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ABSTRACT

A modified rectangular loop-gap resonator for X-band electron paramagnetic resonance (EPR) studies of
aqueous samples, enabling the light access, is described. Changes introduced into rectangular resonator
geometry, previously presented in Piasecki et al. (1998) [1], and redesigned coupling structure lead to the
better thermal and mechanical stability. The modified structure makes provision for the controlled light
access to the sample placed in a flat cell during an EPR experiment. The sensitivity of the resonator for
aqueous samples as well as an experimentally tested microwave magnetic field homogeneity are pre-
sented. Results of simulations and experimental tests indicate that the presence of light access holes in
the resonator’s front side does not disturb the uniformity of microwave magnetic field distribution in
the nodal plane. The optimal flat cell thickness for unsaturable and saturable aqueous samples has been
calculated for this new structure. A modified rectangular geometry of the loop-gap resonator ensures a
good performance for aqueous samples allowing its convenient and efficient light illumination during

EPR signal recording .

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Among the entire range of proposed loop-gap resonators [2] the
1 mm cylindrical two-loop-one gap resonator found the widest
application in biophysical studies of proteins [3]. Many EPR studies
of the structure and dynamics of proteins using the side directed
spin labeling (SDSL) were performed with that resonator [4,5]. In
spite of many attractive features of that resonator its small active
volume (about 1.6 pL) is impractical for some EPR experiments.
Moreover, the light illumination of the sample is not an easy task
for that loop-gap geometry which complicates EPR studies of con-
formational changes of proteins induced by the light.

The most commonly used resonators for the EPR spectroscopy
of aqueous samples are the rectangular TE;o; and cylindrical
TM; o cavities. The presence of a nodal plane for the electric field
in the center of those cavities allows the use of a flat cell instead
of capillary as a aqueous sample container. It is rather a simple task
to provide the light access to the sample for those cavities. Their
active sample volume is however rather high and exceeds 50 L.

In the attempt to find an alternative to the rectangular and
cylindrical cavities with the smaller active sample volume we
recently proposed a novel loop-gap resonator with a rectangular
central loop. In that resonator, the optimum performance was
achieved for a six-gap-seven-loop structure [1]. The experimental
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results were obtained with the resonator made of a single piece
of silver plated Macor™. This gave an EPR signal amplitude compa-
rable to the TE;q, cavity with a much smaller sample volume of
only 16 pL. In practical applications of the rectangular loop-gap
resonator, aqueous solutions of spin-labeled proteins were placed
into the quartz flat cell with a 0.4 mm by 4 mm cross-section [6].
However, the size and complexity of that structure were causing
various practical problems. It was difficult to machine the resona-
tor and its mechanical and thermal stability was rather problem-
atic giving rise to the unstable baseline of the EPR spectrum.
Moreover, it was impossible to provide the light to the sample in
that structure.

In the present paper we describe an improved version of the
rectangular loop-gap resonator with similar active sample volume
which gives slightly higher sensitivity for aqueous samples. A mod-
ification of a basic construction has been introduced to provide the
convenient light access to the sample, contained in a transparent
flat cell with dimensions matched to the inner space of the resona-
tor. Owing to that the light-induced transient phenomena can be
monitored directly via simultaneously recorded EPR signal
changes. The light exposed surface of the sample cell in the active
volume exceeds 50%. Thus the ratio of the photoexcitable volume
to the entire volume of the sample is very advantageous.

2. Instrumentation

An exploded and cross-sectional views of the resonator are pre-
sented in Figs. 1 and 2 and key resonator dimensions are given in
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Fig. 1. The structure of the modified RLGR resonator: (a) rectangular brass rods
with holes for light access; (b) side wall; (c) coupling screw; (d) rectangular
waveguide; e-modulation coil; (f) opening for the light access light window; (g)
sample access stack; (h) Rexolite holder.

Fig. 2. Cross-section view of the resonator. The same elements like in Fig. 1 are
pointed.

Table 1. It is a three-loop-six-gap structure. The main body of the
resonator is made of silver plated brass. The capacitive part of
the resonator is formed by four rectangular silver plated brass rods
suspended in space by the phosphor bronze wires that are sup-
ported by two Rexolite™ holders on the top and bottom of the res-
onator body (Fig. 1). In order to provide the magnetic field
modulation to the sample the opening sides of the resonator body
are covered with the side walls made of silver plated unclad lam-
inate used for PCB. The magnetic field modulation is provided by
the modulation coils attached to the resonator body (Fig. 2).

