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EPR signal and noise, calculated from first principles, are com-
ared with measured values of signal and noise on an S-band (ca.
.7 GHz) EPR spectrometer for which all relevant gains and losses
ave been measured. Agreement is within the uncertainty of the
alculations and the measurements. The calculational model that
rovided the good agreement is used to suggest approaches to
ptimizing spectrometer design. © 1999 Academic Press

Key Words: EPR; ESR; electron spin echo; absolute signal in-
ensity; signal-to-noise; noise.

INTRODUCTION

Electron spins could be used to understand many prob
n materials sciences and biomedical sciences if the EPR s
ere strong enough. A crucial question then is how many s
hould one be able to observe? To address this questio
eeds to calculate absolute signal intensities and compare
ith noise for a particular spectrometer configuration. Gen

ntroductions in texts and monographs express results in
f the relative signal-to-noise (S/N) ratio. Absolute signal an
oise measurements are much more difficult, because on
as to measure all gains and losses and characterize noi
ccompanies the signal. The absolute determination of
oncentration has been described as the most difficult mea
ent one can make with EPR equipment (1, 2). Alger (2)

ummarized the state of the art as of 1968, and little has
eported since then. Hyde and co-workers analyzed the s
nd noise of a spectrometer for the case in which so
icrowave power was incident during data collection (e

aturation recovery) and considered the relative benefi
ryogenically cooled microwave preamplifiers (3). They ob-
ained good agreement between calculated and observed
ystem noise voltages.
This paper reports EPR signal and noise in an S-band

omain EPR spectrometer and compares the measured
ith calculated values. Agreement is within the uncertain
f the comparison. On the basis of these results we outlin
pproach to designing spectrometers to maximizeS/N in time-

omain EPR. (
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DESCRIPTION OF THE S-BAND SPECTROMETER

The S-band (2–4 GHz) EPR spectrometer (Fig. 1) was
n much the same design philosophy as our L-band spec
ter (4). Since this spectrometer serves as an engine
tation for the development of new spectrometer and reso
oncepts, it is constructed with extensive flexibility, and as
e discussed below, betterS/N would be obtained if there we

ewer devices between the resonator and the detector.
ver, this extreme flexibility facilitated the comparisons
orted here. We list below the properties of the componen

he EPR signal path. Some of the specific components m
onger be available commercially, and/or components
etter specifications may now be available, but the nume
alues for these particular components are crucial to the q
itative analysis presented.

A pair of transfer switches (components 70 and 71—c
onent numbers throughout the text refer to the numbe
igs. 1 and 2) provide multiple signal paths and facili
xploration of the properties of spectrometer components
esonators, especially the crossed-loop resonator (5, 6). There
re many signal amplification options. One path has no m
ave amplification in the bridge. Most commonly, this is u

n conjunction with an external microwave amplifier, such
he coolable Berkshire amplifier (component 108) in the
stat assembly as described below (Fig. 2). We have also

t here to compare signal and noise with and without a m
ave preamplifier. Also in the bridge there are two paths
icrowave amplifiers. These amplifiers (components 34
5), made by MITEQ (Hauppauge, New York), have gain
4.7 and 27.7 dB at the frequency (ca. 2.7 GHz) at which
f our measurements were made. To compare the echo a

ude obtained using the Berkshire amplifier with that obta
sing the MITEQ amplifiers, it was necessary to add a co
able to bypass the Berkshire amplifier and then select the
n the bridge that uses one of the MITEQ amplifiers. Altho
he spectrometer assembly includes a cryostat, and one a
er is located in the cryostat, unless specified otherwis
easurements reported in this paper were taken at room
erature, which was ca. 294 K.
The resonator used, Fig. 3, is of the loop–gap reson
LGR) type (7) and is conceptually similar to resonators used
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71ABSOLUTE EPR SPIN ECHO AND NOISE INTENSITIES
n some EPR imaging studies (8). The resonator has a 4.2-m
iameter, 10-mm-long, inductive loop, in order to hold a s
ard 4-mm-od quartz sample tube, and a 10 by 10 mm ca

tive gap with 0.46-mm spacing. It can be described a
eentrant LGR. However, the reentrant loops are rectang
ith 10 by 12 and 12 by 12 mm cross sections, to obtai

arge a filling factor as possible within the space constrain
he cryostat. The assembly for coupling the resonator to
ransmission line, sketched in Fig. 3, is designed to permit
ritical coupling for continuous wave (CW) EPR and overc
ling to reduceQ for pulsed EPR. Maximal overcoupling

he resonator occurs when the copper leaf on the end o
enter conductor of the transmission line almost touche

FIG. 1. Schematic diagram for 2–4 GHz CW, ESE, and SR microwav
re given as the minimum and maximum over the 2- to 4-GHz frequenc
ot consecutive because components used in a prior version of the spe
2) Virtech V31240 isolator; (3), (23), (26), (53), (55), (72) DowKey 401-2
6), (16) UTE CT-3240-OT isolator; (7) Merrimac PDM-22-3G directiona
-dB step attenuator; (10) Midwest Microwave 1071 0- to 60-dB step atte
46) General Microwave DM864BH pin diode switch; (15), (38) Merrimac
hifter, insertion loss 1.15–2.35 dB, 0, 90, 180, 270° within 4.6°; (22)
iniCircuits ZHL-42 1-W amplifier, 30-dB gain; (28) two M/A Com 2660

oss, and switches in,27 ns; (31) Virtech VF1556 four-port circulator. 0.8
eakage at 200-W peak, 50 mW at 3-W CW, 15-ns recovery; (34) MIT

easurement reported in text); (35) MITEQ AMF-4B-2040-7 amplifier, 1
witch; (37), (54) Merrimac CSM-20M-3G 20-dB directional coupler; (3
plitter; (42), (43) MiniCircuits ZFM-4212 DBM: (44) Midisco MDC2225 0
djustable attentuator, 0.5-dB insertion loss; (50) Inmet 8037 DC block
irtech V31-2040 isolator; (60) Reactel 4HS 1800S22 highpass filter,.55-dB
icrowave 5011-20 20-dB directional coupler; (64) Midwest Microwave
.5-dB NF; (66) 7-dB fixed attenuator; (67) 10-dB fixed attenuator; (70
2-dB gain amplifier; (75) Microphase CTM324P crystal detector; (76) A

he time domain signal amplifiers (57) and (58), and the 70-KHz amplfie

FIG. 2. Schematic diagram for the spectrometer components located in
r tinned braided shield, 0.141 inch in diameter. All connectors are sma. T
onnectors. (101) 22.9-cm coax; (102) magnetically shielded circulator (Pas
104) 22.9-cm coax built into the resonator; (105) 7.6-cm coax; (106) GaA
erkshire 41.8-dB gain at 2.7 GHz, 50–62 K noise temperature at room te
.6-cm coax; (113), (114) sma 90° bend; (115) resonator described in Fig. 3
nd the size of the magnet (e.g., to keep the circulator in as low a magne
esign philosophy and functionality of this type of bridge.
-
c-
a

ar,
s

of
e

th
-

he
he

onductor that penetrates into the capacitive gap. For each
xperiment, theQ was measured by recording the reson
ing-down after a pulse.

