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Desi_gn of a Mlﬂticoupled Loop-Gap Resonator
Used for Pulsed Electron Paramagnetic
Resonance Measurements

Yoshihiko Sakamoto, Hiroshi Hirata, and Mitsuhiro Ono

Abstract—The purpose of the present paper is to establish a
method of design for a multicoupled loop-gap resonator used for
pulsed electron paramagnetic resonance measurements. For the
design of resonator characteristics, the method has an advantage
of a systematic approach without iterative calculations. In this
design, the number of loop-gap resonators used is first determined
from the pass band required as the specifications of the resonator.
To satisfy the specifications, electrical parameters of an equivalent
circuit and the dimensions of the resonator are estimated. By the
proposed method, a prototype resonator which has the operation
frequency of 1.3 GHz is designed and fabricated. For the proto-
type resonator, the characteristics of the return loss agree with
the required ones. As a result, the validity of the design method
is experimentally confirmed.

I. INTRODUCTION

PULSED electron paramagnetic resonance (EPR)

method is a spectroscopy for the observation of unpaired
electrons {1], [2]. In this spectroscopy, a microwave resonator
is used for the supply of magnetic energy in radio frequency
to a sample. Moreover, the resonator detects EPR signals such
as free induction decay (FID) and electron spin echo (ESE).
Fig. 1 illustrates the schematic diagram of a pulsed EPR
instrument. In the pulsed EPR measurements, a measured
sample is positioned in the loop-gap resonator close to the
coupling coil. By applying microwave pulses to the sample,
relaxation of magnetization for the sample is observed. The
microwave pulses which have durations less than several 10
nsec are usually generated. The broadband characteristics of
the resonator are necessary to apply the microwave pulses to

the sample. In addition, the resonator should be sensitive to -

the measurements of the EPR signals. A rectangular cavity
which operates in the TE;92 mode has been widely used
for the pulsed EPR measurements in X and K bands [3].
Furthermore, a loop-gap resonator (LGR) has been used for
the- EPR measurements [3]-[6]. These resonators generally
have a high quality factor which is not suitable for transmitting
the “short” microwave pulses. It is necessary to reduce the
quality factor by inserting a material, which has large dielectric
loss, into the resonator. Because of this dielectric loss, the
sensitivity of the spectrometer is decreased. To overcome
this problem, a multicoupled loop-gap resonator (MLGR) has
been proposed [7].
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Fig. 1. Schematic diagram of pulsed EPR instruments including the multi-
coupled loop-gap resonator (MLGR).
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Fig. 2. Scheme of the multicoupled loop-gap resonator (MLGR).

The MLGR has the features of broadband characteristics
and low loss. Fig. 2 shows the structure of the MLGR. This
resonator consists of the LGR elements which are magnetically
connected to each other. The pass band of the MLGR is formed
by the superposition of the resonances of the LGR’s. To make
good use of the MLGR in the pulsed EPR measurements, a
method of design for the MLGR is necessary. The character-
istics of the MLGR in the frequency domain will be designed
by appropriately determining the coupling coefficients among
the LGR elements. Although the LGR has been analyzed [8],
[9], a practical design method for the MLGR has not been
established yet.

The purpose of the present paper is to establish a method of
design for the MLGR used for the pulsed EPR measurements.

0018-9480/95$04.00 © 1995 IEEE
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Fig. 3. Characteristics of the return loss at the pass band of the multicoupled

loop-gap resonator (MLGR): A indicates the required return loss, Af the
bandwidth of the pass band, and f. the center frequency of the pass band.

First, the structure and the principle of the MLGR are ex-
plained. Second, a method for designing the characteristics of
the MLGR is described. Next, a prototype resonator designed
by the proposed method is fabricated. For the prototype
resonator, experimental verification of the design method is
carried out. As a result, the validity of the design method will
be confirmed.