In order to provide an access of light to the sample the rectan-
gular opening was made in the front part of the brass body and
additional five holes with 1.5 mm LD. were made in each of two
front rectangular rods that form the resonator’s capacitance
(Fig. 1). Those ten holes together with the vertical slot, that plays
the role of the central resonator gap, cause that the light exposed
surface exceeds 50% of the sample active area. That arrangement
allows illumination of the flat sample cell placed in the center of
the resonator as is shown in the front view of the resonator.

Table 1
Technical parameters of the rectangular loop-gap resonator with redesigned coupling
structure and direct light access to the sample.

Gap width 2.0 mm
Gap separation 0.35 mm
Gap height 10.0 mm
Central loop width 5.1 mm
Central loop length 4.5 mm
Return flux loop width 10.0 mm
Return flux loop length 12.3 mm
Internal height of the body 30.0 mm
External height of the body without the 54.0 mm
sample access stack
External height of the body with the 102.0 mm
sample access stack above and below the resonator
External width of the body 26.0 mm
External length of the body 54.0 mm
Resonant frequency (vo) 9.55 GHz

Unloaded (Q) 3100
Microwave efficiency (A) 2.5 G/wW'?

The resonator is coupled directly to the waveguide through the
coupling structure that resembles the Varian coupler, with a metal
slug moving down over the slot cut parallel to the axis of the rect-
angular loop as described previously [7] .

The sample access stacks above and below the resonator have
Bruker standard dimensions thus the Bruker collet system can be
used.

The electrical properties were tested on the bench using a
microwave setup equipped with the microwave sweeper. The
EPR measurements were performed using either the home made
pulse EPR spectrometer [8] or Bruker ESP 300E spectrometer.

The cuvettes used for aqueous samples were either flat glass
capillaries (width 4 mm, thickness 0.4 mm, Vitro Dynamics, Inc.,
Rockaway, NJ) or flat cells with the same internal dimensions made
of plexiglass or TPX at the laboratory.

The microwave efficiency, 4, was measured using the tech-
nique of perturbing metal spheres [9], in combination with EPR
measurements of the small speck of DPPH (2a-diphenyl-B-
picrylhydrazil).

The light-induced experiments were performed on the sample
containing synthetic dopa-melanin dissolved in 0.1M phosphate
buffer, pH 8.0, at the concentration of 2 mg/mL [10]. [llumination
of that sample with the visible light considerably increases the
amplitude of the melanin EPR spectrum [11].

3. Performance and analysis

Technical data of the resonator are presented in Table 1. As can
be seen from Table 1 the dimensions of the central rectangular loop
are slightly bigger then in the previous version of the rectangular
loop-gap resonator [1]. The reason for doing this was to broaden
applicability of the resonator for a standard 4 mm O.D. tube, e.g.
a pitch sample.

The most dramatic improvement of the resonator is observed
for its quality factor, Q. The loaded quality factor of the empty
Macor™ resonator was 550 [1], while for the present resonator
its Q exceeds 1500 (Table 1). That threefold increase of the Q value
led to the much higher microwave efficiency parameter A that
reaches 2.5 G/vVW.

The question arises why the Q value for the new resonator is so
much higher than in the previous one? Three factors can be
pointed out that contribute to so substantial increase of the Q
value.

It seems that the main factor can be related to a different geom-
etry of the return flux loops. There were six loops that house the
return flux in the previous Macor resonator [1], while there are
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only two ones in the modified rectangular loop-gap resonator.
Assuming the same B; in the return flux loops for both resonators,
the microwave current density is also the same. However, the
length of the current path is three times bigger in the Macor reso-
nator in comparison with the new one causing that an equivalent
resistance is also three times higher. It follows that the losses pro-
duced by the current flowing on the surface of the return flux loops
are threefold higher.

The second reason can be related to the poorer quality of the
conductive surface formed by the silver deposition on the Macor
in comparison with the silver plated brass that can be machined
more precisely.

Finally, some contribution to higher losses in the previous res-
onator can be attributed to the different coupling structure. The
previous resonator was coupled to the coaxial transmission line
using the coupling loop, while the new resonator is coupled di-
rectly to the waveguide with the use of a hole between waveguide
and one of the return flux loops.

