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Direct measurements of electron spin-echo signal and noise in
ell-characterized X-band and S-band spectrometers agree with
redictions of frequency dependence based on first principles. For
he particular spectrometers compared, the echo at 9.52 GHz was
.5 times larger than the echo at 2.68 GHz, after scaling for
ifferences in spectrometer gain. The calculated ratio was 7.6. This
esult contrasts with prior predictions that the frequency depen-
ence would be much greater. © 1999 Academic Press
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INTRODUCTION

Recently we rederived expressions for the frequency (v) de-
endence of EPR signal-to-noise (S/N) (1), concluding that th
ell-known summary in the book by Poole (2) was in error by
factor ofv. The derivations are based on first principles,

he resulting equations for signal intensity give good agree
etween experiment and theory for electron spin echo s
mplitudes and noise atSband (3). However, the long traditio
f the Poole book results in appropriate skepticism of
evised predictions, and there exists a report from Kevan
o-workers (4) comparing S/N for their homebuilt S-band
pectrometer (5) with a modern BrukerX-band spectromete
hich agrees (4) with the prediction in Poole’s book. With th
ackground we present a direct comparison of irradiated q
cho amplitude and noise atS band andX band using well
haracterized spectrometers and loop gap resonators.

FREQUENCY DEPENDENCE OF EPR
SIGNAL INTENSITY

Continuous wave (CW) EPR signal intensity can be wri
s

VS 5 x0hQÎPAZ0, [1]

hereVS is the signal voltage at the end of the transmis
ine connected to the resonator,h (dimensionless) is the res
ator filling factor, Q (dimensionless) is the loaded qua

actor of the resonator,Z0 is the characteristic impedance of
ransmission line (in ohms), andPA is the microwave power (i
) to the resonator produced by the external microwavt
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ource. The magnetic susceptibility of the sample,x0 (dimen-
ionless), is the imaginary component of the effective
usceptibility.
For a Lorentzian line at resonance frequencyv, with width

v at half-height, substituting for the susceptibility in
ields

VS 5
Ng 2\ 2

4kBT S v

DvD hQLÎZ0P, [2]

hereN is the number of spins per unit volume,kB is Boltz-
ann’s constant,T is the temperature of the sample, and
ave introduced numerical coefficients for the case ofS 5 1

2.
Experimental results that quantitatively satisfy Eq. [1] c

rm the frequency dependence inherent in the terms of Eq
3). However, since many approximations must be made
ll measurements have inherent errors, measurement at

han one frequency is important to give confidence in
esults. This is the reason for the treatment of bothS band and

band in this paper.
We now examine relationships between some of the term

q. [1], to make predictions of the functional dependenc
icrowave frequency. Consider first the effect of increa

he size of the resonator and sample while keeping bot
ample concentration,N, and the filling factor,h, constant. Th
umber of spins increases proportional to the increase in
me of sample. The increase in EPR signal is not dire
roportional to this increase in number of spins, becaus

ncrease in size also affectsQ through the change in resistan
and inductanceL. However, if the resonator size and f

uency are kept constant, and the sample size is increase
hanging the filling factorh, the EPR signal would increase
roportion to the increase in volume of the sample. Th
tatements assume that the sample is non-lossy and do
ave a dielectric constant large enough to distort the RB1

istribution. Careful examination of the frequency depend
f each factor in Eq. [1] leads to the predictions for three c

hat are summarized in Table 1: case 1—the size (linea
ensions) of the sample and resonator are constant,
—the size of the sample and resonator are scaled withv,
nd case 3—the size of the sample is constant and the s

ehe resonator is scaled with 1/v.
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219FREQUENCY DEPENDENCE OF EPR SIGNAL-TO-NOISE
If resonator size and sample size were kept constant, an
oise is determined by the resistive losses in the resonator

he frequency dependence of each term in Eq. [2] leads
rediction thatS/N varies asv7/4 in agreement with the ana
gous arguments put forth by Hoult and Richards (6) for
ertain NMR cases. The derivations of Eqs. [1] and [2]
xpressed in terms related to CW experiments. It turns o
e more convenient for our comparison to derive expres

or echo signal intensity starting with the voltage induced in
esonator by the precessing spin magnetization. Following
e show the relationship between the expressions for spin
nd CW signal intensity.