II. THE PRINCIPLE OF A
MULTICOUPLED LOOP-GAP RESONATOR

The LGR elements used for the MLGR are magnetically
coupled with each other. As shown in Fig. 2, these elements
are shielded by a conductive cylinder which is coaxial with the
LGR elements. The MLGR is connected to the spectrometer
through a coupling coil. For the LGR, the gap corresponds
to a capacitor, and the rounded conductive plate corresponds
to an inductor. Consequently, these electrical elements form a
resonance circuit. The magnetic coupling of the LGR elements
is one thousand times large as the electrostatic coupling of
them (For this brief estimation, see Appendix A). Thus, the
electrostatic coupling is neglected in this paper. The pass band
of the MLGR is formed by the superposition of the resonances
of the LGR’s. Fig. 3 illustrates a schematic pass band, i.e., the
characteristics of the return loss of the MLGR in the frequency
domain. In Fig. 3, A indicates the required return loss, A f the
bandwidth of the pass band, and f. the center frequency of the
pass band. To supply the microwave pulse to the sample, the
input impedance of the MLGR should be matched to that of
the transmission line connected to the spectrometer. In other
words, the return loss A has to be big enough to measure FID
or ESE. Moreover, the bandwidth of the pass band A f should
be broad enough to transmit the microwave pulses. This is
because the spectra of the pulses are broad.

When the voltage reflection coefficient between the MLGR
and the transmission line vanishes, the microwave pulse is
efficiently transmitted to the MLGR. Then, the return loss
will be infinite because of no reflection. Between the MLGR
and the transmission line, the return loss A and the voltage
reflection coefficient I' are defined by

1
A =20 logyg T dB, (H
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Fig. 4. (a) An equivalent circuit of the multicoupled loop-gap rescnator
(MLGR). (b) The notation of the dimensions for the MLGR: d,, indicates
the distance between the neighboring elements (nth and n + 1th), k, the
height of nth loop-gap resonator, ¢, the gap distance, Wthe gap width (the
thickness of the plate which forms the LGR), ro, the inner radius, and R
the radius of the shielding case.

_Zin=2o
_Zzn+Z0

where Z,,, and Zy refer to the input impedance of the MLGR
and the characteristic impedance of the transmission line,
respectively [10]. Fig. 4 illustrates the equivalent circuit and
the notation of the dimensions of the MLGR [8], [11]. For
this equivalent circuit, the input impedance of the MLGR Z,,
is given by

2

2
Zin =jwLo + o) 3)
(lez)
Zl + P
Z + (wMgg)
2
o oer + [WM("—U”P
3 Yz
1

Z, =R, +j<wLn - ;‘é—) “)

where w and Lg are the angular frequency and the induc-
tance of the coupling coil, respectively. Using the coupling
coefficient k(,_1), between the n — 1th and nth inductances,
L,,_1 and L,,, the mutual inductance M(n—l n is denoted by
k(n—l)n(Ln—an)l/2'

For brief comparison of sensitivity of the MLGR to the
LGR with lossy dielectric material, the reader may refer to the
Appendix B. To design the characteristics of the MLGR, it is
necessary to solve the following problems: i) determination of
the minimum number of the LGR elements in advance and ii)
estimation of the dimensions of the MLGR.

III. METHOD OF DESIGN

A. Goal of Design

Before introducing the design method of the MLGR, the
specifications of the resonator should be cleared. Table I lists
the parameters given as the specifications. The radius of a
shielding case R is limited with the distance between pole
pieces of DC electromagnets used in the measurements. The
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TABLE 1
THE SPECIFICATIONS OF THE MULTICOUPLED LOOP-GAP RESONATOR

Required return loss A 300dB
Center frequency f 1300.0 MHz
Bandwidth Af 04 MHz
Raduws of a shield case R 150 mm

Volume of the LGR element V 50cm?2

TABLE II
THE DIMENSIONS AND THE ELECTRICAL
PARAMETERS OF THE PROTOTYPE RESONATOR

Heights 41 795 mm
hy 877 mm
Inner radu . roy 12,7 mm
ro2 127 mm
Gap distances 4 13x10-2 mm
P 4 35%x10-2 mm
Thickness of the
conductive plate W 05 mm
Distances * dq 1 14 mm
dy 25 6 mm

