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EPR signal and noise, calculated from first principles, are com- DESCRIPTION OF THE S-BAND SPECTROMETER
pared with measured values of signal and noise on an S-band (ca.
2.7 GHz) EPR spectrometer for which all relevant gains and losses The S-band (2-4 GHz) EPR spectrometer (Fig. 1) was bui
have been measured. Agreement is within the uncertainty of the 54 much the same design philosophy as our L-band spectrol
calculations and the measurements. The calculational model that — gtgr @). Since this spectrometer serves as an engineeri
provided the good agreement is used to suggest approaches 10 giation for the development of new spectrometer and resona
optimizing spectrometer design. 1099 Academic Pres _ concepts, itis constructed with extensive flexibility, and as wil
tenift{/.\/;/izr:asl‘i:i'iSE.SEC’)ise;ewon spin echo; absolute signal in- o discusged below, bett®N would be obtained if there were

‘ ’ ’ fewer devices between the resonator and the detector. Ho

ever, this extreme flexibility facilitated the comparisons re
ported here. We list below the properties of the components
the EPR signal path. Some of the specific components may |
longer be available commercially, and/or components wit
better specifications may now be available, but the numeric

Electron spins could be used to understand many problegagues for these particular components are crucial to the qua
in materials sciences and biomedical sciences if the EPR sigtiltive analysis presented.
were strong enough. A crucial question then is how many spinsA pair of transfer switches (components 70 and 71—-con
should one be able to observe? To address this question poaent numbers throughout the text refer to the numbers
needs to calculate absolute signal intensities and compare theigs. 1 and 2) provide multiple signal paths and facilitate
with noise for a particular spectrometer configuration. Gene@ploration of the properties of spectrometer components ai
introductions in texts and monographs express results in terf@sonators, especially the crossed-loop resonétd)( There
of the relative signal-to-noiseS(N) ratio. Absolute signal and are many signal amplification options. One path has no micr
noise measurements are much more difficult, because one ¥aye amplification in the bridge. Most commonly, this is usec
has to measure all gains and losses and characterize noiseifhg§pnjunction with an external microwave amplifier, such a
accompanies the signal. The absolute determination of si§ coolable Berkshire amplifier (component 108) in the cry

concentration has been described as the most difficult meas@&at assembly as described below (Fig. 2). We have also us
ment one can make with EPR equipment 2. Alger (2) it here to compare signal and noise with and without a micrc

summarized the state of the art as of 1968, and little has bé’&%ve preamplifier. Also in the bridge there are two paths wit

reported since then. Hyde and co-workers analyzed the sigénI r?nV\;adV:ba;/ml\ﬁ:lpgg' (Jgﬁggairgghagvsv $§rr£)p%r§rgza3iﬁsag

aqd noise of a spectrqmgter for the case in Wh'(.:h SOUTS 7 and 27.7 dB at the frequency (ca. 2.7 GHz) at which mo
microwave power was |nC|den't during data C(?||ECtI0n (.e'gof our measurements were made. To compare the echo amj
saturatpn recovery) and considered the_ _relatlve benefits tﬁae obtained using the Berkshire amplifier with that obtaine
cryogenically cooled microwave preamplifier3).(They ob- ,qing the MITEQ amplifiers, it was necessary to add a coaxi
tained good agreement between calculated and observed RMBe 1o bypass the Berkshire amplifier and then select the pe
system noise voltages. o _in the bridge that uses one of the MITEQ amplifiers. Althougt
This paper reports EPR signal and noise in an S-band timige spectrometer assembly includes a cryostat, and one am|
domain EPR spectrometer and compares the measured vafifSis located in the cryostat, unless specified otherwise ¢
with calculated values. Agreement is within the uncertainti¢heasurements reported in this paper were taken at room te
of the comparison. On the basis of these results we outline gérature, which was ca. 294 K.
approach to designing spectrometers to maxiri2¢in time- The resonator used, Fig. 3, is of the loop—gap resonat
domain EPR. (LGR) type (7) and is conceptually similar to resonators usec

69 1090-7807/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.

INTRODUCTION



RINARD ET AL.

70

5| ¥o1v70SI %:uﬁnﬂ_w €

JOLBINAOK
‘Hd—-aQuNo

) _.m._ do1v0sI @D (5

L]

MT SLINDAIDINIKW
aprec+

&)

JoLv0SI @ Tn_

il

Exe]

¢]

HLIMS 5| [AOLINS
zEQ._ zE@M_ 80L1v1051¢3) Tl
€

£]

apoy+

€

d3L1I7dS gPE 0

Le]

