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A new rectangular geometry of the loop—gap resonator for the
use with a flat cell has been developed. Maxwell’s equations for the
resonators with two, four, six, and eight gaps have been solved
assuming the existence of only the magnetic z-component. The
formulas obtained were numerically solved for the electric and
magnetic field distributions over the cross-sections of the resona-
tors. The presence of a nodal plane for the electric field in the
center of the resonator allows the use of a flat cell instead of a
capillary for EPR measurements. Using the field distributions
obtained, the quality factor and EPR signal amplitude for various
shapes and gap numbers for the resonators containing a flat cell
filled with water were examined numerically. This allowed finding
the geometry that yields the maximum EPR signal intensity.
Several X-band resonators were built in order to verify the results
obtained theoretically. The experiments confirmed the ability of a
novel resonant structure to accommodate a flat cell filled with an
aqueous sample. It has been found that the optimum aqueous
sample volume for the X-band rectangular loop—gap resonator
equals 16 mm?3 For a saturable aqueous sample this gives a
fourfold improvement in the S/N ratio over the circular 1 mm i.d.
loop—gap resonator equipped with 0.6 mm i.d. capillary. © 1998

Academic Press

INTRODUCTION

distributions, the quality factor and signal amplitude for the
resonator containing a capillary filled with water were calcu
lated numerically.

In this paper we present a novel loop—gap resonator with
rectangular central loop. To our knowledge this is a secor
attempt to find an alternative to the rectangular,gEor
cylindrical TM,,, cavities commonly used in EPR spectros-
copy to study aqueous samples. In the first attempt, a thre
loop two-gap geometry was proposes).(In that structure a
central loop had a circular shape. Optimum performance wit
the resonator was achieved for 1 mm flat cells filled witt
approximately 100 mrhof a saturable aqueous sample. Unde
these conditions, &N ratio similar to the rectangular cavity
with the active sample volume of 50 nirwas achieved. This
rather poor sensitivity was due to its low microwave efficiency
factor, A = 0.85, which for the TE,, cavity isA = 1.17 (7).
That is, the product of the quality factd, and filling factor,

71, proportional to the EPR signal intensit§, ©), was similar
for the two structures.

In the new rectangular loop—gap resonator, the optimui
performance for aqueous samples was achieved for a six-g
structure. This gives an EPR signal amplitude comparable
the TE,y, cavity with a sample volume of only 16 nim
Additionally, its low valueQ factor is desirable to obtain a

The concept of a loop—gap resonator (LGR), developed fetiort ringing time in pulse EPR spectroscopy. L@wesona-
EPR spectroscopy, is based on a lumped circliit The tors are also essential in CW ELDOR, CW dispersion EPR, ar
properties of the circular loop—gap resonators has been thgjultiquantum EPR experiments.
oughly studied 1-3). Basic parameters of the resonators, i.e.,
resonant frequency, quality factorQ, filling factor n, and
efficiency parametek were calculated. The approach used in
these early studies, however, did not allow calculating EPR
sensitivity of the loop—gap resonator for aqueous Sampl?—?eld Distributions
which are predominant in most biological studies. The first
accurate calculations of the field distributions were performedgg rectangular loop—gap resonators with different nurr
for the so-called bridged loop—gap resonadr &n analysis pers of gaps were studied. Their cross-sectional views a
of field distributions in circular multigap loop—gap resonatorﬁresemed in Fig. 1.
was presented in our previous articlg).(Using the field

THEORY

The approach used to find field distributions over the cros:
sections of the examined structures is similar to that describ
in our previous article, in which circular LG resonators were

1 To whom correspondence should be addressed. examined §).
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FIG. 1. Cross-sectional views of two-, four-, six-, and eight-gap rectangular resonators (A, B, C, and D, respectively).

In order to solve Maxwell's equations, proper boundary ookl = 1
conditions must be defined. For the structures in Fig. 1, they, = jE [ s > - T(p,t d)
y-component of the electric field has a constant value in the Mol | -1 Pk

gaps Eatx = 0 and—E atx = I). Outside the gaps at= 0
andx = | they-component of the electric field is zero. Solving 1+ed 1+e™ 2pm
. . ; e "+ —— e |cod —y
Maxwell’s equations with the assumption that the resonators gl — g e — g d
are sufficiently long is straightforward and is presented step-
by-step by Kroll (0) and by Piasecki and Froncis3)( The t cogkx) + cogk(l — x))}

assumption of a long resonator implies no variation of field d sin(kD) [3]

components along theaxis and that th&, component of the

electric field equals zero. Thus, onfy, E, andH, are to be . -

found. The solutions to Maxwell’s equations are as follows: 1 he quantityl’(p, t, d depends on the boundary conditions anc
for the four resonators examined is given by

