AMSD-2019 IOP Publishing
Journal of Physics: Conference Series 1441 (2020) 012075  doi:10.1088/1742-6596/1441/1/012075

Software and hardware complex for monitoring the ion beam
parameters of a particle accelerator

L A Pavlov*?, G V Nikonova!, A A Kabanov! and A I Shchelkanov*

'Omsk State Technical University, 11, Mira ave., Omsk, 644050, Russia
2Joint Institute for Nuclear Research, 6, Zholio-Kyuri str., Dubna, Russia

Corresponding author’s e-mail address: ngvlad@mail.ru

Abstract. This paper presents the development of an integrated system for monitoring the
position of the ion beam in a particle accelerator. The effect of external disturbances and the
imperfection of the accelerators themselves lead to the distortion of the ion beam trajectory in a
cyclotron; therefore, constant monitoring and correction of the beam position is necessary. To
control and correct the distortion of the ion beam trajectory in a cyclotron, an electrostatic
sensor based on a pickup electrode is used as a meter. One of the features of the developed
meter is that the estimation is carried out according to the second harmonic of the signal,
allocated on a band-pass filter. This is due to the fact that during the accelerator work a large
amount of noise is induced on pickup electrodes and the noise level at the fundamental
frequency is high. The hardware and software complex converts the measured data obtained
from the sensors, such as the transverse distribution of the beam energy, the beam current and
the coordinates of its center of mass into an electrical signal, followed by their sampling in an
analog-to-digital converter and the transmission of the measurement results through standard
communication protocols and further processing in the LabView software. Using the received
signals, the beam parameters such as the length of the ion bunch, the vertical beam position,
and the acceleration phase are calculated for the corrector.

1. Introduction

Accelerators of charged particles such as cyclotrons, microtrons, synchrotrons, colliders are the main
tool of high energy physics — the science of the fundamental properties of matter [1]. Countries all
around the world put into operation large number of particle accelerators of various types [2].

The field of application of accelerators is extremely wide. lon irradiation is necessary in such
industries as materials science, chemistry, microelectronics, nanotechnology, biology, and medicine
[3, 4].

Extreme requirements are imposed on the quality of the beams in modern accelerators; therefore, the
efficient operation of accelerator complexes is almost unthinkable without precision systems that
allow timely correction of the accelerator parameters in accordance with the measurement results to
ensure the required beam parameters [5].

In a resonant cyclic accelerator (cyclotron) of nonrelativistic heavy charged particles (protons, ions),
particles move in a constant and uniform magnetic field [6, 7].

To accelerate them a high-frequency electric field of constant frequency is used. Heavy accelerated
particles are injected into the chamber near its center, then they continue to move in the cavity of two
extended half cylinders (dees), which are placed in a vacuum chamber between the poles of a strong
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electromagnet. The uniform magnetic field of this electromagnet bends the particle trajectory and thus
the acceleration of moving particles occurs at the moment when they are in the gap between the dees,
where they are affected by the electric field created by the electric generator of high-frequency (equal
to the particle revolution frequency inside the cyclotron — cyclotron frequency) where they always get
at the same instant, since at nonrelativistic velocities it does not depend on the particle energy [6, 7].
Particles in the horizontal plane are automatically focused in a uniform magnetic field. Vertical focus
is due to the non-uniformity of the electric field in the accelerating gap. At the entrance of the
accelerating gap, the particle will experience a push toward the median plane by the vertical
component of the edge electric field when it is shifted vertically from the median plane. Due to the
finite displacement of the particle, the push at the output will be of lesser strength and of opposite sign.
Additional focusing occurs on the outer radius of the cyclotron, in both coordinates due to the linear
field gradient, where the magnetic field decreases [8].

For a relativistic particle, the revolution frequency depends on energy and the charged particles cannot
be accelerated to high energies, which is a disadvantage of the cyclotron [8, 9]. Due to impaired
synchronism, particles cease to accelerate, since they get in an accelerating gap in the wrong phase.

2. Problem Definition

Monitoring the parameters of a charged particle beam is an extremely important task during the
operation of accelerator devices. Correction of the trajectory and transverse distribution of particle
beam energy is a complex task requiring non-standard solutions and the use of a complex of modern
control methods. The efficient operation of accelerator systems is virtually impossible without
accurate and reliable beam diagnostic systems [10].