Y31 4IHS
3SYHd

@U eI ]
SSYUd-HOIH

AOLUNNILLY
INgUIAYN 8P08

LNYLSNOD-3SUHd

1ML L1vm 02

1NdNI 24

diY
r2roT-HZ
SL1INJYIDINIW

3317114 SSYS-HOIH @

HOLIMS NId|[0a73

Td

P gaxXIW HOLINS
NALLY | aTdNyv8-318n0a Tm sorost () I NId @xI 40107081 €1 _L~
<] —o€ v o
? w e] [T wmarns sessumas
2 Y3XIW 1 1 20
.I..r_‘* m%uz,“émlu._m:oo 3 @ L _ 2a ? @
= QTSEAH 06 =
[ Gy | 407
34028011250
3705N0D A T+ 897
oL & — I
Y3 @ | 2uL TyL
ZHY 0L [O—~2 a0 @w @w
69 it s (¥3LIWINGN) sd3is gpet
o249 1x3 NLIY 8P 03
Sd3l1s apl
| "NLLY 8P6 §)
& 2 FETEICS
0* @ J5oHa @
[ \arez-] |[ grPe1- | ANIZA
[ (23] &5~ | soFmsiwix [FALINIT AOLETINDNID
Ce®uan [T
TYLSAAD 133 sye9 D3LIW
{ LT @ | wal._mou
JIKIW 931714 || [HoL1Ins @ _ .
igFez\ g | J_Qmuzq._qmum._m:ooe_qw_ moE._omH._ﬂ_ SSYd HOIH I\ NId moE._omH.Tl_ 8po2-— ‘@l_
x_ z H3IL3WTAGN
INIOd' 1§31 ‘M1> ‘034 «_|[ BPE- | [Tapeeo) ® _
(¥-S) A0HIST ¥O M (s+189193 | HYINITWOD "1%3 01 _.|E BPoE=
(353> wvox08 33s> [ ¥3LIT | _ ® m
01 LNdLNO Gl = [LIADYID "¥1D 0334
123735 oL SX ‘2X :1D373S NI [ o “INI oL ®
aNIT AYT3Q 34005 = ~ 30800S
Wy e GoTX | > IxI>——t0
SONT 93 LA 370SNOD NYINUA OL _® © &g WO Mu 0S
34025
0 owan dWYFAd ZHYN0OT (€] woiros: @
A00719 O LY INAOK "NLLY gprec2
Le] v220




ABSOLUTE EPR SPIN ECHO AND NOISE INTENSITIES 71
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FIG. 2. Schematic diagram for the spectrometer components located in the cryostat rather than in the bridge. All cables are semirigid coax with bitier sol
or tinned braided shield, 0.141 inch in diameter. All connectors are sma. The bridge is connected to the cryostat assembly with two flexiblelenavihl sata
connectors. (101) 22.9-cm coax; (102) magnetically shielded circulator (Passive Microwave Technology), positioned approximatelyBa(dit8)t@0.3-cm coax;
(104) 22.9-cm coax built into the resonator; (105) 7.6-cm coax; (106) GaAs diode limiter, 1.4-dB insertion loss; (107) 7.6-cm coax; (108) micramaliep,
Berkshire 41.8-dB gain at 2.7 GHz, 50—62 K noise temperature at room temperature, (1.0-dB NF); (109) 30.5-cm coax; (110), (111) sma bulkhegh; fgeidihro
7.6-cm coax; (113), (114) sma 90° bend; (115) resonator described in Fig. 3. The various coaxial cables and sma adapters were dictated by théhgeoyastat o
and the size of the magnet (e.g., to keep the circulator in as low a magnetic field and as low a temperature (when cooled) as feasible).

in some EPR imaging studie8)( The resonator has a 4.2-mm-conductor that penetrates into the capacitive gap. For each ec
diameter, 10-mm-long, inductive loop, in order to hold a staexperiment, theQ was measured by recording the resonato
dard 4-mm-od quartz sample tube, and a 10 by 10 mm cap&dag-down after a pulse.

itive gap with 0.46-mm spacing. It can be described as aThis study used the irradiated fused quartz standard samj
reentrant LGR. However, the reentrant loops are rectangulgd), which is available from Wilmad. This sample is 2 mm in
with 10 by 12 and 12 by 12 mm cross sections, to obtain d@ameter and 10 mm long and was held in a 4-mm-od quar
large a filling factor as possible within the space constraints sdmple tube (Wilmad) to position it in the resonator. In thi:
the cryostat. The assembly for coupling the resonator to thesonator, the filling factor for this sample was calculated to b
transmission line, sketched in Fig. 3, is designed to permit bd@tb% by using Ansoft Corporation High Frequency Structur:
critical coupling for continuous wave (CW) EPR and overcousimulator (HFSS) software to calculaB$ over the sample.
pling to reduceQ for pulsed EPR. Maximal overcoupling of This measure of filling factor, relevant to CW EPR, is a usefu
the resonator occurs when the copper leaf on the end of thdex of resonator performance.

center conductor of the transmission line almost touches theMicrowave pulses were amplified either by a 1-W MiniCir-

FIG. 1. Schematic diagram for 2—4 GHz CW, ESE, and SR microwave bridge. In the following list of components, parameters such as gain and nois
are given as the minimum and maximum over the 2- to 4-GHz frequency range. When the variation is not large, an approximate average is listed. Nun
not consecutive because components used in a prior version of the spectrometer were deleted from the final version. (1) Engelmann CC-24 5@mW
(2) Virtech V31240 isolator; (3), (23), (26), (53), (55), (72) DowKey 401-2208 coaxial switch; (4), (5), (62) Merrimac CSM-30M-3G 30-dB diredtigiet;

