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This simple resonator consists of silver wire formed as coil
of two turns. Compared to cavity resonators working in the
same frequency band, our resonator is substantially smaller
- 0.8 mm inner diameter and 0.2 mm wire diameter (AWG
of 32). The coil is suspended over the microstrip supply line
which 1s connected to EPR spectrometer. The whole apparatus
1s an X band EPR probe for biological tissue research. The
main advantage of our project in this simple construction of
the probe is the convenient resonator’s coupling and sup-
plying RF power by a microstrip line. Simulations and real
measurements of electromagnetic field distribution revealed
impressive symmetry and an enormous magnetic field con-
centration along resonator’s main axis where tissue samples
are placed. The A factor for this resonator is over 20Gs/+/W .
Analysis of resonance circuit shows a very wide resonance
band (small quality factor — about 300). This 1s the desired
feature in pulse EPR spectroscopy.

Keywords: EPR spectroscopy, microstrip circuits, microwave
resonarors

1. INTRODUCTION

Electron paramagnetic resonance (EPR) is the
process of resonant absorption of microwaves by
paramagnetic atoms or molecules, with at least one
unpaired electron spin, and in the presence of a static
magnetic field B (Fig. 1). The great majority of EPR
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Fig. 1. EPR-spectrometer set-up.
Rys. 1. Budowa spektrometru EPR.

spectrometers is working at B,~ 34 T (X band) or
B, =125T (Q band).

The resonators (also qualified as cavities or
probeheads) connected to the microwave bridge
are the most important parts of EPR spectrometers

(Fig. 2).
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Fig. 2. Microwave signal path in EPR spectrometer.
Rys. 2. Tor mikrofalowy w spektrometrze EPR.

In spectrometers built on rectangular the wave-
guides, resonators are critically coupled with the
transmission line by an adjustable hole in one of
the cavity’s wall or adjustable rod screwed into the
waveguide close to the cavity’s entrance. The micro-
wave magnetic flux density » can be written as:

bz, €)= b e* e M

where: b is the amplitude of the harmonic magnetic
flux density orthogonal to B, o the signal pulsation,
k, .= 2n/, - the wave number in the 0z direction of
propagation. The absorption of microwaves begins
in the resonator cavity pertially filled with a tested
simple of the volume meb (Fig. 2).

During absorption, coupling with a partially filled
resonator becomes not critical. Part of the delivered
microwave energy is reflected and can be measured.

Therefore, the performance of these resonators must
3
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be carefully tuned to the overall system’s capacity
to operate effectively at low or high modulation
frequencies and amplitudes, low and high micro-
wave power, and for lossy samples such as water or
biological tissue probes.

The quality factor of the resonator is defined as:
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where: W is the magnetic energy stored in the reso-
nator, u, - the magnetic permeability of free space
(4, = 4m x 107 H/m), P - the incident microwave
power.

Generally, a higher O, means higher sensitivity.
However in pulse applications high Q, is not desired
because increases measurement dead time. There
is also a need to consider the cavity’s filling factor
and the quality of the microwave source. The filling
factor is the ratio of the integral of the microwave
field over the sample volume relative to the integral
of the total microwave field in the cavity:

= S — 3)

For pulse and continuous wave applications there
is another important parameter A - the resonator ef-
ficiency defined by the equation [4]:

Gs/\/W | )

,1:;%§ |

where B, is the maximum available microwave flux
density for a given incident microwave power [3].
At higher 4 factor the microwave source can have
lower output power which also permits minimizing
dead time in pulse spectroscopy

The volume of resonator’s cavity is much big-
ger than the volume of samples. Thus in a modern
EPR spectroscopy other resonator constructions are
used and developed as helical, ceramic and loop gap
resonators (LGR). The helical resonators have much
smaller dimensions compared to the wavelength in
the measurement system, called as microcoil-based
probes or microresonators. They have high value
of #.

