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Direct measurements of electron spin-echo signal and noise in  source. The magnetic susceptibility of the sample(dimen-
well-characterized X-band and S-band spectrometers agree with sionless), is the imaginary component of the effective RI
predictions of frequency dependence based on first principles. For susceptibility.
the particular spectrometers compared, the echo at 9.52 GHz was For a Lorentzian line at resonance frequeagywith width

9.5 times larger than the echo at 2.68 GHz, after scaling for hai N S
differences in spectrometer gain. The calculated ratio was 7.6. This Ao at half-height, substituting for the susceptibility in [1]

result contrasts with prior predictions that the frequency depen- yields
dence would be much greater. © 1999 Academic Press
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s= a4k, T \Aw TIQL\f o
INTRODUCTION whereN is the number of spins per unit volumle, is Boltz-

mann’s constantT is the temperature of the sample, and we
have introduced numerical coefficients for the cas&ef 3.
Experimental results that quantitatively satisfy Eq. [1] con
firm the frequency dependence inherent in the terms of Eq. [
'g% However, since many approximations must be made, ar
[I'measurements have inherent errors, measurement at m

) . . '?ﬁ%m one frequency is important to give confidence in th
amplitudes and noise 8tband @). However, the long tradition results. This is the reason for the treatment of ®tfand and
of the Poole book results in appropriate skepticism of og{(ﬁ/

ised dicti d th ist tf K and in this paper.
revise kpre ictions, an Se/rl\? ?X'Stfl a r(:lpor brolrlrtwssvag aN%e now examine relationships between some of the terms
co-workers 4) comparng or their homebul an Eq. [1], to make predictions of the functional dependence o
spectrometers) with a modern BrukeX-band spectrometer,

X . T , . " microwave frequency. Consider first the effect of increasin
which agrees4) with the pre'dlctlon n Po.ole S b(.)Ok' W'th thlsthe size of the resonator and sample while keeping both tf
background we present a direct comparison of irradiated qu

| ti he filling f t. Th
echo amplitude and noise 8tband andX band using well- aégmp e concentration, and the filling factors, constan N

characterized spectrometers and l0ob Gap resonators number of spins increases proportional to the increase in vc
P P 9ap ' ume of sample. The increase in EPR signal is not directl

proportional to this increase in number of spins, because tl
increase in size also affedxthrough the change in resistance
R and inductancé.. However, if the resonator size and fre-
ency are kept constant, and the sample size is increased, t
anging the filling factom, the EPR signal would increase in
proportion to the increase in volume of the sample. Thes
R statements assume that the sample is non-lossy and does
Vs = x"1QPaZy, [1] have a dielectric constant large enough to distort theBRF
distribution. Careful examination of the frequency dependenc
whereVs is the signal voltage at the end of the transmissiaof each factor in Eq. [1] leads to the predictions for three case
line connected to the resonatey,(dimensionless) is the reso-that are summarized in Table 1: case 1—the size (linear c
nator filling factor,Q (dimensionless) is the loaded qualitymensions) of the sample and resonator are constant, ce
factor of the resonatog,, is the characteristic impedance of th—the size of the sample and resonator are scaled with 1/
transmission line (in ohms), am), is the microwave power (in and case 3—the size of the sample is constant and the size
W) to the resonator produced by the external microwavtke resonator is scaled withal/
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Recently we rederived expressions for the frequengyde-
pendence of EPR signal-to-nois&N) (1), concluding that the
well-known summary in the book by Pool)was in error by
a factor ofw. The derivations are based on first principles, a
the resulting equations for signal intensity give good agreem

FREQUENCY DEPENDENCE OF EPR
SIGNAL INTENSITY

. . : . .. qu
Continuous wave (CW) EPR signal intensity can be ertteg*h
as
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TABLE 1
Predicted Frequency Dependence of EPR Sensitivity When Resonator Resistance Dominates

Case 1 Case 2 Case 3
(const. sample size, (sample sizex l/w, (const. sample size,
const. LGR size) LGR sizex l/w) LGR sizex l/w)