CALCULATION OF TWO-PULSE ECHO INTENSITY

Precessing electron spin magnetization induces a curre
he walls of the resonator. The task of calculating the resu
ignal level encompasses four major steps. First, the re
etween magnetization and signal in the resonator is calcu

rom first principles, using the inductance and resistance o
esonator. The relation between EPR lineshape and micro

1, as described by Bloom (7) and Mims (8, 9), was used t
alculate the echo amplitude. Then the signal in the reso
as transformed to the other side of the resonator cou
evice. Gains and losses from this point to the detector are

n the calculation of the predicted echo.
The electron spin echo voltage induced in the resonat

iven by

VS 5 N
df0

dt
, [3]

hereN is the number of turns in the resonator andf0 is the
agnetic flux produced by the spin magnetization,M 0. For all
f the work presented hereN 5 1. Since the flux densit
roduced byM 0 is m 0M 0, f 0 is given by

TAB
Predicted Frequency Dependence of EPR Sen

Case 1
(const. sample
const. LGR s

1 L 1
2 R (resonator resistance) v1/2

3 Q v1/2

4 h 1
5 EPRS/N at constantP v3/2

6 B1/=P v21/4

7 P to maintain constantB1 v1/2

8 EPRS/N at constantB1 v7/4
f0 5 m0hA z M 0, [4] l
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here A is the cross-sectional area of the coil (reson
ample loop),h is the filling factor, andm0 5 4p1027. M 0

aries sinusoidally with the resonant frequencyv0, and if the
agnetization is fully turned to thexy plane by the microwav
ulse, the peak voltage for a single-turn coil (a LGR) is

VS 5 m0Ahv0M0, [5]

n agreement with (10).
The spin magnetization is given by

M0 5 N
g 2\ 2B0

4kBT
JT21 m23 ~5Am21!, [6]

o M/H is dimensionless, as required.
In this equation the static magnetic fieldB0 5 v 0/g, kB is

oltzmann’s constant, andT is temperature in Kelvin. Th
agnetization of the irradiated fused quartz sample use

hese studies was calculated using Eq. [6] based on the
oncentration,N, of 3 3 1017 spins/cm3 (610% uncertainty
16), soM 0 5 6 3 1024 JT21 m23 at 293 K. There are 9.43
015 spins in the sample. The same sample was used for

he S-band andX-band measurements.
In our measurementsB1 was of the same order as,

arger than, the linewidth, and the calculations (7–9) show
hat for this case the echo amplitude should approach
aximum possible for the magnetization,M 0. However, this

alculation is only part of the story. The Bloom and Mi
alculation is for spins on resonance. Off-resonant s
lso contribute to the echo (or FID) (11, 12), and ap/2 pulse
f strengthB1 will rotate ca. B1 G of spectrum approx
ately 90° (11). Thus, the Bloom and Mims calculatio

omewhat underestimates the number of spins observ
n inhomogeneously broadened spectrum. One has
ure that the same number of spins are observed at
requencies and that the relaxation times are the same
nown and corrected for (17). The pulse repetition time wa

1
ivity When Resonator Resistance Dominates

ze,
)

Case 2
(sample size} 1/v,
LGR size} 1/v)

Case 3
(const. sample size,
LGR size} 1/v)

v21 v21

v1/2 v1/2

v21/2 v21/2

1 v3

v1/2 v7/2

v3/4 v3/4

v23/2 v23/2

v21/4 v11/4
LE
sit

si
ize
ong enough (2 ms) that there was noT1 effect. Since the
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uartz EPR lineshape is determined by the distributiong
alues (it is about 3 G wide atX band, and most of the spi
re within a spectral width of about 1 G at S band), there
ould be concern whether the full spectrum was observ
oth frequencies. To test for this we checked that the
mplitude was independent of the pulse power by varyint p

hile keeping the incident power adjusted for maxim
cho. We also performed the very sensitive test for
ulses described in (13). Our observation of a clean null