Coupling coefficients koy 01305
k12 7 99x10-4

Unloaded quality factor Qo, 1295

volume of the LGR elements V' is taken into account the size
of measured samples. The center frequency of the pass band f,
depends on the operation frequency of the spectrometer. The
bandwidth of the pass band Af is dependent on the duration
of the microwave pulses generated in the EPR measurements.
From these specifications, the goal of design is to determine
the dimensions of the MLGR which satisfy the required
specifications. Table II shows the parameters of the resonator
which is finally determined in this design.

B. Procedure of Design

The design method has to introduce the solution of the two
problems by a systematic procedure. To satisfy the required
specifications, the dimensions listed in Table II are estimated
by the following procedure:

Step 1: The specifications shown in Table I are given.

Step 2: The return loss of the MLGR is estimated from the
required signal-to-noise ratio S/N and the characteristics of
the spectrometer.

Step 3: The number of the LGR elements N is determined
from the bandwidth Af and the center frequency f. of the
pass band.

Step 4: The dimensions and the coupling coefficients of
the LGR elements are estimated to satisfy the return loss
characteristics of the pass band.

Step 5: The distances between the LGR elements are de-
termined from the coupling coefficients estimated in Step
4.

The calculation of Step 2 is revealed in the Appendix C,
because this estimation is not the scope of this design. The
details of each estimation from Step 3 to Step 5 are described
in the following.
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IV. THE MINIMUM NUMBER OF THE LOOP-GAP RESONATORS

The EPR signals will be buried in the reflection microwave
power from the MLGR, if the return loss is too small to
detect the signals. Thereby, it is important to design the
return loss of the resonator. The minimum number of the
LGR elements N which satisfies the required characteristics of
the pass band should be determined. To obtain the minimum
number N, the return loss is treated as superposition for each
element. Moreover, the MLGR is assumed to be matched
with the characteristic impedance of the transmission line at
the frequencies of Af/N intervals in the pass band. Under
these assumptions, the return loss at the center frequency is
larger than that value at the edges of the pass band. Hence,
the required return loss will be obtained through the pass
band, if the required value of the return loss is satisfied at
the edges. At the intermediate frequency between 1st and 2nd
lower resonance frequencies, the return loss A.q4e is given by

Af =2 - 1DAf

et =€y + 2 ¢ S ©
where ((6f) is the function of the return loss at the frequency
shifted §f from nth resonance frequency fq,. The function
¢(6f) is obtained from (1)—4). Using the relation in (5), the
minimum number of the LGR elements is determined. In this
calculation, the unloaded quality factor of the LGR elements
Qo is necessary to compute the function ¢,

The rough dimensions of the LGR are first determined to
estimate the quality factor. A procedure for giving the rough
dimensions of the LGR is as follows: 1) The distance of the
gap t and the inner radius of the LGR ry are assumed. The
radius 7¢ should be smaller than that of the shield case. 2) The
height of the LGR A is computed from the volume V. 3) The
resonance frequency of the LGR f,. is calculated by

1

i ©
2
L,= o Ho 7)
S S0 PO S
3 2 — (rg L W)2
Cn = ®)

t

where C, is the capacitance formed by the gap of nth LGR
element, piy the permeability of the vacuum, €y the permittivity
of the vacuum, A#h the equivalent length extension due to
magnetic fringing fields, and AW the equivalent gap width
extension due to the electric fringing fields. By introducing
these parameters, Ah and AW, the lumped inductance and
capacitance can be treated by only uniform fields without the
consideration of the magnetic and electric fringing fields. The
value of Ah is obtained from the total energy of the magnetic
fringing field at both ends of the resonator. The value of AW
is calculated from a fringing capacitance of the gap. The reader
may refer to the details of the estimations for Ak and AW
in [9]. 4) When the calculated frequency f, agrees the center
frequency f., go to 5). Otherwise, the width of the LGR ¢
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Fig. 5. The minimum number of the loop-gap resonators as a function of
the bandwidth at the return loss of 30 dB.