(6), (16) UTE CT-3240-OT isolator; (7) Merrimac PDM-22-3G directional coupler; (8), (20) Arra D4428C phase shifter; (9) Midwest Microwave 1072 |
9-dB step attenuator; (10) Midwest Microwave 1071 0- to 60-dB step attenuator; (12), (14), (19), (27), (29), (45), (47) P&H Lab C-1-S263221i8pl418;, (
(46) General Microwave DM864BH pin diode switch; (15), (38) Merrimac CSM-10M-3G 10-dB directional coupler; (17) Vectronics DP623.0-67HSs&bit ¢
shifter, insertion loss 1.15-2.35 dB, 0, 90, 180, 270° within 4.6°; (22) Arra P4952-80XS phase-constant attentuator; (24) Hughes 8020H 20-W TW
MiniCircuits ZHL-42 1-W amplifier, 30-dB gain; (28) two M/A Com 2660-9058-00 pin diode switches in series; each has 51.3 dB isolation, 0.9 dB inse
loss, and switches ir:27 ns; (31) Virtech VF1556 four-port circulator. 0.8-dB insertion loss; (32) Alpha MT8310A-MF limiter, 0.6-dB insertion loss, 65-m
leakage at 200-W peak, 50 mW at 3-W CW, 15-ns recovery; (34) MITEQ AMF-3B-020040-12 0.9-1.1 amplifier, dB NF, 40.7- to 43.2-dB gain (se
measurement reported in text); (35) MITEQ AMF-4B-2040-7 amplifier, 1.24- to 1.67-dB NF, 27- to 29-dB gain; (36), (69) Dow-Key 435-5208 SP3T cc
switch; (37), (54) Merrimac CSM-20M-3G 20-dB directional coupler; (39), (40), (61) Virtech VTP2040 crystal detector; (41) Midisco MDC7225 8D° hy
splitter; (42), (43) MiniCircuits ZFM-4212 DBM: (44) Midisco MDC2225 0° power splitter; (48) Western Microwave MN23LX DBM; (49) Arra 4814-20 20-
adjustable attentuator, 0.5-dB insertion loss; (50) Inmet 8037 DC block; (51) M/A Com MA2696-0101 biphase modulator, 173°, 1.6-dB inserti@) los:
Virtech V31-2040 isolator; (60) Reactel 4HS 1800S22 highpass fittég-dB insertion loss below 1 GHz 0.5-dB insertion loss above 1 GHz; (63) Midwest
Microwave 5011-20 20-dB directional coupler; (64) Midwest Microwave 5011-6 6-dB directional coupler; (65) MiniCircuits ZHL-1042J 25-dB gé#ierampl
4.5-dB NF; (66) 7-dB fixed attenuator; (67) 10-dB fixed attenuator; (70), (71) DowKey 411-2208 coaxial transfer switch; (74) JCA Technology JCA2
22-dB gain amplifier; (75) Microphase CTM324P crystal detector; (76) Advanced Control Components ACLM-4531C limiter. For the 100-KHz amplifier
the time domain signal amplifiers (57) and (58), and the 70-KHz amplfier (59), see Figs. 3, 4, and 5 dj,Réfidh also provides a general discussion of the
design philosophy and functionality of this type of bridge.
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FIG. 3. The resonator used for this study is a loop—gap resonator with a confined return flux path. The region into which the sample is placed is -
in diameter and 10 mm long. The capacitive region is 10 by 10 mm, with 0.46-mm spacing. The reentrant lops are rectangular, with 10 by 12 and 12 by
cross sections, to obtain as large a filling factor as possible within the space constraints of the cryostat in which it was used. Slots cut in gosapgiait
penetration of magnetic field modulation for CW EPR. The coupling mechanism, which is adjustable from outside the cryostat, is shown expanded. Th
screw has 8—-80 threads for fine adjustment of the beryllium-copper leaf spring, whose proximity to the inner conductor of the coaxial cable vapksghe c
of the resonator to the transmission line. The resonator was made of tellurium copper alloy No. 145 and was not plated. The room temperatwauplitidally
Q was 460 and it could be overcoupled for pulsed EPRte- 70.

cuits amplifier (component 25) in the bridge (whose saturatdte path from the resonator to the display. Comparison ¢
output, measured at the bridge output, is 0.7 W) or by a Hughesally measured losses for various microwave componen
8020H traveling wave tube (TWT) amplifier (component 24)with manufacturer specifications revealed that in most cas
whose saturated output at the frequency used, measured atlieemanufacturer specifications and factory test results, whi
output of the bridge, was ca. 8 W. Microwave pulse, phasgually were reported as “less than,” did not provide th
shifting, and detector protection timing and control were imaccuracy needed to analyze the spectrometer performan
plemented with a locally designed programmable timing unitonsequently, we measured actual losses for sections of t
(10). Microwave pulse lengths usually were 40, 80 ns, chosgg-built spectrometer and actual gains of the amplifiers. Th
to ensure that the pulses were minimally affected by the resgvolved measuring the power input to a portion of the micro
natorQ. The attenuation of the input to the TWT was adjustegave circuit and measuring the power out of that portion of th
to maximize the echo amplitude. This is approximately thgrcuit. The microwave power sources used were the intern
condition for 90°, 180° pulses. Our HFSS calculations shoyhyrce of the bridge or an auxiliary Wavetek Model 962 Micrc
thatB; in this resonator is uniform within 7% over 8 mm a”dSweep (1-4 GHz). The values reported are the average
within 20% over the entire 10-mm length of the sample. seyeral measurements made with repeated calibration and

