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The paper describes the experimental complex for the helium ions linear accelerator consisting of an irradiation
chamber, sensors, analog signal converters (ADC) and a computer with a program for processing experimental data
and then outputting it to a display. The complex is intended for carrying out experimental works on the study of the
physical properties of structural materials used in nuclear power plants and nuclear fusion reactors. The complex
was tested under the irradiation of titanium dioxide (TiO,) with helium ions energies of 0.12 and 4 MeV. The exper-
imental data of the TiO, electrophysical characteristics are presented, which confirm the expediency of using the
complex to study the properties of materials used in high-power radiation fields.

PACS: 29.27.Ac

INTRODUCTION

Nuclear energy in Ukraine is an important part of the
overall fuel and energy complex of the country. To
maintain and design new nuclear power units, as well as
to create fusion reactors, one of the main factors is the
influence of irradiation on construction materials [1].
Carrying out irradiation on linear accelerators allows
studying the construction materials faster than in exper-
imental reactors due to a higher degree of damage [2].
To improve the accuracy of measurement during irra-
diation and to provide data transmission distance of 50
m ~ measured parameters are digitized immediately
after measuring and digitally transmitted to the personal
computer.

1. METHOD OF IRRADIATION
MEASUREMENT PARAMETERS

To study the properties of metallic, semiconductor,
and ceramic materials on a linear helium accelerator
with energy of 0.12...4 MeV, a camera was developed
for irradiating and investigating the properties of struc-
tural materials (Fig. 1) and a software and hardware
complex for measuring and recording parameters irradi-
ation and experimental data. The irradiation parameters
of the samples are given in Table 1.

Fig. 1. Chamber for the study of the properties
of constraction materials
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Table 1
Sample irradiation parameters
Parameter Value
Pule current 700...900 mkA
Pulse duration 500 mks
Pulse frequency 2...5 pulse/s
Avarage current 0.7...2 mkA
Current Density (s) 0.155-107...0.44-10%
part/cm?

During irradiation, both direct and indirect irradia-
tion parameters and experimental data are measured.
After that, the digitized signals filtering from noises,
output and saved on a personal computer.

The direct parameters include current measurement
and beam shape, sample temperature, sample tilt angle
and its resistance. Indirect parameters include sample
irradiation dose, deposition, damage and ionization pro-
files of the sample. Indirect parameters are measured by
mathematical transformations of direct parameters. For
direct parameters measurement used span beam current
sensor [4] (the beam current and the shape of the beam
current), the thermocouple (temperature of the sample),
a scanning device (specimen tilt angle to the beam axis)
and a bridge circuit (measuring the resistance of the
sample). After measurement, these parameters are digit-
ized using a ZET-210 DAC/ADC [5] and transmitted to
a personal computer. On the personal computer, the
input data are filtered using Kalman’s adaptive digital
filter with an infinite impulse response [6], the circuit of
which is shown in Figs. 2, and 3,a,b result of his work.
The program for implementing the filter was written in
C # in a Microsoft Visual Studio environment [7].
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Fig. 2. Filter circuit
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After filtration, direct measurement data transmit-
ted program that can display and store them on a per-
sonal computer. Also, the data from the span beam cur-
rent sensor is transmitted to programs that perform their
mathematical processing to display and store indirect
measurements on a personal computer.

All programs, as well as the adaptive filtering pro-
gram, were written in C # in a Microsoft Visual Studio
environment.
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Fig. 3. Signal from the thermocouple before filtration
(a) and after (b)

2. MEASUREMENT OF DIRECT AND INDIRECT
PARAMETERS OF IRRADIATION

To register direct parameters in the SCAD ZETView
programs were developed to connect with ZET-210
DAC/ADC. In Fig. 4,a is a block diagram of measuring
the pulse of the beam current, and in Fig. 4,b program
for displaying and saving it on a personal computer.

Pulse 6 Start
— INPE =4 MeV
500 Target
inP ~
« 600
=
E 4100 Energy
- [« e
200
Save Data
0 * f
100 200 300 400 500 600 700 i
Time, mks el

Fig. 4. Block diagram of control of beam pulse shape.

