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A system for measuring beam and target parameters on helium ions linear accelerator is presented. The meas-
urement system consists of sensors set, signal converters and computer with codes for processing experimental data.
The measurement system is designed for recording, visualizing, storing and processing data directly when samples
are irradiated with helium ions with energies of 0.12...4 MeV. The sample temperature, the ion beam current and its
shape, the sample tilt angle to the beam axis, the irradiation dose, the ionization, damage and helium range profiles

are measured/calculated.
PACS: 29.17.w, 29.27.Bd

INTRODUCTION

To maintain the operation of the power units and
design new nuclear power plants, as well as thermonu-
clear reactors (TNR) creation, it is necessary to take into
account the structural materials irradiation effects [1, 2].
Irradiation of nuclear power plants and TNR structural
materials on linear accelerators makes it possible to
conduct study faster than in experimental reactors [1, 3].
To study the behavior of structural materials during ion
beam irradiation in NSC KIPT created irradiation com-
plex [4, 5] on the basis of helium ions linear accelerator
with an energy up to 4 MeV [6 - 9] with appropriate
measurement systems. Below is given detailed descrip-
tion of them.

1. ACCELERATOR AND IRRADIATION
PARAMETERS MEASUREMENT

The accelerator produces helium ions with energy
4 MeV, a pulsed current ~ 1 mA with frequency of
pulses up to 5 Hz and pulse duration 500 ps, injection
energy 120 keV, injection current up to 20 mA. The IH
accelerating structure with APF and step change of the
synchronous phase along the focusing periods [10, 11]
is used in the accelerator. The accelerating field in the
initial part of the structure is made incremental to pro-
ceed maximum ions capture. The beam focusing and
transporting system on the quadruple lenses basis makes
it possible to obtain an accelerated beam current up to
0.8 mA in a spot ~ 1 cm in diameter on the target.

To study the properties of metallic, semiconductor
and ceramic materials on the helium ions accelerator
with energy of 0.12...4 MeV, a camera for structural
materials irradiation was created (Fig. 1), as well as a
system for measuring beam and target parameters. Vac-
uum in the chamber is provided by roughing and turbo-
molecular pumps.

During sample irradiation in-situ various physical
guantities are measured and calculated. E.g., the beam
current and the irradiation dose, the tilt angle between
sample and beam axis, the helium range profile in the
sample, etc. Below, the physical quantities that are
measured directly in the experiment and which do not
require a large amount of computation are called direct
parameters. Those physical quantities that require sig-
nificant mathematical processing, both direct parameters
and data drawn from outside, e.g., the helium range pro-
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file, are called indirect parameters. Direct parameters
include: sample temperature, beam current and its
shape, tilt angle between sample and beam axis. Indirect
parameters include: irradiation dose, ionization, damage
and helium range profiles.

Fig. 1. Chamber for the study structural
materials properties

To increase the measurements accuracy during irra-
diation and to provide data transmission for a distance
of ~ 50 meters, the measured parameters are digitized,
filtered from interference and transmitted to computer
for processing and visualization.

To measure the direct parameters, were used a tran-
sient beam current sensor [12] (beam current and beam
current shape), a thermocouple (sample temperature)
and scanning device (tilt angle between sample and
beam axis). Data is digitized using ZET-210 DAC/ADC
and transmitted to personal computer. Codes that im-
plement various filters and algorithms for data pro-
cessing are written in C # in Microsoft Visual Studio
environment.

2. DIRECT PARAMETERS

Sample temperature, current and shape of the beam
current, tilt angle between sample and beam axis are
direct parameters.