2. EXPERIMENTAL

The microresonator, projected and built to our
experiments, consists of the coil with the number
of tums N = 2, diameter o = 0.8 mm and length /
= 0.3 mm, mounted on the low-loss PCB (Printed
Circuit Board) (Fig. 3a).
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Fig. 3. Helix resonator electrically coupled with microstrip
line: a) electrical coupling with the resonator; b) equivalent
circuit diagram.

Rys. 3. Rezonator sprzezony polem elektrycznym z linia
mikropaskowa: a) rysunek pogladowy; b) schemat za-
stepczy.

For estimation purposes we used the inductance
formula:

(aN)

L ey ©)
which is valid for /> 0.4 o and all dimensions provid-
ed in [mm] |2]. Because of used winding technique,
final relation between dimensions is /= 0.375 a. Ac-
cording to the formula (5) the inductance .= 3.88 nH,
which is acceptable comparing to FEM simulator
result . = 3.92 nH.

The self resonance frequency for LC circuit is
defined as:

1
fo=T—TF—
alIc

For the coil without additional capacitors the
resonance frequency is observed at the 23.5 GHz.
This gives the capacitance between two coil’s wires
C,=0.012 C pF.

(6)
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The inter-turns capacitance of the coil has a very
small value and the main part of total capacitance
is shared by two mounting pads of the microcoil
resonator. Its capacitances are marked by C, and C,
as shown in Fig. 3b. and Fig. 4b. Because of addi-
tional capacitances, the resonance frequency could
be decreased to about 9.5 GHz.

The equivalent series resistance R of the coil at the
frequency £ is:

d
R.‘(‘ = Ks“ RH : (7)

where J_ is the skin depth. For two turns of silver wire
ofd=02mm, R, . =2.62mQ and R, =202 m< (for
o(Ag) = 61.10° S/mm and 6, = 0.64 um at 10 GHz).
This value and the former solved data allows us, us-
ing the equation [4]:

O, = (;;_L
N

to estimate the two-turmns coil’s quality O, = 573.
According the general microwave circuit theory

of resonators [5]:

®)

5
1+ f

where f is the coupling coefficient of the resonator
with supply line.

Pads under the coil were created by etching away
a copper from 0.2 inch thick microwave laminate
(ROGERS® 5880). They are used are to fix the
main part of the resonator and to tune resonance
frequency. Very small diameters and sample volume
has allowed to obtain a very high A factor — over 20
Gs/N\W. Small dimensions of the resonator evoke
coupling problems because of very low values of
lumped clements. Each pad under the coil has arca
of 0.8 mm x 2.4 mm and the both introduce two ad-
ditional capacities C, = C, = 0.05 pF. The coil has
the very low inductance L and self-capacitance C,
between the wire turns. The first successful attempt
of coupling the microresonator with supply line was
made by two series capacitors — coupling by elec-
tric field. Estimated values of capacitors C, and C,
were about 0.01 pF. Such a small capacitance could
be achieved only by leaving an air gap between the
substrates with the microstrip line and the resona-
tor (Fig. 3b). By adjusting the width of the gap we
have a full control of the coupling factor. However,
during experiments some construction imperfections
were discovered:
e Changing gap’s width caused C, capacity change,

which provided significant changes of the reso-

nance frequency during coupling process.

0, ©)

e Significant influence of mechanical precision to
capacity changes of C, and C,. For example 10%
variation was caused by a 50-um sweep what in
the next step resulted in the loss of critical cou-
pling.

e Significant microwave leakage by the gaps forced
to extend shield from resonator onto the gap.
Results of experiments with electric field coupling

inspired us to apply magnetic coupling between the

microstrip line and coil microresonator (Fig. 4).

b) T Resonator

Fig. 4. Magpnetically coupled helix resonator with micro-
strip line: a) microcoil-resonator above the microstrip line;
b) equivalent circuit diagram.

Rys. 4. Rezonator sprz¢zony polem magnetycznym z
linia mikropaskowa: a) rysunck pogladowy; b) schemat
zastepcezy.

