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The use of dielectric materials in the charged particles accelerators requires investigation of changes in the elec-
trodynamic properties of these materials under the influence of ionizing radiation. First of all it is necessary to study
the effect of radiation on the complex dielectric permittivity (¢ and tgd) of these materials. The actual task is to
measure very small relative changes in the dielectric constant, for example, Ae/e~10. Such accuracy can be pro-
vided by resonator methods. In the present work results of theoretical and experimental research of microwave di-
electric resonators with open boundaries are given. It is shown, that they can be used to measure dielectrics during
irradiation by gamma radiation or charged particles beam. The analysis of factors that affect the accuracy of meas-

urements is carried out.
PACS: 84.90.+a, 85.50-n,77.90.+k,29.20.-c

INTRODUCTION

Further development of accelerator technology is as-
sociated with the search for new methods charged parti-
cle beams acceleration. One of the directions of these
studies is based on the use of dielectric materials [1].
This applies both to acceleration methods in wake
fields, excited by electron bunches [2, 3], and to new
dielectric-assist accelerating structures with the tradi-
tional RF power input [4]. Dielectrics for accelerating
structures will be operated under conditions of strong
ionizing radiation. Therefore, detailed study of the ef-
fect of radiation on the electrodynamics properties of
materials at microwave frequencies is required. The
study of the behavior of dielectrics during irradiation (in
situ) [5, 6] is of interest. The main purpose of our work
is to develop methods and devices allowing to conduct
such research.

It is known that the most accurate method for meas-
urement of changes in the real part of permittivitye and
the dielectric loss tangent tgd at microwave is resonator-
based method. Various types of open RF dielectric reso-
nators to be most suitable for this purpose are known.

The present article describes the results of the study
of resonance systems that provide information about the
change in dielectric characteristics of dielectrics at their
irradiation with charged particles or gamma radiation.

1. CALCULATIONS AND SIMULATION

The waveguide-dielectric resonator and its modifica-
tion, as well as an open resonator “dielectric disk on a
conducting plane” Fig. 1 wereconsidered. The principle
of operation of waveguide-dielectric resonators with
open boundaries is as follows. Dielectric sample with
relative permittivity € is installed in a microwave trans-
mission line (waveguide or radial line), in which
waveguide modes do not propagate at a given frequency
fy (wavelength A is more than cut-off wavelength A.). If
e>(ho/Ao)’, resonance oscillations can be excited in the
sample under certain conditions (shape and size of the
dielectric). In this case the energy of these oscillations is
concentrated mainly in the dielectric.
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Fig. 1. Waveguide-dielectric resonator (a); modified
waveguide-dielectric resonator (b); open resonator
“dielectric disk on a conducting plane” (c)

The eigenfrequencies of resonator are determined by
its geometry and dielectrics permittivity. The possibility
to use such a resonator to measure the dielectric con-
stant and the loss tangent was first proposed and de-
scribed in [7].This method has been improved and suc-
cessfully applied for experimental studies on the dielec-
trics properties of different materials (see, for example,
[8, 9]). The resonator under consideration is formed by
dielectric disk between two conducting planes (radial
line). Obviously, the magnetic modes (TE) should be
chosen for measurements. The most suitable is the TE;
type, which has only the azimuthal component of the
electric field. This choice can significantly reduce the
effect of contacts between the dielectric and the metal
planes on the resonant frequency and quality factor.

The characteristic equation that relates the dimen-
sions and permittivity of the dielectric € to the eigenfre-
quencies f; TE, modes can be written in the form [8].
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where D and L are the diameter and thickness of the
dielectric disk, c is the speed of light, Jo(a) and J;(at) are
the Bessel functions of the first kind, Ko(B) and K;(B)
are the modified Bessel functions of the second kind.
The characteristic function has an infinite number of
zeros and an infinite number of discontinuities of the
second kind. The value n = 1 corresponds to the first
zero of the characteristic equation.

