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A scanning control system of the ion beam of MeV energies has been developed for the nuclear scanning microprobe and proton-beam
writing channel as a part of accelerator-analytical complex based on the Sokol electrostatic accelerator of the Institute of Applied
Physics of the National Academy of Sciences of Ukraine. The system was put into operation to replace the obsolete one based on
microcontrollers. The scanning control system is based on a National Instruments reconfigurable module with a Field Programmable
Gate Array. The module operates in real time and is connected to a personal computer by a high-speed PCI-Express interface with data
buffering. The system provides two main modes of operation: exposure of sample areas with a given profile and raster secondary
electrons imaging of the sample or a calibration grid. Profile exposure is possible both in raster and functional scanning modes.
Automatic calibration of the profile scale and scan raster is also implemented. Using of reconfigurable logic makes it possible to quickly
adjust the system to the conditions of a particular experiment and the available equipment. The hardware capabilities of the scanning
control system allows in the future to connect up to 4 spectrometric ADC for mapping the elemental composition of samples using
Proton Induced X-ray Emission and Proton Backscattering. The first experiments on the irradiation of polymethylmethacrylate have
been carried out; images of the obtained microstructures taken with a scanning electron microscope are shown. The aim of this work
is to develop a control system for scanning a high-energy focused beam in proton beam writing technique to create small-sized
structures for special purposes, as well as to demonstrate the efficiency of the developed system.
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Scanning control systems (SCS) are an important part of the systems for collecting and processing data from the
channels of a nuclear scanning microprobe and proton-beam writing, therefore, in the leading laboratories of the world,
much attention is paid to their development and improvement. [1-5]. These systems, in addition to basic functions, are
currently required versatility, modularity of design, interchangeability of modules, flexibility of the operation algorithm.
Therefore, systems with a rigid logic of functioning gave way to reconfigurable systems based on a Field Programmable
Gate Array (FPGA). The current level of development of FPGA technology allows the necessary functions in a single
module to be implemented, and wide range of such modules is available for purchase. In particular, National Instruments
company produces specialized reconfigurable data acquisition modules based on FPGAs manufactured by Xilinx, the
functionality of which makes it possible to create a SCS based on them. An additional advantage of this approach is the
possibility of widespread use of experimental equipment already available in laboratories as part of the designed SCS.
From an economic point of view, using of modules with FPGAs is currently preferred.

The system is designed to control scanning a beam of charged particles both in raster and functional scanning modes.
The raster mode (progressive scanning of the beam) is used to determine the dimension of the focused beam on the target
and the scanning step size using the secondary electron image of the copper calibration grid. The functional mode is
designed to expose specified areas of the sample in accordance with the digital scan profile. The movement of the beam
in this mode obeys the rule of transition between the nearest neighboring pixels that require exposure.

SCANNING CONTROL SYSTEM
The SCS was developed and implemented on the channel of the nuclear scanning microprobe [6] and on the new
channel of proton beam writing of the electrostatic accelerator Sokol of the Institute of Applied Physics of the National
Academy of Sciences of Ukraine [7]. The basic features of the system are shown in Table 1.

Table 1. Basic features supported by the SCS.

Maximum resolution, points 65536x65536

Scan step User-defined

Initial raster offset User-defined

Scan type Progressive, functional
Scan polarity Unipolar, bipolar
Pixel exposure mode By time, by fluence
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The block diagram of the SCS is shown in Fig. 1. The system consists of a scanner (Scan), two current-frequency
converters for measuring the beam current on the target (Cur/Fre) and the current of secondary electrons (SE/Fre)
(counting information channels), a reconfigurable input-output module (NI FPGA card) with a connector (Connector NI)
and a connecting cable (Cable), a personal computer (PC). NI FPGA card is installed in the PCI-Express slot of a PC and
is connected to all SCS modules via the supplied connecting cable and connector.

NI 7852R multifunctional reconfigurable I/O module contains 8 independent 16-bit ADCs and DACs, 96 universal
digital I/O lines, user-configurable FPGA, high-speed PC communication interface. The FPGA includes 3 FIFO registers,
which makes it possible to buffer data exchange with a PC. Digital logic circuits runs signals up to 40 MHz, the maximum
sampling rate of the ADC is 750 kHz, the DAC is 1 MHz. The use of FPGA allows the system to be quickly configured
for the specific requirements of the experiment and the required operation algorithm without mechanical reconnecting of
circuits. The incomplete functional load of the module makes it possible to expand the functionality of the SCS by
connecting additional equipment.
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Figure 1. Block diagram of the SCS.

