum (lower left) and sodium peak, m/q = 23 Da (lower right).
d) Imaging with the thick target setup
An example of a sample that cannot be examined in the transmission mode is shown in Figure 5. To analyze ink deposited on paper, a setup for thick targets with electrons used as a start trigger needs to be used. An area of 1 x 1 mm2 (20 µm per pixel) was analyzed with a 14 MeV Cu4+ primary ions. A signal from electronic multiplier was used for normalization and triggering of the scanning stage movement (multiplier/ion beam rate was approximately constant in all regions of analyzed area). 
Signature peaks from BV3 pigment (m = 372.5 Da) and its degradation products and fragments (a product with CH3 group removed and substituted with hydrogen at mass 357.5 Da, a product with two CH3 groups substituted with hydrogen at 344.4 Da, and others) are shown in the inset of the mass spectrum. Relatively low yield of these heavier molecules points to poor efficiency of the setup for a detection of heavy molecules. These molecules can be lost during the flight in the reflectron tube due to delayed fragmentation, but the dominant factor is probably low efficiency of the MCP detector for the detection of heavier ions [8,16]. Spatial distribution of signature molecules shows clear correlation with the ink distribution. Looking at the number of counts in the areas where no ink was deposited, it can be concluded that halo contribution is quite strong – average number of counts in these parts of the imaged area goes from 10% (lower right corner) to more than 50% (upper left corner) of the average number of counts in the parts with deposited ink. Sodium is homogeneously distributed over the analyzed area, which is expected, except for the stronger signal in the upper part of the image, as a consequence of the asymmetrical shape of the halo.
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Fig. 5 Imaging of ink deposited on paper with electrons as start trigger: a photo of the sample (upper left), total mass spectrum with characteristic peaks (BV3 pigment and its degradation products and fragments: M = 372.5 Da, M’ = 357.5 Da and M’’ = 344.4 Da) featured in the inset (upper right), spatial distribution of the BV3 products and fragments from the mass spectrum figure inset (lower left), and spatial distribution of sodium (lower right).
Conclusion
A new start trigger that uses secondary electrons shows to be a good solution for thick targets. It offers the same mass resolution as the particle detector in the transmission mode, with additional benefits: possibility to analyze samples of arbitrary thickness mounted on thick substrates (in case of transmission mode sample and backing thickness is limited to few micrometers), reduced background and radiation hardness. 
[bookmark: _GoBack]To fully utilize the setup with a heavy high energy primary beam, a detection efficiency of heavier molecules must be improved. A new secondary ion detector, with 10 kV post-acceleration, is currently being installed to address this issue.
With respect to the lateral resolution of the setup, there is no room for improvement. Capillaries with smaller exit diameters will further reduce the available current and could make the measurement time too long to be practical. Halo, on the other side, is shown to be a big obstacle to produce a reliable and clear image of the sample. Straight heavy wall capillaries with the same inlet and exit diameter of 10 µm and length of 5 mm, were tested as an alternative solution. But the beam transmission was disappointingly low, less than 100 Hz for the same inlet current as for conically-shaped capillaries. A beam with almost zero divergence, required for the good transmission through the straight capillaries, is impossible to obtain in our setup. What needs to be mentioned is also the unreliability of the capillaries in the long run – sometimes transmission suddenly worsens, without any obvious cause, and a new capillary must be installed. All of this points to alternative solutions if the goal is to routinely perform molecular imaging with a resolution better than 10 – 20 µm without features attributed to the halo. Our initial measurements with simple round 5 um aperture have been very promising and have shown it could be a better solution than conical capillary for imaging applications. Therefore, our further efforts will be focused to increase the efficiency of the secondary ion detector for heavier masses and exploit the potential of aperture based microprobe for molecular imaging of different types of samples.
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21

image1.jpeg
Extractor

I I

multiplier

Primary beam 1)

target
voltage
switch

Trigger

+ target voltage




image2.png
500
0
electrons
400 *
L
86.1 Da g
300 !
100
200
m/q (Da)
- Ml
[ERMTE
(4msH]
300 400 .

o
100 200
m/q (Da)




image3.png
counts

500

w0

w00

0

0

20

150

350

300
250
200
150
100
50
0
oS *  measurement wo| ® measurement .
A — fit (logistic function) — fit (logistic function)
0
0
8
20
20
150 17 pm
180 10 150 150 %0 180 0 180 150 %0

X (um)

¥ (um)




image4.png
= eae o ogmomd e am |
-l P S ¥ »
o
0
A 15
! = = 0
. 300 = 10
Mo g L = |
P S ¥ ,
o ;. i - 200 o L
- | -. - . 2 -' -I- i, -. . 5 1 L
- - 10 - O e !





image5.png
000 [
0 w0 e
2000 =
o1+
. ™
Z 100
Gk Do s %o H v e
ma 02
1000
00
o
100 EJ L3 00
mia (0a)
18
160 16
140 1
120 b
100 10
P 8
© 6
4
)
2
2





image6.tiff
secondary ions

primary ions dactrons

electron
multiplier

m/a

+target voltage