This study used the irradiated fused quartz standard sa
9), which is available from Wilmad. This sample is 2 mm
iameter and 10 mm long and was held in a 4-mm-od qu
ample tube (Wilmad) to position it in the resonator. In
esonator, the filling factor for this sample was calculated t
.5% by using Ansoft Corporation High Frequency Struc
imulator (HFSS) software to calculateB1

2 over the sample
his measure of filling factor, relevant to CW EPR, is a us

ndex of resonator performance.
Microwave pulses were amplified either by a 1-W MiniC

ridge. In the following list of components, parameters such as gain and
nge. When the variation is not large, an approximate average is listed.
meter were deleted from the final version. (1) Engelmann CC-24 50-mor;
coaxial switch; (4), (5), (62) Merrimac CSM-30M-3G 30-dB directionalcoupler;

oupler; (8), (20) Arra D4428C phase shifter; (9) Midwest Microwave 10
ator; (12), (14), (19), (27), (29), (45), (47) P&H Lab C-1-S26322 isolator;13), (18),
M-10M-3G 10-dB directional coupler; (17) Vectronics DP623.0-67HS 2-se

a P4952-80XS phase-constant attentuator; (24) Hughes 8020H 20-W)
58-00 pin diode switches in series; each has 51.3 dB isolation, 0.9 dB
insertion loss; (32) Alpha MT8310A-MF limiter, 0.6-dB insertion loss, 6
AMF-3B-020040-12 0.9–1.1 amplifier, dB NF, 40.7- to 43.2-dB gain

- to 1.67-dB NF, 27- to 29-dB gain; (36), (69) Dow-Key 435-5208 SP3
(40), (61) Virtech VTP2040 crystal detector; (41) Midisco MDC7225 90id
wer splitter; (48) Western Microwave MN23LX DBM; (49) Arra 4814-20
1) M/A Com MA2696-0101 biphase modulator, 173°, 1.6-dB insertion52)

sertion loss below 1 GHz,,0.5-dB insertion loss above 1 GHz; (63) Midw
1-6 6-dB directional coupler; (65) MiniCircuits ZHL-1042J 25-dB gain aifier,
1) DowKey 411-2208 coaxial transfer switch; (74) JCA Technology JC
nced Control Components ACLM-4531C limiter. For the 100-KHz ampl,

9), see Figs. 3, 4, and 5 of Ref. (4), which also provides a general discussion of

e cryostat rather than in the bridge. All cables are semirigid coax with eithehield
bridge is connected to the cryostat assembly with two flexible coaxial cables with sma
e Microwave Technology), positioned approximately parallel toB0; (103) 20.3-cm coax
iode limiter, 1.4-dB insertion loss; (107) 7.6-cm coax; (108) microwave preamplifier,
rature, (1.0-dB NF); (109) 30.5-cm coax; (110), (111) sma bulkhead feedthugh; (112)

he various coaxial cables and sma adapters were dictated by the geometryf the cryosta
eld and as low a temperature (when cooled) as feasible).
e b
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72 RINARD ET AL.
uits amplifier (component 25) in the bridge (whose satur
utput, measured at the bridge output, is 0.7 W) or by a Hu
020H traveling wave tube (TWT) amplifier (component 2
hose saturated output at the frequency used, measured
utput of the bridge, was ca. 8 W. Microwave pulse, ph
hifting, and detector protection timing and control were
lemented with a locally designed programmable timing
10). Microwave pulse lengths usually were 40, 80 ns, cho
o ensure that the pulses were minimally affected by the
atorQ. The attenuation of the input to the TWT was adjus

o maximize the echo amplitude. This is approximately
ondition for 90°, 180° pulses. Our HFSS calculations s
hatB1 in this resonator is uniform within 7% over 8 mm a
ithin 20% over the entire 10-mm length of the sample.
Microwave powers were measured with a Hewlett–Pac

35B power meter, which has a range of 0.3mW to 3 W with
he sensors available. Values on the lowest scale o
P435B had too large an uncertainty, due to meter drift, t
seful. Calibrated directional couplers and/or low duty c
ere used to measure higher powers.
Echo amplitudes (voltages) were measured by recordin

cho with a LeCroy 9310A digital storage oscilloscope (D
LeCroy Corp, Chestnut Ridge, NY), using 50V input, and the
oise was measured on the baseline after the echo, us
omputational feature of the 9310A, which provides a di
eadout of standard deviation.

CHARACTERIZATION OF SPECTROMETER
COMPONENTS

To compare calculated and observed signal and noise

FIG. 3. The resonator used for this study is a loop–gap resonator w
n diameter and 10 mm long. The capacitive region is 10 by 10 mm, with
ross sections, to obtain as large a filling factor as possible within the spa
enetration of magnetic field modulation for CW EPR. The coupling mec
crew has 8–80 threads for fine adjustment of the beryllium-copper leaf
f the resonator to the transmission line. The resonator was made of tell

was 460 and it could be overcoupled for pulsed EPR toQ 5 70.
ecessary to know the gains and losses, including mismatchw
d
es
,
the
e
-
it
n
o-
d
e
w

rd

he
e

e

he
)

g a
t

is

he path from the resonator to the display. Compariso
ocally measured losses for various microwave compon
ith manufacturer specifications revealed that in most c

he manufacturer specifications and factory test results, w
sually were reported as “less than,” did not provide
ccuracy needed to analyze the spectrometer perform
onsequently, we measured actual losses for sections
s-built spectrometer and actual gains of the amplifiers.

nvolved measuring the power input to a portion of the mi
ave circuit and measuring the power out of that portion o
ircuit. The microwave power sources used were the inte
ource of the bridge or an auxiliary Wavetek Model 962 M
weep (1–4 GHz). The values reported are the avera
everal measurements made with repeated calibration an
oing of the HP435B power meter. Gains and losses for va
omponents change with frequency over the octave band
f the bridge. Values reported in this paper are for the spe

requency of 2.68 GHz, at which the echo intensity meas
ents were made. A summary of the actual gains and los
resented in Fig. 4 and Table 1. Table 1 compares mea
ents made on the spectrometer system from resona
ridge output with the sum of measurements made on ind
al components and sets of components and present

udgment of the uncertainties in the measurements. The
greement provides a firm basis for the calculations of s
nd noise presented in this paper.
The DBM was characterized under conditions directly r

ant to its use as a detector for the electron spin echo (
ignal in the spectrometer. A power meter was used to cali
he devices and powers used. Power from a microwave s

a confined return flux path. The region into which the sample is placed
6-mm spacing. The reentrant lops are rectangular, with 10 by 12 and 1
constraints of the cryostat in which it was used. Slots cut in the sample region permi

nism, which is adjustable from outside the cryostat, is shown expandeding
ing, whose proximity to the inner conductor of the coaxial cable varies toupling
m copper alloy No. 145 and was not plated. The room temperature criticcoupled
ith
0.4
ce
ha
spr

uriu
, inas split and attenuated to provide phase-coherent local oscil-
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73ABSOLUTE EPR SPIN ECHO AND NOISE INTENSITIES
ator (LO)-port and RF-port power to the DBM (Weste
icrowave part No. MN23LX). The LO power was set to

onstant 9 mW (19.5 dBm). The RF-port power first pass

FIG. 4. Schematic signal path with gains and losses noted. The vert
ryostat to the input of the bridge, the bridge, and the cables from the ou
ithin each gain or loss block was dictated by measurement convenien
ecause the losses were so small, so larger functional units were measu
re the points at which a 50-V load was attached for noise tests reported

oss), for ease of inserting it in liquid nitrogen. For tests using the amplifi
ignal from the top of the cryostat to the input of the bridge. For the tes
o the Berkshire amplifier and for another test at port 2 of the circulator