1 L 1 ot o’

2 R (resonator resistance) o™ ™? ™?

3 Q w? o ¥ w2

4 M 1 1 w®

5 EPRS/N at constanP ¥ ™? o™

6 B, /\/E v ¥ s

7 P to maintain constanB, w? w w "

8 EPRS/N at constanB, w™ o o™

If resonator size and sample size were kept constant, and Wieere A is the cross-sectional area of the coil (resonatc
noise is determined by the resistive losses in the resonator, tsample loop),n is the filling factor, andu, = 4710". M,
the frequency dependence of each term in Eq. [2] leads tovaies sinusoidally with the resonant frequengy and if the
prediction thatSy/N varies aso™ in agreement with the anal- magnetization is fully turned to they plane by the microwave
ogous arguments put forth by Hoult and Richar@ for pulse, the peak voltage for a single-turn coil (a LGR) is
certain NMR cases. The derivations of Egs. [1] and [2] are
expressed in terms related to CW experiments. It turns out to Vs = moAnwoM, [5]
be more convenient for our comparison to derive expressions
for echo signal intensity starting with the voltage induced in thg agreement with 10).
resonator by the precessing spin magnetization. Following thisthe spin magnetization is given by
we show the relationship between the expressions for spin echo

and CW signal intensity. v24 2B,
MO =N

4ksT

JTIm3 (=Am™Y, [6]
CALCULATION OF TWO-PULSE ECHO INTENSITY

Precessing electron spin magnetization induces a currenffM/H is dimensionless, as required. ,
the walls of the resonator. The task of calculating the resultantn this equation the static magnetic fielld = wo/v, K is
signal level encompasses four major steps. First, the relatlfltzmann’s constant, andl is temperature in Kelvin. The
between magnetization and signal in the resonator is calculaf@gdnetization of the irradiated fused quartz sample used f
from first principles, using the inductance and resistance of tH¢Se studies was calculated using Eq. [6] based on the s
resonator. The relation between EPR lineshape and microw&@gcentrationN, of 3 x 107 spJ?s/crﬁ (£10% uncertainty)
B., as described by Bloon¥7) and Mims 8, 9), was used to (1??; SOM, = 6 X 10 " JT "m " at 293 K. There are 9.k
calculate the echo amplitude. Then the signal in the resonal@ SPins in the sample. The same sample was used for bc
was transformed to the other side of the resonator couplifff Sband andX-band measurements.
device. Gains and losses from this point to the detector are usef! 0Ur measurements, was of the same order as, or

in the calculation of the predicted echo. larger than, the linewidth, and the calculatio’s-9) show
The electron spin echo voltage induced in the resonatortiét for this case the echo amplitude should approach tt
given by maximum possible for the magnetizatiovi,. However, this

calculation is only part of the story. The Bloom and Mims
calculation is for spins on resonance. Off-resonant spir
[3] also contribute to the echo (or FID)X, 12, and am/2 pulse

of strengthB, will rotate ca.B,; G of spectrum approxi-
mately 90° (1). Thus, the Bloom and Mims calculation
whereN is the number of turns in the resonator afglis the  somewhat underestimates the number of spins observed
magnetic flux produced by the spin magnetizatidn, For all an inhomogeneously broadened spectrum. One has to
of the work presented hefd = 1. Since the flux density sure that the same number of spins are observed at bc
produced byM, is woMo, ¢, is given by frequencies and that the relaxation times are the same or ¢
known and corrected forl{). The pulse repetition time was

by = momA - My, [4] long enough (2 ms) that there was i@ effect. Since the

do

Vs=N-41
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quartz EPR lineshape is determined by the distributiog ofcase the characteristics of the spectrometer and resonator
values (it is abou3 G wide atX band, and most of the spinstaken into account.

are within a spectral width of abod G atS band), there  For application to pulsed EPR, we chose not to calculate
could be concern whether the full spectrum was observedfitling factor to multiply the magnetization, but instead we
both frequencies. To test for this we checked that the echalculated directly the echo amplitude as a functioBofThe
amplitude was independent of the pulse power by varyjngterm w,MonA in Eq. [5] represents the magnetic flux that
while keeping the incident power adjusted for maximurinduces a voltage in the resonator,

echo. We also performed the very sensitive test for 90°
pulses described inl@). Our observation of a clean null of B
the T echo in an/2——m/2—T-w/2-T echo sequence pro- woMonA = J M- —dV, [10]
vided further assurance that all of the spins were turned in '

the measurements at both frequencies. Pulse widthsf
40 and 80 ns were used, corresponding to a ca. 4.5-
bandwidth excited by the second (more selective) pulse. T

sample

?erei is the current in the resonator. Thus, the use of th
40-ns /2 pulse corresponded @, of ca. 2.2 G. The 3-dB _|I ing factor n is an approxmatlon mtgnded to avoid mt_egrat—
. ing over the sample. The approximation has to be defined f
bandwidth at an overcouple@ of 70 atS band was ca. 14 : . .
each case consistent with the experiment.