The unloaded Q-factor Q, of resonator is determined
by the value of losses both in the dielectric disc and in
metal planes with finite conductivity. The dielectric loss
tangent for the resonator can be determined from the
expression [7]:
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The second summand B depends on the surface re-
sistance of the metal. If B = Const (contact properties do
not change), the measurement of tgd change under ra-
diation can be easily done by measuring of change in
the quality factor of the resonator. Thus, making use
these expressions, the valuese and tgd can be calculated
using measured resonator parameters f. and Q,. On the
other hand, there are a number of computational pro-
grams, which allow to sumulate different electrodynam-
ics systems and determine their characteristics with high
accuracy. The calculations and simulation for TEg;
mode resonator with the dielectric sample — a disk with
diameter of 32 mm and height of 6 mm located between
copper plates (the specific conductivity 5.8-107 S/m)
have been carried out (Fig. 2). The difference between
the results of calculations by formula (1) and simulation
does not exceed 10~. The strong dependence of reso-
nance frequency on the permittivity allows to measure
very small change of €. So, for example, at ¢ = 90

32i= —13.5 MHz/%. If no other factors that influence
e

on the resonance frequency, the relative permittivity
change 10 can be measured.

As a result of calculations, the dependencies of
TEy;; mode frequency on the size of the dielectric sam-
ple were determined. In particular, at €90, D=16 mm
and L=6 mm, frequency change due to change of radius
and height are equal to —20.0 and —-340 MHz/mm ac-
cordingly. The height of the sample influences most
strongly on the value of the resonance frequency. There-
fore, special attention should be paid to careful surface
treatment of both metal elements and dielectric sample.
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Fig. 2. Dependence of the TE);; mode frequency
on permittivity. The solid curve — calculation according
to formula (1), the circles — the simulation results

Calculated by formula (2) dependence of the
unloaded Q-factor on the dielectric loss tangent (tgd) is
shown in Fig. 3. Note that, Q-factor over 107 is easily
measured by the well-known microwave measurement
methods. The picture shows that the accuracy of
tgd determination by measured Qo is decreases essen-
tially with decrease of the dielectric losses in dielectric
sample due to the presence of losses in the metallic
planes. It limits the possibility to use this type of resona-
tor for investigation of dielectric losses variation in di-
electrics with tgd ~ 107,

2500

2000

o 1500

1000

500

0 02 0.4 0.6 0.8 1 2 1.4 1.6 1.8
tgd x107

Fig. 3. Blue — ¢ = 30 (4929.9 MHz); magenta — € = 40
(4269.7 MHz); red — & = 90 (2846.8 MHz);
specific conductivity — 5.8-10" S/m

The strongest factor that affects the performance of
any microwave resonator is temperature. In metal RF
cavities, frequency shifts depends only on thermal linear
expansion of the metal. In case of dielectric resonators,
the additional factor is the temperature dependence of
dielectric permittivity. For most ceramic materials, the
coefficient of linear expansion is (3...5)-10° K. At
&= 90, taking into account the above dependence of fre-
quency on the sample dimensions, the change in fre-
quency TEq;; mode, due to the thermal expansion is
—1.2:102 MHzK™". For different types of ceramics, the
value of the thermal change in permittivity can vary
both in sign and value within a large range. This dielec-
trics characteristic must therefore be measured experi-
mentally in each case. In addition, it is well known that
dielectric losses in ceramics of different types depend
on temperature. The nature and magnitude of this de-
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pendence is determined by various factors — chemical
composition, crystal structure, ceramics technology, etc.

The resonator of considered type can be used for in-
vestigation of influence of charged particles beams and
gamma radiation on dielectric properties of dielectric.
However, the presence of a metal disk, which faces the
source of radiation, limits the possibilities of the method
in the field of low energies particles. The desire to re-
duce the thickness of this disk leads to problems with
contact between dielectric and metal. Therefore we have
considered variant of the waveguide dielectric resonator
in which the diameter of the upper disk is equal to the
diameter of the dielectric sample and the thickness ex-
ceeds in several times of the skin depth, which is several
microns in our frequency range. The making this reso-
nator requires coating of the dielectric sample with a
thin layer of metal with good conductivity, such as sil-
ver, copper or gold.

The simulation result showed that in the range of the
permittivity change (e= 30...120), the TE(;; mode fre-
quency slightly (not more than 1-107) differs from the
resonance frequency of a resonator with two metal disks
that is described above. The dependence of the resonant
frequency on the permittivity value also remains practi-
cally unchanged. However, the Q-factor is about 25%
less than that of a resonator (a) in Fig. 1.

Open resonators of the type dielectric disk on the
conductive plane (see Fig. 4) is a well-known electro-
dynamic structure, which is used mainly as microwave
filters and radiators of the antennas of the centimeter
range [10, 11]. From the point of view of the study of
changes in the properties of dielectrics under irradiation,
the use of such resonators is necessary in the case of
irradiation with low-energy particles that lead to the
surface or volume charging of the dielectric.