Microwave powers were measured with a Hewlett-Packagging of the HP435B power meter. Gains and losses for variol
435B power meter, which has a range of @&/ to 3 W with - o5 honents change with frequency over the octave bandwic
the sensors available. Values on the lowest scale of eyq prigge. Values reported in this paper are for the specif
HP435B had too large an uncertainty, due to meter drift, to l?r%quency of 2.68 GHz, at which the echo intensity measur

useful. Calibrated directional couplers and/or low duty cyclr(?.lents were made. A summary of the actual gains and losses

WeErehuse(rjntcl)itmdeasu\:elthlgherV[.;)/O\r/ve"r:. red by recordin resented in Fig. 4 and Table 1. Table 1 compares measu
cho amplitudes (voltages) were measured by reco g% nts made on the spectrometer system from resonator

echo with a LeCroy 9310A digital storage oscilloscope (DSQ). . L

. . . ridge output with the sum of measurements made on indivic

(LeCroy Corp, Chestnut Ridge, NY), using 80input, and the

X . . ual components and sets of components and presents «
noise was measured on the baseline after the echo, usin

computational feature of the 9310A, which provides a diregc%gigtn?f T’Ze'gggea'_‘t?:rr:lebzlsnst?; rtrr];as;lrcerrainot rS13 E?Z.gg
readout of standard deviation. 9 provi ! : uatl 'gn

and noise presented in this paper.
CHARACTERIZATION OF SPECTROMETER The DBM was characterized under conditions directly rele
COMPONENTS vant to its use as a detector for the electron spin echo (ES
signal in the spectrometer. A power meter was used to calibra
To compare calculated and observed signal and noise itthie devices and powers used. Power from a microwave sour
necessary to know the gains and losses, including mismatchwias split and attenuated to provide phase-coherent local osc
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FIG. 4. Schematic signal path with gains and losses noted. The vertical dotted lines separate, from left to right, the cryostat, the cables from the tc
cryostat to the input of the bridge, the bridge, and the cables from the output of the bridge to the signal display system. The collections of cocipdednts
within each gain or loss block was dictated by measurement convenience. Tests on individual coaxial cables and connectors were too inaccefate to |
because the losses were so small, so larger functional units were measured collectively. Gains and losses (negative values) are in dB. Alsodiagedrn tf
are the points at which a 50-load was attached for noise tests reported in Table 2. Th@ &d was at the end of a 2-foot flexible coaxial cable (0.55 dB
loss), for ease of inserting it in liquid nitrogen. For tests using the amplifiers in the bridge, ddz@ was at the end of the same cable that normally carriel
signal from the top of the cryostat to the input of the bridge. For the tests of the Berkshire amplifier, the same cabl€ doad5@ere attached at the input
to the Berkshire amplifier and for another test at port 2 of the circulator.

lator (LO)-port and RF-port power to the DBM (Westerrthrough a calibrated attenuator, a TTL-driven biphase mod
Microwave part No. MN23LX). The LO power was set to dator, a continuously variable phase shifter, and a calibrate
constant 9 mW £9.5 dBm). The RF-port power first passed0-dB coupler to which a power meter was connected fc
measuring the power input to the RF-port. The X- (or IF-)por
output was connected to the SDinput of a LeCroy 9310A

oscilloscope. For power calibrations, the biphase modulatt
was kept in a constant state. For DBM insertion loss measur

TABLE 1
Overall Spectrometer System Gain at 2.68 GHz

End-to-end sumof Ments, the biphase modulator was driven by a TTL-leve
Path gain (dB) Voltage gain  parts (dB) 2-KHz square wave (HP 3310A signal generator). This fre
_ _ guency is considerably lower than the high frequency respon:
Berkshire, no loss prior to ’ of the output (X or IF) port of the DBM. The modulation
amplifier 83.4 1.48< 10 83.3 lted i h h
Berkshire, including loss from resulted in a square wave response on the scope as t e
resonator to amplifier 81.20.2 1.24+0.03x 10 81.8 phase alternated between 0 and 180°. The output amplitu
No amplifier, from resonator, was measured with various calibrated attenuation settings
bypassing Berkshire the input to the RF-port. The peak-to-peak signal on the scop
. amplifier 401=01 101=1 401 divided by 2, eliminated the dc offset inherent in the DBM anc
ow-gain, from resonator . .
bypassing Berkshire yielded Fhe true dc output. For ea(_:h measurement the RF phe
amplifier 68.0+ 0.1 251+ 0.003x 10°  67.9 was adjusted to yield the maximum signal on the scop
High-gain, from resonator, thereby ensuring that the RF-port phase was the same as
bypassing Berkshire LO-port phase. Four measurements were made, with powe

amplifier 840-05 158+009x10 84.6 ranging from 8.0 to 14.%W input to the RF-port of the DBM,
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which are typical powers for ESE signals. Converting the This result is consistent with calculating the power level ir
voltage measured into the 30-termination in the LeCroy each harmonic, as was demonstrated by Don Nefif. (The
oscilloscope into power, we find an average mixer loss &burier series for a FW rectified sine wave of amplitude one (1
—1.44 dB. is

The measured conversion loss-61.44 dB when the DBM
was used as a phase detector may seem quite low in light of the
manufactur'er’s specification of 5.5t0 7dB conversion Ioss.'We 2 (142 cos ot — Z cos 4ot + & oS 6ot — - - ),
could not find a literature reference for this aspect of mixer
behavior. However, our insertion loss estimate was verified by (2]
a major mixer manufacture{). The insertion loss for a mixer
used as a demodulator (phase-sensitive detector) is quite dif- : . .
ferent than that commonly specified by the manufacturer forgndgthg Be(;gtivg ggopof\slv erand pOV\t/_er 'In E?l—clflh hg':c]rcnonic IS %40
mixer used as a frequency converter. Consequently, we provgg , 0.003, 0.00066. ., respectively. The difference be-

a detailed argument here. When the RF and LO frequencies{g\r/ en 0.9 dB and the measured 1.44 dB is attributed to co

the same, the DBM functions as a phase-sensitive detec{c?CtorS and other nonideal components in the DBM assemb!