2.1. SAMPLE HEATING AND TEMPERATURE
MEASUREMENT

To irradiate various materials samples with helium
ions with energy of 0.12...4 MeV produced sample
holder with a heating element (Fig. 2). Sample holder is
attached directly to the vacuum irradiation chamber (see
Fig. 1).
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Fig. 2. Sample holder with inlet flage
and heating element

The sample temperature rate change linearly. It de-
pends from heater power, and regulated by voltage that
is supplied to the heater. Getting to the stationary tem-
perature, with a constant heater power, occurs in
50...100 seconds (Fig. 3), which satisfies the require-
ments for irradiating samples at the accelerator.
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Fig. 3. Dependence of the sample temperature on the
heating time (getting to stationary mode of heater)

Particular attention was paid to the influence of
high-frequency field on the temperature measurement
error. On personal computer, the input data is filtered
using a nonlinear averaging filter with exponential
transformation:
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where o — weight coefficient, x — input signal, y — out-
put signal, n — number of input signal count, k — number
of output signal count.
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Fig. 4. Signal from the thermocouple before filtration (a).
Signal after filtration (b)
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Fig. 4,a,b shows the temperature dependences with-
out filter and with filter, respectively. As can be seen
from Fig. 4a,b the usage of digital filter in temperature
measurement significantly improves the measurement
accuracy, and substantially suppresses HF-interference.

The thermocouple is connected to the ZET-210
ADC input, which transmits the thermo-EMF digitized
value to a DC voltmeter. After the voltmeter, the meas-
ured temperature value is displayed on the screen in the
form of a graph, and also on the digital indicator (cur-
rent at the moment) and saved as a file on the computer
hard disk for subsequent work with it. Fig. 5 shows the
temperature measurement scheme. Fig.6 shows the
sample temperature time dependence displayed on the
computer monitor.

1
- —
=3 g
10

o |
DS
;gq.ﬂ.} %q

Fig. 5. Scheme of sample temperature measuring:
1 — input channel; 2 — voltmeter; 3 — power button;
4 — integrator; 5 — converter; 6 — addition of lines;
7 — write to a file; 8 — LCD; 9 — array; 10 — XYZ-plotter
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Ifig. 6. Sample temperature time dependence displayed
on the computer monitor

2.2. BEAM CURRENT MEASUREMENT

The most common method for measuring the beam
current at the accelerator output is a non-contact method
based on the electromagnetic induction phenomenon. It
allows continuous measurement of the beam current,
which irradiates the sample [12], with the subsequent
calculation of the irradiation dose. Fig. 7 shows a manu-
factured and calibrated floating-drift sensor that con-
nects to the output of linear accelerator and irradiation
chamber.

Fig. 7. Induction sensor for beam current measuring
in assembled state
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The ZET-302 digital oscilloscope and ZET-210
DAC/ADC are used for calibration and operation with
the sensor, which are connected to a computer with fur-
ther data registration and processing. To amplify the
signal, a pulse amplifier is used, and to filter the inter-
ference — an adaptive digital Kalman filter with an infi-
nite impulse response [13].

Fig. 8 shows the filter scheme. The general mathe-
matical expression of the filter is:

X, =FX . +Bu, +w,,
where X, — current signal; k — count number; F, — process
evolution matrix; B, — control matrix; uy, — control vector
for a signal x,; wy — vector of a normal random process
with zero mathematical expectation.
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Fig. 8. The algorithm of the filter
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Fig. 9. Sensor calibration waveforms
Rectangular and triangular pulses from the signal
generator were used in the process of the sensor calibra-
tion. Fig. 9 shows the oscillograms of the input signal
(from the generator) and the output one (from the sen-
sor) for triangular pulses.
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Fig. 10. Block diagram of beam current pulse shape

measurement (a). 1 — high-frequency oscilloscope;
2-5 — converters; 6 — addition of lines;

7 — write to file; 8 — external interface. The beam

current pulse profile on the computer monitor (b)
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The induction sensor thermal noise is ~7% of the
amplitude value. The Kalman filter allows to reduce this
noise up to 2%. Scheme for measuring beam current
pulse shape was developed and manufactured, it is
shown in Fig. 10,a,b shows the beam current pulse pro-
file displayed on the computer monitor during irradia-
tion.