TABLE 1
Overall Spectrometer System Gain at 2.68 GHz

Path
End-to-end
gain (dB) Voltage gain

Sum of
parts (dB)

erkshire, no loss prior to
amplifier 83.4 1.483 104 83.3

erkshire, including loss from
resonator to amplifier 81.96 0.2 1.246 0.033 104 81.8
o amplifier, from resonator,
bypassing Berkshire
amplifier 40.16 0.1 1016 1 40.1

ow-gain, from resonator
bypassing Berkshire
amplifier 68.06 0.1 2.516 0.0033 103 67.9
igh-gain, from resonator,
bypassing Berkshire
amplifier 84.06 0.5 1.586 0.093 104 84.6
r

hrough a calibrated attenuator, a TTL-driven biphase m
ator, a continuously variable phase shifter, and a calibr
0-dB coupler to which a power meter was connected
easuring the power input to the RF-port. The X- (or IF-)p
utput was connected to the 50-V input of a LeCroy 9310A
scilloscope. For power calibrations, the biphase modu
as kept in a constant state. For DBM insertion loss mea
ents, the biphase modulator was driven by a TTL-l
-KHz square wave (HP 3310A signal generator). This
uency is considerably lower than the high frequency resp
f the output (X or IF) port of the DBM. The modulatio
esulted in a square wave response on the scope as t
hase alternated between 0 and 180°. The output amp
as measured with various calibrated attenuation setting

he input to the RF-port. The peak-to-peak signal on the sc
ivided by 2, eliminated the dc offset inherent in the DBM
ielded the true dc output. For each measurement the RF
as adjusted to yield the maximum signal on the sc

hereby ensuring that the RF-port phase was the same
O-port phase. Four measurements were made, with po

l dotted lines separate, from left to right, the cryostat, the cables from th
t of the bridge to the signal display system. The collections of componeincluded
Tests on individual coaxial cables and connectors were too inaccurateeful,
collectively. Gains and losses (negative values) are in dB. Also noted oe diagram
able 2. The 50-V load was at the end of a 2-foot flexible coaxial cable (0.55
in the bridge, the 50-V load was at the end of the same cable that normally ca
f the Berkshire amplifier, the same cable and 50-V load were attached at the inp
ica
tpu
ce.
red
in T
ers
anging from 8.0 to 14.5mW input to the RF-port of the DBM,
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74 RINARD ET AL.
hich are typical powers for ESE signals. Converting
oltage measured into the 50-V termination in the LeCro
scilloscope into power, we find an average mixer los
1.44 dB.
The measured conversion loss of21.44 dB when the DBM

as used as a phase detector may seem quite low in light
anufacturer’s specification of 5.5 to 7 dB conversion loss

ould not find a literature reference for this aspect of m
ehavior. However, our insertion loss estimate was verifie
major mixer manufacturer (11). The insertion loss for a mixe
sed as a demodulator (phase-sensitive detector) is quit

erent than that commonly specified by the manufacturer
ixer used as a frequency converter. Consequently, we pr
detailed argument here. When the RF and LO frequencie

he same, the DBM functions as a phase-sensitive det
ince the IF output of the DBM cannot pass the microw

requencies, it is the average value of the nearly dc ou
ignal that is important. The output changes with time to t
ut the amplitude function of the RF input, e.g., the shap

he echo, but it is slowly varying relative to microwave f
uencies. The echo and the noise are similarly affected b
lectrical properties of the mixer. In an EPR spectrometer
O comes from the same source that produces the signa

s, therefore, the same frequency and is adjusted to be in
ith the RF signal in the mixer. The LO is about 9 mW, a

he RF signal is in microWatts. Under these conditions
ixer functions essentially as a full-wave (FW) rectifier. T
MS value of a FW-rectified sine wave is the same as
riginal sine wave, therefore the mixer output power levels
roportional to the power on the RF-port. Except for a sm
O to IF leakage, which is specified by the manufacturer
c offset in the IF output, none of the power in the dete
ignal is from the LO. For a peak signal voltage at the RF-
f the DBM of 1 V the RMS value is 1/=2 and the relativ
ower, which is proportional to (VRMS)

2, equals 0.5. The actu
ower would be 0.5 W for 1-V peak input if the impedan

evel were 1V. The detected voltage at the IF-port of the DB
s a full-wave rectified sine wave with an ac componen
wice the microwave frequency. The bandwidth limitations
he IF response and the amplifiers following the DBM rem
he ac component and leave the dc component of the vo
he dc component of a full-wave rectified sine wave isp

imes the peak value. The power level of the detected sign
hen (2/p)2 5 0.405 W if the impedance were 1V. The
pparent insertion loss for a perfectly lossless mixer w

hen be

insertion loss5 10 logS 0.5

0.405D 5 0.915 dB. [1]

his equation will yield the same result regardless of
mpedance level, so normalizing to 1-V impedance does n

ffect the result.
e
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This result is consistent with calculating the power leve
ach harmonic, as was demonstrated by Don Neuf (11). The
ourier series for a FW rectified sine wave of amplitude on

s

2

p
~1 1 2

3 cos 2vt 2 2
15 cos 4vt 1 2

35 cos 6vt 2 · · ·!,

[2]

nd the relative dc power and power in each harmonic is 0
.09, 0.003, 0.00066, . . . , respectively. The difference b

ween 0.9 dB and the measured 1.44 dB is attributed to
ectors and other nonideal components in the DBM assem
The manufacturer specification for a DBM is for its use

requency converter, where the input RF signal is convert
wo main (sum and difference) frequencies and several
onic components. In such a case the input RF pow
ivided between these several frequencies. If the same an
s outlined above is done for the case when the RF an

requencies are not the same, and the LO signal is a
quare wave, the theoretical insertion loss from the RF- t
F-port is 3.92 dB for each of the sum and the differe
requencies (11, 12). The 3.92-dB loss is the 0.915 dB calc
ated from Eq. [1] plus the 3-dB loss due to dividing the po
nto two sidebands. The manufacturer specification is for
reater than the theoretical 3.92-dB loss for IF away from
ecause it is the maximum loss over the specified IF bandw
11).

EPR SIGNAL INTENSITY

CW EPR signal intensity (voltage) can be written in the fo
f Eq. [3],

VS 5 x0hQÎPAZ0, [3]

here VS is the CW EPR signal voltage at the end of
ransmission line connected to the resonator,h (dimensionless
s the resonator filling factor,Q (dimensionless) is the load
uality factor of the resonator,Z0 is the characteristic impe
nce of the transmission line (inV), andPA is the microwave
ower (in W) to the resonator produced by the external m
ave source. The magnetic susceptibility of the samplex 0

dimensionless), is the imaginary component of the effec
F susceptibility, and for a Lorentzian line with width at h
eight5 Dv at resonance frequencyv,

x0 5 x0

v
, [4]
Dv



w

I
e f
s K.
T
s

d,

a

d
n , th
t to
p l-
o
c ire
m mo
c ch
i tio

nt
t lta
s lati
b lat
f f th
r wa
B
c na
i lin
d us
i

or
g

w
m

o y
p

w mple
l
s i-
z e,
t

i
Eq.