In such a system TE, TM, and hybrid (EH and HE)
modes can be excited. They are determined as follows:
TEopm+a> TMopm+as HEnpmra, EHppmea. The value A varies
from 0 to 1, and is close to 1 at large € [11]. To study
the effects of radiation on the dielectric, it is advisable
to use TE modes, in particular TE¢;;+4. We have per-
formed appropriate simulation of the open resonator.
The dielectric sample, which was used in simulation,
was a disk with D= 32 mm and L= 6 mm. Two methods
of resonator excitation have been considered in such
simulation. One of them is carried out by coaxial probes
(see Fig. 4), the other one uses symmetric slot line. The
results of calculations of the resonator parameters at
different excitation methods coincided.

'L )
Fig. 4. Open resonator with coaxial probes

As a result of the simulation, the dependence of the
TEj;1:2 mode frequency on the permittivity and the dis-
tribution of the electromagnetic field both in and out of
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the dielectric (Figs. 5 and 6) were determined. So, for

example, at e= 90 ggi —10.4 MHz/%.
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Fig. 5. Upper curve —waveguide dielectric resonator
(TEy;; mode), lower curve — open resonator
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Fig. 6. Dependence of the azimuthal component
of the electric field on the longitudinal coordinate
Ez)atr=8 mm. The height of the sample is 6 mm

It can be seen that much of the electric field is ob-
served outside the dielectric sample.

2. EXPERIMENTAL DATA AND DISCUSSION

Experimental study of resonator properties, which
are described above, was carried out using titanium ce-
ramics. Discs with a diameter of about 32 mm were cut
out of a 6 mm thick ceramic plate with a diamond tool

(Fig. 7).
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Fig. 7. Titanium ceramic sample

Flat surfaces of the dielectric sample were polished;
deviations in thickness of the sample do not exceed
10 um. Some of the samples were covered with a layer
of silver about 30 um thick. The ceramics permittivity
was measured in advance. For frequency of 1 MHz, the
result was € =95. For study the waveguide-dielectric
resonator the dielectric disk was placed between two
metal 80 mm diameter discs made of oxygen-free cop-
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per. The contact surface of the copper discs was ma-
chined with a diamond tool. One of the copper discs
was only 1.5 mm thick at the dielectric contact aria.
This makes it possible to irradiate the dielectric with
electrons with energy in tens of Megaelectronvolt with-
out significant changes in the energy and intensity of the
beam. The excitation of the resonator was carried out by
coaxial induction probes. The coaxial probes do not
contain the organic materials, which have low level of
radiation resistance. Coaxial to resonator coupling fac-
tors were chosen much less than 1and they did not affect
either the resonance frequency or the Q-factor of the
resonator.

The resonance frequencies and Q-factor of the reso-
nator were measured with HP 8753C circuit analyzer in
the frequency range of 1.5...3 GHz. Preliminary all di-
mensions of the resonator were carefully measured. The
data from these measurements were used in calculations
and in simulations. By comparing the experimental re-
sults and calculated data, different modes were identi-
fied and the value of ceramic permittivity in this fre-
quency range was determined.

In the first stage, the parameters of the waveguide-
dielectric resonator (see Fig. 1,a) were measured. Ex-
perimentally measured resonance frequency TEj;; mode
was 2819.8 MHz, which corresponds to relative permit-
tivity of 9140.5. The Q-factor of the resonator is 890£50.
Using the calculated data (see Fig. 3), it can be argued
that the tg8=(9+0.6)-10™. These basic ceramics parame-
ters were used to model other types of resonators.

To study the modified waveguide-dielectric resona-
tor (see Fig. 1,b) we used samples of ceramics, which
were covered with silver. The thickness of the silver
coating was about 30 um. The dielectrics sample under
study and the resonator are shown in the Fig. 8.

Fig. 8. Dielectric sample coated with silver on cupper
plane and dielectric resonator with coaxial probes

Measurements have shown satisfactory correspon-
dence between experimental data and simulation results.
In particular, as can be seen from the Fig. 9, the meas-
ured frequency of the TEy;; mode is 2899.3 MHz, and
the simulation frequency is (2901.7+1.2) MHz. Meas-
ured Q-factor of the resonator is 580440 (calculated
value is 670).

The biggest difficulty in experimental investigation of
the open resonator (see Fig. 1,c) was identification of
modes. To solve this problem we developed a measuring
complex Fig. 10, which allows determining in automatic
mode electric field distribution over the surface of the
dielectric sample by the perturbation method. Symmetric
slot line was used for the resonator excitation.