2.3. SAMPLE TILT ANGEL MEASUREMENT

One of the important characteristics, during materi-
als irradiation, is the ion path in the irradiated material
and the depth of their occurrence in the sample, which is
measured along its normal to the surface. As ions range
in the sample is determined by the sample material, the
type of ion and its energy, this length can be changed
only by changing the ion type or its energy. The depth
of ions occurrence in the sample can be changed by
changing the angle between the beam axis and the sam-
ple. If this is done during irradiation, then it is possible
to create variously shaped damage and helium range
profiles. For this purpose, a scanning device and a sys-
tem for measuring tilt angle between beam axis and
sample was manufactured. Schematic representation of
the scanning device operation and its calibration princi-
ple are shown in Fig. 11.

/

Fig. 11. Measurement of tilt angle between
beam axis and sample: 1 —laser; 2 —mirror
The scanning node general view and main elements

are shown in Fig. 12.
2

Fig. 12. The scanning unit: 1 - RD-09 engine;
2 —end caps; 3 — potentiometer PPML-1; 4 — body;
5 — vacuum bellows inlet

The unit main components are: (1) the RD-09 engine
with 2.5 rpm, (2) the limit switches that limit the rod
movement in the vacuum chamber and (3) the multi-
turn potentiometer for measuring the sample rotation
angle. To calibrate it, was used a serial connection cir-
cuit in which the resistor is connected between the gen-
erator and the voltmeter, and the data is output to a
computer. The generator and voltmeter are realized on
the basis of ADC/DAC ZET-210. Voltmeter readings
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from potentiometer revolutions number dependence can
be approximated by the expression:

U (n)=340.5+exp(0.29n+1.75) ,

where U (n) — voltage, n— number of revolutions.

For scanning unit calibration, a laser-optical method
was used in which the reflected beam determines the tilt
angle. The maximum angle error is 0.5 degrees. The
calibration curves are shown in Fig. 13 for three ranges
of maximum tilt angle variation.
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Fig. 13. Scanning device calibration curves

Voltage from the variable resistance is fed to the
DAC/ADC ZET-210 (the operation scheme is shown in
Fig. 14). Then the digitized signal is transmitted to the
PC, where it is converted into tilt angle between sample
and beam axis, displayed on the monitor and stored on
the hard disk (Fig. 15). Measurements are carried out at
10 Hz frequency to determine a tilt angle more closely.
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Fig. 14. Scheme of tilt angle measuring:
1 — input channel; 2 — power button; 3 — DC voltmeter;
4 — generator;, 5 — converter; 6 — addition of lines;
7 — write to a file; 8 — external interface

Samphe Tit Angel
Sample Tilt Angle S
— TWPF - IV Deae. 167 G016
W
5 Toget
Ex T
°
P Erern
10 m -
< -
e
'} + -
[ 200 400 600 800 1000 =
Doze, particles x 10613 ol |

Fig. 15. The angle of the sarer_Ie
on the computer monitor

Table shows the ranges and errors in measuring di-
rect parameters.

Ranges and errors in measuring direct parameters

Parameter Range Error
Beam current upto 1 mA +2%
Pulse duration 480...510 ps +1.65%
Temperature 20...1100°C +1%

Tilt angle 0...27 degree +1.5%
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3. INDIRECT IRRADIATION PARAMETERS

The irradiation dose, ionization, damage and helium
range profiles are indirect parameters that are obtained
by mathematical processing of the measuring direct
parameters results and displayed on the computer moni-
tor when samples are irradiated. A special feature of
systems for measuring and displaying indirect parame-
ters is the need for additional calculations; in other re-
spects they are identical to systems for measuring direct
parameters. To calculate the range, damage and ioniza-
tion profiles are used: (1) special analytical expressions
which we obtained by approximating the data of the
SRIM code [14], and (2) the values of the irradiation
doses which are measured during the experiment. To
register these parameters in the SCADA ZETView sys-
tem, codes have been developed to interface with the
ZET-210 DAC/ADC. To display the results on a com-
puter monitor were developed C# codes in Microsoft
Visual Studio environment.