The functional diagram of the SCS is shown in Fig. 2. Sources of counting information are connected to the digital
inputs-outputs of the NI FPGA card, which are configured by software during the system initialization. The analog inputs
of the high-voltage amplifiers of the electrostatic scanner are connected to the outputs of two DACs X and Y of the NI
FPGA card; the voltages across them determine the position of the focused beam (pixel) on the target. The NI FPGA card
is connected to the system PCI slot of the computer, data exchange with the RAM is carried out by means of direct
memory access. The configuration of the internal structure of the FPGA is carried out using specialized software with a
convenient and intuitive graphical interface.
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Figure. 2. Functional diagram of the SCS.

When initializing the NI FPGA card in FPGA counters and timers are configured to collect counting information
and control the scanning system, as well as logical circuits that set the algorithm for the entire system. After initialization,
the system works in real time using an internal timer, communication with the PC is carried out via direct memory access
channels using FIFO registers ("first in - first out") to buffering the data exchange.

The FIFOs are assigned to the functional load as follows. In FIFO1, the input from the PC of the scanning profile
(the sequence of positions of the focused beam on the target, specified by the coordinates X, Y) is buffered. By means of
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FIFO2, the counting information from the current-frequency converters with reference to the pixel coordinates is
displayed in the PC in the format {current (fluence or dwell time in a pixel)} {SE current} {pixel coordinates}. The FPGA
core configuration diagram is shown in Fig. 3. The main processes are indicated by rounded rectangles and run in parallel.
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Figure 3. FPGA core configuration diagram.

The leader is the "Scanning loop", it is started by the operator with the "Start" command. At the beginning of the
loop, the current coordinates of the scan profile are read from FIFO1 and fed to the DAC to control the scanner. At this
time, a counter reset signal is generated, and after the time required to complete the transient process, a counting enable
signal (Busy signal is passive) is generated. After the exposure time set in the internal timer has elapsed, counting is
disabled (the Busy signal is active) and a word containing coordinates and counting information (fluence, SE current) is
output to the FIFO2 register. Then the cycle repeats - the next pair of coordinates is read. The end of the cycle and the
stop of data collection occurs on the signal of emptying FIFO1 or on the command of the operator "Stop".

When normalizing the accumulated dose in a pixel, the cycle duration is determined by counting pulses from a
current-frequency converter or a scattered proton detector (SPD), and the fluence in the output data word is replaced by
the pixel exposure time (if necessary).

The set of counters contains:

- fluence counter (signal from current-frequency converter or SPD),

- secondary electron current counter,

- pixel exposure time counter.

to counter

®—|> —

Figure 4. Block diagram of the SPD channel.

On the diagram, the numbers indicate:

1- surface-barrier charged particle detector,

2- preamplifier,

3- high voltage source for detector,

4- spectrometric amplifier-shaper.

Registration of secondary electrons is performed by a secondary electron multiplier (SEM). Secondary electrons are
accelerated by a potential of 10 kV at the accelerating electrode and hit the scintillator SEM, at the output of which pulses
are formed with a frequency proportional to the current of secondary electrons. The frequency signal is fed to the input
of the counter in the NI FPGA card, the binary code at the output of which is proportional to the secondary electron
current.

Normalization of the exposure time to fluence involves measuring the charge brought by the beam to the current pixel.
For conducting samples, this problem is effectively solved using a charge-frequency converter. For non-conductive
samples used in proton lithography, this method is unacceptable. Since the output of backscattered protons is proportional
to the fluence, the signal from the counting output of the backscattered proton channel is used to control the radiation
dose. The channel for detecting backscattered protons by the SPD is made according to the block diagram shown in Fig. 4.

The main program consists of two parts interacting with each other: a program in the NI FPGA card core (CORE) and
a program in a PC with OS Windows (HOST). The CORE program is loaded into the NI FPGA card and initialized when
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the HOST program is started on the PC. During initialization, data on the number of pixels (Pixels), the exposure time of
the pixel (Dwell) and the time sufficient for the transition of the beam between pixels (Busy) are transmitted to the core.
Also, a sequence of coordinates for scanning is loaded into the FIFO1 register.

After initialization, the core cyclically reads the next coordinate from FIFO1 using an internal timer and outputs the
X, Y values to the corresponding DACs. Then, after the Busy time has elapsed, the counters of secondary electrons and
pulses from the current integrator are enabled for the Dwell time. When the exposure time expires, a word is sent to FIFO2
containing coordinates and data from counters. The counters are reset during the Busy signal. The number of cycles
corresponds to the number of exposed pixels.

The program monitors the FIFO1 register and loads the coordinates as it is emptied, and also reads information from
FIFO2 and displays it in a graphical form, and at the end of the scan saves it to a file in a two-dimensional array format
(when scanning an image in secondary electrons).