The Fig. 11 shows the measurement results for
TEj;14+4 mode (no azimuth variation in the electric field).
The experiments showed satisfactory agreement be-
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tween the calculated and experimental data. Thus, the
calculated value of the TEg;;.» mode resonance fre-

quency at =91 is (1995.6+0.9) MHz, and the measured
value is 1991.0 MHz.
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Fig. 9. Frequency dependence of transmission
factor S,;. At the top — experiment, photo from display
HP 8753C, at the bottom — simulation result at &€ = 91
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Fig. 11. The electric field distribution at a distance
of 2 mm from dielectric disk surface and r = 10 mm

It is well known that temperature has a significant
effect on the dielectric parameters. Thus, as the tem-
perature increases, the dielectric losses increase for al-
most all dielectrics due to an increase of thermal con-
ductivity. As for the dielectric permittivity, the value
and sign of its change with temperature depends on many
factors, mainly on the type of polarization and frequency.
To study the dependence of TE;; mode resonance fre-
quency on temperature appropriate measurements for the
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types of resonators under consideration have been carry
out. The measurements have showed that in all three
cases the resonance frequency increases with tempera-
ture, i.e. the temperature coefficient of the permittivity is
negative for this material. This is typical for titanium ox-
ide-based ceramics. The resonant frequency in a range of
temperature change 20...70°C linearly depends on tem-
perature and it is accordingly +1.34, +1.24, and
+0.98 MHz-K™" for resonators in Fig. 1,a,b,c. This is sub-
stantially greater than the frequency shift caused by linear
thermal expansion. The Fig. 12 shows the measured de-
pendence of the dielectric permittivity on temperature for
the ceramic sample in the case of the waveguide-
dielectric resonator in Fig. 1,a.
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Fig. 12. Temperature dependence of titanium ceramics
permittivity at frequency of 2820 MHz

Q-factor of resonators decreases with temperature.
However, this dependence is different for each resona-
tor. The relative change in Q-factorin the range of
20...70°C is —=36%, —32%, and —21% for Fig. 1,a,b, and
C resonators.

The calculations and measurements of the Q-factor
have showed that they are different for different types of
resonators. Measured Q-factor for resonators a), b) and
c) is 890450, 580+40 and 320430 respectively. This
phenomenon can be explained by studying the mecha-
nisms of high-frequency power loss in these resonators.
Let us assume that the coupling factor of the resonator
with coaxial probes is much less than 1. Then total
power (P) lost can be divided into two components:
radiated power (P.4) and power dissipated as heat in
dielectric and metal (Pg4;). Open resonators used in the
antennas operate as a rule on TM;;o mode, have a dipole
field component and P,;>>Pg4s. In the waveguide-
dielectric resonator there is no radiation loss, because
the evanescent waves attenuate quickly as r increases.
However, for resonators b) and c), despite the axial
symmetry of the field, there are radiation losses, which
is the reason for the reduction of unloaded Q-factor.

CONCLUSIONS

All resonators considered in work can be used for
investigation of radiation influence on dielectrics in
microwave range. The most complete and reliable in-
formation can be obtained with waveguide dielectric
resonator, which has the following advantages: conven-
ience of interpretation of measurement results and ab-
sence of radiation losses. By measuring at higher
modes, it is possible to obtain information about
changes in the dielectric characteristics in the frequency
range of several GHz on the same sample. If it is neces-
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sary to research the effect of dielectric surface charging,
it is possible to use an open resonator with careful simu-
lation, including microwave power radiation. The main
factor influencing on the accuracy of determination of
dielectric parameters change during irradiation is insta-
bility of sample temperature, which can be caused, for
example, by a beam of charged particles. Therefore, it is
necessary to make preliminary measurements of the
resonance frequency and Q-factor dependence on tem-
perature and to measure the temperature of the sample
during irradiation. If these conditions are met, a change
in the dielectric constant Ag/e~10 during irradiation
can be measured.
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JAADJIEKTPUYECKHUE CBY-PE3OHATOPBI C OTKPBITBIMU 'PAHULIAMHA
JJIA U3YYEHUA BJUAHUA U3JTYYEHUSA HA DJIEKTPOAUHAMUNYECKHUE XAPAKTEPUCTUKHA
TBEPJIbBIX JUIJEKTPUKOB

B.A. Kywnup, K.IO. Kpamapenko, B.B. Mumpouenko, O./]. Hukumuna, C.A. Ilepescozun, JL.U. Cenusanos