he T echo in ap/2–t–p/2–T–p/2–T echo sequence pr
ided further assurance that all of the spins were turne
he measurements at both frequencies. Pulse widths,t p, of
0 and 80 ns were used, corresponding to a ca. 4
andwidth excited by the second (more selective) pulse
0-nsp/2 pulse corresponded toB1 of ca. 2.2 G. The 3-dB
andwidth at an overcoupledQ of 70 atS band was ca. 1
and, forQ 5 118 atX band, was ca. 29 G. Thus, by a

f these criteria, the full spectrum was excited. These
ral approaches to the problem converge on the concl

hat it is reasonable in this case to useM 0 in Eq. [6] to
alculate the echo amplitude.
Then, from Eq. [22] of Ref. (14), the output voltage of th

esonator coupling structure,V0, is given by

V0 5
Îb

1 1 b ÎZ0

R
VS, [7]

here R is the resistance of the resonator andZ0 is the
mpedance of the transmission line (usually 50V). The cou-
ling parameterb is calculated from the overcoupledQ and the
ritically coupledQ, QH, by

b 5
2QH

Q
2 1. [8]

ombining Eqs. [5] and [7] and the frequency dependenc
0 from Eq. [6], V0 can be written as

V0 5 k
Îb

1 1 b ÎZ0

R
v 0

2hA, [9]

herek includes the remaining terms from the above eq
ions.

The ratio of the CW EPR intensity, Eq. [1], to the E
ntensity, Eq. [9], isB1/Dv. This ratio is for the case in whic

5 1, the ESE intensity is of the entire EPR signal, and
ssume the CW EPR absorption signal is being detected
atio, then, increases with increase inB1 and decreases t
ider the line. The relationship between Eqs. [1] and

ndicates that the frequency dependences of CW and spin

ignal intensity should be comparable, provided that in eacw
at
o

°

in

-G
he

v-
on

of

-

e
he

]
ho

ase the characteristics of the spectrometer and resonat
aken into account.

For application to pulsed EPR, we chose not to calcula
lling factor to multiply the magnetization, but instead
alculated directly the echo amplitude as a function ofB1. The
erm m 0M 0hA in Eq. [5] represents the magnetic flux t
nduces a voltage in the resonator,

m0M0hA 5 E
sample

M z
B1

i
dV, [10]

here i is the current in the resonator. Thus, the use of
lling factor h is an approximation intended to avoid integ
ng over the sample. The approximation has to be define
ach case consistent with the experiment.
To calculate the ESE signal voltage directly, substitute

nto [5],

VS 5 v E
sample

M z
B1

i
dV, [11]

nd integrate over the sample volume. Since echo format
nonlinear function ofB1 (7–9), andB1 is not uniform ove

he sample volume, we used the approximation that whenB1 is
arger than the spectral width the echo is proportiona
in upIsin2(upII/2), which becomes sin3u when the second pul
as twice the turning angle,u, as the first one. Hence, t
agnetization in the echo, which is theM to use in [11], is

M 5 M0sin3u, [12]

here u is calculated from theB1 generated by the Anso
orporation High Frequency Structure Simulator (HFSS)
are by assuming that at the center of the resonator the tu
ngle is 90°:

u 5
p

2

B1'

B1',0
. [13]

1',0 is the value ofB1 perpendicular toB0 at the center of th
esonator.

The signal voltageV0 was calculated for the frequencies
he S-band andX-band experiments using Eq. [7]. As inp
he calculation requires the measured resonatorQ, the coupling
arameter,b, the resonator resistance,R, and the signal volt
ge in the resonator,VS. Using Eqs. [11] and [12],VS was
alculated from the known magnetization of the sample an
1 distribution in the resonator calculated with HFSS softw
he resistance,R, for the two resonators was estimated

hays. With the measuredQ and frequency, one can estimateR
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y calculating the inductance,L, which is given to a goo
pproximation (14) by

L 5
m0pr 2

z 1 0.9r
, [14]

herez is the length of the resonator andr is its radius.R can
hen be calculated using

R 5
vL

2Q
. [15]

he as-built dimensions of theS-band (2.68 GHz) LGR
.2-mm diameter and 10-mm length, yieldL 5 1.46 nH and
5 0.027V. The second approach to calculatingR is to use

he formula for unit resistance (15),

RS 5
1

sd~ f !
, [16]

here s is the conductivity andd( f ) is the skin depth a
requencyf,

d 5
1

Îm0pfs
. [17]

he effective length of the inner surface of the resonato
pproximatelyl eff 5 2pr 1 2w/3, wherew is the width of the
apacitive gap. This approximation is determined by integ
ng the power absorption around the loop and assuming l
ariation of the current in the gap. Using 5.83 107 mho/m as
he dc conductivity of copper, we calculate that the ac r
ance at 2.68 GHz is