[
( ed in
( bout
6
t mple
( a
2 r of
s

the
s ns
o
r
s cula-
t ap-
p
H om
a nant
s
p -
i on
s in an
i um of
t t X
b bout
0 d,
c cond
(
o pled
t the
f pli-
t the
i
e lses,
s he
s ept at
t very
s n

75ABSOLUTE EPR SPIN ECHO AND NOISE INTENSITIES
here

x0 5
N0g

2\ 2S~S1 1!m0

3kBT
. [5]

n this equation the static magnetic fieldB0 5 v 0/g, S is the
lectron spin,kB is Boltzmann’s constant,N0 is the number o
pins per unit volume,T is the temperature of the sample in
he permeability of vacuum,m0 5 4p 3 1027 T2J21m3. The
pin magnetization isM 0 5 H 0x 0 5 B0/m 0 x 0. Therefore,

M0 5 N0

g 2\ 2B0S~S1 1!

3kBT
JT21m23 ~5Am21!,

so M/H is unitless, as require

nd for

S5 1
2, M0 5 N0

g 2\ 2B0

4kBT
. [6]

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. [3] leads
rediction thatS/N varies asv7/4 in agreement with the ana
gous arguments put forth by Hoult and Richards (13) for
ertain NMR cases. Since this paper deals with the d
easurement of electron spin echoes, it turns out to be

onvenient for calculations to derive the formula for the e
ntensity by a different path, as presented in the next sec

CALCULATION OF TWO-PULSE SPIN
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 (14) and Mims (15, 16), is used to
alculate the echo amplitude. Then the signal in the reso
s transformed to the other side of the resonator coup
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

VE 5 N
df0

dt
, [7]

hereN is the number of turns in the resonator andf0 is the

agnetic flux produced by the spin magnetization,M 0. For all o
the
en
a

ct
re
o
n.

in
nt
on
ed
e
ve

tor
g
ed

is

f the work presented hereN 5 1. Since the flux densit
roduced byM 0 is m 0M 0, f 0 is given by

f0 5 m0hAY z MY 0, [8]

hereAY is the cross sectional area of the coil (resonator sa
oop), h is the filling factor, andm0 5 4p1027. M 0 varies
inusoidally at the resonant frequencyv0, and if the magnet
ation is fully turned to thexy plane by the microwave puls
he peak voltage for a single-turn coil (a LGR) is

VE 5 m0Ahv0M0 [9]

n agreement with (17).
The magnetization of the sample was calculated using

6] based on the spin concentration,N0, of 3 3 1017 spins/cm3

610% uncertainty), measured by the technique describ
9). The particular quartz sample used in this study has a
0% the spin concentration as the one reported in (9). Using

abulated values for the fundamental constants, for this sa
S 5 1

2) M 0 5 6 3 1024 JT21m23 at 293 K. The sample is
-mm-diameter by 10-mm-long cylinder, so the numbe
pins in the sample is 9.43 1015.
We need to take account of the actual spectrum of

ample relative to the availableB1 at the sample. Calculatio
f echo shapes were presented by Mims (15, 16), who cor-
ected an error in (14). In our measurementsB1 was of the
ame order as, or larger than, the linewidth, and the cal
ions show that for this case the echo amplitude should
roach the maximum possible for the magnetization,M 0.
owever, this calculation is only part of the story. The Blo
nd Mims calculation is for spins on resonance. Off-reso
pins also contribute to the echo (or FID) (18, 19), and ap/2
ulse of strengthB1 will rotate ca.B1 G of spectrum approx

mately 90° (18). Thus, the Bloom and Mims calculati
omewhat underestimates the number of spins observed
nhomogeneously broadened spectrum. The EPR spectr
he irradiated quartz sample is only about 2.5 G wide a
and, and most of the spins are within a spectral width of a
.7 G at S band. Pulse widths,t p, of 40, 80 ns were use
orresponding to a ca. 4.5-G bandwidth excited by the se
more selective) pulse. The 40-nsp/2 pulse corresponded toB1

f ca. 2.2 G. The 3-dB bandwidth of the resonator overcou
o a Q of 70 was ca. 14 G. Thus, by any of these criteria,
ull spectrum was excited. As a further check the echo am
ude was measured forp/2 pulses of 20 to 100 ns, adjusting
ncident power to maximize echo amplitude for eacht p. The
cho amplitude was about 20% smaller for the 20, 40 ns pu
ince theQ of the resonator was too high to fully admit t
hort, rectangular, first pulse, and the second pulse was k
wice the length of the first pulse. We also performed the
ensitive test for 90° pulses described in (20). Our observatio

f a clean null of theT echo in ap/ 2–t–p/ 2–T–p/ 2–T–echo
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76 RINARD ET AL.
equence provided further assurance that all of the spins
urned in these measurements. These several approache
roblem converge on the conclusion that it is reasonable in
ase to useM 0 in Eq. [9] to calculate the echo amplitude.
Then, from Eq. [22] of Ref. (21), the output voltage of th

esonator coupling structure,VEb, is given by

VEb 5
Îb

1 1 b ÎZ0

R
VE, [10]

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. [11]

ombining Eqs. [9] and [10]VEb can be written as

VEb 5
Îb

1 1 b ÎZ0

R
Av0hM0. [12]

Using the formulae presented in (22), the as-built dimen
ions of the resonator, and the experimental critically cou

5 460, wecalculateL 5 1.46 3 1029 H, and from this
5 0.027V. Alternatively, we calculate the resistance fr

he dimensions and the conductivity of copper as 0.027V. This
alue ofR was used in the calculations to convert preces
agnetization to induced voltage.
The concept of filling factor, used in the above derivat
as originated by BPP (21), and elaborated by Feher (24),
oole (25), and Goldberg (26) in the context of CW EPR
bragam (27) assumed that inhomogeneousB1 over the sam
le could be ignored, and when Hill and Richards (28) applied

he concept of filling factor to pulsed NMR they carried o
he formula from Poole (25) and then applied the assumption
niform B1 to get the common assumption that the fill

actor is the ratio of the volume of the sample to volume of
esonator. The filling factor as described by Poole (25) applies
n CW EPR (29) and is intuitive when one considers the E
ignal as a change inQ due to absorption of power (hence,B1

2)
n the sample. For application to pulsed EPR, we chose n
alculate a filling factor to multiply the magnetization,
nstead we calculated directly the echo amplitude as a fun
f B1.
The termm 0M 0hA in Eq. [9] represents the magnetic fl

hat induces a voltage in the resonator:

m0M0hA 5 E MY z
B1

i
dV, [13]
sample T
re
the

is

d

g

,

r

e

to

n

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 [9],

VE 5 v0 E
sample

MY z
B1

i
dV, [14]

nd integrate over the sample volume. Since echo format
nonlinear function ofB1 (14–16), andB1 is not uniform ove

he sample volume, we used the approximation that whenB1 is
arger than the spectral width the echo is proportional to siu pI

in2(u pII /2), which becomes sin3u when the second pulse h
wice the turning angle,u, as the first one. Hence, the mag
ization in the echo, which is theM to use in [14], is

M 5 M0sin3u, [15]

here u is calculated from theB1 generated by HFSS b
ssuming that at the center of the resonator the turning an
0°:

u 5
p

2

B1'

B1',0
[16]

1',0 is the value ofB1 perpendicular toB0 at the center of th
esonator. We used the HFSS software to calculate the
ignal. Unfortunately, the HFSS postprocessor has no
unctions, so the following approximation to sinu was used:

sin u 5 cosSp

2
2 uD

cosu < 1 2 0.4967u 2 1 0.03705u 4. [17]