Since the IF output of the DBM cannot pass the microwaye The manufacturer speC|f|cat|oi1 fora DBM 'S fcr Its use as
. o frequency converter, where the input RF signal is converted

frequencies, it is the average value of the nearly dc outpu . . :
0 main (sum and difference) frequencies and several hg

signal that is important. The output changes with time to tragn%onic components. In such a case the input RF power
out the amplitlide function of the RF |riput, €9 the shape divided between these several frequencies. If the same analy
the echo, but it is slowly varying relative to microwave fre- s outlined above is done for the case when the RE and L
quencies. The echo and the noise are similarly affected by requencies are not the same, and the LO signal is a lan
electrical properties of the mixer. In an EPR spectrometer, the are wave. the theoretical ineertion loss from the RE- to tf
LO comes from the same source that produces the signal Ei%ﬁfljlort is 3 éz dB for each of the sum and the differenc
is, therefore, the same frequency and is adjusted to be in phfa% uencies.xl 12. The 3.92-dB loss is the 0.915 dB calcu-
with the RF signal in the mixer. The LO is about 9 mW, anff q T ) )

the RF signal is in microwWatts. Under these conditions th%ted from. Eq. [1] plus the 3-dB loss due to d.“.”d'r.'g the powe
Into two sidebands. The manufacturer specification is for los

i i i full- FW ifier. Th .
Q:\)A(gr \f/:ﬂf élo(;:,saef:s\fﬁrtlei‘:l%i:§ ;nté v\ilvs\)/ : i(s th)e r:;';leeras tl5(5eater than the theoretical 3.92-dB loss for IF away from dc
cause it is the maximum loss over the specified IF bandwid

original sine wave, therefore the mixer output power levels a 1

proportional to the power on the RF-port. Except for a sm '

LO to IF leakage, which is specified by the manufacturer as a

dc offset in the IF output, none of the power in the detected EPR SIGNAL INTENSITY

signal is from the LO. For a peak signal voltage at the RF-port

of the DBM OT 1V the _RMS value 2'5 V2 and the relative CW EPR signal intensity (voltage) can be written in the forn

power, which is proportional toMzys), equals 0.5. The actual of Eq. [3]

power would be 0.5 W for 1-V peak input if the impedance '

level were 1Q). The detected voltage at the IF-port of the DBM

is a fuII-waye rectified sine wave with an ac ccnipo.nent at V= x"1Q \‘/ﬁ , 3]

twice the microwave frequency. The bandwidth limitations on

the IF response and the amplifiers following the DBM remove

the ac component and leave the dc component of the voltagéere Vs is the CW EPR signal voltage at the end of the

The dc component of a full-wave rectified sine wave ig 2/transmission line connected to the resonaididimensionless)

times the peak value. The power level of the detected signaissthe resonator filling factoiQ (dimensionless) is the loaded

then (2f)% = 0.405 W if the impedance were @. The quality factor of the resonatoZ, is the characteristic imped-

apparent insertion loss for a perfectly lossless mixer woudthce of the transmission line (in), andP, is the microwave

then be power (in W) to the resonator produced by the external micrc
wave source. The magnetic susceptibility of the sample,
(dimensionless), is the imaginary component of the effectiv

= 0.915 dB. [1] RF susceptibility, and for a Lorentzian line with width at half

.5
insertion loss= 10 Iog(o 405)
’ height= Aw at resonance frequenay,

This equation will yield the same result regardless of the
impedance level, so normalizing to{1l-impedance does not o 9 [4]
affect the result. X T XopNy:
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where of the work presented herd = 1. Since the flux density
produced byM, is woMy, ¢, is given by
. Noy?A2S(S + 1) po [5]
Xo= 3keT ' bo= nonA - M, [8]

In this equation the static magnetic fieBd = wo/y, Sis the whereA is the cross sectional area of the coil (resonator samp
electron spinkg is Boltzmann’s constan\, is the number of |oop), 7 is the filling factor, andu, = 4710". M, varies
spins per unit volumeT is the temperature of the sample in Ksinusoidally at the resonant frequeney, and if the magneti-
The permeability of vacuumy, = 4 X 10" T?J'm®. The zation is fully turned to thexy plane by the microwave pulse,
spin magnetization i81, = Hoxo = Bo/no xo- Therefore,  the peak voltage for a single-turn coil (a LGR) is

27 2
My = N, Y B;Z(_r8+ 1 JT'm 3 (=Am™Y), Ve = noAnwoMo [l
soM/H is unitless, as required, iIN agreement with 7).