Boring holes in front panels of the resonator may change prop-
erties and characteristics of the resonator. The microwave mag-
netic field uniformity was tested experimentally in the nodal
plane of the resonator using a speck of DPPH. The position of the
sample in the nodal plane was controlled with the use of a spe-
cially constructed tube holder that allows testing the distribution

of the EPR signal amplitude for a point sample along three lines
parallel to the resonator vertical axis Oz. While the microwave
power incident upon the cavity is kept constant, we are observing
dependence of the signal intensity on the point sample position.
Obviously, the EPR signal at resonance - equivalent to the amount
of microwave power absorbed by spins - is proportional to (Bf),
square of the microwave magnetic field averaged over the sample
volume.

The experimental signal amplitude was corrected in order elim-
inate the magnetic modulation field inhomogeneity within the
cavity (determined independently).

The results are presented in Fig. 3 for two resonators, one with-
out the light access holes in the brass rods, and another with five
1.5 mm LD. holes in each of two rods. To our surprise, the micro-
wave magnetic field distribution in the nodal plane of the resona-
tor seems to be unchanged by the presence of holes that are
altering conductive surfaces that support the flow of microwave
currents. In both resonators the microwave magnetic field distri-
bution is very uniform in the nodal plane making them excellent
for the EPR experiments.

Results of measurements are supported by simulation of three
dimensional distribution of the electromagnetic field for the res-
onator with holes. The high frequency structure simulator An-
soft(R) HFSS 11.0 installed on PC with i7, 3 GHz, 8 GB RAM,
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Fig. 3. The microwave magnetic field distribution measured along the nodal plane of the rectangular resonator with the point DPPH sample. B; amplitude is normalized with
respect to the value at the geometrical center (0, 0, 0). Data have been collected for basic rectangular loop-gap resonator and modified one: with holes enabling the light
access. The upper inset presents the schematic transversal cross-section of the resonator body with the tube holder within, used for controlling the point sample position
during the measurements.
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Fig. 4. Distribution of the microwave magnetic field inside the modified rectan-
gular loop-gap resonator, obtained from finite-element simulations (Ansoft®
HFSS™ 11.0). Magnetic field vectors in a plane bisecting the resonator along Oy
direction are shown.

was used. The visualization of the magnitude and direction of the
microwave magnetic field B; is presented in Fig. 4. The field dis-
tribution is very uniform in the central rectangular loop in the
box of approximate dimensions 2 x 4 x 10 mm and is slightly
distorted only in very close proximity of the light holes. Further
diagrams show the contour plots of z- component of microwave
magnetic field (denoted as B;z), at chosen planar cross-sections
of 3D distribution. Applied normalization (with respect to the va-
lue of B; at the geometrical center of the resonator) allows us to
evaluate directly the field uniformity. Fig. 5a reflects simulated
B,z distribution at the nodal plane of the resonator, where the
flat sample cuvette is positioned. It is interesting to compare
B, distributions at planes perpendicular to nodal one. Plots (b)
and (c) in Fig. 5 show Bz distribution at the planes Oy-0z pass-
ing through the center of the rode (x- coordinate equal to
1.2 mm) and in the middle between the rods (x- coordinate equal
to 0.0 mm) respectively. It is explicitly shown that the range of
perturbation in the microwave field uniformity does not expand
to the position of the cuvette.

4. Active length of the resonators

Most resonators used in the EPR spectroscopy, with exception
of the recently described uniform field resonators [12,13], have
more or less non-uniform field distribution along the sample
axis. The maximum value of the magnetic component of the
microwave field, By, occurs in the resonator center and the field
decays down to zero at the edge of the resonator. The total EPR
signal intensity is proportional to the integral of B2 over the sam-
ple volume. Because of the non-uniform B distribution, the con-
tribution of the spins located at the edges of the resonator to the
EPR signal intensity is negligible. It is then reasonable to make
the sample shorter than the internal height of the resonator
especially in the case when the amount of sample is limited as
it often happens in the SDSL EPR studies of proteins. The ques-
tion arises how to choose the optimum sample length for such
studies that would define the active length and the active vol-
ume of the sample.

We propose here a new definition of an effective sample length
as the length of the sample, positioned at the center of the resona-

Fig. 5. Contour plots representing simulated values of B;; component at the
different planes crosscutting the resonator. (a) The By distribution along the nodal
plane (Ox-0z) of the resonator. The schematic layout of the resonator structure
(white lines) is superimposed. (b) Visualization of simulated B, distribution at Oy-
0z plane, perpendicular to nodal plane and passing through the middle of the holes
in the rod (along to the A’A or C'C directions from Fig. 3). (c). A contour map of
simulated B, distribution at the central Oy-Oz plane of the resonator, passing
through the vertical slot (equivalent to the B'B direction from Fig. 3).

tor, that gives 90% of the signal intensity that would be if the sam-
ple did extended the full height of the resonator.