This calculation yielded a predicted echo amplitude afte
mpedance match from the resonator to the transmission
o compare this prediction with experimental values, we n

o know the net signal gain or loss from the resonator to
icrowave detector (DBM), and then to the ultimate sig

ecording device (DSO in this case). The experimental re
re sketched in Fig. 4, where the measured signal path

dentified. The net gains for some of the paths are show
able 1. In this way we calculated that the peak echo ampl

or the high-gain amplifier path would be 3.0 V at the detec
The predicted echo amplitude, based on the spin system

he overall system gain, assumes no decay due to relax
here is a dead time after the pulses during which one ca
bserve the echo, but during which the echo amplitude de

o account for the decay during the dead time, we measured
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77ABSOLUTE EPR SPIN ECHO AND NOISE INTENSITIES
he echo decay constant,Tm. The echo decay fits well to
ingle exponential, since the spin concentration in the sam
igh enough that the decay is dominated by instantan
iffusion (9). Using the experimentalTm of 3 ms, we calculate

he echo amplitude at zero time and compared this with
alculated echo amplitude. The measured echo, correct
ero dead time, was 2.9 V. The agreement is better tha
ncertainties in either value.
For comparison we also calculated an approximate fun

hat assumed that all turning angles were 90 and 180°, bu
he echo was proportional to the varyingB1. This yielded a
.2-V echo. If we used Eq. [9] with the Pooleh with variations

n B1 over the sample, resulting inh 5 0.095, we calculated
.7-V echo. This is also in good agreement with experim
ut the agreement in this case is probably fortuitous.

CALCULATION OF NOISE

Thermal noise generated in the resonator is carried thr
he same transformations and gains and losses as the sig
ddition, one has to consider noise added from other co
ents. These noise sources can include thermal noise of
omponents, microwave source noise that gets to the det
icrophonics, and pick-up from the environment. In this pa
e focus on the electron spin echo measurement, so th
rowave source power is off during the time of echo d
ollection, and there is no magnetic field modulation that m
ntroduce additional noise. Saturation recovery (SR) and
PR measurement are more complicated and will be disc
lsewhere.
Thermal noise is caused by the Brownian motion of e

rons in a resistor. For our purposes, the available noise p
n( f ), in W/Hz, is given by (30)

pn~ f ! 5 kBT, [18]

herekB 5 Boltzmann’s constant andT 5 temperature, K.
Available noise power means the power that will be de

red to a matched load (resistance of load equals resista
oise source). Often the noise is given in terms of a n
oltage; however, it is more convenient to work with no
ower throughout the system and calculate the noise volta

he detector in terms of the noise power delivered. This sh
elp eliminate the confusion in some texts which often h
oise voltage expressions that differ by a factor of 2. The n
ower in watts,pn, is pn( f ) multiplied by the effective nois
andwidth,B, of the system which is often determined by

ast stage of the system.
In the development below, we apply the useful concep

oise temperature (30). The noise temperature,Tn, of a com-
onent is the temperature of a resistive thermal noise s

hat would produce the same available noise power a
omponent under consideration. If the component is a the

ource (resistor), the noise temperature is the physical tempc
is
us

e
to

he

n
at

t,

gh
l. In
o-

ssy
tor,
r
i-

a
t

ed
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er,

-
of

e

at
ld
e
e

f

ce
he
al

ture of the component. However, we can calculate the
emperature for any component even when the source o
oise is not thermal but something else (diode noise, 1/f noise,
emiconductor shot noise, amplifier noise, etc.). This allow
o use conventional network analysis to calculate the
ffective noise temperature for the system and calculat

otal contribution to the detected noise voltage, regardle
hether the source of the noise is thermal or not. Below
etermine the expressions for noise temperature for the va
omponents, other than resistors, and for the overall
ystem noise. First, we need to relate the various noise p
ters that are presented in the literature.
The noise figure, NF, of a two-port network is the ratio of

utput noise power to the portion of the output noise power
s produced by the input thermal noise source when at sta
emperature (290 K). The noise figure can be expressed
umber (ratio) or in dB5 10 3 log10(ratio). From this defi
ition it is clear that if the network is noiseless, NF5 1 or 0
B. Another way to express NF is the ratio, expressed in d

he signal-to-noise at the input to theS/N at the output. Thus
f NF 5 0 dB, the network is noiseless, since then theS/N at
he output is the same as that at the input.

The noise temperature of a component can be calcu
rom the noise figure. The noise power/Hz at the input du
he thermal noise source at standard temperature,T0, is kBT0.
he noise power/Hz, also referred to the input of the netw

hat is added by the network iskBTe, whereTe is the effective
oise temperature of the network (not its physical temp

ure). The total output noise power/Hz is, then,

pno~ f ! 5 g~ f !kB~T0 1 Te! W/Hz, [19]

hereg( f ) is the gain of the network. Now, since the con
ution to the output noise power of the thermal source a

nput is g( f )kBT0, the noise figure becomes

NF 5 1 1
Te

T0
. [20]

gain it can be seen that if the network is noiseless,Te 5 0 and
F 5 1. The effective noise temperature in terms of NF

hen,

Te 5 T0~NF 2 1!. [21]

his equation can be used to determine the noise tempe
or any component, such as an amplifier or mixer, when
oise figure is known.
For cascaded networks consisting ofn blocks, with the

utput of each connected to the input of the next, the resu
ffective input noise temperature is given by Eq. [22], whic
er-alled the Friis equation (30).
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Te1 . . . n
5 Te1 1

Te2

g1
1 · · ·1

Ten

g1g2· · ·gn21
, [22]

hereTei is the noise temperature of thei th stage, andgi is the
ower gain of thei th stage.
It is customary to refer the noise to the input sinc

liminates the effect of the gains of each stage. This way
oise effects of two cascaded networks can be compare
ectly, the one with the lower noise temperature will have
owest noise and highestS/N ratio. The effective input nois
oltage calculated in this way is presented in Table 4.
The only other relation we need for network componen

he noise temperature for an attenuator. In this case the
ttenuator includes any element with loss, which in additio
alibrated attenuators, includes resistive losses in transm
ines and mismatch losses in any other components, inclu
onnectors and resonators. However, for resistive attenu
e will assume that the components are critically matched
ismatch losses will be treated as a separate componen

he attenuator gain beg # 1, with source temperature,Ts, and
ttenuator temperature,T. If the gain is 1 all the noise is due

he input source resistor. If the gain is 0, all of the noise is
o the attenuator. For all other values of gain, the nois
roduced in part by the source and in part by the attenu
nd the noise temperature is given by

Te 5 TS1

g
2 1D 0 , g # 1. [23]

ote that wheng is 1, Te 5 0 since the attenuator adds
oise; however, wheng is smallTe becomes quite large. Fro
qs. [21] and [23] it can be seen that if the temperature o
ttenuator isT0 then its NF5 1/g.
As stated above, Eq. [23] also applies to the resonato
hich caseg is the power reflection coefficient (e.g., for 40-
oupling,g 5 1024). It is convenient to refer all noise tem
eratures to the output of the resonator since this is wher
PR signal originates. The noise temperature for each co
ent before the resonator is then multiplied by its gain and
f all succeeding stages, up to and including the resonat

his way the contribution of source noise is conveniently
luded.
Even if a component is at high temperature, if it has no

t contributes no noise. This point seems obvious, but
mphasize it here since some researchers have argued
ally that a cooled resonator or preamplifier cannot decr
oise if the waveguide between them and the detector
oom temperature. In the predictive model presented belo
ey entries are the temperatureand the loss (gain) of eac
omponent in the signal path.
We modeled the overall spectrometerS/N behavior using

athcad 7 (MathSoft, Inc., Cambridge, MA), which facilitatesu
t
e

di-
e

is
rm
o
ion
ng
n,

nd
Let

e
is
r,

e

in

he
o-
at
In
-

s,
e
for-
se
at
he

xploring the impact on the finalS/N of improving the perfor
ance of each component.