G and, forQ . 118 atX band, was ca. 29 G.' Thus, by any To calculate the ESE signal voltage directly, substitute [1C
of these criteria, the full spectrum was excited. These sev-
into [5],
eral approaches to the problem converge on the conclusion
that it is reasonable in this case to usk in Eq. [6] to
calculate the echo amplitude. B,
Then, from Eq. [22] of Ref.14), the output voltage of the Vs=o f M i dv, (11]
resonator coupling structur¥,, is given by sample
and integrate over the sample volume. Since echo formation
71 a nonlinear function o8B, (7-9, andB, is not uniform over
the sample volume, we used the approximation that ves
larger than the spectral width the echo is proportional t
where R is the resistance of the resonator adgl is the sin 6,sin°(6,,/2), which becomes st when the second pulse
impedance of the transmission line (usually @D The cou- has twice the turning angldél, as the first one. Hence, the
pling parameteg is calculated from the overcoupl€land the magnetization in the echo, which is ti to use in [11], is

critically coupledQ, Qy, by

\J% Z,

V°:1+B R Vs

M = Mgsin®6, [12]

_ 2Qy
B= Q 1. [8] where 6 is calculated from theB, generated by the Ansoft
Corporation High Frequency Structure Simulator (HFSS) soff

Combining Egs. [5] and [7] and the frequency dependenceglfgrl?ebig zséigmlng that at the center of the resonator the turni
M, from Eq. [6], V, can be written as '

T By,

B 7 0= . [13]
\B innA, [9] 2 BlL,O

Vo=kiy B \R
B., , is the value oB, perpendicular td, at the center of the
wherek includes the remaining terms from the above equaesonator.
tions. The signal voltagé/, was calculated for the frequencies of
The ratio of the CW EPR intensity, Eq. [1], to the ESEhe S-band andX-band experiments using Eq. [7]. As inputs
intensity, Eq. [9], isB,/Aw. This ratio is for the case in which the calculation requires the measured resor@fdghe coupling
B = 1, the ESE intensity is of the entire EPR signal, and wgarameterg, the resonator resistand®, and the signal volt-
assume the CW EPR absorption signal is being detected. Bue in the resonatol/s. Using Egs. [11] and [12]Vs was
ratio, then, increases with increase Ba and decreases thecalculated from the known magnetization of the sample and tt
wider the line. The relationship between Egs. [1] and [B, distribution in the resonator calculated with HFSS software
indicates that the frequency dependences of CW and spin edime resistanceR, for the two resonators was estimated twc
signal intensity should be comparable, provided that in eaatays. With the measure@ and frequency, one can estim&e
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by calculating the inductancé,, which is given to a good
approximation {4) by

2
Kol
L= 0

T z+ 0.9 [14]
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during which the echo amplitude decays. To account for th
decay during the dead time, we measured the echo dec
constant,T,,. The echo decay fits well to a single exponential
since the spin concentration in the sample is high enough th
the decay is dominated by instantaneous diffusibé, (7).

Using the experimentdl,, we calculated the echo amplitude at

wherez is the length of the resonator ands its radiusR can €™ time.

then be calculated using
CHARACTERIZATION OF THE X-BAND ELECTRON

ol SPIN ECHO (ESE) SPECTROMETER

R=3g" [15]

The previously described-band ESE spectrometet8) has
been modified, with a new pulse programnied)( a new 1-kW
TWT (Applied Systems Engineering Model 117X), and a nev
signal detection path that is shown in Fig.Stband measure-
ments are described in detail iB)(

Crucial to the comparison of the spectrometers is a fu
characterization of the voltage gains and filter bandwidths c
1 the signal detection paths. The EPR signal transfer functic

[16] )