Defined in that way an active sample length AL can be deter-
mined by integration of B over z- coordinate, until the ratio of the
integrals approaches 0.9:

ALe /2 2
f—ALfiﬂ/Z Bi(z) - dz _

J4Bz)-dz W

The internal height of the resonator equals 2d.

The B; dependence on z-coordinate is well described by analyt-
ical expressions in case of cavities, i.e. TE{oz, TM10. It can be also
calculated using the high frequency structure simulator for any
resonant structure, as was done for the rectangular loop-gap reso-
nator or can be measured experimentally using a speck of DPPH.

In turn, determination of the effective length allows to express
the field’s non-uniformity by calculating the average B? over the
effective length according to the formula:

M2 B2z . dz

= )ALy
Bl - ALejf (2)
The ratio ofB? to B2 .., can be used to describe the degree of the

field non-uniformity, J, for the particular resonator:

3)

For the perfectly uniform field 6 equals 1 and decreases for res-
onators with the less uniform field distribution.
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Table 2

Effective length, ALy, and field uniformity ¢ calculated for different resonators.
Type of Internal height  Effective length ALy Bmg Algr/2 5= B
resonator of the resonator (mm) which gives 90% e T Bl

(mm) of the signal

RLGR? 30.0 11.7 0.59 0.82
TE102 23.0 13.7 0.60 0.75
TM10° 385 20.6 0.56 0.72
TEyoo® 55.5 458 1.00 1.00

@ Rectangular loop-gap resonator described in this paper.

b The diameter of the cavity resonating at 9.5 GHz was 38.49 mm.

¢ Rectangular uniform field resonator with L =46 mm and d = 4.73 mm resonat-
ing at 9.5 GHz [11].

Using the above definitions (Egs. (1) and (3)) the values for ac-
tive sample length and the magnetic field uniformity were calcu-
lated for the rectangular loop-gap resonator of this paper as well
as for two most popular cavities: rectangular TE;¢, and cylindrical
TMi 1o (Table 2). Additionally the data for the rectangular uniform
field resonator are included in the table because that resonator
represents the perfect structure in sense of the field uniformity.

5. Non-lossy samples

Hyde [14] introduced a system of sample classification that as-
signs each EPR sample into one of eight classes on the basis of its
saturability, dielectric losses and limitation in size or volume.
The rectangular loop-gap resonator presented in this paper was
mainly designed for aqueous samples of spin-labeled proteins.
Those samples are saturable, exhibit high dielectric losses and usu-
ally are limited in size. As it turned out the new resonator is also
very useful for samples that do not reveal high dielectrics losses
and are not limited in size. This class of samples can be represented
by the standard EPR sample - weak pitch. It saturates at moderate
microwave powers in cavities and is used by manufacturers to test
the sensitivities of the EPR spectrometers. The measurements
showed that the new rectangular loop-gap resonator gives 4.3
times higher amplitude for the weak pitch sample than the
TM 1o cavity. This is consistent with the high value of the A param-
eter (2.5 G/vVW), effective sample length AL calculated above and
parameter § of the rectangular loop-gap resonator in comparison
with the TMyo cavity (Table 2). It follows from the fact that the
signal amplitude is proportional to the product of those parame-
ters at the constant observe power. Thus the calculated ratio of
the weak pitch amplitude recorded with the rectangular loop-gap
resonator (RLGR) to that of cylindrical TMq cavity equals:

AﬁLGZRfSRLGR - ALgicr — 404 4)
ATMéTM . ALTM

which is very close to the measured value of 4.3. These calculations
neglect the field inhomogeneity in the cross-section of the weak
pitch sample. This is justified as the results of the high frequency
structure simulations show (see Fig. 4 for the RLGR), that the field
is very uniform in the cross section of that sample. The value of A
for TM cavity was taken to be 1G/v/W according to the Bruker data
[15]. Our measurements of the A for the Bruker TM;;q cavity
(ER4103TM) using the technique of perturbing metal spheres [9],
gave slightly lower value that improves the agreement of calculated
ratio with experimental value of 4.3.