Rac 5
RS

z
l eff 5 0.027V. [18]

Similar analysis of the 9.52-GHz split-ring resonator is a
ore uncertain, because the capacitive element does no
flat surface. We visually estimate the effective width as
m, which yieldsRac 5 0.073V. Calculating from the induc

ance of the loop,R 5 0.077 V, which is in very good
greement.
The calculated values ofV0 were then multiplied by the n

ain of each spectrometer, yielding 3.0 V at 2.68 GHz and
at 9.52 GHz. The ratio of the calculatedX-band toS-band

cho amplitude, corrected for the difference in gains (Tabl
s 7.6. When we used Eq. [5] and assumed equal filling fac
he predicted ratio was 8.7 (Table 2). The predicted e
mplitude, based on the spin system and the overall sy
ain, assumes no decay due to relaxation. There is a dea

fter the pulses during which one cannot observe the echo, bG
is

t-
ar

s-

it
ave
1

.1

),
s,
o
m

me

uring which the echo amplitude decays. To account fo
ecay during the dead time, we measured the echo d
onstant,Tm. The echo decay fits well to a single exponen
ince the spin concentration in the sample is high enough
he decay is dominated by instantaneous diffusion (16, 17).
sing the experimentalTm we calculated the echo amplitude
ero time.

CHARACTERIZATION OF THE X-BAND ELECTRON
SPIN ECHO (ESE) SPECTROMETER

The previously describedX-band ESE spectrometer (18) has
een modified, with a new pulse programmer (19), a new 1-kW
WT (Applied Systems Engineering Model 117X), and a n
ignal detection path that is shown in Fig. 1.S-band measure
ents are described in detail in (3).
Crucial to the comparison of the spectrometers is a

haracterization of the voltage gains and filter bandwidth
he signal detection paths. The EPR signal transfer fun
the net effect of all gains and losses from the resonator t
isplay) was measured. For measurements of overallX-band
pectrometer gain, microwave power was injected in
ruker FlexLine unit at the connector to which the split-r
odule is normally attached (where the EPR signal w
nter). Consequently, the transfer function includes the s

oss in the coax from the resonator to the bridge. Powers
easured with an HP435B power meter. With the FlexL
nit attached to the ESE spectrometer, the 1.04-mW inje
ower was attenuated by a calibrated 40.3-dB attenuato
ddition, the power was attenuated a further 24 dB (
ttenuation 64.4 dB) with a rotary vane attenuator before
etection system to avoid saturating the low-noise microw
mplifier. The detector PIN diode switch was held clo
uring the measurements of the transfer function, but it
ontrolled synchronously with microwave pulses in the nor
ay (18) during the echo amplitude and noise measurem
or the measurements of the transfer function, the microw
hase on the LO side of the DBM was adjusted for maxim
ignal and modulated6 180° at 500 kHz. This approa
ielded both positive and negative outputs from the IF po
he DBM, the average of which permitted elimination of a
aseline offset. The dc voltage output (IF port) of the D
as amplified and filtered as shown in Fig. 1 and the
oltage output was measured with a LeCroy 9310A dig
scilloscope with a 50-V input. Using the microwave power
escribed above, a gain of 11 on the amplifier after the D
nd no filter, the square-wave-modulated signal measure

he LeCroy 9310A was 203.9 mV peak-to-peak. Thus,
verage value was 102 mV into a 50-V load, which corre
ponds to 208mW (26.8 dBm). This corresponds to a n
ystem gain of 57.4 dB (Table 2).
The manufacturer’s test data on the MITEQ amplifier

vailable only for 9.0–9.2 GHz. A linear extrapolation to

utHz yields a gain of 45.2 dB. The amplifier after the DBM was
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222 RINARD ET AL.
sed at gain5 11 (20.8 dB), so the estimated system gain
6 dB. The 8.6-dB difference between the predicted 66
ain and the observed 57.4-dB gain is the loss inherent i
ystem. This included a 1.24-dB loss measured for the
ine module. The mixer loss is not known separately but it