The next solution also is not mechanically com-
plex and very easy to make (Fig. 5).

Feeding microstrip line is in the same distance
to the coil during coupling process what practically
means that all physical dimensions around coil are
constant, which causes better stability of lumped
clements in an equivalent circuit. We exploited field
pattern of TEM mode in the microstrip line and
the resonator was placed in the way that its axis
is parallel to magnetic field lines, generated by the
coupled microstrip line. The coil is suspended over
the microstrip supply line (Figs. 5 - 6).
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Fig. 5. Decomposed resonator with magnetic coupling.
Rys. 5. Rozlozony rezonator sprzgzony magnetycznie.

The microstrip line, placed directly under the
resonator was narrowed-down to increase the density
of microwave magnetic field lines. This procedure
according to circuit analysis resulted in increasing
the density of the surface current J :

‘- [A/m]
’ qu

(10)

along the line in the 0z direction (Fig. 4a.).

The inductance of microstrip is also growing due
to increasing the density of the magnetic flux h(x)
around the microstrip line [6]:

(11)

where: I is the amplitude of the ac current in the
microstrip, w — the width of the microstrip

The end part of 50-Om transmission line was
narrowed-down 10 times. Its open end assures the
boundary condition » = 0. The length of narrowed-
down part of the line is in the range of 4,/ 4 < L <
/- The coupling point is situated at a distance / from
the end of the line (Fig. 4b).

3. RESULTS

Simulations made on Ansoft® HFSSvs10 were
helpful to illustrate very precisely the magnetic field
distribution near the coupling point (Fig. 6).

The colours on the diagram provide us the mag-
netic field intensity from 20 Gs (red) down to 0.2 Gs
(green). The scale is logarithmic. On this pattern of
the magnetic field inside the microresonator, there
are shown very clear interactions between a quasi-
TEM mode of the microstrip line and the inducted
magnetic field. /n situ measurements of S, parameter
of the magnetically coupled microresonator were
made using a vector network analyzer, HP§720C
(Fig. 7).
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Fig. 6. Visualization of microwave magnetic field in re-
sonator.

Rys. 6. Ksztalt pola magnetycznego w rezonatorze.
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Fig. 7. Resonator response.
Rys. 7. Odpowiedz rezonatora.
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The 3-dB bandwidth Af, =77 MHz and resonant
frequency 7, = 9.28 GHz, directly readout from the
resonance curve, gives Q) = 241.

4. DISCUSSION

The results of the al built-in resonator measure-
ments, the electromagnetic (EM) field simulation
in the resonator and its lumped element equivalent
circuit simulation are compared in Fig. 8. In the EM
simulation, all dimensions and electro magnetic pa-
rameters of actual resonator were taken into account.
Lumped elements were estimated using equations
presented in this paper. The level of additional inser-
tion losses 1s about 3 dB. These insertion losses are
noticeable in the results measurements of the actual
construction of the resonator and in the results from
the EM simulator. The lack of additional insertion
losses in the results from the circuit simulator infers
that in the equivalent circuit an additional lossy
lumped element should be included.
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Fig. 8. Comparison of measured and calculated character-
istics of S and f resonator parameters.

Rys. 8. Poréwnanie zmierzonych i obliczonych charak-
terystyk parametrow rezonatora S, i f.

The resonant frequency of the actual resonator is
different in comparison to that one provided by the
EM simulations. The error is about 4%. The error of
the resonant frequency provided by the equivalent
circuit simulations is about 4.3% compared to the
EM simulation.

At critical coupling (5 =1 in eqn. (9)), a quality
of the loaded resonator is:

wl

Q{.umm,’ =

R (12)

Analysing current induced by the incident micro-
waye power P, in the turns with series resistance R,

we may state that the amplitude of the microwave
field inside the coil of length / is:

N 2P
B = 0 5 ot
AT R

(13)
And following the equation (12), we express it

as:
2N |
B :ﬂ._.—\}?i b,
[ Vol

This equation allows us to define and understand
the 4 coefficient:

(14)

B 2N [Q,

== =L

wl

\/Tjn = Hy /

It can be written in the CGS system as the formu-
la (4).