is increased/decreased, and go back to 2). 5) The unloaded
quality factor g, is calculated by

11, ©
QOn Qs Qc,
Ah
(1+p) (1 + —)

Q.= h (10)

Sl 1+ 1+K+§+—R2 g

70 To U(I)lhTo p

1.7 % 105¢
Q. = (11
AW
f3/2eqW? <1 + 5 >

where Uj; is the lowest root of the Bessel function of first
kind and order zero J}(z) = 0, ¢ the distance of the gap, f
the operation frequency, é the skin depth, and [9]

3
RZ—(ro+ W)2'

For example, Fig. 5 shows the calculated results of the
minimum number of the LGR elements. In this calculation,
the return loss of 30 dB and the center frequency of 1.3 GHz
were assumed. Since the dimensions of the LGR were not
taken into account, the value of the quality factor was given
as the parameter of this estimation.

p= (12)

V. ESTIMATION OF THE DIMENSIONS AND THE
COUPLING COEFFICIENTS OF THE LGR ELEMENTS

To obtain the required pass band, the resonance frequencies
and the coupling coefficients of the LGR elements have to
be appropriately determined. By Newton-Raphson method,
the resonance frequencies fo,, and the coupling coefficients
Kk(n—1)n are obtained by solving the simultaneous equations

Rer[f0n7 k(n—l)n] =0
Im F[fOny k(n—l)n] =0

When the input impedance of the MLGR is matched to
the transmission line, the voltage reflection coefficient I'
vanishes at the frequencies of fo,. Since the coefficient I"
is a complex number, the real and the imaginary parts of
that are zeros, respectively. After solving (13), to satisfy the
elecirical conditions, i.e., fo, and Qg,, the gap distance %,
and the height h,, are corrected by solving the simultaneous

(n=1-N).  (13)
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Fig. 6. Relation between the resonance frequencies and the coupling coef-
ficient k5.

equations numerically for (6) and (9). In this correction,
Newton—-Raphson method is also used as the case of (13). The
dimensions of the LGR elements and the coupling coefficients
are obtained perfectly by the procedure described here.

VI. THE DISTANCES BETWEEN THE L.GR ELEMENTS

To realize the coupling coefficients calculated in the previ-
ous section, the distances between the LLGR elements have
to be determined. To explain the procedure for estimating
the distances of each LGR celement, it is focused on the
MLGR which consists of two LGR elements. The resonance
characteristics of that MLGR mainly depend on the coupling
coefficient k12 between the two elements. Fig. 6 shows an
example of the calculated resonance frequencies of the MLLGR
as a function of the coupling coefficient k12. As shown in
Fig. 6, the difference between the resonance frequencies, f;
and f5, is proportional to the coupling coefficient ;2. When
the resonance frequencies are measured as a function of the
distance d», the coupling coefficient k12 will be related to the
distance ds.

The procedure for estimating the distances between the
LGR elements is described as follows: 1) After carrying
out Steps 1-4, the unloaded quality factor (Jo, and the
resonance frequency fo, of each element are measured; 2)
for the fabricated MLGR formed by the two elements, the
resonance frequencies, f; and f,, are measured as a function
of the distance do; 3) from the relation between the resonance
frequencies and the distance, the coupling coefficient ko is
calculated by solving (13) by Newton—-Raphson method as a
function of the distance; 4) to realize the necessary coupling
coefficient k12, the distance ds is determined from the relation
between kq2 and ds. Since the coupling coefficients between
the neighboring elements are necessary, this procedure is
applicable to the case of more than two elements.

VII. EXPERIMENTAL VERIFICATION OF
THE DESIGN METHOD AND DISCUSSIONS

To discuss the validity of the proposed method, a prototype
resonator was designed and fabricated. For the prototype
resonator, the specifications in Table I were given in advance.
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Fig. 7. Numerically calculated characteristics of the return loss for the
prototype resonator.
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Fig. 8. Relation between the coupling coefficient k12 and the distance da:
Closed circles denote the coupling coefficients estimated from the experi-
mental results of the resonance frequencies and the distance do. The solid

line was drawn by the method of the least square from the experimentally
obtained values of the coupling coefficients.