(the net effect of all gains and losses from the resonator to tt
display) was measured. For measurements of ov&ralhnd
spectrometer gain, microwave power was injected into
Bruker FlexLine unit at the connector to which the split-ring
module is normally attached (where the EPR signal woul
1 enter). Consequently, the transfer function includes the sign
[17] loss in the coax from the resonator to the bridge. Powers we

measured with an HP435B power meter. With the FlexLin

unit attached to the ESE spectrometer, the 1.04-mW injecte

The effective length of the inner surface of the resonator bower was attenuated by a calibrated 40.3-dB attenuator
approximatelyl ;s = 27r + 2w/3, wherew is the width of the ' '

The as-built dimensions of th&band (2.68 GHz) LGR,
4.2-mm diameter and 10-mm length, yidld= 1.46 nH and
R = 0.027Q. The second approach to calculatiRgs to use
the formula for unit resistance %),

where ¢ is the conductivity and3(f) is the skin depth at
frequencyf,

8:

Vmomfo

i . . 7
vr?rladtlon ofdthe.c.urrer]:t in the gap. Usllng|5.<81r(1) mEO/m a5 amplifier. The detector PIN diode switch was held close
the dc conductivity of copper, we calculate that the ac res'&L’Jring the measurements of the transfer function, but it we

tance at 2.68 GHz is controlled synchronously with microwave pulses in the norme
way (18) during the echo amplitude and noise measurement
For the measurements of the transfer function, the microway
phase on the LO side of the DBM was adjusted for maximur
signal and modulated: 180° at 500 kHz. This approach
Similar analysis of the 9.52-GHz split-ring resonator is a bitielded both positive and negative outputs from the IF port o
more uncertain, because the capacitive element does not hitneeDBM, the average of which permitted elimination of any
a flat surface. We visually estimate the effective width as 1bhseline offset. The dc voltage output (IF port) of the DBM
mm, which yieldsR,. = 0.073(). Calculating from the induc- was amplified and filtered as shown in Fig. 1 and the fine
tance of the loopR = 0.077 Q, which is in very good voltage output was measured with a LeCroy 9310A digita
agreement. oscilloscope with a 5@ input. Using the microwave power as
The calculated values &f, were then multiplied by the net described above, a gain of 11 on the amplifier after the DBN
gain of each spectrometer, yielding 3.0 V at 2.68 GHz and 1ahd no filter, the square-wave-modulated signal measured
V at 9.52 GHz. The ratio of the calculate@band toS-band the LeCroy 9310A was 203.9 mV peak-to-peak. Thus, th
echo amplitude, corrected for the difference in gains (Table 2verage value was 102 mV into a 5Ddoad, which corre-
is 7.6. When we used Eq. [5] and assumed equal filling factospgonds to 208uW (—6.8 dBm). This corresponds to a net
the predicted ratio was 8.7 (Table 2). The predicted eckgstem gain of 57.4 dB (Table 2).
amplitude, based on the spin system and the overall systenThe manufacturer’s test data on the MITEQ amplifier wa
gain, assumes no decay due to relaxation. There is a dead tawailable only for 9.0-9.2 GHz. A linear extrapolation to 9.5
after the pulses during which one cannot observe the echo, Bz yields a gain of 45.2 dB. The amplifier after the DBM was

Rs

Rec= " ler = 0.0270. [18]
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FIG. 1. X-band ESE spectrometer signal detection pathway. The portion of the spectrometer signal detection pathway that was used in the comparic
is presented. The components are interconnected with semirigid coaxial cables and sma connectors. The signal path, starting at the resogata@oisxsem
waveguide (WR90 throughout), mechanical waveguide switch to select alternate paths, waveguide four-port circulator, 20-dB cross-guide aqupser (
monitor crystal), rotary vane attenuator (for cases in which the echo is too strong), transition to sma and coaxial cable from this point ondliamtzrd A
Control Components ACLM-4533C-1K), isolator, low-noise microwave amplifier (MITEQ AMF-5S-9092-13, 44—45 dB gain, 1.14-dB NF), isolator, BIN d
switch (General Microwave DM864BHK 2.6-dB nominal insertion loss), isolator, high-pass filter (Reactel 3HS-2000<81.%;dB insertion loss above 2 GHz),
mechanical switch (Sage) to select alternate paths, double-balanced mixer (Western Microwave MJ45LX), amplifier. The amplifier used after 8f@BBM i
in detail in Fig. 2, and its properties are listed in Table 3.

used at gairn= 11 (20.8 dB), so the estimated system gain wasssumed to be the same as the 1.44 dB measu&dokatd. The
66 dB. The 8.6-dB difference between the predicted 66-dBvitch and limiter and pieces of coax and connectors woul
gain and the observed 57.4-dB gain is the loss inherent in theéd at least as much as@band, so they should contribute at
system. This included a 1.24-dB loss measured for the Fldgast 4 dB loss. These estimates give a total of about 7 dB los
Line module. The mixer loss is not known separately but it washe agreement is within the errors of these estimates.