The magnetization of the sample was calculated using E

and for [6] based on the spin concentratid,, of 3 X 10" spins/cni
(£10% uncertainty), measured by the technique described
v %8 (9). The particular quartz sample used in this study has abo

S=3% My= 0 60% the spin concentration as the one reported®jn Jsing

No 2T el |
B tabulated values for the fundamental constants, for this samy

) . S=3) M, =6x10*JIT 'm®at 293 K. The sample is a
If resonator size and sample size were kept constant and &“—'ﬁm-diameter by 10-mm-long cylinder, so the number o
noise is determined by the resistive losses in the resonator, tEBThs in the sample is 9.4 10®.
the frequency dependence of each term in Eq. [3] leads 10 aye need to take account of the actual spectrum of th
prediction thatS/N varies as™ in agreement with the anal- sample relative to the availabB at the sample. Calculations
ogous arguments put forth by Hoult and RichardS)(for ¢ gcno shapes were presented by Mir§, (16, who cor-
certain NMR cases. Since this paper deals with the dirgglcied an error in14). In our measurement8, was of the
measurement of electron spin echoes, it tums out to be MQtgne order as, or larger than, the linewidth, and the calcul
convenient for calculations to derive the formula for the echgyhs show that for this case the echo amplitude should a
intensity by a different path, as presented in the next secti%ach the maximum possible for the magnetizatit,.
However, this calculation is only part of the story. The Bloorr
CALCULATION OF TWO-PULSE SPIN and Mims calculation is for spins on resonance. Off-resonai
ECHO INTENSITY spins also contribute to the echo (or FIDB( 19, and am/2

ulse of strengttB, will rotate ca.B; G of spectrum approx-

Precessing electron spin magnetization induces acu”enﬁﬁbtely 90° (18). Thus, the Bloom and Mims calculation
the walls of the resonator. The task of calculating the result mewhat undefestima,tes the number of spins observed in
signal level encompasses four major steps. First, the relatiimé

bet tizati d sianal in th tori lcul omogeneously broadened spectrum. The EPR spectrum
etween magnetization and signai in the resonator 1s calcu irradiated quartz sample is only about 2.5 G wide at >
from first principles, using the inductance and resistance of t

resonator. The relation between EPR lineshape and microw%vsgnd’ and most ofthe spins are within a spectral width of abo
' .7 G at S band. Pulse widths, of 40, 80 ns were used,
1, as described by Bloonig) and Mims (5, 16, is used to 5

lculate th h litude. Then the sianal in th corresponding to a ca. 4.5-G bandwidth excited by the secol
cajculate the echo ampiitude. 7hen the signal In the resongigy, o selective) pulse. The 40-af2 pulse corresponded By
is transformed to the other side of the resonator coupli

. . : . a. 2.2 G. The 3-dB bandwidth of the resonator overcouple
device. Gains and losses from this point to the detector are usg Q of 70 was ca. 14 G. Thus, by any of these criteria, th
in the calculation of the predicted echo. : ’ : '

The elect X h it duced in th ‘ full spectrum was excited. As a further check the echo ampl
€ electron spin echo voltage induced in the resonatoryife yas measured farr2 pulses of 20 to 100 ns, adjusting the

given by incident power to maximize echo amplitude for eaghThe
echo amplitude was about 20% smaller for the 20, 40 ns pulse
Ve=N % [7] since theQ of the resonator was too high to fully admit the
dt’ short, rectangular, first pulse, and the second pulse was kept

twice the length of the first pulse. We also performed the ver
whereN is the number of turns in the resonator apglis the sensitive test for 90° pulses described28)( Our observation
magnetic flux produced by the spin magnetizatidn, For all of a clean null of thél echo in arr/ 2—r—m/ 2—T—m/ 2-T—echo
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sequence provided further assurance that all of the spins westgerei is the current in the resonator. Thus, the use of th
turned in these measurements. These several approaches tiltimg factor n is an approximation intended to avoid integrat-
problem converge on the conclusion that it is reasonable in timg over the sample. The approximation has to be defined f
case to usd, in Eq. [9] to calculate the echo amplitude. each case consistent with the experiment.

Then, from Eq. [22] of Ref.Z1), the output voltage of the To calculate the ESE signal voltage directly, substitute [13

resonator coupling structur¥g, is given by into [9],
Y
_ VB % _ B,
Ves =71 8 R Ve [10] Ve = wof M- —=dV, [14]
sample

where R is the resistance of the resonator adg is the ] ] )
impedance of the transmission line (usually @ The cou- and integrate over the sample volume. Since echo formation

pling parameteg is calculated from the overcoupl@iand the @ nonlinear function oB, (14-16, andB, is not uniform over
critically coupledQ, Q, by the sample volume, we used the approximation that vifen

larger than the spectral width the echo is proportional t@gin
sin’(0,,/2), which becomes sff when the second pulse has

B= 2Qy —-1. [11] twice the turning angley, as the first one. Hence, the magne-
Q tization in the echo, which is thi! to use in [14], is
Combining Egs. [9] and [10Y g can be written as M = M,sin®e, [15]
_ \,@ Zo where 6 is calculated from theB, generated by HFSS by
VEB = = Awonl\/lo. [12] . .
1+B \R assuming that at the center of the resonator the turning angle
90°:
Using the formulae presented i23), the as-built dimen-

sions of the resonator, and the experimental critically coupled T By,
Q = 460, wecalculateL = 1.46 X 10° H, and from this =5 B o [16]

R = 0.027Q). Alternatively, we calculate the resistance from

the dimensions and the conductlwty of copper as 00Q2This ‘B, is the value oB, perpendicular t®, at the center of the
value of R was used in the calculations to convert precessingsonator. We used the HFSS software to calculate the ES
magnetization to induced voltage. signal. Unfortunately, the HFSS postprocessor has no tr

The concept of filling factor, used in the above derivatior?unctions, so the following approximation to sihwas used:
was originated by BPP2(), and elaborated by Fehep4),

Poole @5), and Goldberg 46) in the context of CW EPR.