FIG. 1. X-band ESE spectrometer signal detection pathway. The por
s presented. The components are interconnected with semirigid coaxia
aveguide (WR90 throughout), mechanical waveguide switch to select
onitor crystal), rotary vane attenuator (for cases in which the echo is
ontrol Components ACLM-4533C-1K), isolator, low-noise microwave a
witch (General Microwave DM864BH,2.6-dB nominal insertion loss), iso
echanical switch (Sage) to select alternate paths, double-balanced mix

n detail in Fig. 2, and its properties are listed in Table 3.

TAB
Echo Amplitude and Standard Deviat

Net system gain
OvercoupledQ
Critically coupledQ
b
Inductance,L (nH)
Resistance,R (V)
Observed echo corrected to time5 0
Observed echo ratio normalized for gain
Predicted echo intensity (Eqs. [7], [11], and [12])

and ratio normalized for gain
Predicted echo ratio (Eq. [5]) assuming equalh
=v 5Q
SD noise after echo
Amplifier noise figure
Effective noise bandwidth (MHz)
SD noise normalized for gain and noise bandwidth

a
 The X-band amplifier noise figure was measured from 9.0 to 9.2 GHz.
s
B
he
x-
s

ssumed to be the same as the 1.44 dB measured atSband. The
witch and limiter and pieces of coax and connectors w
dd at least as much as atS band, so they should contribute

east 4 dB loss. These estimates give a total of about 7 dB
he agreement is within the errors of these estimates.

of the spectrometer signal detection pathway that was used in the comp
bles and sma connectors. The signal path, starting at the resonator is srigid coax,
ernate paths, waveguide four-port circulator, 20-dB cross-guide coupleto a pulse
strong), transition to sma and coaxial cable from this point on, limiterdvanced

lifier (MITEQ AMF-5S-9092-13, 44–45 dB gain, 1.14-dB NF), isolator, Pe
r, high-pass filter (Reactel 3HS-2000-S11,,0.5-dB insertion loss above 2 GH
Western Microwave MJ45LX), amplifier. The amplifier used after the DBshown

2
Noise at X Band Relative to S Band

68 GHz 9.52 GHz X-band/S-band

84.0 dB 57.4 dB 1/21.4
0 118
60 1163
2 18.7
.46 2.99
.027 0.077
.9 V 1.29 V

9.5

3.0 V 1.1 V 7.6
8.7

8.4 3038 30.9
80 mV 5.4 mV
.9 dB 1.14 dB*
25.7 55.3

80 79 0.98
tion
l ca
alt
too
mp
lato
er (
LE
ion

2.

7
4
1
1
0
2

9
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To make as direct a comparison of echo amplitudes bet
heS-band andX-band spectrometers as possible, we cho
se the Bruker ER4118-X-ms5 split-ring resonator for
-band echo intensity study. The filling factor of this reson

s similar to that of the resonator used in theS-band experi
ents (3). HFSS software and dimensions obtained by ins

ion of the as-built resonator were used to calculateB1 as a
unction of position in the resonator and in the irradiated qu
ample as outlined above, which is the same as previ
eported for theS-band resonator (3).

The gain and bandwidth of the amplifier following t
BM in the X-band spectrometer (Fig. 2) directly impact
cho and noise measurements, so this amplifier was ch

FIG. 2. ESE signal amplifier and filter. This amplifier provides select
t 20-dB gain to ca. 5.2 MHz at 40-dB gain. See tables in text for actua

o one of the gain selection lines G10, G20, G50, or G100. U1 is a low-no,
LC425). The gain of this stage is established by the feedback resistors
ains. Impedances are kept as low as possible to limit noise. A bias ad
argin. Amplifier U5 (Comlinear-National Semiconductor P/N CLC407) a

o the 50-V cable. Low-frequency cutoff is established at about 3.2 kHz
5 V and provide power supply noise rejection. An external filter selectio
re 5 MHz, 20 MHz, or NONE. The saturation signal level is establishe
erized in detail. In addition to standard bench tests of gas
en
to
e
r