The external view of the HOST program control panel is shown in Fig. 5. Purpose of controls from top to bottom:

FPI (SE) / LITOGR - switches the operating mode of the SCS scanning in secondary electrons / lithography.
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Figure 5. Appearance of the HOST program control panel.

BMP/PBW - allows with two formats of scanning profiles to be worked: directly graphic format * BMP or
functional sequence of coordinates *.PBW.

file — menu for selecting a scan profile file.

Pass, Output file — path and name for the output file of the SE scan.

X, Y, Step — raster sizes and scanning step value.

+X, +Y — scan raster offset.

Dwell, Busy — exposure and transient process time.

OUT_OF RANGE! — out of coordinates range indicator.

SE-Fluence indicate — switch for displaying counting information sources on the chart.

In addition to the main program, a number of auxiliary programs have been developed to solve the following tasks:

- creating a scanning profile *.PBW from lines and parts of a circle.

- visualization of the scan profile file *.PBW.

- creation and conversion of raster *.BMP files into *.PBW scan profile format.

- converting a raster sequence of pixels into a functional one.

The algorithm for converting a raster sequence of pixels into a functional one is similar to that described in [8], but
optimized for images with a high aspect ratio, which consist mainly of monospaced lines.

SCANNING CONTROL SYSTEM CALIBRATION
Functionally, the SCS provides control of the scanner's power supplies by setting the current in the coils or the
voltage on the deflecting plates, depending on what type of scanner is used, ferromagnetic or electrostatic. To calibrate
the scale of the scanning step and the size of the focused beam, a raster image in the secondary electrons of a calibration
copper grid with a grid period of 400 mesh / inch is used (Fig. 6).
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Initially, the size of the scanning step is determined based on the number of pixels in one period of the grid. Further,
the size of the focused beam at half maximum of the distribution of the beam current density, which is proportional to the
yield of secondary electrons, is determined from the size of the scanning step. In this case, the function of the exit of
secondary electrons in the direction of X or Y coordinates in the form is used.
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where A — parameter describing the intensity of the output of secondary electrons from the grid surface
perpendicular to the beam axis;

T — parameter describing the intensity of the output of secondary electrons from the inner surface of the grid
cells;

v — the output of secondary electrons in the cavities of the grid, if the grid itself is located on the substrate;

Erf(z) — error function,

/v - the size of the beam in the direction of the coordinate v = (X, Y), which is determined by the full width at half
maximum (FWHM) of the current density distribution of the focused beam,

ay, vo — determine the position of the beam.
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Figure 6. Secondary electron image of a copper calibration grid Figure 7. Selection of ten lines for processing experimental
(scale in pixels). data for copper grid with 1000 mesh/inch period

Mathematical fitting of function (1) for the experimental data of the scanning line in the X, Y direction is carried out
using the nonlinear Levenberg - Marquardt method. The initial data is taken on the grid image along the lines, the angle
of inclination of which corresponds to the angle of inclination of the grid. Measurement along each axis uses ten parallel,
side-by-side lines of equal length. The intensity values for each point are averaged (the arithmetic mean over the points
of the same serial number in 10 lines). The line selection location is set manually in the graphical interface, as shown in
Fig. 7.

Measurement results (shape and size of the beam) are displayed immediately after measurement. The division value
(micron per pixel) is also calculated. This data is necessary to determine the geometry and dimensions of images obtained
by lithography.

SCANNING CONTROL SYSTEM TESTING
The SCS testing was carried out in the proton-beam writing mode on samples where plates with a surface roughness
of 50 nm and a layer of PMMA positive resist with a layer thickness of about 5 pm were used as a substrate. The samples
were irradiated according to the specified templates. After processing the irradiated areas, images in secondary electrons
were obtained using a scanning electron microscope, which are shown in Fig. 8. Bright artifacts visible in the images are
due to poor-quality deposition of a metal coating, which is necessary for electron microscopy of non-conductive samples.
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Figure 8. Scanning electron microscopy of test profiles on PMMA.