Beams of charged particles in accelerators are grouped, focused, accelerated, cooled, transported from
one part of the device to another and are carried out in conjunction with the coordinated operation of
precision such electromagnetic devices as rotary dipole and focusing quadrupole magnets, electrostatic
deflecting devices, accelerating high-frequency resonators and other [11]. Since modern particle
accelerators are high-tech devices, the level of their components is close to the limit of technical and
economic production capabilities [12].

The technical shortcomings of accelerators as well as the effect of external disturbances, lead to the
fact that the particle beam motion in a real accelerator differs to a certain extent from the calculated
motion, for which it is necessary to constantly control the beam parameters [10].

3. Solutions

The main task is to ensure the required quality of the ion beam, for which the accelerator parameters
are corrected according to the final effect of changing the measured beam parameters in the right
direction [12]. Beam correction is conducted by affecting the focusing quadrupole magnets using an
intelligent automatic control system [3, 13].

The designed software and hardware module for controlling the focusing of charged particle beams in
the accelerator will provide the ability to constantly adjust the parameters of the accelerator according
to the measurement results. This module is designed to obtain data on the state of the beam after it is
removed from the accelerator device, such as: beam current, coordinates of the center of mass,
transverse distribution of particles.

Particle beam parameters are measured by sensors — devices that interact with bunches of charged
particles. Extremely strict requirements are imposed on such sensors [2, 5, 14]. First of all, it is
necessary that the sensors are as transparent as possible, which means that they should not degrade the
parameters of the beam and do not affect its intensity, operate in a wide range and are of high
precision. [15-17]

The entire spectrum of beam control sensors can be divided into groups.

Physical principles underlying the operation of the sensor:

— contact sensors that directly interact with the beams [2, 18];

— optical sensors that detect radiation in the visible, ultraviolet or x-ray ranges [19-22];
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— electromagnetic sensors, signals of which are generated by an electromagnetic field induced by the
beam [18, 23].

After considering the principles of operation, the devices and the main characteristics of the sensors of
all types, a selection was made. To measure the distribution and focusing of a charged particle beam in
an accelerator, an electrostatic detector was chosen [24]. The basis of such detector design is a thin
wire electrode that moves perpendicular to the trajectory of accelerated particles. With each passage of
the ion bunch through the wire, a charge arises on it due to the secondary emission of electrons. The
current at the electrode will be proportional to the beam density in this section, since the speed of the
wire electrode relative to the speed of the bunch is negligible [24].

An electrostatic sensor is a system of two conductors, one of which is a signal and the other (camera)
is grounded [24]. The current in the signal conductor circuit is induced by the moving beam charges.
A circuit containing the load resistance (at which voltage is generated) is the output of the sensor.
Using the received signals, basic beam parameters are calculated, such as vertical position of the
beam, acceleration phase, and length of the ion bunch [24].

4. Implementation

In our work, we use the detector consisting of two moving wire electrodes located perpendicular to
each other. It is advisable to use the non-destructive testing method, where the time of flight of
induced charged particles with the same microbunch is determined by recording signals from two
pickup electrodes separated by a span base, for example [25-27].

The scheme of the electrostatic detector of the ion beam position (pickup electrode system) and a brief
specification of the device are presented in Figure 1.
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Figure 1. Diagram of electrostatic detector of the ion beam position

1) BNC connector; 2) BNC connector; 3) SMA connector; 4) BNC connector; 5) Data collection
board PSI DRS4

To control the transverse coordinate in the accelerator chamber, a system is created using a set of
pickup electrodes placed inside the cyclotron along the radius of the sector [28]. Electrical signals
induced on pickup electrodes by the flying ion bunches are fed into the measurement system using
coaxial cables. The system involves the use of 10 pairs of internal pickup electrodes shown in
Figure 2.
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Figure 2. Pickup electrodes system
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An electrostatic position detector (pickup-electrode) provides the ion beam correction. Correction is
performed automatically using a feedback system [29-32].

A large amount of interference is induced on pickup electrodes during the operation of the accelerator,
therefore, to select the second harmonic of the signal we need, a band-pass filter should be applied
[28].

The kr2445 filter with the following characteristics was designed and selected:

— Filter type: Band-pass;

— Center Frequency: 17.89 MHz;

— Min 3 dB Bandwidth: 6 MHz;

— Source & Load: 50 Q.

The model of the printed circuit board for the filter was made in the 3D modeling software
environment.

Figure 3. 3D-model of the printed-circuit board for the kr2445 filter

In order to mount the filter the printed-circuit board was fitted with RF-connectors of the BNC type
(Figure 4).