©

4E 1+ e t
Ex=—g > < Lpt, d)(ekxl oW e I'(p,t,d)= sin<p(;7) for resonator A [4]
p=1 %
1+e* _(2pm _pm(2t —d)
4 e ekxx>S|n(dy) [1] I'(p,t,d) = sin——4—— for resonator B [5]
" I'(p.t, d) = sinPrt
2l S 1 1+e¥ p, t, d) = sin
EvIEHE pl (P, t"’)(ekx'—ekx'e “ .
p=i _pw(6t — 3d)
+ S for resonator C [6]
1+e™ 2pm
+ o €] cog ——y
e¥ —e d r 4 — s pw (4t — 2d) _pm(4t —d)
(p, t, d) = sin—— + sin——
N Esm(k(l —_x)) — sin(kx) 2] pm(2d — 4t)
d sin(kl) + sS4 for resonator D, [71
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wherel andd are the resonator length and width, respectively, A
andt is the gap thickness as shown in Fig. 1. Q= wyX P, (10]

Resonant Frequency whereW, is the energy stored in the resonator @ds the

To a first approximation, a loop—gap resonator can I89€rgy dissipated in one cycle. If it is assumed that the micr
treated as a lumped circuit in which the “loop” is simply anvave electric field distribution in the resonator is not affectet
inductance and the “gap” is a capacitor. This makes tHey the presence of the aqueous sampleB|, one can calculate
loop—gap resonator a very flexible structure for which, i€ power dissipated in the sample due to the imaginary cor
contrast to a classical resonant cavity, the resonant frequeR@nent of the dielectric constant. The ratio of the loaded qualit
and the inner dimensions are not linked directly. The lumpd@ctor for the resonator containing a lossy samglg @nd the
circuit approximation, however, implies that the dimensions #tadedQ for the same empty resonatd®d) is very useful for
the resonator are much smaller than the wavelength. With f&dying properties of the resonator in the sense of obtainir
above assumptions, a rectangular loop—gap resonator is céagximum filling factor ) without significantly degrading the
posed of an inductance formed by a rectangular cylinder @¢ality factor. For a critically coupled resonator containing
heighth and a series of parallel capacitors formed by parallgfater, the ratio takes the forng)(
rectangular plates of dimensiohsx w separated by. Thus,
the resonant frequency can be expressed as Q e"[[[ JE(X, y)FdVv)

Q| H T AT, L yIFav

[11]
1 Qe
~2niC’ ) - -
\ In Eqg. [11], VR is the volume of the resonator aiy is the

volume of the sample. In deriving the equation it has bee

where assumed that the value Qf, is determined only by the finite
conductivity of the resonator walls, and that the effect o
2 2 2 degrading the quality factor is attributable only to the imagi

210 2l 2) + (2> + (2) nary part of the dielectric constart’{. The EPR signal inten-
L= h Id| arctan hd sity, S, depends on the quality factor of the resonator and th

filling factor ), defined asg, 7)
h\? 1\? d\?
2 J(z) (o) + (3

. 8] JIJ HidVs
+ arctan — °

hi KN TTNCE v 12l
is the inductance of the center loop. Equation [8] was deriv%dcan then be expressed as
with the assumption that the center loop is a long rectangular
cylinder of thin walls with a thickness equal to a few skin S—cf B 13
depths (the skin depths for microwave frequencies are on the = ChQn (P, [13]

order of micrometers). The capacitar@eepresents a series of

parallel plate capacitors. Thus wheref, is the resonant frequendy, is the microwave incident

power, andC is a constant dependent on the nature of th
sample, temperature, and the parameters of the EPR spectrc
SohW . . . .
C= ; [9] eter (the modulation amplitude and the noise figure, for exan
nt ple). Because of the dependence ®fbn the spectrometer

) ) . characteristics, the absolute value of the EPR signal intensity
wherew is the gap width and is the number of gaps. From theigricyit to calculate. However, for the sake of comparing

expressions above it can be seen that for the same dimensiQs nant structures, relative valuesSpproportional taQn, are
of the rectangular loop one can obtain a wide spectrum \%ry useful. Thus, the dependence of the prodpgton the
resonant frequencies by varying the gap widtlor thickness ;e and shape of the sample permits finding the sample ¢
t. Atthe same time, for a given resonant frequency, a resonalphatry which yields maximum signal intensity. Alternatively,

that gives maximum EPR signal intensity for a given samplg, 5 given sample geometry, the optimum geometry of th
geometry and dielectric properties can be easily designed. .osonator can be found.