TABLE 2
Echo Amplitude and Standard Deviation Noise at X Band Relative to S Band

2.68 GHz 9.52 GHz X-bands-band
Net system gain 84.0 dB 57.4 dB 1/21.4
OvercoupledQ 70 118
Critically coupledQ 460 1163
B 12 18.7
Inductance. (nH) 1.46 2.99
ResistanceR () 0.027 0.077
Observed echo corrected to tirre 0 29V 129V
Observed echo ratio normalized for gain 9.5
Predicted echo intensity (Egs. [7], [11], and [12])

and ratio normalized for gain 3.0V 11V 7.6

Predicted echo ratio (Eq. [5]) assuming eqyal 8.7
Vo'Q 98.4 3038 30.9
SD noise after echo 80 mV 5.4 mV
Amplifier noise figure 0.9dB 1.14 dB*
Effective noise bandwidth (MHz) 25.7 55.3
SD noise normalized for gain and noise bandwidth 80 79 0.98

® The X-band amplifier noise figure was measured from 9.0 to 9.2 GHz.
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FIG. 2. ESE signal amplifier and filter. This amplifier provides selectable gains of 20, 26, 34, and 40 dB.37d® bandwidths range from ca. 31 MHz
at 20-dB gain to ca. 5.2 MHz at 40-dB gain. See tables in text for actual performance values. Gain is selected with an external switch that prowides &
to one of the gain selection lines G10, G20, G50, or G100. U1 is a low-nei8@(nvA/Hz) integrated circuit op-amp (Comlinear-National Semiconductor P/N
CLC425). The gain of this stage is established by the feedback resistors selected by analog switch U4. Capacitors C10 and C11 limit the banelVaidgbr for t
gains. Impedances are kept as low as possible to limit noise. A bias adjustment is provided to set the gain—bandwidth product of U1 and to pitgvide
margin. Amplifier U5 (Comlinear-National Semiconductor P/N CLC407) acts as a cable driver. It has a fixed gain of 6 dB to compensate for the losgin m
to the 50€) cable. Low-frequency cutoff is established at about 3.2 kHz by coupling capacitors C1 and C6. Voltage regulators U2 and U3dyMate
+5 V and provide power supply noise rejection. An external filter selection is provided to further limit the noise bandwidth. The nominal seletttsfikdor
are 5 MHz, 20 MHz, or NONE. The saturation signal level is established by U5 and is ca. 2.5 V pp.

To make as direct a comparison of echo amplitudes betwesmd 3-dB bandwidth (Table 3) we measured the effectiv
the S-band andX-band spectrometers as possible, we chosernoise bandwidth of the amplifier at various gain and filte
use the Bruker ER4118-X-ms5 split-ring resonator for theettings, as described i8)( To check for the applicability
X-band echo intensity study. The filling factor of this resonataf these measurements to the signal amplitude and noise
is similar to that of the resonator used in tBdand experi- an actual electron spin echo (ESE) experiment, echo amp
ments 8). HFSS software and dimensions obtained by inspetttde and standard deviation noise measurements were me
tion of the as-built resonator were used to calcuBteas a in the configuration in which th&-band ESE spectrometer
function of position in the resonator and in the irradiated quaritz commonly used. These values are in Table 4, where it
sample as outlined above, which is the same as previoustyown that the echo amplitude scaled for gain is constal
reported for theS-band resonator3j. within experimental error, and the standard deviation nois

The gain and bandwidth of the amplifier following thescaled for gain and filter noise bandwidth is also constar
DBM in the X-band spectrometer (Fig. 2) directly impact thavithin experimental error. The use of effective noise band
echo and noise measurements, so this amplifier was chanaidth is essential for accurate comparison of noise in EP!
terized in detail. In addition to standard bench tests of gagpectrometers.
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TABLE 3
Gain and Bandwidth of the Signal Amplifier following the X-Band DBM