MEASUREMENT OF NOISE

The noise figures for the assembly that includes the t
omain signal amplifiers (components 57 and 58, and the

ollowing 58) were 19.3 dB for a gain of 100 and 16.4 dB
gain of 250, as calculated from the noise specifications o
evices used in the amplifiers. Since noise measuremen
end on the bandwidth of the system, the effective n
andwidths of the final stage signal amplifier and filter circ

n the bridge were measured (Table 2). These are the am
tages presented in Fig. 4 of Ref. (4). The output of the
mplifier and filter circuit was measured as a function of

nput frequency from a swept RF source (Fluke 6082A S
hesized RF Signal Generator, 100 KHz–2112 MHz), and
ffective noise bandwidth was computed using Eq. [24] (30).

NBW5
1

uHmaxu 2 E
0

`

uH~ f !u 2df, [24]

hereH( f ) is the output of the filter divided by the input, a
max is the maximum value ofH( f ).
When the 50-V load (1 or 2 in Fig. 4) was cooled in liqu

itrogen (77 K), the measured standard deviation noise
reased. Similar tests were performed using the Berk
mplifier, the low-gain amplifier, and the “no amplifier” path

he bridge. The 50-V load was placed in two locations to t
he effect of the room-temperature circulator: in one tes
exible cable with the 50-V load at the end was attach
irectly to the input of the Berkshire amplifier; in the other

he cable and load were attached to port 2 of the circul
here the signal from the resonator normally enters. Als
able 4 are noise measurements made under similar c

ions, except that the signal path from the resonator was
ected to the bridge. All of these measurements were m

TABLE 2
Noise Bandwidth (MHz) of Signal Amplifiers in the Bridge

Nominal
amplifiera

gain
Nominal filter bandwidth

(MHz)
Effective noise bandwidt

(MHz)

250 No filter 25.7
100 No filter 35.4
250 20 16.8
100 20 17.3
250 5 6.9
100 5 5.5

a This amplifier consists of components 57 and 58 in Fig. 1.
nder pulsed EPR conditions, with the PIN diode switches
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79ABSOLUTE EPR SPIN ECHO AND NOISE INTENSITIES
eing turned on and off. The measured standard devi
oise varied only 1–2 mV for various attenuations of the ou
f the 1-W internal amplifier or the 20-W TWT amplifier. T
ncertainty in the noise measurements is ca.61 mV for the
igh-gain MITEQ and Berkshire amplifiers and less than 1

or the other two paths.
To test the noise produced in the bridge itself, a 50-V load
as put at the end of a 24-inch (1 inch5 2.54 cm) flexible
able on the input to the bridge, in place of the signal from
esonator. When the noise was measured with no filte
ollowing the DBM other than the inherent filtering of t
omponents, we observed the values in Table 4. The mea
utput standard deviation noise voltages were divided by
easured overall system voltage gain to obtain the equiv
easured input noise voltages tabulated. For example, wi
GR at 294 K and using the high-gain MITEQ amplifier
ctual measured output standard deviation noise was 80
ividing by the gain yields an equivalent input noise of
V. The calculated value for this case was 4mV. The equiv-
lent input noise voltages give an indication of relativeS/N,
ince the gain affects noise and signal in the same way.

COMPARISON OF MEASURED AND PREDICTED NOISE

From Table 4 it can be seen that the calculated va
ompare very well with the measured values when no m
ave amplifier is used. This indicates that the parameter

he DBM and the gain and noise bandwidth of the ampl
fter the DBM are accurate. The calculated and meas
alues do not agree as well for the paths that include one o
ow-noise microwave preamplifiers, with discrepancies
arge as 20%. However, the ratio of the measured and c
ated noise voltages for 294 and 77 K agree to within a
ercent. This agreement indicates that the measured
oltage is primarily thermal noise, and the discrepancy
ween the calculated and measured noise voltages is
ikely due to inaccuracy in the overall voltage gain estima

e are not aware that this level of quality of spectrom
erformance has previously been demonstrated. The ob

ion that overall spectrometer system noise performance is
escribed by the model presented above validates this m

or future spectrometer system design.
Reviewers of this paper and other colleagues have inq

bout whether the small discrepancies between calculate
bserved noise in this study could be due to what is some
alled “excess noise.” Experimental noise due to therma
ects (31–33) on conductors (now known as Johnson no
grees with predictions based on thermodynamics and st
al mechanics for most conductors (34, 35), and the agreeme
xtends to the microwave region (36). The statistical cond

ions are different for devices such as thermionic tubes
hotoelectric cells and for other devices not obeying Oh

aw (34). The documented exceptions to the prediction

ohnson noise involve resistors which are granular in natur0
on
t
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uch as composite carbon resistors and sputtered meta
31). The physical picture presented (31) involves a fluctuatin
esistance at the points of contact between granules. The
f resistor used as a load in the study reported in this pap
metal film resistor (verified by the manufacturer) which
noise temperature essentially equal to its physical tem

ure.
Another possible question concerns the effect a chan

esistance will have when the load is cooled. We consider
ossible effects. One is that the noise from the load
ecrease as the temperature is lowered due to the Boltz
istribution. The second effect is that the resistance m
hange and thereby affect the matching. If only the matc
hanges the noise will not change. This is because the
ower attenuated by the mismatch is made up for by the
ssociated with the mismatch. Any change in the source
ue to the Boltzmann distribution will be propagated to

ollowing stages in the circuit. Furthermore, the 50-V load
sed in the tests was measured on a Hewlett–Packard Ne
nalyzer at temperatures from 77 to 290 K. The reflec
oefficient was essentially constant over that range of tem
tures.
Finally, the equations used, and in particular Eq. [22], f

ccount for mismatch (see (30), particularly Chapter 8) and th
ffect of mismatch on noise.

COMPARISON OF PREDICTED AND OBSERVED
SIGNAL AND NOISE

Using the gains appropriate to the “high-gain” MITEQ a
lifier and gain5 250 for the amplifier that follows the DBM
e calculated 3.0-V echo and observed 2.9-V echo. T
alues agree within the uncertainty in each of them. We
erved single-shotS/N 5 30 to 50. The calculated echo sig
t the resonator was 190mV, and the observed equivalent inp
oise voltages at 294 K were ca. 3–4mV, in good agreemen
ith the experimental S/N.
The measured noise is close to that predicted based o

roperties of the components in the bridge, with the input to
ridge being the thermal noise from a 50-V load. (Note that 1
B 5 12% in voltage.) These conditions approximate the
ommon in most spectrometers, where there are lossy elem
oom temperature even if the sample is cooled to cryog
emperatures. The question to be answered is whether a low
mplifier, even a cooled amplifier, is of any value in such a c
oth the measurements and the calculations show that for

emperature operation even a low-gain (27.8 dB) low-n
NF 5 1.44) amplifier improvesS/N by a factor of 7 to 8 relativ
o no microwave preamplifier, because of the high noise figu
he subsequent stages in an EPR bridge (16.4 dB, see F

hen all components before the low-noise amplifier are at 7
he improvement inS/N is 9 to 10. Our model indicates th
mproving the noise figure of the amplifier in the bridge to NF5

e,dB (i.e., a perfect amplifier that adds no noise) would decrease
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he calculated output noise from 66.8 mV to 60.2 mV for
igh-gain amplifier and from 11.1 mV to 9.6 mV for the low-g
mplifier. Since the output EPR signal would remain the s