3.1. IRRADIATION DOSE

To determine the irradiation dose, the data of the
floating-drift sensor is used (see par. 2.2). The radiation
dose is measured by summing the beam current in each
pulse, after what the data is programmatically converted
into a dose. In the scheme for measuring the irradiation
dose after the voltmeter, the value of the pulsed beam
current is fed to the integrator, which sums all the previ-
ous values (see Fig. 10,a). Fig. 16 shows the process of
displaying the irradiation dose on a computer monitor.
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Fig. 16. The irradiation dose as a function ‘
of time on a computer monitor

3.2. HELIUM RANGE PROFILE

After calculating the helium range profile using the
SRIM code, and by approximating the calculated pro-
files along the sample depth, analytical expressions are
obtained for given beam energies and irradiated materi-
al. The range profile is described by the asymmetric
Gauss function:

blexp(dl(x—xc)z) X< X,
bzexp(dz(x—xc)z) X>x,

where x. — range profile maximum; by, b, — irradiation
dose rate factors; d;, d, — approximation coefficients.
The dose-response factors are determined by the expres-
sion:

b, =h, = appm _[ y(x)dx,
0

Where_xrnax — the maximum depth of helium in the sam-
ple; y(x) — normalized to unity helium range profile,
and appm is determined:
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appm:cDO/[NAij,
7]

where @, — irradiation dose; Ny — Avogadro number;
p — irradiated sample density; p — irradiated sample mo-
lar mass; V — sample irradiated volume. Fig. 17 shows
calculated data and approximating curve comparison for
TiO, sample.
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Fig. 17. Calculated data and approximating curve
comparison for TiO, sample

Helium range profile measurement is carried out ac-
cording to a scheme analogous to the beam current
pulse shape measurement (Fig. 14) using the expression
for the asymmetric Gaussian function that approximates
helium range profile. An example of how the code
works is shown in Fig. 18.
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Fig. 18. Helium range profile

3.3. DAMAGE PROFILE

To approximate the damage profile, the calculation
is performed using the SRIM code, a distribution is used
in which profile left part is described by the Cauchy
distribution, the right part by the Gaussian distribution.
The expression is:

b
(x=x, )" +d, ‘
b, exp(dz(x—xc)z) X > X,

where X, — damage profile maximum; by, b, — irradiation
dose rate factors; d;, d, — approximation coefficients. The
dose-response factors are determined by the expression:

y:

Xiax

b1=bi-b2, b, = dpa I y(x)dX,

where Xmax — the maximum depth of helium in the sam-
ple; y(x) — normalized to unity helium range profile,
and dpa is determined:

dpa:(cDO-Gvac)/(NA-gVJ,
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where G, — number of vacancies per ion; @q — irradia-
tion dose; Np — Avogadro number; p — irradiated sample
density; u — irradiated sample molar mass; V — sample
irradiated volume. Fig. 19 shows calculated data and
approximating curve comparison for Zr sample.
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Fig. 19. Calculated data and approximating
curve comparison for Zr sample

The scheme for measuring the damage profile is
similar to the helium range profile measurement.

3.4. IONIZATION PROFILE

An important characteristic for studying the ceram-
ic materials electro physical properties is the ionization
profile, since the electrons number produced in the
sample irradiated layer is ~10°...10° per ion.

By approximating the ionization profiles calculated
using the SRIM code, an analytical expression is ob-
tained in which the left-hand side is described by the
Cauchy distribution and the right-hand side by the Fer-
mi distribution:

(x=x,)" +d,
y: 1
1
> X,

exp(x-b,+d,)+1
where x. — ionization profile maximum; ay, by, by, dy, d,
— approximation coefficients. Fig. 20 shows calculated

data and approximating curve comparison for the TiO,
sample.
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Scheme for measuring the ionization profile, similar
to the helium range and damage profiles measurement.
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CONCLUSIONS