c-

tz
ly

ac-

nd 3-dB bandwidth (Table 3) we measured the effec
oise bandwidth of the amplifier at various gain and fi
ettings, as described in (3). To check for the applicabilit
f these measurements to the signal amplitude and no
n actual electron spin echo (ESE) experiment, echo a

ude and standard deviation noise measurements were
n the configuration in which theX-band ESE spectromet
s commonly used. These values are in Table 4, where
hown that the echo amplitude scaled for gain is cons
ithin experimental error, and the standard deviation n
caled for gain and filter noise bandwidth is also cons
ithin experimental error. The use of effective noise ba
idth is essential for accurate comparison of noise in E

e gains of 20, 26, 34, and 40 dB. The23-dB bandwidths range from ca. 31 MH
erformance values. Gain is selected with an external switch that providnd
(nv/=Hz) integrated circuit op-amp (Comlinear-National Semiconductor

ected by analog switch U4. Capacitors C10 and C11 limit the bandwidthe lower
tment is provided to set the gain–bandwidth product of U1 and to provity
as a cable driver. It has a fixed gain of 6 dB to compensate for the loss ing

coupling capacitors C1 and C6. Voltage regulators U2 and U3 regulate612 V to
provided to further limit the noise bandwidth. The nominal selections fothe filter

y U5 and is ca. 2.5 V pp.
abl
l p
ise0.9
sel
jus
cts
by
n is
inpectrometers.
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COMPARISON OF X BAND TO S BAND

The X-band measurements and calculations are comp
ith our priorS-band measurements [from Ref. (3)] in Table 2.
he X-band echo amplitude was 953 mV under the follow
onditions:Q 5 118 6 3; critically coupledQ 5 1163; 40-
nd 80-ns pulses;t 5 496 ns; 2-ms repetition period; volta
ain5 11, no filter. The SD noise after the echo was 5.3
he echo decay function was measured to extrapolate the
mplitude to time zero, resulting in the value of 1.29 V in Ta
. The S-band echo amplitude, corrected to zero time,

arger than the echo for the same sample atX band. TheS-band
pectrometer had 21.4 times the voltage gain of theX-band
pectrometer, designed in anticipation of the sensitivity di
nce. After scaling the experimental echo amplitudes fo
ain differences, the observedX-band echo amplitude is 9

imes theS-band echo amplitude. This ratio is somewhat la
han the calculated ratio. Note that the calculated echo a

TAB
Gain and Bandwidth of the Signal

Nominal
gain

Gain at 1 MHz
(dB)

Filter capacitor
(pf)

Saturated o
(V)

10 20.8 (11)a None 2.6 V
160
680

20 26.2 (20.4) None 2.6
50 34 (50) None 2.5

100 39.4 (93) None 2.6
680

a Actual voltage gain in parentheses.

TAB
Tests of the Gain of the Ampli

Actual gain
(from above)

Filter
(pf)

Echo
(V)

Echo scale
to gain5 5

11 None 0.330 1.50
160
680

20.4 None 0.608 1.49
160
680

50 None 1.45 1.45
160
680

93 None
160
680

a The performance happened to be measured using the Varian TE102 resonato

sed. The scaled noise includes the square root of the measured effective
ed

.
ho

s

r-
e

r
li-

ude atS band is in better agreement with experiment than
alue atX band (Table 2). One possible explanation is tha
rukerX-band resonator parameters were not known to us

he accuracy with which we measured the parameters o
omebuilt S-band resonator. We judge that the agreem
etween experiment and our predictions is better than
ncertainties in either value.
Because of the similarity of the resonators the rele

rediction of frequency dependence is very similar to case
able 1, but it is important to use the actual parameters o
esonators, as outlined above. Use of thev7/4 dependence fo
ase 1 of Table 1 would be erroneous, since that formula
erived with the assumption that the resonators were ide

n size and that the frequency dependence came entirely
he conductivity of the materials of construction. Howe
ere we to use thev7/4 dependence we would calculate

atio of theX-band toS-band echo as 9.2, which is in go

3
plifier following the X-Band DBM

ut 3-dB bandwidth
(MHz)

Gain 3 bandwidth
(MHz)

Effective noise
bandwidth

(MHz)

31 341 55.3
26 24.4
8 10.2
21 428 26.4
12 600 14.3

5.2 484 7.7
3.5 5.3

4
following the X-Band DBMa

SD noise
after echo

(mV)