CONCLUSION
The new scanning control system for the channel of the nuclear scanning microprobe and the channel of proton-beam
writing based on the Sokol electrostatic accelerator of the Institute of Applied Physics of the National Academy of Sciences
of Ukraine is built on a modern platform and meets all the requirements for efficiently solving the problems of creating three-
dimensional microstructures for various fields of engineering and technology, including number of X-ray optics [9, 10]. In
the future, it is planned to expand this system with facility for collecting spectrometric information for use as a part of new
microprobe [11]. It is also planned to improve the software with the addition of vector proton direct writing lithography.
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CHUCTEMA KEPYBAHHSI CKAHYBAHHSAM IMTYUYKA JIJIA IPOTOHHOI TIPOMEHEBOI JINTOTPA®II
Cepriii B. Kosinbko?, Ian C. KoainbkoP, I'ni6 €. Ioaowxiii®, Onexcanap I'. Ilonomapsos?
“Iuemumym npuxnaonoi gizuxu HAH Yxpainu eyn. [lemponasnisecoka 58, 40000, Cymu, Yxpaina
bCymcoruii deparcasnuii ynisepcumem, Cymu, Ypaina

Po3pobieHo cucteMy kepyBaHHS CKaHyBaHHSIM 10HHOTO Iy4ky MeB-Hux eHepriit 1yt kaHaliB sIIEPHOTO CKaHYI0UOTO MIKPO30H/IY Ta
MPOTOHHOT JIiTorpadii B CKIIai MPHUCKOPIOBATBHO-aHATITHYHOTO KOMILICKCY Ha 0a3i eJIeKTpOCTaTHYHOro puckoproaya “Coxin” IT1D
HAH Vkpaiau. Cuctemy BBEJCHO B CKCIUTyaTallif0 Ha 3aMiHy 3acTapiliii, sika TpaioBaja Ha MiKpokoHTpoiepax. Cucremy
nobyoBaHo Ha pekoHpirypoBanoMy Moyt BupobHuiTBa National Instruments 3 mporpaMoBaHOIO JIOTTYHOIO IHTETPATIBHOIO CXEMOIO
(FPGA). Mozyns npamioe B peXHMi pealbHOro 4acy Ta 3’€IHaHuil 3 KoMI'toTepoM miBuponitounM intepdeiicom PCI-Express 3
Oydepusamiero qaHux, mo nepeaawTses. Cucrema 3a0e3neyye IBa OCHOBHHX PEXHMHU (DYyHKIIOHYBaHHS: €KCHOHYBAaHHS IUISHOK
3pa3Ky 3a 3aJaHuM MpodiieM Ta OTPUMAaHHS PACTPOBOTO 300pakeHHs 3pa3Ky a0o0 KamiOpyBalbHOI CITKH y BTOPHHHHX €JIEKTPOHAX.
ExcrionyBaHHS npo(iIl0 MOXKIIMBE B PeXHMMax PacTpoOBOTO Ta (DYHKI[IOHANFHOTO CKaHyBaHHS. Tako)k peanizoBaHO aBTOMAaTHUHE
KamiOpyBaHHS MacIITady MPOQIIIo Ta pacTpy CKaHyBaHHS. 3aCTOCYBAaHHS IEPENPOrpaMOBAHOI JIOTIKH J1a€ MOXIIMBICTD OIIEPaTUBHO
HaJIAIITOBYBAaTH CHCTEMY IIiJi YMOBH KOHKDETHOTO CKCIICpHMEHTY Ta HasBHE OOJamgHaHHS. AmapaTHi MOXIIMBOCTI CHCTEMH
JIO3BOJIAIOTH B MOJAJBLIOMY ITiI’€HATH 10 4 CHEKTPOMETPHYHUX IEPETBOPIOBAYIB JJISI OTPUMAHHS KAPTHHU €IEMEHTHOTIO CKIIamy
3pa3KiB METOAaMH XapaKTePUCTHYHOTO PEHTTEHIBCHKOTO BUIIPOMIHIOBAHHS Ta 3BOPOTHOTO PO3CitoBaHHs mpoToHiB. [IpoBeaeHi nepiui
eKCHEePUMEHTH 3 ONPOMIHEHHS MOJIMETHIMETAKPUIIATY, HAaBEICHO 300PaXKEHHS OTPHUMAaHUX MIKPOCTPYKTYp, 3HATI Ha PacTpOBOMY
CJIIEKTPOHHOMY MiKpockomi. Meroro 11i€i poOoTH € po3poOKa CHCTEMH YIpPaBIiHHSA CKaHYBaHHSIM BHCOKOCHEPTETHYHOTO
¢(hOKyCOBaHOT0 ITy4Ka B IPOTOHHO MTPOMEHEBOI JiTOrpadii A7l CTBOPEHHS MaJOPO3MIpHUX CTPYKTYP CIIEIiaIbHOTO MPU3HAYCHHS, a
TaKOX JAEMOHCTpamis e(eKTUBHOCTI pO3pOOJICHOT CHCTEMH.

Korodosi ciroBa: nitorpadis, nporoHHa sitTorpadis, CHCTeMa YIpaBJIiHHSI CKaHyBaHHSM, SIICPHHI MiKPO30H]