1 —the high-frequency oscilloscope; 2, 3, 4 ,5 —con-

verter; 6 —lines adder; 7 — write to file; 8 —external
interface (a). Beam pulse profile (b)

A special feature of measuring indirect parameters is
the need for additional calculations; otherwise they are
identical to systems for measuring direct parameters.

The radiation dose is measured by summing the
beam current values in each pulse, after which the pro-
gram converts the data values assuming 1 mkA =
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6.2-10" particles. To measure the occurrence, damage
and ionization profiles, special analytical expressions
obtained by the approximation method based on the
calculated data that was get from SRIM program [8], as
well as the values of irradiation doses. For example, the
occurrence profile is approximated by an asymmetric
Gaussian function (1).

blexp(dl(x—xc)z) X< X,
y= , 1)
bzexp(dz(x—xc) ) X> X,

where x. — coordinate of maximum occurrence profile;
by, b, — irradiation dose rate factors; d;, d, — approxima-
tion rate. Irradiation dose rate factors are determined:

b, =b, =appm/ [ y(x)dx,
0
where Xmax — the maximum depth of helium in the sam-

ple, y(x) — normalization to unity, occurrence profile
of helium in the sample, and appm is determined by the

expression:
appm :CDO/(NA'DVJ,
M

where @, — irradiation doze; Ny — Avagadro number;
p — density of irradiated sample; 4 — molar mass of irra-
diated sample; V — volume of irradiated sample.

Fig. 5 shows a comparison of the calculated data and
approximating the curve for the sample InP.
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Fig. 5. Comparison of the calculated data
and approximating the curve for the sample InP

To approximate damage profile were used Cauchy
distribution for left part and Gaussian distribution for
the right. For ionization profile were used Cauchy dis-
tribution for left part and Fermi for the right.

Fig. 6 shows example of program for measuring of
occurrence profile.
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Fig. 6. Helium occurrence profile in sample
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Table 2 shows the ranges and errors in measuring of
direct parameters.

Table 2
Ranges and errors in measuring of direct parameters
Parameter Range Error
Beam current 780...810 mA + 2%
Pulse duration 480...510 mks + 1.65%
Temperature 20...1100°C +1%
Tilt angle 0...27 degree +1.5%

3. EXPERIMENTAL RESULTS OF
ELECTROPHYSICAL PROPERTIES TiO,

In nuclear power plants, ceramics are used as ther-
mal insulation (Al,O3, SiO,), nuclear fuel (UO,, PuO,),
materials of regulating nodes (B4C, Sm,05), slowing and
reflecting materials (BeO, ZrO,, Be,C), materials of
neutron protection (B,C, HfO3, Sm,03), electrical insula-
tion in the core (Al,O3, MgO), shells of fuel elements
(SiC, Si3sNg) and other. In thermonuclear power engi-
neering ceramics are planned to be used for thermal and
electrical insulation of the first wall of the plasma
chamber (SiC, SisN,), plasma limitations (SiC, Al,Os,
B4C), for neutron protection (blankets from LiAIO,,
Li,SiO3, Li,0O), as a material for windows of different-
frequency plasma heating (Al,O3; BeQO) and other.
Therefore, the purpose of this section is to develop a
methodology for measuring the electrical properties of
ceramic materials. The work was carried out using sam-
ples from TiO,.

Titanium dioxide is widely used in chemical engi-
neering, instrumentation and medicine. Having the
properties of a semiconductor with n- conductivity and
resistance ~10™ Q-cm, titanium dioxide is a promising
material for its use in nuclear and thermonuclear energy.
In addition, having close radiation characteristics with
UQO,, PuO,, at the first stage, it can be used as a proto-
type for irradiation with helium ions with an energy of
4 MeV. For ionization TiO, goes 94...99.6% energy as
a function of the energy of the ion beam, which corre-
sponds to the processes in the fission UO,, PuO..

Analysis of the properties of titanium dioxide and
methods of its synthesis [9, 10] indicates the possibility
of changing the conductivity by introducing into the
composition TiO, various materials that have a higher
conductivity. The same effect, as shown below, is
achieved after irradiation TiO, ions of helium. This sec-
tion describes the experimental results of studying the
electrophysical properties of TiO, irradiated helium ions
at a linear accelerator with energies of 0.12 and 4 MeV.