Noise scaled
to gain5 50,

no filter

SD noise
with 50-V

load on input
(mV)

5.3 12.3 5.4
2.8 9.7 2.7
1.9 10.2 1.8

5.6 10.1 5.7
4.6 4.6
3.1 3.2

9.6 9.6 9.9
9.0 8.8
6.8 6.9

13.7 10.0 13.8
12.7 13.2
10.7 9.4 11.1

ith quartz Dewar insert, but the measured values do not depend on the re
LE
Am

utp
LE
fier

d
0

r w

noise bandwidth ratio.
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greement with our experimental results, because the re
ors are fairly similar. Such a dependence would not fit
xperiment if the resonators being compared were less si
The noise in theS-band spectrometer was found to ag
ithin experimental error with the predictions for therm
oise of the sample plus noise added by attenuators an
lifiers in the signal detection and amplification path (3). The
oise following the echo was measured atX band also. Scalin

he noise for the differences in gain and for the square ro
he effective noise bandwidths of the two spectrome
ielded essentially identical noise for the two spectrome
Table 2). The right-hand column in Table 4 shows that
bserved noise is the same whether the noise being amp
omes from a 50-V load at the input to the limiter in Fig. 1

s the noise of the operating ESE system. These compar
erve both as a confirmation of the measurements of the
f the two spectrometers and also as a confirmation that in
-band spectrometer, as in theS-band spectrometer, the me
ured standard deviation noise accompanying the signal
xpected for amplification of thermal noise.

COMPARISON WITH PRIOR RESULTS

Consider first the predictions when resonator noise d
ates (Table 1). For the unlimited sample case, the depen
n v1/2 agrees with the predictions of Abragam and Blea
20), Wilmshurst (21), and Fraenkel (22). For the limited
ample case the dependence onv7/2 agrees with the results
any others, including Feher (23), Abragam and Bleaney (20),
nd Fraenkel (22). The dependence of signal at constant po
20, 22) (unlimited sample, case 2) onv1/2, of signal intensity
or constant sample (case 3) at constant power (20, 22–24) on

7/2, and of constant sample (24) (case 3) at constantB1 on
11/4 agrees with predictions in the references cited, am
thers. In the frequently cited discussion ofNmin in (2), an
dditional factor of 1/v was included based on a set of assu

ions concerning the frequency dependence of the relatio
etween incident microwave power in the waveguide outs
avity andB1 in the cavity. The relationships in Table 1 do
ear out this assumption.
The range of exponents in Table 1 indicates that one n

o consider carefully the experimental conditions in predic
requency dependence ofS/N for a particular situation. On
lso needs to consider practical realities. Scaling a reso
esign over a wide frequency range may not be pos
ecause of machining tolerances or because gaps becom
mall to prevent arcing for high-power and high-Q conditions
n addition, resonator dimensions may become so m
maller at higher frequencies that it is not possible to main
constant sample size. Thus the practical need for diff

esonators at different frequencies may prevent one from
ng advantage of theoretically predicted advantages.

Based on early work by Hoult and co-workers (6, 25–

7, 43), Andrew (28), and others (29) it is now generally
na-
e
ar.

l
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greed (30) that theS/N in MRI and spectroscopy in livin
ystems follows av7/4 to v1 frequency dependence. This is d
o the fact that noise voltage due to resistance in the rad
uency coil probe circuit is proportional tov1/4, while noise
ue to losses in the patient’s body is proportional tov. At low

requencies where losses are small, theS/N varies asv7/4

Table 1, case 1). At higher frequencies, where the coil lo
re less important, theS/N depends linearly onv. Measure
ents at low frequency have confirmed the linear depend
f S/N on frequency in EPR (31) and NMR (25, 32).
If the filling factors of the resonators are about the same

he detection systems of the two spectrometers are simila
quations in Poole’s book predict that the relative sensitiv
ould be proportional to (2, p. 550).

1

Îv 5Q
. [19]

ince, when the resonator size is constant and the mater
onstruction are the same,Q } v 1/ 2, Eq. [19] predicts anv11/4

ependence. Our derivation yields anv7/4 dependence, whe
he sample size and resonator size are kept constant.