Effective noise

Nominal Gain at 1 MHz Filter capacitor Saturated output 3-dB bandwidth Gain X bandwidth bandwidth
gain (dB) (pf) V) (MHz) (MHz) (MHz)
10 20.8 (113 None 26V 31 341 55.3
160 26 24.4
680 8 10.2

20 26.2 (20.4) None 2.6 21 428 26.4

50 34 (50) None 25 12 600 143

100 39.4 (93) None 2.6 5.2 484 7.7
680 35 5.3

 Actual voltage gain in parentheses.

COMPARISON OF X BAND TO S BAND tude atS band is in better agreement with experiment than th
vaéue atX band (Table 2). One possible explanation is that th
Bilikerx-band resonator parameters were not known to us wit
the accuracy with which we measured the parameters of tl
ﬁomebuilt Sband resonator. We judge that the agreemet

and 80-ns pulses; = 496 ns; 2-ms repetition period: voltagebetween _expgrim_ent and our predictions is better than tt
gain = 11, no filter. The SD noise after the echo was 5.3 m\ncertainties in either value.

The echo decay function was measured to extrapolate the echBecause of the similarity of the resonators the relevar
amplitude to time zero, resulting in the value of 1.29 V in Tablrediction of frequency dependence is very similar to case 1
2. The Sband echo amplitude, corrected to zero time, wak@ble 1, butitis important to use the actual parameters of tf
larger than the echo for the same sampl baind. TheS-band 'esonators, as outlined above. Use of @1€ dependence for
spectrometer had 21.4 times the voltage gain of XHeand case 1 of Table 1 would be erroneous, since that formula w:
spectrometer, designed in anticipation of the sensitivity diffeflerived with the assumption that the resonators were identic
ence. After scaling the experimental echo amplitudes for tifesize and that the frequency dependence came entirely frc
gain differences, the observettband echo amplitude is 9.5the conductivity of the materials of construction. However
times theS-band echo amplitude. This ratio is somewhat largevere we to use the”* dependence we would calculate the
than the calculated ratio. Note that the calculated echo amphtio of the X-band toS-band echo as 9.2, which is in good

The X-band measurements and calculations are compa
with our priorS-band measurements [from Re3)|(in Table 2.
The X-band echo amplitude was 953 mV under the followin
conditions:Q = 118 * 3; critically coupledQ = 1163; 40-

TABLE 4
Tests of the Gain of the Amplifier following the X-Band DBM*
SD noise
SD noise Noise scaled with 502
Actual gain Filter Echo Echo scaled after echo to gain= 50, load on input
(from above) (pf) V) to gain= 50 (mvV) no filter (mV)
11 None 0.330 1.50 5.3 12.3 54
160 2.8 9.7 2.7
680 1.9 10.2 1.8
20.4 None 0.608 1.49 5.6 10.1 5.7
160 4.6 4.6
680 3.1 3.2
50 None 1.45 1.45 9.6 9.6 9.9
160 9.0 8.8
680 6.8 6.9
93 None 13.7 10.0 13.8
160 12.7 13.2
680 10.7 9.4 111