The EPR measurements need more broad characteristics of
the pass band in practice. However, the resonator which
has a relatively narrow pass band is focused in the present
paper. This is because the purpose of this section is to
examine the validity of the design method. Table II shows
the dimensions and the electrical parameters of the resonator
designed by the proposed method. In this design, the number
of the LGR elements is estimated to be 2 from Fig. 5.
The prototype resonator was made by thin copper plates
which is 0.5 mm in thickness. Fig. 7 shows the calculated
characteristics of the return loss for the prototype resonator. To
obtain the characteristics shown in Fig. 7, it is necessary that
the estimated coupling coefficient k;2 is precisely produced.
On the basis of the procedure described in Section VI, the
rclation between Aj2 and dp was obtained. Fig. 8 shows the
coupling coefficient k12 as a function of the distance ds.
Closed circles denote the coupling coefficients estimated from
the experimental results of the resonance frequencies and the
distance dy. From the experimentally obtained values of the
coupling coefficients, the solid line was drawn by the method
of the least square. For the prototype resonator, the distance
dy was determined from the solid line shown in Fig. 8. The
distance d; was also estimated by the same way as the case
of dz.

Fig. 9 indicates the measured characteristics of the return
loss for the prototype resonator before and after corrections.
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TABLE 1II
THE DISTANCES BETWEEN THE LoOOP-GAP RESONATORS
AND THE COUPLING COIL OF THE PROTOTYPE RESONATOR

Distance Designed Adjusted
dy 1 14 mm 10 mm
dy 256 mm 28 5 mm

Before corrections |

After corrections —

RETURN LOSS A [dB]
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Fig. 9. Measured characteristics of the return loss for the prototype res-
onator: the center frequency of the pass band f. is 1291.1 MHz. and the
bandwidth which satisfies the return loss of 30 dB Af 0.628 MHz. The
measured return loss before corrections is also shown in addition to the
characteristics after corrections.

Since the coupling coefficients determined at Step 4 were not
obtained, only the resonance of one element appeared in the
return loss characteristics before corrections. Consequently,
corrections of the distances between the elements were nec-
essary to obtained the required bandwidth. After adjusting the
distances, the center frequency of the pass band f. was 1291.2
MHz, and the bandwidth of that Af was 0.628 MHz. The
measured bandwidth is broader than that of Fig. 7. This is
because the unloaded quality factors of the LGR’s used were
approximately 960, which is 73% of the theoretically estimated
value of those. For this reason, adjustment of the distance
was necessary to obtain the required characteristics. Table
IIT shows the designed and adjusted distances between the
LGR’s and the coupling coil of the prototype resonator. The
adjusted distances, d; and dy, had the errors of approximately
10% from the designed ones. Although there is a slight
difference in the bandwidth, the required specifications were
obtained in the prototype resonator. From this fact, it follows
that the proposed method is applicable to the design of the
MLGR.

VIIL

To design the MLGR used for the pulsed EPR measure-
ments, the procedure for estimating the dimensions of the
MLGR was described. The proposed method was actually ap-
plied to the design of the prototype MLGR. For the prototype
resonator, the measured characteristics of the return loss prac-
tically agreed with the specifications given in advance. As a
result, the validity of the proposed method was experimentally
confirmed.

SUMMARY
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Although the number of gaps is different, the flow of current
is circular. Since the flow of current is similar, the magnetic
field in the neighborhood of the LGR element is not changed
drastically. Thereby, the model described here will be accurate,
as long as the electrostatic coupling is negligible in comparison
to the magnetic coupling.