his improvement in noise figure would result in an improvem
n S/N by 10 and 13.5%, respectively. Thus, there is a measu
dvantage with an improved microwave preamplifier in the ro

emperature bridge, but as will be discussed below, greate
antage accrues from placing the amplifier closer to the sa
nd cooling it.
The calculated values in Table 2 are based on the gain

osses listed in Table 1 and Fig. 4, with all noise being du
hermal noise in the lossy elements and the noise added b
mplifiers used. The measured noise is always higher tha
alculated noise. Should the excess of measured noise ov
ulated noise be attributed to noisy electronic environment o
ridge? Such attribution is made implausible by the close a
ent (within 3% worst case) with calculation of the noise re

ion upon cooling the 50-V load. Nevertheless, we need to c
ider possible reasons for the discrepancies. The higher the g
he amplifier, the larger the discrepancy between the calcu
nd measured value. The disagreement is larger than ou
stimates of the uncertainties in the measured gains and l
onsidering the versatility built into the bridge, with many al
ate pathways for both source microwave energy and signa

he fact that there are two power amplifiers in close proximit
he low-noise signal amplifiers, a “sneak” path which contrib
n additional noise source not included in the model is pos
lacement of microwave absorber material near the low-
icrowave preamplifiers prior to the measurements reported
id decrease the noise, especially low-frequency noise, mea
nder some conditions in CW, and especially superhetero
PR. A single-purpose bridge, optimized to decrease the
etween the resonator and the amplifier, would also minimiz
umber of connectors through which additional microwave po
ould leak and presumably would give lower noise perform
han the bridge described here. However, were there an add
ontribution of noise in the bridge, it would not explain the exc
oise observed with the Berkshire amplifier, which is physic
emote from the bridge. An alternative explanation for the hi
han calculated noise would be that the gains of the amplifie
igher than we measured them to be, or the noise figure
igher than the manufacturers reported them to be. Althoug
annot resolve these matters to better than the 20% (maxi
iscrepancy, a crucial observation is that cooling of the 50-V load

o 77 K resulted in a decrease in noise, in agreement wit
odel. As pointed out above, these measurements demo

hat the dominant noise in this spectrometer is thermal nois

HOW TO IMPROVE SPECTROMETER
S/N PERFORMANCE

Any loss between the resonator and the first stage am
ation proportionately decreases theS/N. Hence, the flexibility

uilt into the spectrometer described here is a direct tradeom
e,
t
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ith S/N performance. To optimally implement any of t
pecial experiments designed into this spectromete
witched paths, a special-purpose path should be built in w
he signal does not undergo the losses of the switched p
or example, for CW operation betterS/N would be obtaine
y removing the limiter, which contributes most of the l
rior to the amplifier in the present system. Based on the m
resented, one can predict that placing the Berkshire amp

mmediately on the output of the resonator instead of sen
he signal through the circulator and limiter, should incre
heS/N by ca. 1.5 dB (19%). The only practical way to put
mplifier at this location would be to use a cross-loop reson
5, 6); however, we consider the alternate location of the
lifier to illustrate the effect of various losses in the system

he Berkshire amplifier were replaced with a perfect amp
NF 5 0 dB) directly on the output of the resonator, theS/N
ould improve by 2.4 dB (32%).
When the first amplifier is the amplifier in the bridge, th

s 3.9-dB signal loss prior to the amplifier. If the amplifier w
irectly on the output of the resonator the signal would incr
y a factor of 1.6. This loss is reduced from 3.9 to 1.5 dB
sing the Berkshire amplifier in the present configuration (
a). The Berkshire amplifier has about 3 dB lower gain than
igh-gain MITEQ amplifier in the bridge and about the sa
oise figure, at 2.77 GHz. Accounting for actual performa
s best we can estimate it, we predict an improvement oS/N
f about 33% when the Berkshire amplifier is used relativ
hen the high-gain MITEQ amplifier is used, and for sin
choes we observeS/N 5 51 and 36 (echo extrapolated

ime zero), respectively, an improvement of 42%.
For perspective onS/N improvements, note that over the f

istory of commercial EPR spectrometers, the improveme
/N attributable to bridge and console electronics (as opp
o resonator improvements) has been linear in time, from c
n the late 1960s to ca. 360 in the latest Bruker spectrome
his comparison is for CW spectra of the standard weak
ample in a TE102 rectangular cavity resonator. See (37) for a
iscussion of the use of the pitch standard and changes
easurement over time.
Standard CW EPR spectrometers inherently have h

oise than the ESE spectrometer described here, becaus
W spectrometer microwave source power is on during
ignal observation. Some source power is reflected from
esonator due to imperfect match, and power leaks throug
irculator due to imperfect isolation, adding source noise to
PR signal.
Not discussed in this paper are improvements inS/N that

an result from optimization of the resonator to the spe
copic problem. For example, when thermal noise from
esonator dominates,S/N is proportional tohQ, so it will
ncrease linearly with the filling factor,h, if the resonatorQ
oes not decrease due to the proportionately larger sa
imilarly, the Q should be as high as is consistent with

ffaximum permissible dead time for time-domain experiments,
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s discussed in (21). For nonlossy, unlimited samples drama
mprovements in CWS/N are achievable with high-Q resona
ors, if the source noise does not dominate. As has been s
or ESE (21), it is always better to overcouple a highQ
esonator than to use an inherently low-Q resonator to decrea
ead time.

COMPARISON OF PULSED AND CW EPR
SIGNAL INTENSITIES

The ratio of CW EPR signal intensity to electron spin e
ntensity for the same sample is the ratio of Eq. [3] to Eq. [
or clarity, setb 5 1, which is always experimentally possib

f the relaxation time is long enough. The algebra simplifie
t is noted that one can use the substitutionsQL 5 vL/ 2R,

5 m 0 A/l , wherel is the length of the loop–gap resona
nd=P/(l=R) 5 H 1, with which it can be shown that

CW

Echo
5

gB1

Dv
5

B1

DB
. [25]

or convenience, we have written the ratio in both freque
nd field units. This ratio implies that if the echo is formed
ll of the spins in the sample (see Eq. [12]), the unsatu
W spectral intensity is equal to the microwaveB1 divided by

he EPR linewidth, times the echo intensity. Most comme
PR spectrometers have an output microwave power o
W. For a standard rectangular resonator (loadedQ ' 3600),

his corresponds to aB1 at the sample of ca. 0.5 G. If the EP
ine is about 2.5 G wide, which could be fully excited b

icrowave pulse, then the unsaturated CW EPR intens
00 mW would be ca. 0.2 times the intensity of the echo
ractice, most CW spectra are obtained with magnetic
odulation. If the magnetic field modulation were appro
ately equal to the linewidth, this ratio would still hold. Su
large magnetic field modulation would distort the signa

n practice a smaller modulation amplitude is usually u
esulting in a proportionately smaller CW signal relative to
cho signal.
The presentation of noise in terms of equivalent input n

oltage (Table 4) helps one compare thermal noise voltag
ignal voltage values (the signal is essentially RMS, so
umbers are directly comparable) at the resonator (see
). For the quartz sample used in these experiments we c

ated an echo signal at the resonator of 190mV. The compa
able thermal noise voltage is 2.2mV in a 50-V load if there is
5.7-MHz bandwidth (noise power available is2174 1 10

og(bandwidth) dBm). Another way of saying this is that if
f the active devices had NF5 0 dB, the equivalent input nois
oltage would be 2.2mV, so a 190-mV signal would have
/N 5 86, and a 2.2-mV signal would be detectable wi
/N 5 1. The sample contained ca. 9.43 1015 spins (based o

he sample size and concentration, as given above). The et
wn

o
].
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00
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e
nd
e

ble
cu-

rapolated ultimate sensitivity then is ca. 1.13 1014 spins with
/N 5 1 if the only noise is thermal noise. The number
pins detectable with S/N5 1 decreases if the bandwidth
arrower, since the noise is proportional to the square ro

he bandwidth. One way to narrow the effective bandwidt
o signal average (38), in which case the effective noise ban
idth decreases with the square root of the number of s
veraged. Thus, it is not totally artificial to consider a p
xperiment with a 1-Hz bandwidth due to signal averaging
e consider the hypothetical case in which the ESE dete
ystem has a 1-Hz bandwidth in order to make a rough
arison with CW EPR sensitivity specifications. The ther
oise voltage in a 50-V load at 290 K detected with a 1-H
andwidth would be 4.53 10210 V, and one could observ
.2 3 1010 spins with S/N 5 1 and other parameters ke
onstant.