® The performance happened to be measured using the Varigsr@§onator with quartz Dewar insert, but the measured values do not depend on the resor
used. The scaled noise includes the square root of the measured effective noise bandwidth ratio.
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agreement with our experimental results, because the rescagreed 80) that theS/N in MRI and spectroscopy in living
tors are fairly similar. Such a dependence would not fit treystems follows @™ to * frequency dependence. This is due
experiment if the resonators being compared were less similarthe fact that noise voltage due to resistance in the radiofr
The noise in theS-band spectrometer was found to agrequency coil probe circuit is proportional ®©"*, while noise
within experimental error with the predictions for thermatiue to losses in the patient’s body is proportionabtdAt low
noise of the sample plus noise added by attenuators and drequencies where losses are small, ®i&l varies asw™
plifiers in the signal detection and amplification pad). (The (Table 1, case 1). At higher frequencies, where the coil loss
noise following the echo was measureadiand also. Scaling are less important, th&N depends linearly omw. Measure-
the noise for the differences in gain and for the square root wients at low frequency have confirmed the linear dependen
the effective noise bandwidths of the two spectrometeo$ S/N on frequency in EPR31) and NMR @5, 32.
yielded essentially identical noise for the two spectrometersif the filling factors of the resonators are about the same, ar
(Table 2). The right-hand column in Table 4 shows that thbe detection systems of the two spectrometers are similar, t
observed noise is the same whether the noise being amplifeggpliations in Poole’s book predict that the relative sensitivitie
comes from a 5@ load at the input to the limiter in Fig. 1 or would be proportional toZ;, p. 550).
is the noise of the operating ESE system. These comparisons
serve both as a confirmation of the measurements of the gains 1
of the two spectrometers and also as a confirmation that in this —. [19]
X-band spectrometer, as in tBband spectrometer, the mea- Vo Q
sured standard deviation noise accompanying the signal is as
expected for amplification of thermal noise. Since, when the resonator size is constant and the materials
construction are the sam®, = »'?, Eq. [19] predicts am'"
COMPARISON WITH PRIOR RESULTS dependence. Our derivation yields aff* dependence, when
the sample size and resonator size are kept constant.
Consider first the predictions when resonator noise domi-Other recent discussions in the literature comparing EP
nates (Table 1). For the unlimited sample case, the dependegt¢ as a function of frequency have focused on frequencie
on »'? agrees with the predictions of Abragam and Bleaneybove X band. Lebedev33) pointed out that beyond the
(20), Wilmshurst @1), and Fraenkel 22). For the limited predictions of Poole2), sensitivity will be affected by the
sample case the dependenceddfi agrees with the results of anisotropy of the spectrum, because the signal increases
many others, including Fehe23), Abragam and Bleaney(), width as the frequency increases, and on the details of samj
and Fraenkel22). The dependence of signal at constant pow@blders and sample loss at higher frequency. Pristeal.
(20, 29 (unlimited sample, case 2) an'?, of signal intensity (34, 39 state that thes/N of pulsed EPR should be propor-
for constant sample (case 3) at constant po&®6r 22—24 on tional to
o™, and of constant sampl@4) (case 3) at constar, on

o™ agrees with predictions in the references cited, among =~
others. In the frequently cited discussion Mf,, in (2), an (SIN) yuiceq & VQw ' [20]
additional factor of 1b was included based on a set of assump- g VVFAF(KT)®

tions concerning the frequency dependence of the relationship

between incident microwave power in the waveguide outsidggere V. is the cavity volumeF is the noise figure of the
cavity andB, in the cavity. The relationships in Table 1 do NOkpectrometer Af is the detector bandwidth, ankT is the
bear out this assumption. Boltzmann factor times temperature. The numerator of thi
The range of exponents in Table 1 indicates that one negdgyression is in agreement with our derivations, discusse
to consider carefully the experimental conditions in predictingoove, and the denominator could, in principle, be constant
frequency dependence &N for a particular situation. One 4 frequency comparison, or each term could explicitly b
also needs to consider practical realities. Scaling a resona{gkounted for. We do not agree with their statement that “fc
design over a wide frequency range may not be possihig same type of cavityQ =  '. Consideration of the
because of machining tolerances or because gaps becomef,@@Jency dependence of the resistance of the materials
small to prevent arcing for high-power and hiGheonditions. cqnstruction leads to a square root dependence (®).
In addition, resonator dimensions may become so muchyeperet al. (36) state that the power emitted from a spin

smaller at higher frequencies that it is not possible to maintaiystem in thermal equilibrium at room temperature after
a constant sample size. Thus the practical need for differgjfise js

resonators at different frequencies may prevent one from tak-
ing advantage of theoretically predicted advantages. a2

Based on early work by Hoult and co-worker§, 25— e N"Q
27,43, Andrew @8), and others Z9) it is now generally ¢ Ve