Hcnonb3oBanue JUBJICKTPUUCCKUX MATCPHUAJIOB B YCKOPUTCIAX 3apsKCHHBIX YaCTUIL Tpe6yeT HUCCICAOBaHUA
HU3MCHCHUA DJICKTPOANMHAMHWYCCKUX CBOMCTB 3THX MaTCepuaIoB 1101 ﬂeﬁCTBHeM HWOHHU3UPYIOUICTO U3JTYUCHUA. B Tep-
BYIO O4Y€pEab HCO6XOZ[I/IMO HU3Y4YUTH BJIUAHUC U3JTYYCHUA Ha KOMIUICKCHYIO JUDJICKTPUYCCKYIO ITPOHUIIAEMOCTh (8 u
th) OTHUX MAaTCpUaJIOB. AKTyaJ'ILHOﬁ 3az[aqe171 SABJIACTCA UBMEPCHUC MaAJIbIX OTHOCUTCIIBHBIX HM3MEHEHUH JUDBJICKTPU-
YeCcKOoM MIPOHUIACMOCTH, HAIIpUMEDP, A8/8~104. Takast TOYHOCTHL MOXKET OBITH OOecrieueHa PE30OHATOPHBIMU METO-
JaMu. HpI/IBeI[eHI)I PEIYIBTATBI TECOPETUUCCKUX U SKCIICPHUMCEHTAJIBbHBIX I/ICCJ'IEI[OBaHI/Iﬁ CBLI-I[I/IZ)J'IEKTPI/I‘ICCKI/IX pe-
30HATOPOB C OTKPLITBIMU I'PaHULIAMU. HOKaSaHO, YTO OHU MOI'yT OBLITh MCIIOJIL30BAHEI JJIL UIBMEPCHU TapaMETpPpOB
JIUBJICKTPUKOB IIpH O6J'IylleHI/II/I raMMa-u3JIydCHUEM HUJIW IIYYKOM 3apsKCHHBIX YaCTHII. HpOBe}IeH aHaJInu3 (baKTOpOB,
BIIMAOIIUX HA TOYHOCTH H3MepeHHﬁ.

JIEJJEKTPUYHI HBY-PE3OHATOPHU 3 BIIKPUTUMU I'PAHULISIMU
JJISI JOCJIIKEHHSI PAJIAIIIAHOI O BILIUBY HA EJIEKTPOJAHAMIYHI XAPAKTEPUCTUKHA
TBEPJAUX JIEJIEKTPUKIB

B.A. Kywnip, K.IO. Kpamapenko, B.B. Mumpouenko, O./]. Hikimina, C.O. Ilepecozin, JI.I. Cenisanos

BukopucTaHHs Ji€NEKTPUYHUX MartepialiB y NPHCKOPIOBaYaX 3apsHKEHHX YaCTUHOK BUMArae JOCIiIKEeHHs
3MiHH €JIEKTPOJUHAMIYHHUX BJIACTHBOCTEH IIUX MaTepiasiB Iij €0 10HI3yI0UOro BUIPOMiHIOBaHHs. B nepury uepry
HEeOoOX1THO BUBYMTH BIUIUB BUIIPOMIHIOBaHHS Ha KOMIUIEKCHY JIieNIEKTPUYHY POHUKHICTb (€ 1 tg0) 1ux mMarepianis.
AKTYaJIbHUM 3aBJaHHSM € BHUMIp MaluX BiJHOCHHX 3MiH JieIeKTPHUHOI IPOHHKHOCTI, Hanpukian, Ae/e~10. Taka
TOYHICTh MOXe OyTH 3a0e3IeueHa pe30HaTOPHUMH MeToaMu. HaBeeHo pe3yabTaTi TEOPETUYHUX Ta EKCIIEPUMEH-
TaNbHUX JociikeHb HBU-mienekTpuuHuX pe3oHaTOpiB 3 BIAKPUTUMH rpaHHIsIMH. [loka3aHo, 110 BOHH MOXYTh
OyTH BUKOPHCTaHI JUIsi BUMIPIOBAHHS MapaMeTpiB JAiENIEKTPUKIB IPH ONPOMiIHEHHI TraMMa-BUIIPOMIHIOBaHHAM abo0
ITy4YKOM 3aps/KEHUX YacTHHOK. [IpoBeneHo aHaii3 (pakTopis, 110 BILTMBAIOTH HA TOYHICTH BUMIPIOBAHb.
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