Performance comparison of two different resonators for satura-
ble samples requires adjustment of the microwave power until the
B; value in both resonators is the same. This can be done for the
maximum value of B in the center of the resonator or for average
value as shown in the Table 2. We consider here the first case and
then it is easy to show that the signal amplitude is proportional to

the product of A, effective length AL and 4. Note that for non-sat-
urable samples the signal amplitude is proportional to 2. Thus for
saturable line samples, the ratio of the signal amplitude for the
RLGR to that for TM;q cavity is:

AricrORLGR - ALriGr
— =16 5
Arvorm - Alm ®)

In terms of sensitivity the RLGR is significantly better than the
TMyo cavity for both classes of non-lossy, unlimited size samples.
For limited size samples those numbers would be almost twice big-
ger due to nearly two times bigger an effective length of the TM; ¢
cavity (Table 2).

6. Lossy samples

As was stated above the main goal of developing of the RLGR
was its possible application to studies of saturable aqueous sam-
ples which have somewhat limited size. This resonator possesses
a nodal plane for the electric component of the microwave field
analogous to TE;o, and TM¢ cavity. Its microwave field configura-
tion is suitable for the use of the flat cell for aqueous samples. In
our previous work the optimum thickness of the flat cell for non-
saturable aqueous samples approached 0.4 mm as was determined
both theoretically and experimentally [1]. The significantly in-
creased Q value of the modified RLGR, 3100 in comparison with
1100 of the previous RLGR, caused a necessity to find out again
the optimum sample thickness for both saturable and non-satura-
ble aqueous samples.

The EPR signal for the reflection resonator employing a linear
microwave detector is proportional to the product of the filling fac-
tor, 1, quality factor, Q, and square root of incident power, Pj, [16].
Two first parameters, 7 and Q, describe the physical properties of
the resonator itself and are independent on the spectrometer con-
figuration. The incident microwave power depends on the spec-
trometer and theoretically can be set at any arbitrary level for
non-saturable samples. Thus in order to find out the optimum flat
cell thickness for non-saturable samples it is customary to keep a
constant level of P;;; and maximize the product of # and Q.

It is worth noting that this procedure is not always justified be-
cause of the fact that the noise level of the spectrometer, which
originates from the demodulation of the phase noise of the micro-
wave source by the resonator, depends on its Q. Additionally, the
level of incident microwave power could be limited by thermal
instability of the resonator caused by the excessive dissipation of
microwaves in the resonator walls and lossy samples.

The product of # and Q was calculated applying the high fre-
quency structure simulator and taking the complex dielectric con-
stants for water at 25 °C and 9.5 GHz, &y,0 = 55(1 +0.54 1) [13].
The calculations of the filling factor were simplified neglecting
the concentration of By by the high dielectric constant material like
water. This is justified because the microwave magnetic field
intensity is increased only by less than 5% in the presence of
0.4 mm thick layer of water positioned in the nodal plane as was
calculated using the formulas developed by Hyde and Mett [13]
or obtained from the high frequency structure simulator.

The results of calculations are plotted in Fig. 6. It follows from
that plot that the optimum flat thickness for unsaturable aqueous
samples is about 0.25 mm. It corresponds to the Q value drop to
about 2/3 of the initial value in absence of water. This is in agree-
ment with original conclusions of Wilmshurst [17] confirmed late-
ly by Hyde and Mett [13].

In case of saturable samples the criteria for optimum flat cell
thickness is different. Reduction of Q by the aqueous sample be-
comes a reduction of B;. This allows an increase of incident power
until the By value reaches the same level. It can be easily shown
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Fig. 6. Summary of calculations of the EPR signal amplitude as a function of
aqueous sample thickness. A geometry of rectangular loop-gap resonator with a flat
cell lying in the nodal plane was simulated. An optimum value of sample thickness
for saturable samples appears at maximum of # and +/Q product (dashed line),
whereas for non-saturable samples it is read from curve representing n and Q
product (solid line). The dependence of quality factor Q on the sample thickness is
also shown. All curves are normalized to the maximum value.

that in consequence the optimum flat cell thickness for saturable
samples occurs at the maximum value of the product of # and
V/Q. It is seen from Fig. 6 that for the RLGR the maximum EPR sig-
nal for this kind of samples can be obtained when the flat cell
thickness reaches about 0.4 mm. This corresponds to the drop in
Q to 1/3 of its initial value similarly to TE;q, TM11¢ and TEyo; cav-
ities [13].