(21]
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The predictions in Table 1 assume that Eq. [17] _a?curatelil. G. R. Eaton, S. S. Eaton, and G. A. Rinard, Frequency dependence
represents the frequency dependence of conductivity of the of gpr sensitivity, in “Spatially Resolved Magnetic Resonance” (P.
materials of the resonator. This is the standard textbook for- Blumler, B. Bliimich, R. Botto, and E. Fukushima, Eds.), pp. 65-74,
mula. However, as frequency increases the conductivity is Wiley-VCH, Weinheim (1998).
influenced increasingly by the surface properties rather than tie C. P. Poole, Jr., “Electron Spin Resonance,” Chap. 14, Wiley, New
bulk properties of the conductor. Machined, buffed, and plated YOk (1967). _
surfaces are rough relative to skin depth at microwave freques- G- A- Rinard, R. W. Quine, R. Song, G. R. Eaton, and S. S. Eaton,
cies and can contain inclusions from the finishing process. The SSEE’L‘;?OTR spin echo intensities, J. Magn. Reson., accepted for
machining and buffing p'rocess'es result m work-hardening 01{. M. Romanelli, V. Kurshev, and L. Kevan, Comparative analysis of
the metal crystals, reducing their conductivity. These problems pyiseqd electron spin resonance spectrometers at X-band and S-
are discussed irB7—40Q. Some measurements, summarized in band, Appl. Magn. Reson. 7, 427-441 (1994).

(37-4)), reveal that the effective resistance at microwave. J. H. Hankiewicz, C. Stenland, and L. Kevan, Pulsed S-band elec-

frequencies is higher than the dc resistance, by as much as &ron spin resonance spectrometer, Rev. Sci. Instrum. 64, 2850

factor of 2.5 or so, but typically that ratio is between 1.5 and 2, 2856 (1993).

over the range 9-203 GHz. At 890 GHz the surface resistivit?- D. I. Hoult and _R. E. Richards, Thg signal-to-noise ratio of the
. nuclear magnetic resonance experiment, J. Magn. Reson. 24,

of evaporated gold was 2.2 times that expected from the dc ;"o (1976).

resistivity @2). At frequencies below 9 GHz, the effective 7. A. L. Bloom, Nuclear induction in inhomogeneous fields, Phys. Rev.

resistance approached the dc resistance. Only a very rough,gg 1105-1111 (1955).

scattered correlation with frequency and a stronger correlatiof) w, g. mims, Electron echo methods in spin resonance spectrom-

with surface treatment and corrosion were observ). (In etry, Rev. Sci. Instrum. 36, 1472-1479 (1965).

general, plated specimens exhibited poor conductivity relative w. B. Mims, Electron Spin Echoes, in “Electron Paramagnetic

to theoretical. Recall that the resistance of the materials of Resonance” (S. Geschwind, Ed.), Plenum, New York (1972).

which the resonator is built influences our predictions via tH@. N. Bloembergen and R. V. Pound, Radiation damping in magnetic

resonatorQ, which is proportional to\Ve. Since o is the resonance experiments, Phys. Rev. 95, 8-12 (1954).

reciprocal of resistivity, a factor of 2 change in resistivity1: J. P- Hornak and J. H. Freed, Spectral rotation in pulsed ESR

corresponds to &2 decrease i) and hence in EPR/N. The spectroscopy, J. Magn. Reson. 67, 501-518 (1986)

conclusion from these observations is that the predictions St El'ut':s“zuzhémﬁ a/zd S, B'hVY'SROted”erA' ;Eﬁzzr.'me”w leseRNM dR: A

Eqg. [1] may be as much ag'2 optimistic for the improvement (1;81).0 S pproach,” sect, TAS, Addison-iestey, Heading.

in signal intensity when the frequency in increased ab&vel& W. H. Perman, M. A. Bernstein, and J. C. Sandstrom, A method for

band, but that if the resonator losses dominate the noise, thecorrectly setting the RF flip angle, Magn. Reson. Med. 9, 16-24

S/N should still increase as predicted in Table 1. High-fre- (1989).

quency (aboveX band) spectrometers will require improve44. G. A. Rinard, R. W. Quine, S. S. Eaton, G. R. Eaton, and W.

ments in sources, resonators, and detectors to achieve theroncisz, Relative benefits ofovercoypled resonators vs. inherently

theoretical improvement irf§/N. The performance of low- ':VXE)% r?ifgi“g;;g; pulsed magnetic resonance, J. Magn. Reson.

frequency spectromete_rs should f.Ollf)W the predictions of Tabfg. M. N. O. Sadiku, “Elements of Electromagnetics,” 2nd ed., p. 472,

1 unlta|s§ there are par.tlcularly resistive surfaces due to machin- yarcourt Brace College, Orlando, FL (1994).

ing, plating, or corrosion.
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