COMPARISON WITH X-BAND SENSITIVITY

It is well-known that state-of-the-art X-band EPR spectr
ters are stated to have a CW sensitivity (S/N 5 1) equivalen

o 0.83 1010 spins/G at 200 mW for a nonsaturable, nonlo
ample, extending through a TE102 cavity, assuming anS 5 1

2

ystem with a single Lorentzian line, with 1-s time cons
nd optimum magnetic field modulation. Note that the stan
ommercial definition of noise for sensitivity tests is peak
eak divided by 2.5, whereas the standard deviation nois
se is more nearly equal to peak-to-peak divided by 5, b
ome conventions various numbers of noise spikes are ign
o compare the number of spins required forS/N 5 1 in the
-band spin echo experiment with the current CWS/N spec-

fications for commercial X-band spectrometers it is neces
o consider differences inhQ, spectrometer frequency, a
etection system bandwidth. Our best estimates of theQ and
lling factor are that thehQ product is roughly twice as larg
or the quartz sample in the S-band resonator as in an X-
E102 cavity. However, if the same number of spins as in
0-mm-long sample were extended along the entire leng

he X-band cavity, analogous to the weak pitch sample us
ensitivity tests, the signal would be about a factor of 2 we
0.39 for a line vs a point sample, accounting for the non
orm distribution ofB1 and modulation amplitude, and 0.5

TABLE 3
Measured and Calculated Echo Amplitudes

Amplifier path
Observed echo,

corrected to time5 0 Calculated ech

No amplifier ca. 0.019 0.019
Low-gain 0.43 0.48
High-gain 2.9 3.0
Berkshire 2.2 2.4
x-he modulation were uniform, according to Ref. (39)). Thus, to
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ithin our ability to estimate relevant parameters, theQ, h,
nd modulation distribution factors approximately cancel.

ng a critically coupled resonator for the X-band CW meas
ent instead of an overcoupled resonator (as used fo
-band echo measurement) would result in a factor of c
tronger signal at X band (21). The frequency difference per
ould result in a factor of ca. 3.47/4 stronger signal at X ban
ther things being equal (40, 41). The ratio of CW to ech

ntensities, calculated above, was ca. 0.2, so the net effec
e that the X-band CW signal will be roughly 23 3.47/4 3
.25 3.4 times the S-band echo signal. Within the accurac

hese estimates we would predict a sensitivity of 6.53 109

pins/G at X band if all of the spins contribute to a 1
orentzian line. Since errors from approximations could t

o accumulate, we estimate the sensitivity by a different p
tarting with 0.83 1010 spins/G, and then using Eq. [3] forVS

ith best estimates ofh (ca. 1%) andQ (ca. 3600) we calcula
n X-band signal voltage of ca. 63 10210 V prior to amplifi-
ation. This compares with the noise voltage of 4.53 10210 V
n a 1-Hz bandwidth, yielding S/N slightly greater than
ithin the accuracy of the estimates.
The actual noise in the S-band measurement is sli

igher than the thermal noise used in these estimates be
f the noise added (Eq. [22]) between the resonator an
nal recorded signal. Similarly, the CW X-band EPRS/N
pecification is for a spectrometer for which noise is gre
han the thermal limit. Current X-band CW spectrome
robably have noise contributions from microphonics (inc

ng that due to use of high modulation amplitude), source n
especially at high microwave power), and detector pream
er noise (most spectrometers do not use a low-noise m
ave preamplifier). However, current commercial X-band
pectrometers are within small factors of the bestS/N we can
stimate by these methods. The standard weak pitchS/N mea-

TAB
Equivalent Input

Amplifier path
Voltage

gain

50-V load, 294 K

Calculated Measured

o amplifier 127.5 30.25 29.8
ow-gain 3112 3.55 4.1
igh-gain 21,280 3.14 3.76
erkshire

erkshire, 50-V load on
circulator input 11,560 3.2 3.9

erkshire, 50-V load on
amplifier input 13,740 2.7 3.2

a Equivalent input noise is the observed output noise divided by the g
s slightly different from the gain estimated from the sum of parts (Fig
omponents. The values in Fig. 4 were used in the Friis equation to ca
urement is performed with magnetic field modulation largee
-
-
he
2

ill

f

d
h,

ly
use
he

r
s
-
e

li-
o-

han the linewidth to maximize the signal amplitude (altho
istorting the lineshape) and thus approximates the ass

ions used in our treatment of the CW signal. Thus, both
W and the echo experiments measure approximately the
ignal voltage. Note that in a field-modulated CW meas
ent in which the lineshape is to be preserved, the modul
mplitude should be less than about 1/10 of the linewidth

he signal voltage is substantially reduced from the maxim
ossible.
A key message from this example is that sensitivity (S/N)

ifferences between CW and pulsed EPR are a strong fun
f detector bandwidth and modulation amplitude.
The primary task in applying the approach presented in

aper to other spectrometers is measurement of the prop
f the resonator and of the components in the signal pat

CONCLUSIONS

The validity of the model is shown by the agreement w
xperiments for the echo signal and noise for the four s
aths compared. The primary conclusion is that the extrem

ow-noise (by historical standards) microwave amplifiers
vailable significantly improveS/N compared with signa
aths without a microwave preamplifier. In addition, there
istinct advantage to having the microwave amplifier as c

o the sample as possible. In addition, if the amplifie
oolable, its noise figure should decrease with a decrea
emperature. The calculations also show that having this
rowave amplifier cooled, especially when the resonator
ample are cooled, will yield the bestS/N.
Absolute echo amplitudes and absolute noise can be c

ated to within the accuracy with which the properties of
esonator and the gains and losses of the microwave co
ents in the signal path can be measured. The calculation

4
se Voltagea (mV)

50-V load, 77 K
Voltage

gain

LGR, 294 K,b 5 12

Calculated Measured Calculated Mea

30.18 29.8 101.3 38 37.
2.97 3.4 2472 4.5 5.3
2.47 2.9 16900 4.0 4.

12320 3 3.5

2.6 3.1

1.9 2.2

of the measured part of the system. Note that the end-to-end voltage g1)
and Table 1) due to roundoff and uncertainties in gains and losses ofal
late the equivalent input noise voltage in this table.
LE
Noi

ain
. 4
rxperimental approach applied here to a specific S-band ESE
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pectrometer can be applied to guide attainment of the ulti
ossibleS/N for other pulsed EPR spectrometers.
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