Table 3 summarizes these considerations. The relative sensitiv-
ity for both saturable and non-saturable samples is explicitly cal-
culated, thus performance of different resonators can be directly
compared. Biophysical applications of EPR spectroscopy widely ex-
ploit saturable species (spin labels and other free radicals in aque-
ous solutions). In that case sensitivity of rectangular loop-gap
resonator is not worse than conventional cavities, still preserving
other benefits of loop-gap geometry.

7. The effect of illuminating the sample

Light can penetrate directly into the resonator due to holes cre-
ated in the front side.

The sample is placed in a transparent flat cell, with dimensions
matched to the inner space of the resonator. Geometrical calcula-
tions give an estimation of its exposed surface: it is about 50%.
We chose synthetic dopa-melanin to observe the EPR signal in-
duced by the light. This substance shows a broad absorbance over
the UV and visible range, and gives a persistent EPR signal. After
exposition to the visible light the recorded EPR spectrum is

Table 3

light on light off

N oW
T 79

N
?

EPR signal amplitude [a.u]
¢ 33

T
0 10

o

r~rrrrrrrTrrrTTrT
20 30 40 50 60 70 80 90
time [sec]

Fig. 7. The light-induced change of the EPR signal, measured in the time-sweep
mode for the melanine placed within a modified RLGR. Sample exposition to the
light is manifested as a instantaneous increase of the signal. When the light is
switched off, the spin system relaxes to the previous state.

remarkably changed. First, the “dark” EPR signal has been re-
corded. Then the resonator loaded with the sample was exposed
to visible light from a 250-W slide projector. The EPR spectrum
of the illuminated sample was collected every 2 min. The remark-
able increase of its amplitude can be observed immediately after
the light is switch on. Results are presented in Fig. 7. The change
of EPR signal amplitude measured in a “time-sweep” mode of the
spectrometer is displayed.

Alternative solutions of the problem how to illuminate the sam-
ple within the EPR resonator were proposed as “miniature dielec-
tric resonator” [18], or two-loop-one -gap structure with four
holes [19]. Altough in the concept presented in [19] the light access
inside the resonator also comes through the bored holes - the
photoexcitable fraction of the sample volume is much lower com-
pared to our structure.

8. Conclusions

The presented modification of the rectangular loop-gap resona-
tor enables efficient illumination of the sample due to the exten-
sive area of the light exposed surface and small thickness of the
cell, still preserving a good EPR performance for aqueous solution.
With that resonator the manageable volumes (10 times greater
than for typical X-band 1 mm loop-gap) of the aqueous samples
can be used. This is a substantial improvement for biophysical
experiments. The modified resonator is characterized by good
power conversion factor 2.5 G/W'/2, The microwave magnetic field
distribution in the nodal plane of the resonator is not disturbed by
the presence of light access holes in the front side. Additionally,
modifications introduced into the previous, basic structure of RLGR

Relative sensitivity of EPR signal for aqueous samples in the flat cell with optimum thickness. There are compared: rectangular loop-gap resonator (RGLR), rectangular TE;q,

cavity and standard cylindrical TM;;¢ cavity.

Type of {G/\/W] Sample width, w Non-saturable samples Saturable samples

resonator (mm)
Sample volume?® Relative signal from the whole Sample volume?® Relative signal from the whole
AV (uL) sample® (%) AV (uL) sample® (%)

RLGR 2.5¢ 4 12 95 19 38

TE102 0.99¢ 10 33 38 52 38

TMi10 1f 17 88 100 140 100

@ AV=w.t. ALy t is equal to 0.25 mm in case of non-saturable and 0.4 mm for saturable samples.

" Proportional to product of A2, AV and § and normalized with respect to TMjo.
¢ Proportional to product of A, AV and ¢ and normalized with respect to TM .
4 Measured value for the empty resonator.

e

T Calculated value for the empty cavity. 1.D. equals 38.49 mm and width - 18 mm.

Calculated value for the empty cavity with dimensions: 10 mm x 23 mm x 43.61 mm.
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[1]lead now to the slightly higher sensitivity as well as better ther-
mal and mechanical stability. The wide application of this resona-
tor is possible, e.g. biophysical experiments monitoring light-
induced transient paramagnetic species or tracing light-induced
conformational changes of spin-labeled biomolecules [20]. The
high filling factor of the photoexcitable volume of the sample is
achieved. Thus it can be the resonator of choice in biophysical
experiments involving simultaneous illumination of the sample
during its EPR signal recording.
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