APPENDIX A
RELATIVE MAGNITUDE OF THE MAGNETIC
COUPLING AND THE ELECTROSTATIC COUPLING

Relative magnitude of the magnetic coupling between the
LGR elements is briefly estimated in comparison to the
electrostatic coupling of them. Fig. 10(a) illustrates the geom-
etry of two LGR elements. The magnitude of the magnetic
coupling is represented by the coupling coefficient of the
mutual inductance between these elements. When the LLGR
element is 26 mm in diameter and 10 mm in height, the self
inductances, L, and Lo, become 2.9 x 10~8 H. If the distance
between each center of the elements d is 25 mm, the mutual
inductance M is 2.1 x 10~° H. For these values, the coupling
coefficient is computed by

k’ :M/\/ L1L2,

=7.24 x 1072, (14)

On the other hand, the magnitude of the electrostatic cou-
pling is very small in comparison to the magnetic coupling.
When there is the potential difference of 1 V for the gap of the
element 1, the charges +@ occur on both the ends of the gap
as shown in Fig. 10(b). Although the charges distribute in the
ends of the gap, these charges are assumed to be a dipole. The
intensity of the electric field generated by the dipole Egipole
is calculated by

Q(t1/2)

_ 15
2meo(t? + d2)3/2 (13)

IEdipolel =
where t; is the gap width, ¢4 the permittivity of the vacuum.
When the electrode area of the condenser formed by the gap
is 5 x 10~% mm? and the gap width is 0.1 mm, the produced
charge @ is 8.58 x 10~!2 C. From (15), the electric field
intensity Eg4;pore becomes 0.1 V/m at the center of the element
2. When the gap width of the element 2 {5 is also 0.1 mm,
the potential difference at the center of the element 2 becomes
10~® V. When the electrostatic coupling coefficient is defined
by the ratio of the potential differences, that coefficient is 10~°
in this geometry. As a result, the magnitude of the magnetic
coupling is 103 times as large as the electrostatic coupling. The
effect of the electrostatic coupling is negligible in the MLGR.

APPENDIX B
BRIEF ESTIMATION OF SENSITIVITY FOR
THE MLGR AND THE DUMPED LGR

To compare the sensitivities of the MLGR and a LGR hav-
ing low quality factor, i.e., a dumped LGR, the output voltages
of them were calculated. For the MLGR and the dumped LGR,
Fig. 11(a) and (b) illustrates the equivalent circuit including
the voltage source of the ESR signal. Fig. 11(c) shows the
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Fig. 10. Calculation model of the magnitudes of the magnetic and electro-
static couplings. (a) Geometry of the loop-gap resonators and (b) dipole model
for estimating the magnitude of the electrostatic coupling.
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Fig. 11. (a) Equivalent circuit of the multicoupled loop-gap resonator and

(b) equivalent circuit of the loop-gap resonator which has low quality factor,
and (c) scheme of the voltage source Vg gg of electron spin echo.

envelope of the ESR signal which is a function of time ¢ and
given by

et/ sin wot (t < 0)

(1
et/™ sin wot (t > 0) (16)

Vese = {
where 7 is the time constant of the ESE signal and wq the
angular frequency of carrier. For these circuit, the output
voltage V,,; concerned with the voltage source was estimated.
The circuit parameters listed in Table IV were used in this
calculation. Fig. 12 shows the relative output voltages of the
dumped LGR and the MLGR in n = 1 — 5. All MLGR have
the return loss of 30 dB in the pass band as broad as possible.
Moreover, the MLGR was assumed to be constructed by the
LGR elements which have the quality factor of 250. On the
other hand, it was assumed that the dumped LGR has the
quality factor of 100. From Fig. 12, it seems that the MLGR
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TABLE 1V
THE PARAMETERS OF THE EQUIVALENT CIRCUITS SHOWN IN
Fic. 11(a) AND (b) FOR ESTIMATING RELATIVE SENSITIVITY