On the helium ions linear accelerator basis, an ex-
perimental complex for structural materials samples
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irradiation was created. Direct and indirect beam and
target parameters are measured directly during irradia-
tion. Direct parameters include: sample temperature,
beam current and its shape, tilt angle between sample
and beam axis. Indirect parameters include: irradiation
dose, ionization, damage and helium range profiles. The
experiments showed the reliability, sufficient accuracy
and efficiency of the beam and target measurement sys-
tem.
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CUCTEMA U3MEPEHUSA TAPAMETPOB ITYUYKA 1 MUIIIEHHN
HA JUHEMHOM YCKOPHUTEJIE HOHOB TI'EJIUS

P.A. Anoxun, C.H. [yoniwx, A.®. [Avauenxo, A.®. Kobeu, O.B. Manyiinenko, K.B. Ilasnuii, A.C. Illeguenko,
B.A. Cowmenxo, C.C. Tuwxun, A.B. 3a60omun, b.B. 3aiiyes, A.B. JKypaenes

[IpuBeneHo onucaHue CUCTEMBbl U3MEPEHUS TTAPAMETPOB My4YKa M MUIICHH Ha JITHEWHOM YCKOpHTEJIC HOHOB Te-
musi. CuctemMa u3MepeHit COCTOUT U3 Habopa NaTIMKOB, KOHBEPTEPOB CHUTHAIOB 1 DBM ¢ mporpamMmmMoii o6padboTku
IKCIEPUMEHTANIBHBIX JaHHbIX. CHCTEMa U3MEPeHHI TpeIHa3HaYeHA /IJIsl PETUCTPALMH, BU3yaln3alii, COXPaHeHHUS
7 00pabOTKH TaHHBIX HETIOCPEACTBEHHO MK 00IydeHHH 00pa3ioB noHaMmu renwus ¢ sueprusivu 0,12...4 MaB. Uz-
MEpSIFOTCS/BBIYUCIIIOTCS: TeMIlepaTypa obpasma, ToK U (Gopma TOoKa ITydka MOHOB Ha oOpasIle, yroj HaKJIoHa 00-
pasiia K ocH Iy4Ka, 103a 00aydeHHs, TPO(UITH HOHU3AINH, TOBPEKIAEMOCTH U 3aJIeTaHuUs Teliusl B o0pasiie.

CUCTEMA BUMIPIOBAHHS TAPAMETPIB ITYUYKA I MIIIHEHI
HA JIHIMHOMY IIPUCKOPIOBAYI IOHIB I'EJITIO

P.O. Anoxin, C.M. [lyonwk, O.®. /{vauenko, A.1I1. Kodeys, O.B. Manyiinenxo, K.B. Ilaeniii, O.C. Ille¢uenko,
B.A. Comenko, C.C. Tiwmkin, A.B. 3a6omin, b.B. 3aityes, O.B. ’Kypasnvos

HaBeneno onuc cucteMn BUMIpIOBaHHS NMapaMeTpiB Iydka 1 MillleHI Ha JIHIHHOMY IPHCKOPIOBadi 10HIB TEiIO.
Cucrema BHMIpIOBaHb CKIIAJA€THCS 3 HAOOPY JaT4nKiB, KOHBepTepiB curHaiiB i EOM 3 nporpamoro o0poOku exc-
HneprUMeHTaNbHUX JaHuX. CucreMa BUMIpIOBaHb IPU3HAYEHA JUIS peecTpallii, Bizyasizauii, 30epexeHHs i 00poOKu
JlaHUX Oe3rmocepeTHh0 TPHU ONPOMIHEHHI 3pa3kiB ioHamMHu Temito 3 eHeprissimu 0,12...4 MeB. Bumipiorors-
C51/00YHCITIOIOTECS: TeMIepaTypa 3paska, CTpyM i hopma CTpyMy IydKa iOHIB Ha 3pa3Ky, KyT HaxIITy 3pa3Ka 0 oci
my4Ka, 103a OIPOMiHEHHS, TIPodisii i0HI3aIli1, TOIIKOIKYBAaHOCTI 1 3aJIITaHHS TeIIi0 B 3pa3Ky.
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