Figure 4. Band-pass filter

After filtering, a twenty-channel (20ch) data acquisition system (Figure 5), built on an ADC (analog-
to-digital converter) of the DRS type (Domino Ring Sample), was designed to read and analyze the
received signals [33].
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Figure 5. Overall view of the data collection system assemblage

The DRS microchip is a fully functional integrated circuit developed according to the PSI standard
(Switzerland). It contains a 1024-cell switched-capacitor array (SCA) that can digitize eight analog
signals at high speed (6 GSPS) and high accuracy (11.5 bits SNR) on a single chip [33]. The system
consists of five DRS cards connected in parallel.

To measure the phase of the ion beam acceleration, synchronization of all ADCs involved in the data
collection acquisition is necessary. In DRS 4 boards, this is achieved by connecting all Trigger and
Clock connectors in series according to the diagram shown in Figure 6 [33].

Master board
(highest serial number)

PR T (|
.oaq:l)nol(?' .

USR 30

Slave board 1 Slave board 2

Serial 4170

Figure 6. DRS connection diagram

5. Experiment

After assembling the data collection system prototype, a series of experiments was carried out to
verify the performance of the device.

Test runs of measuring systems were made (Figure 7).
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Figure 7. Data collection measuring system

A Tektronix signal generator was used to simulate pickup electrodes and noise.

A sinusoidal signal of 10 MHz was fed to the first channel. On channels 2-20, the signal identical to
the first one was alternately fed to measure the phase displacement on each channel. As a result of the
experiment, it was revealed that the signal sweep was 18 ns delayed with each subsequent board. To
accurately measure the phase shift, the adjustment of the oscilloscope trigger by this value is needed.
After adjusting the trigger delay, the delay is compensated, which is visible on the oscilloscope screen
(Figure 8).

Figure 8. Oscilloscope screen after the trigger adjustment

The testing of the band-pass filter and the developed circuit board was also carried out. A signal of
18 MHz was fed to the filter input (which is its declared transmitted average frequency) and the
amplitude was measured (Figure 9).
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Figure 9. Signal amplitude at 18 MHz
Changing the frequency to 14 and 22 MHz leads to a double amplitude fading (Figure 10).

Figure 10. Amplitude fading

As a result of the experiment, it was proved that the developed measuring system works in accordance
with its technical requirements.

6. Control
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To control the complex hardware, a virtual device was created in the LabView software, which
supports all the necessary functions and parameters for controlling the beam via a selected method
[34].

Figure 11 shows the LabView interface used to configure and control the measuring complex, namely,
it demonstrates the possibility to select various parameters of the ADC operation (e.g. the gain).

—Block Diagram

External
Oscillater

Internal Clock

—5PI Comm (hex)

SPIWR. | |° |°
SPIRD | Address Data

Figure 11. The measuring complex front panel

Figure 12 shows the implementation of one of the self-testing functions of the system, namely, the fast
Fourier transformation for determining the noises and subsequent adjustment of their correction
systems [36]. These adjustment tools include Blackman-Harris, Butterworth, Chebyshev filters [36].
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Figure 12. Fast Fourier transformation (sample N = 4096)

7. Conclusion

This work is devoted to the development of a system for monitoring the parameters of a particle beam
in the output channel of an accelerator, optimization of the commissioning processes and adjustment
of the parameters for capturing, injecting and removing the charged particle beams from the
accelerating chamber. In the process of performing the work, a prototype of a control system for
focusing the beams of charged particles was created and its tests were carried out in a particle
accelerator.

As for the hardware part, a precision data collection system has been created; it has all necessary
parameters of accuracy, data processing speed, radiation resistance and is compatible with crate
automation systems designed for scientific research.

In order to read and analyze the received signals, a multi-channel data acquisition system was built.
The system is built using an analog-to-digital converter of the Domino Ring Sample (DRS) type.

For reliable diagnostics of a beam of a resonant cyclic accelerator (cyclotron), a measuring data
collection system was built on the basis of an electrostatic detector of the ion beam position. The
system provides the ability to constantly adjust the accelerator parameters according to the
measurement results. For the accelerator to work on pickup electrodes in interference conditions, a
band-pass filter was developed with the second harmonic of the signal.

To manage the measuring complex and visualize the parameters of the measured particle beam, the
software was developed on the base of the licensed software LabView-2017.
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