Abragam @7) assumed that inhomogenedBis over the sam- sing = C05<7T - 9)
ple could be ignored, and when Hill and Richar@d8)(applied 2
the concept of filling factor to pulsed NMR they carried over cosf~1— 0.496792+ 0.037094. [17]

the formula from Poole25) and then applied the assumption of

uniform B, to get the common assumption that the filling Thjs calculation yielded a predicted echo amplitude after th
factor is the ratio of the volume of the sample to volume of thgypedance match from the resonator to the transmission lin
resonator. The filling factor as described by Po@8) @pplies o compare this prediction with experimental values, we nee
in CW EPR @9) and is intuitive when one considers the EPRy, know the net signal gain or loss from the resonator to th
signal as a change 1@ due to absorption of power (hen@) microwave detector (DBM), and then to the ultimate signa
in the sample. For application to pulsed EPR, we chose not{Q:ording device (DSO in this case). The experimental resul
calculate a filling factor to multiply the magnetization, bufre sketched in Fig. 4, where the measured signal paths
instead we calculated directly the echo amplitude as a functigfantified. The net gains for some of the paths are shown |

of B,. ] ] Table 1. In this way we calculated that the peak echo amplituc
The termu,MonA in Eq. [9] represents the magnetic fluxor the high-gain amplifier path would be 3.0 V at the detector
that induces a voltage in the resonator: The predicted echo amplitude, based on the spin system a
the overall system gain, assumes no decay due to relaxatic

_ B, There is a dead time after the pulses during which one cann

moMonA = f M-==dV, [13] observe the echo, but during which the echo amplitude decay

sample To account for the decay during the dead time, we measur:
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the echo decay constari,,. The echo decay fits well to aature of the component. However, we can calculate the noi:
single exponential, since the spin concentration in the samplegmperature for any component even when the source of tl
high enough that the decay is dominated by instantanemse is not thermal but something else (diode noisendise,
diffusion (9). Using the experimentdl,, of 3 us, we calculated semiconductor shot noise, amplifier noise, etc.). This allows
the echo amplitude at zero time and compared this with the use conventional network analysis to calculate the tot:
calculated echo amplitude. The measured echo, correctecetiective noise temperature for the system and calculate tl
zero dead time, was 2.9 V. The agreement is better than tb&al contribution to the detected noise voltage, regardless
uncertainties in either value. whether the source of the noise is thermal or not. Below, w
For comparison we also calculated an approximate functidetermine the expressions for noise temperature for the vario
that assumed that all turning angles were 90 and 180°, but tbemponents, other than resistors, and for the overall tot
the echo was proportional to the varyily. This yielded a system noise. First, we need to relate the various noise para
4.2-V echo. If we used Eq. [9] with the Poolgwith variations eters that are presented in the literature.
in B, over the sample, resulting in = 0.095, we calculated a The noise figure, NF, of a two-port network is the ratio of the
2.7-V echo. This is also in good agreement with experimergutput noise power to the portion of the output noise power th:

but the agreement in this case is probably fortuitous. is produced by the input thermal noise source when at stande
temperature (290 K). The noise figure can be expressed a:
CALCULATION OF NOISE number (ratio) or in dB= 10 X logy(ratio). From this defi-

nition it is clear that if the network is noiseless, N1 or 0
Thermal noise generated in the resonator is carried througiB. Another way to express NF is the ratio, expressed in dB,

the same transformations and gains and losses as the signahdnsignal-to-noise at the input to tSN at the output. Thus,
addition, one has to consider noise added from other compoNF = 0 dB, the network is noiseless, since then &N at

nents. These noise sources can include thermal noise of lof& output is the same as that at the input.

components, microwave source noise that gets to the detectorfhe noise temperature of a component can be calculat
microphonics, and pick-up from the environment. In this papeiom the noise figure. The noise power/Hz at the input due t
we focus on the electron spin echo measurement, so the fRe thermal noise source at standard temperafugeis kg To.
crowave source power is off during the time of echo datphe noise power/Hz, also referred to the input of the networl
collection, and there is no magnetic field modulation that migkiat is added by the network ks T., whereT. is the effective

introduce additional noise. Saturation recovery (SR) and CMéise temperature of the network (not its physical temper:
EPR measurement are more complicated and will be discusgg@). The total output noise power/Hz is, then,

elsewhere.