Time constant of electron spin echo (ESR) © 3 6 nsec
Inductance of couphing coil Ly 0137 uH
Inductance of LGR elements Li-L, 908 nH
MLGR
Quality factor of the LGR elements 250
Couphing coefficient
ko1 k12 k23 k3a kss
(n=1) 0293
(n=2) 0398 381x103
(n=3) 0469 617x103 292x10-3
(n=4) 0524  8.56x10-3 512x10-3 3 28x10-3
(n=5) 0565 105x102 6 88x10-3 507x10-3 3 53x10-3
Dumped LGR
Quality factor of the LGR elements @ 100
Coupling coefficient kg1 0449

DUMPED LGR
8 MGR

10

05

RELATIVE SENSITIVITY

00

NUMBER OF RESONATOR N

Fig. 12. Relative sensitivity of the multicoupled loop-gap resonator and the
dumped loop-gap resonator estimated from the equivalent circuits shown in
Fig. 11.

has the potential of rather more sensitivity in comparison to
the dumped LGR.

APPENDIX C
ESTIMATION OF THE REQUIRED
RETURN 1.0SS FOR THE MLGR

For the pulsed EPR spectrometer, the required return loss
was estimated before performing the design. The return loss
depends on the necessary signal-to-noise ratio S/N in the
measurements. Fig. 13 shows the block diagram of the pulsed
EPR spectrometer (L band) of Yamagata University [12]. For
this spectrometer, the return loss A which satisfies the required
signal-to-noise ratio is given by

A > —10 log,, (10° — 10(Fe =T:1)/10) 4 4 (17)
A=101logyo(1 — 10712/ 4 P, L4y — Leos, (18)

P, B
C = s _1nFn/10Y) _
logyg (—52 10 ) o (19)
B=-1I,g—Li+Gp + Gp2 (20)

where F; indicates the microwave pulse power, P, the output
signal power of the IF amplifier, P;j, the thermal noise power

TABLE V
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THE PARAMETERS FOR ESTIMATING THE REQUIRED VALUE
OF THE RETURN LoOss IN THE CASE OF THE PULSED EPR
SPECTROMETER (L. BAND) OF YAMAGATA UNIVERSITY

Power of the Microwave source P, 60 dBm
Output signal power of the IF amplifier Py 125 mW
Thermal noise power generated
1n the resonator Py, -162 6 dBm
Insertion loss of the circulator
from port 1 to port 2 Leqz 05dB
from port 2 to port 3 Loz 05dB
Insertion loss of the gate swatch I,g 120 dB
Insertion loss of the double balanced
nuxer, the 1solator, the low pass filter Ly 82 dB
Isolation of the circulator /g 20.0dB
Gain of the RF amphfier Gp; 200dB
Gaun of the IF amplifier G 450dB
Signal-to-Noise ratio required
1n the measurement § 50
Local
m Z:rt;:;tor Gate et IF Amp Oscilloscope

SW RF Amp

Pulse modulated 2 Isg[dB] Gp1[dB] DBM LPF  Gre(dB)
microwave source W
Pa[dBm) Insertion
U loss Ld [0B)
Resonator
Return loss
RL [dB]
Fig. 13. Block diagram of the pulsed EPR apparatus (L band) of Yamagata

University: P, indicates the power of the Microwave source, I1 the isolation
of the circulator, I,4 the insertion loss of the gate switch, Ly the insertion
loss of the double balanced mixer, the isolator, and the low pass filter, Gp1
the gain of the RF amplifier, and G2 the gain of the IF amplifier.

generated in the resonator, I, the isolation of the gate switch,
L4 the insertion loss of the double balanced mixer, the isolator
and the low pass filter, G,; the gain of the RF amplifier,
Gpo the gain of the IF amplifier, I,; the isolation of the
circulator, Leya the insertion loss of a circulator from the port
1 to the port 2, Ly the insertion loss from the port 2 to the
port 3, and S the signal-to-noise ratio required in the pulsed
EPR measurements. The output signal power P, depends on a
measured sample and the quantity of that. For example, when
S/N of 50 is needed for the measurements and the output
signal power P, is assumed to be 12.5 mW, the return loss
of 29.5 dB is obtained from (17)—(20). In this estimation, the
values of the parameters listed in Table V are used.
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