So, at microwave power 1 W supplied to the two-
turns resonator with (), = 308 we introduce to the
microcoil a magnetic field B, = 20.04 Gs to get
4=20.04 Gs/NW. The accurate values of the mag-
netic field and A factor were obtained using the simu-
lator based on the implementation of finite clements
method to electromagnetic calculations.

(15)

5. CONCLUSION

Our investigations open new possibilities in
adaptation of the helical microresonators for EPR
spectroscopy working in X band frequencies. The
analysis of the resonator equivalent circuit, based
on lumped elements and transmission lines, provides
characteristic parameters of the microresonator.
Statements of the results are simple for interpreta-
tion and should be helpful in designing of the helical
microresonators for EPR spectroscopy.
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REZONATOR HELIKALNY
SPRZEZONY MAGNETYCZNIE

Z LINIA MIKROPASKOWA DO
ZASTOSOWAN W SPEKTROSKO-
PII EPR

Opisany rezonator zbudowany zostal ze
srebrnego drutu o s$rednicy 0.2 mm uformo-

wanego w dwuzwojowa cewke o wewnetrznej
srednicy 0.8 mm. W porownaniu do rezonatoréw
wnekowych pracujacych w tym samym zakresie
czestotliwosci, przedstawiony rezonator helikalny
stanowi niewielki ich utamek objetosci. Cewka jest
zawleszona nad linia mikropaskowa podtaczona
do mostka mikrofalowego spektrometru EPR.
Rezonator zbudowany zostal z przeznaczeniem
do badan uwodnionych prébek biologicznych
w pasmie X. Gléwnym zamierzeniem autoréw
byto udoskonalenie sprzezenia rezonatora z
mikropaskowa linia zasilajaca. Przeprowadzone
symulacje 1 rzeczywiste pomiary rozktadu pola
elektromagnetycznego ujawnity duza symetrie
1 olbrzymia koncentracje pola magnetycznego
wzdluz gléwnej osi rezonatora, w miejscu gdzie
znajduje sie badana probka. Wspoétczynnik A
dla opisanego rezonatora przewyzsza wartos¢
20 GS/YW, natomiast pasmo rezonansowe
jest bardzo szerokie — mata dobro¢ uktadu ~
300. Powyzsze cechy rezonatora sa pozadane
w impulsowej spektroskopii EPR.

Stowa kluczowe: rezonator EPR, sprzezenie magnetyczne,
rezonator helikalny

NOWE KOMPOZYTY GRUBOWARSTWOWE
O OBNIZONEJ TEMPERATURZE SPIEKANIA
PRZEZNACZONE NA KONTAKTY OGNIWA
SLONECZNEGO
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W pracy przedstawiono nowa generacje materialéw grubo-
warstwowych przeznaczonych do nanoszenia sitodrukiem,
w ktorych faze przewodzaca stanowia proszki srebra o
submikronowe] wielkosci ziaren. Zaleta tych past jest to,
7e nie zawierajq fazy szkliwa, ktore wspomagalo proces
spiekania, a jednoczesnie pogarszato przewodnictwo elek-
tryczne warstwy. Kolejna zaleta tych past to mozliwo$é
spiekania w nizszych temperaturach, co zwieksza obszar
stosowania tych past w réoznych procesach technologicz-
nych

Stowa kluczowe: technologia grubowarstwowa, nanoproszek
srebra, ogniwo stoneczne

1. WSTEP

Dotychczas stosowane pasty srebrowe do tech-
nologii grubowarstwowej przeznaczone do nano-
szenia na podloza technika sitodruku skladaly sig
z fazy przewodzacej, ktdra stanowil proszek srebra
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