Other recent discussions in the literature comparing
/N as a function of frequency have focused on frequen
bove X band. Lebedev (33) pointed out that beyond th
redictions of Poole (2), sensitivity will be affected by th
nisotropy of the spectrum, because the signal increas
idth as the frequency increases, and on the details of sa
olders and sample loss at higher frequency. Prisneret al.
34, 35) state that theS/N of pulsed EPR should be propo
ional to

~S/N!pulsed}
ÎQv 3

ÎVcFDf~kT! 3 , [20]

here Vc is the cavity volume,F is the noise figure of th
pectrometer,Df is the detector bandwidth, andkT is the
oltzmann factor times temperature. The numerator of
xpression is in agreement with our derivations, discu
bove, and the denominator could, in principle, be consta
frequency comparison, or each term could explicitly

ccounted for. We do not agree with their statement that
he same type of cavity”Q } v21. Consideration of th
requency dependence of the resistance of the materia
onstruction leads to a square root dependence onv (2).
Weberet al. (36) state that the power emitted from a s

ystem in thermal equilibrium at room temperature after ap/2
ulse is

Pe }
v 3N2Q

. [21]

Vc
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ince the signal voltage is proportional to the square root o
ower, this contains the same=v 3Q dependence as in o
erived formulas.
These expressions from Prisner and Weber and co-wo

34–36), while not quantitatively tested in the cited papers,
onsistent with the frequency dependence we obtained
rst principles and which we tested with the measurem
eported in this paper.

The predictions in Table 1 assume that Eq. [17] accura
epresents the frequency dependence of conductivity o
aterials of the resonator. This is the standard textbook
ula. However, as frequency increases the conductivi

nfluenced increasingly by the surface properties rather tha
ulk properties of the conductor. Machined, buffed, and pl
urfaces are rough relative to skin depth at microwave freq
ies and can contain inclusions from the finishing process
achining and buffing processes result in work-hardenin

he metal crystals, reducing their conductivity. These prob
re discussed in (37–40). Some measurements, summarize
37–41), reveal that the effective resistance at microw
requencies is higher than the dc resistance, by as much
actor of 2.5 or so, but typically that ratio is between 1.5 an
ver the range 9–203 GHz. At 890 GHz the surface resist
f evaporated gold was 2.2 times that expected from th
esistivity (42). At frequencies below 9 GHz, the effecti
esistance approached the dc resistance. Only a very r
cattered correlation with frequency and a stronger correl
ith surface treatment and corrosion were observed (42). In
eneral, plated specimens exhibited poor conductivity rel

o theoretical. Recall that the resistance of the materia
hich the resonator is built influences our predictions via

esonatorQ, which is proportional to=s. Since s is the
eciprocal of resistivity, a factor of 2 change in resistiv
orresponds to a=2 decrease inQ and hence in EPRS/N. The
onclusion from these observations is that the prediction
q. [1] may be as much as=2 optimistic for the improvemen

n signal intensity when the frequency in increased aboX
and, but that if the resonator losses dominate the noise
/N should still increase as predicted in Table 1. High-
uency (aboveX band) spectrometers will require improv
ents in sources, resonators, and detectors to achiev

heoretical improvement inS/N. The performance of low
requency spectrometers should follow the predictions of T
unless there are particularly resistive surfaces due to ma

ng, plating, or corrosion.

CONCLUSIONS

The derived frequency dependence of S/N is consistent
ur experimental data at X-band and S-band. In making
omparisons it is important to fully characterize the reson

nd know the spectrometer transfer function. 1
e

rs
e
m
ts

ly
he
r-
is
he
d
n-
he
of
s

n
e
s a
,

ty
dc

gh,
n

e
of
e

of

he
-

the

le
in-

th
ch
r

ACKNOWLEDGMENTS

This research was supported in part by NSF Grant BIR-9316827 (G
nd by NIH Grant GM57577 (G.A.R.). We thank Dr. Ralph Weber
iscussions concerning Ref. (36) and Professor Larry Kevan for discussion
ef. (4).

REFERENCES

1. G. R. Eaton, S. S. Eaton, and G. A. Rinard, Frequency dependence
of EPR sensitivity, in “Spatially Resolved Magnetic Resonance” (P.
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