A measuring cell for irradiating ceramic materials
with an attached sample is shown in Fig. 7, which is
fixed in the irradiation chamber [11]. The sample tem-
perature can be adjusted to 1100°C, For this purpose, a
nichrome heater is provided (see Fig.7), to which a
sample with measuring electrodes is mounted. The ini-
tial and irradiated samples are shown in Fig. 8.

Prior to irradiation in the SRIM program, calcula-
tions were made of the spectra of helium deposition and
the damage in the thickness of the sample. Particular
attention was paid to calculations of the ionization spec-
tra TiO,, since the accumulation of a charge when it is
irradiated and the runoff of charges is of paramount
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importance for the change in the electrophysical proper-
ties.

Fig. 7. A cell for measuring the electrophysical
properties of materials under a beam He*
with attached sample

1 2 3
.

Fig. 8. Samples TiO,. 1 —initial; 2 —irradiated
dose 10™; 3 —irradiated 10™; 4 —a sample
for measuring the electrical resistivity under a beam
In Fig. 9 shows the ionization and damage profiles at

0.12 and 4 MeV, applied to a single dose, taking into
account the beam energy.
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Fig. 9. The profiles of ionization and damageability

at 0.12 and 4 MeV, reduced to a single dose,

taking into account the beam energy

One of the most accurate methods of measuring
electrical resistances at constant current is the bridge
method, which has a high accuracy of measurements
and reaches thousandths and ten thousandths of a per-
cent. The range of resistance measurements by the
bridge method lies in the range from fractions of the
micro-ohm to 10 Q. To measure the currents from the
samples, the Rogowski belt was used, with subsequent
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amplification and digitization of the obtained data. In
Fig. 10 shows the results of measurements during the
experiment. As can be seen from Fig. 10, that the cur-
rent from the sample flows 100 mks longer than the
incident current to the sample. And after that an inverse
current is formed, although the applied potential to the
sample was equal to zero.
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Fig. 10. Results of current measurements on the sample
during the experiment (red color shows the beam
current, black current from the sample)

In Fig. 11 shows the dynamics of resistance changes
TiO, during irradiation He™ with an energy of 0.12 MeV
and after irradiation. As can be seen from the graph, the
greatest drop in resistance occurs in the first hour of
irradiation. In the absence of a beam, the resistance is
partially restored.
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Fig. 11. Dynamics of resistance change TiO, during
irradiation (blue solid lines) and after irradiation (red
dot-dashed lines)

From the obtained preliminary data on the study of
the electro-physical properties of ceramic materials, the
following conclusions can be drawn, which must be
taken into account in the further planning of experi-
mental work:

1. As can be seen from Fig. 8 ionization on the sur-
face of the sample upon irradiation with an energy of
0.12 MeV is greater than at 4 MeV. Consequently, the
degree of ionization of the near-surface layer at
0.12 MeV is greater than at 4 MeV.

2. The damage profile at an energy of 0.12 MeV is
completely superimposed on the ionization profile, and
at an energy of 4 MeV the overlap is practically absent.
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And also the damage profile at an energy of 0.12 MeV
is approximately twice as high as at 4 MeV. This fact
should be taken into account when interpreting the ex-
perimental results.

3. It is necessary to take into account the appearance
of free electrons in the course of stripping He" to an
alpha particle in the surface layer to 0.7 pum.

4. Binding energy TiO, is within 10 eV, therefore,
the formation of free oxygen atoms and titanium, which
also contribute significantly to the change in electro-
physical properties.

Therefore, at low energies of the helium ion beam,
in addition to the ionization profiles, it is necessary to
take into account the damage profile of the sample,
structural radiation changes, and at energies above
1.5 MeV, the damage profile probably does not contrib-
ute significantly to the change in the electrophysical
characteristics TiO,.

CONCLUSIONS

On the basis of linear accelerator of helium ions, an
experimental complex for irradiation of samples of
structural materials and measuring and recording of
parameters of irradiation in real time is created. Me-
thodical experiments were carried out, which confirm
the working capacity of the complex. Experimental pre-
liminary data on changes in electrophysical properties
were obtained TiO,, from which the electrical resistivity
should be reduced by 5-6 orders of magnitude when
irradiated with the sample He" dose 10™° particles on
cm? and the appearance of a reverse current in the sam-
ple during pulsed irradiation. This indicates not only the
effect of the ionization profile, but also the effect of
radiation damage on the electrophysical properties of
the sample.