It must be noted that the microwave magnetic field ampli
tude inside a real resonator is reduced because the energy of
The quality factor of a resonator is defined by the formulaicrowave field is stored not only in the central loop, but als
(8,1) in the side loops, which house the return magnetic flux (se

Quality Factor and EPR Signal Amplitude
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FIG. 2. Electric,E, and magnetici,, field distribution over cross-section of the rectangular loop—gap resonators with two (A), four (B), six (C), and e
(D) gaps.
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Fig. 3). Thus, the filling factor for a given sample and resonatdg
with side loops is decreased, with respect to the ideal resona
with an infinite side-loop cross-section, by a factor of E

Ssi e
Scenter—E Sside, [14]

whereS...rand S, 4c are the areas of the cross-sections of thFIG s ional view of the test <i ol .
center |00p and Side |00ps, reSpeCtiver. .o ross-sectional view o e lesl SIX-gap rectangular resonator.

RESULTS AND DISCUSSION measurements of the EPR signal intensity for the model al
minum resonators were performed with the use of a Bruke
Field Distribution in Empty Resonators ESP 300E spectrometer applying low frequency magnetic fie

In order to study the properties of the resonators, compuf@ (T holi . | 1 mM. Th
programs have been written that allow numerical calculation el (Tempocholine) in aqueous samples was 1 mM.

the electromagnetic field components over the cross—section@?f)metry of the test resonators is presented in Fig. 3. Thr
the resonators as well as the dependence of the signal inten k#mnum resonators with equal to 8 4, and 2.4 mm were
and quality factor on a given sample geometry. The progran. t Inal cases the cen_ter loop widthwas 5 mm. Addi-
have been written in the Turbo Pascal 6.0 programming Ia%qnally, for high modulation frequency, one resonator wa
guage for IBM PC compatible computers.

gfﬁdulation (1.56 kHz). The concentration of nitroxide spir

made of silver-plated Macor ceramic and had a geomet
édentical to the 4 mm long aluminum resonator (Fig. 3). In thit
esonator the six side loops house the return magnetic flux.

The resonators were coupled to the microwave coaxial lir
dWith a loop located at the end of the line. The loop was situate
np_eneath the side loops where the return magnetic field of tt
resonator is present. The position of the coupling loop we

plots it can be seen that there is a nodal plane of the elecﬁfyustable in order to obtain critical coupling. Values of the

field in each resonator examined. This implies that the ne%'a"ty factor were calculated from the 3 dB bandwidth of the
sonant curves.

rectangular structure of a loop—gap resonator is suitable f& . .
g P—gap The results of the calculations, according to Eq. [11], of th

examining aqueous samples in a flat cell rather than in a] : .
relative quality factor for the resonators 8 mm long are pre

capillary. sented in Fig. 4A. Calculations were performed for all four
geometries. Additionally, the influence of the side loops on th
resonator C was taken into account. Experimental results o
tained for the model 8 mm aluminum resonator, also present:
The field distributions obtained were used for calculatinigp Fig. 4A, are in good agreement with the calculations. Simila
numerically the dependence of the quality factor and signedlculations were performed for the 4 mm long resonators. Tt
amplitude on the aqueous sample thickness for various sizeseasults of the calculations and the experimental results obtain
resonators. A series of numerical calculations provided tf@ a silver plated Macor resonator are shown in Fig. 4B.
optimum shape and size of the resonator in the sense ofn this case, in contrast to the 8 mm resonator, the expel
yielding the maximum EPR signal intensity. The calculationspentally measured decrease in the quality factor is muc
however, neglected changes in the field distribution caused $maller than the calculated one. This means that for short
the aqueous sample. resonators the assumption that the electric field distribution |
Numerical calculations were also performed in order to finthe resonator is unchanged in the presence of an aquec
the optimum length of the resonator, for a given resonatsample is not valid. The electric field intensity in the sample i
width. For the resonator with six gaps add= 5 mm, it was smaller than calculated, causing the energy loss in the samj
found that atf = 9.5 GHz the optimum lengthl, of the to be decreased.
resonator is 8 mm. The calculations assumed no changes in th€he results of calculations of th@n product, which repre-
field caused by the aqueous sample. sents the EPR signal intensity for constant incident power, a
In order to verify the results of the calculations, severgresented in Figs. 5A and 5B for 8 and 4 mm long resonator
aluminum test resonators were built. The dependence of theispectively. The resonators with six rather than eight gaj
basic electrical parameters, the resonant frequency and qualigre found to yield the maximum EPR signal intensity out o
factor, on the aqueous sample thickness has been measuredh&llstructures examined. This is a rather unexpected res

analyzed resonators obtainedfat 9.5 GHz are presented in"
Fig. 2. The dimensions of the loop of the resonatorstbre5

mm andl = 8 mm. TheZ coordinate indicates a given fiel
intensity related to its maximum value. The electric field co
ponentsE, andE,, are shown jointly as/EZ + EZ. From the

Quality Factor and EPR Signal Intensity for Aqueous
Samples



RECTANGULAR LOOP-GAP RESONATOR FOR EPR 41

A 4 B
two gaps
08 _| four gaps 08 _|
Six gaps
eight gaps
o] six gaps with side loops -
g experimental values
< 04 _| 04 _|
z
0.0 0.0
T T | T I T I 1 | 1 1 ] I I ] I l 1
00 02 04 06 08 10 12 14 16 18 0.0 0.2 04 0.6 08
sample thickness [mm] sample thickness [mm]

FIG. 4. Calculated dependence of the relatiyen the aqueous sample thickness for resonators with two, four, six, and eight gaps without side loops
six-gap resonator with side loops. All resonators were eithgr 8 mm (A) or 4 X 5 mm (B) and the sample width was assumed to be 4 mm. Experiment
results were obtained for an aluminum test resonator with six gaps and side loops.

because increasing the number of gaps might be expected tdhus, it can be seen that in both cases analyzed (8 and 4 n
give better results in analogy with the circular loop—gap resteng resonators) the six gap resonator can accommodate f
nators b). The better performance of the six-gap resonator liargest sample without significantly degrading its quality fac
probably a result of two factors: the number of gaps and ther. For the 8 mm long resonator it was calculated that th
symmetry of the electric field. In the series of resonators withaximum EPR signal intensity should be obtained for a samp
2 + 4ngaps, where = 0, 1, 2. .. there is an electric field in 0.35 mm thick, which was confirmed by EPR measurement:
the center of the rectangular loop wall. Increasing the numberThus, the 8 mm long resonator can accommodate an aquec
of gaps decreases losses which are attributable to the presesacaple three times larger (in a flat cell of inner dimension
of aqueous sample. Similarly, there is a monotonic dependericd5 X 4 mm) than a typical 5 mm diameter circular loop—gay
of losses on the number of gaps fo-44n series. Changing the resonator, which yields the maximum EPR signal when use
number of gaps from six to eight causes a change in the fislith a capillary of 0.8 mm diameteb).

symmetry, increasing losses in spite of the higher numberThe measured dependencies of the EPR signal amplitude
of gaps. the sample thickness are in a good agreement with the calc

A BT

Q7

T 1 1 1 7 1 17 17 00T II1 T T T T I!Il

Fr 71Tl R I 1
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18
sample thickness [mm] sample thickness [mm]

FIG.5. Calculated (solid line) and experimental (crosses) dependence Qftpeoduct, which represents the EPR signal intensity, on the sample thickne
for resonators with six gaps.equals 8 and 4 mm for A and B, respectively.
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TABLE 1
Basic Parameters of Tested Resonators

EPR A EPR signal
signal of EPR signal of of spin
Seenter fo DPPH at i] Active volume of spin label label at
Resonator [mm?] Q [GHZ] 1.5 mw Vh aqueous sample nQ (max. value) 0.5 mw
5X 8 mm 40 536 9.47 307 1.22 — — — —
aluminum,
h=1cm
314 9.44 — 0.4X 4 X 10 mm 11.8 649 at 100 mW 34
flat cell
(Vs = 16 mn)
5 X 4 mm 18.7 635 9.22 680 181 — — — —
aluminum,
h=1cm
274 9.18 — 0.4X 4 X 10 mm 20 863 at 100 mW 58
flat cell
5 X 4 mm 18.7 550 9.41 624 1.73 — — — —
Macor,
h=1cm
220 9.37 — 0.4X 4 X 10 mm 20 816 at 100 mW 58
flat cell
5 X 24 11 347 9.09 562 1.65 — — — —
mm
aluminum,
h=1cm
207 9.02 — 0.4X 4 X 10 mm 27.4 880 at 80 mwW 85
flat cell
Varian — 4070 9.51 284 1.17 — — — —
TE1_02 -
cavity
2159 9.48 — 0.3X 85 X 20 mm 12 1269 at 200 mwW 76
flat cell
(Vs = 50 mn?)
1 mm 0.81 393 9.22 8400 6.3 — — — —
diameter
LGR,
h=05
cm
162 9.16 — 0.63 mm ID capillary 58.5 210 at 5 mwW 118
(Vs = 1.56 mnt)