This technique for studying the electrophysical
properties makes it possible to study a wide range of
ceramic materials that are used and planned to be used
in nuclear and thermonuclear power, when irradiated
with linear accelerators over a wide range of tempera-
tures and irradiation doses.
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3KCIEPUMEHTAJIbHBIN KOMILJIEKC JIJI1 UCCJEJOBAHUS KOHCTPYKIIMOHHBIX
MATEPHAJIOB HA IMHEMHOM YCKOPHUTEJIE HOHOB I'EJIUS

P.A. Anoxun, b.B. 3aityes, K.B. Ilasnuii, B.I'. ZKypaenes, B.A. Cowmenxo

[IpuBeneHo onmcaHue SKCIEPHUMEHTAIBHOTO KOMIUIEKCA JINHEHHOTO YCKOPHUTEIS HOHOB TelHs, KOTOPBIH COCTO-
UT W3 KaMepbl 00Iy4eHus, TaTInKoB, KoHBepTepoB curHaioB (ALIT) m 9BM c mporpammoii 06paboTKu SKCIepu-
MCEHTAJIbHBIX JaHHBIX C MOCICAYIONIMM OTOOpakeHHEM X Ha auciuiee. Kommieke npegHasHaueH ATl IPOBEICHNUS
9KCIIEPUMEHTAIBHBIX PA0OT 10 M3YUCHHIO (PU3HMUECKUX CBOMCTB KOHCTPYKIIMOHHBIX MaTEPHAIIOB, IPUMEHIEMBIX Ha
ADC u THP. TlpoBeneHoO TecTHpPOBaHHE KOMIUIEKca Tpu oOaydeHun asyokucu TutaHa (TiO,) noHamu remus c
sureprusivu 0,12 u 4 M»B. TlpuBeaeHbl 3KCIIEPUMEHTANbHBIC JaHHBIC MEKTPOPHU3NIECKUX xapakTepucTuk Ti0,,
HOATBEPKAIOINE 11e1eCO00Pa3HOCTh UCTIONb30BaHUS KOMIUIEKCA JUI U3y4eHHs CBOMCTB MaTepHasoB, IpUMEHse-
MBIX B YCJIOBUSIX MOIIHBIX PaJAHAIIMOHHBIX TOJIEH.

EKCITEPUMEHTAJIbHUI KOMILJIEKC JIJI1 JOCJIJI)KEHHSA KOHCTPYKIIHHAX MATEPIAJIIB
HA JITHIMHOMY IIPUCKOPIOBAYI IOHIB I'EJITIO

P.O. Anoxin, b.B. 3aityes, K. B. Ilagniit, B.I'. 2Kypasnvos, B.A. Cowenxo

HaBezneHo onmc eKCIepuMEHTAIBHOIO KOMIDIEKCY JIIHIHHOTO MPUCKOPIOBaYa i0HIB Teil0, IO CKIATaEThCA 3 Ka-
MEpH OTIPOMIHEHH!, NaTIHKiB, KoHBepTepiB curHaiiB (ALIl) i EOM 3 mporpaMoro oOpoOKH eKCIIepUMEHTATbHIX
JIAHUX 3 TOAAIBIINM BinoOpakeHHsM iX Ha aucruiel. KoMruiekc npusHaueHud 1k MPOBEICHHS €KCIIePHUMEHTaNb-
HHUX pOOIT 3 BUBUCHHS (DI3MYHMX BIACTUBOCTEH KOHCTPYKLIHHMX MartepianiB, mo 3actocoBytoThest Ha AEC i TSIP.
[IpoBeneHO TECTyBaHHSI KOMIUIEKCY MPU OMpoMiHeHHI aBookucy Tutany (TiO,) ionamu remito 3 eHeprismu 0,12 i
4 MeB. HaBenmeHo eKCIIepUMEHTANbHI MaHi eNeKTPOQi3nIHUX XapakTepucThK Ti0,, 10 MATBEPIKYIOTh JOLIb-
HICTh BUKOPUCTaHHS KOMIUIEKCY Il BUBYCHHSI BJIACTUBOCTEH MaTepialliB, IO 3aCTOCOBYIOTHCSI B yMOBAX IOTYX-
HUX pajiaiiHuX MOJIiB.
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