lated ones. This means that, even though the calculations wanel fourth column give the measured quality factor and res
simplified and neglected the changes in field distributiomsant frequency, respectively, for both empty and water-fille
caused by the sample, the optimum thickness of the sammgonators. Even though calculations were performed with tt

was, in both cases, evaluated correctly. assumption of a simple LC model, there is a good agreeme
] between experimental and theoretical values (9.5 GHz) of tt
Comparative Measurements of the New Resonators resonant frequency for all rectangular resonators. The calcul

The parameters of the resonators tested and results of #R@s did not take into account the magnetic field present in tf
basic measurements are listed in Table 1. Measurements V@@ps, the electric field in the loop, and the magnetic fring
the use of a standard Varian J cavity and a circular 1 mm fields at the top and at the bottom of the resonator.
diameter LGR were also performed in order to compare theThe fifth column gives information on the amplitude of a
new resonators with a traditional cavity and the commongowder DPPH (&-diphenylg-picrylhydrazil) point sample
used, circular LGR. All the tested rectangular loop—gap resspectrum obtained at 1.5 mW of microwave power. The sixt
nators had six side loops and the geometry shown in Fig. 3. Témumn presents values of the efficiency parameterepre-
second column in Table 1 specifies the area of the cross-sectenting the peak microwave magnetic field intensities at th
of the center loop of the loop—gap resonators tested. The thé@mple position fo 1 W of incident power. The efficiency
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parameter was calculated as the ratio of the DPPH sigfidlis is because the aqueous sample significantly modifies t

amplitude recorded at the same incident microwave power fiield distribution when the resonator dimensions are small. |

the resonator and for the standard Varian Javity, assum- this case the solution of Maxwell's equations in the presence:

ing that theA value for this cavity equals 1.17), During the an aqueous sample has to be found. This can be done,

measurements, the amplitude of the modulation was set so thamciple, by using, for example, the Hewlett-Packard Higt

the maximum signal amplitude was obtained. Tt product Frequency Structure Simulator. However, computers using th

in the eighth column was calculated using @&alue from the program are not yet sufficiently fast to find an optimized desig

third column, and a value af calculated according to Eq. [12]. by automatically adjusting geometry to minimize a proper erro

The ninth and tenth columns give the EPR signal intensitiisnction (12). Thus, the semiempirical approach presented i

obtained for 0.35 mM Tempocholine spin label solution ithis paper seems to be justified at this moment.

water at the same amplitude of the modulation magnetic field.

The ninth column is the maximum signal obtained when the ACKNOWLEDGMENTS

microwave incident power is changed. Finally, the last column

shows the EPR Signa| intensities for the same Samp|e at 0.%his work was supported by The Polish Committee for Scientific Researc
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and quality factor, neglecting the sample influence on the field

distributions, incorrectly predict the optimum length of the

resonator. This is in contrast to the results obtained for circular | Froncisz and J. S. Hyde, J. Magn. Reson. 47, 515 (1982).

loop—gap resonat0r§X._ . . 2. M. Mehdizadeh, “An Investigation on Electromagnetic Field and
The best resonator, in the sense of the maximum EPR signal pgperties of the Loop-Gap Resonator, a Lumped Mode Micro-

or the efficiency parameter, is the 4 mm rather than the 8 mm wave Resonant Structure.” Ph.D. Thesis, Marquette University,

one. This is because the electric field in the sample region is Milwaukee, WI (1983).

reduced significantly with respect to that of the empty reson&-. W. Froncisz, T. Oles, and J. S. Hyde, Rev. Sci. Instrum. 57, 1095

tor. The quality factor for the resonator loaded with the 0.4 mm  (1986).

thick sample is decreased only by a factor of 0.43, whereas tKe S- Pfenninger, J. Forrer, A. Schweiger, and Th. Weiland, Rev. Sci.

Q calculated for the 4 mm resonator with a 0.4 mm thick '"strum- 59, 752 (1988). _

sample is only 0.167 o,. The efficiency parameter equals 5. W. Piasecki and W. Froncisz, Meas. Sci. Technol. 4, 1363

. ; . S (1993).
1.81, which means that 2.4 times less microwave incident

. . . . . J. S. Hyde, W. Froncisz, and T. Oles, J. Magn. Reson. 82, 223
power Is requwed to achieve the same microwave magnetlc (1989).
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