Thermal noise is caused by the Brownian motion of elec-
trons in a resistor. For our purposes, the available noise power,
p.(f), in W/Hz, is given by 80)

Prol F) = g(f)ke(To + Te) W/HZ, [19]

whereg( ) is the gain of the network. Now, since the contri-
po(f) = keT (18 bution to the output noise power of the thermal source at th
" ' input isg( f)ksT,, the noise figure becomes

wherekg = Boltzmann’s constant an@l = temperature, K.
Available noise power means the power that will be deliv- Te
ered to a matched load (resistance of load equals resistance of NF=1+ Ty [20]
noise source). Often the noise is given in terms of a noise
voltage; however, it is more convenient to work with noiscA ain it can be seen that if the network is noiseldss= 0 and

power throughout the system and calculate the noise voltag — 1. The effective noise temperature in terms of NF is
the detector in terms of the noise power delivered. This sho '

help eliminate the confusion in some texts which often have
noise voltage expressions that differ by a factor of 2. The noise

power in wattsp,, is p,(f) multiplied by the effective noise Te=To(NF—1). [21]
bandwidth,B, of the system which is often determined by the
last stage of the system. This equation can be used to determine the noise temperat

In the development below, we apply the useful concept &r any component, such as an amplifier or mixer, when th
noise temperature3Q). The noise temperaturé,, of a com- noise figure is known.
ponent is the temperature of a resistive thermal noise sourcé&or cascaded networks consisting fblocks, with the
that would produce the same available noise power as thgtput of each connected to the input of the next, the resultir
component under consideration. If the component is a thernadflective input noise temperature is given by Eqg. [22], which i
source (resistor), the noise temperature is the physical tempeailed the Friis equatior3().
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T, T, TABLE 2
T =Tg+ o + ot 00 O’ [22] Noise Bandwidth (MHz) of Signal Amplifiers in the Bridge
Nominal
whereT, is the noise temperature of it stage, and, is the amgp;'ifr']e'a Nominal (wsrz)ba”dw'dth Effective (r;/‘?'f:) bandwidth
power gain of thdath stage.
It is customary to refer the noise to the input since it 250 No filter 25.7
eliminates the effect of the gains of each stage. This way, the100 No filter 35.4
noise effects of two cascaded networks can be compared di2>0 20 16.8
rectly, the one with the lower noise temperature will have the ;08 EO 1;;’
lowest noise and highe&IN ratio. The effective input noise 4 5 55

voltage calculated in this way is presented in Table 4.
The only other relation we need for network components is® This amplifier consists of components 57 and 58 in Fig. 1.
the noise temperature for an attenuator. In this case the term
attenuator includes any element with loss, which in addition to
calibrated attenuators, includes resistive losses in transmissisploring the impact on the fin&/N of improving the perfor-
lines and mismatch losses in any other components, includimgnce of each component.
connectors and resonators. However, for resistive attenuation,
we will assume that the components are critically matched, and MEASUREMENT OF NOISE
mismatch losses will be treated as a separate component. Let
the attenuator gain bgg = 1, with source temperatur&,, and The noise figures for the assembly that includes the time
attenuator temperatur€, If the gain is 1 all the noise is due todomain signal amplifiers (components 57 and 58, and the filts
the input source resistor. If the gain is 0, all of the noise is ddiellowing 58) were 19.3 dB for a gain of 100 and 16.4 dB for
to the attenuator. For all other values of gain, the noise @sgain of 250, as calculated from the noise specifications of tt
produced in part by the source and in part by the attenuatdgvices used in the amplifiers. Since noise measurements
and the noise temperature is given by pend on the bandwidth of the system, the effective nois
bandwidths of the final stage signal amplifier and filter circuit:
in the bridge were measured (Table 2). These are the amplif
T.= T(l_ 1) 0<g=1. [23] stages presented in Fig. 4 of Re#l).(The output of the
g amplifier and filter circuit was measured as a function of the
input frequency from a swept RF source (Fluke 6082A Syr
Note that wheng is 1, T. = O since the attenuator adds ndhesized RF Signal Generator, 100 KHz-2112 MHz), and tk
noise; however, wheg is small T, becomes quite large. Froméfféctive noise bandwidth was computed using Eq. [39).(
Egs. [21] and [23] it can be seen that if the temperature of the
attenuator isT, then its NF= 1/g. 1 »
As stated above, Eq. [23] also applies to the resonator, in NBW= “"JZJ [H(f)|?df, [24]
which case is the power reflection coefficient (e.g., for 40-dB e 0
coupling,g = 107%). It is convenient to refer all noise tem-
peratures to the output of the resonator since this is where thieereH( f) is the output of the filter divided by the input, and
EPR signal originates. The noise temperature for each compb;,, is the maximum value ofi( f).
nent before the resonator is then multiplied by its gain and thatWhen the 50€) load (1 or 2 in Fig. 4) was cooled in liquid
of all succeeding stages, up to and including the resonator.nitrogen (77 K), the measured standard deviation noise d
this way the contribution of source noise is conveniently irereased. Similar tests were performed using the Berkshi
cluded. amplifier, the low-gain amplifier, and the “no amplifier” path in
Even if a component is at high temperature, if it has no lostie bridge. The 5@ load was placed in two locations to test
it contributes no noise. This point seems obvious, but whe effect of the room-temperature circulator: in one test th
emphasize it here since some researchers have argued irffexible cable with the 5@ load at the end was attached
mally that a cooled resonator or preamplifier cannot decreatieectly to the input of the Berkshire amplifier; in the other tes
noise if the waveguide between them and the detector istlhé cable and load were attached to port 2 of the circulato
room temperature. In the predictive model presented below tiveere the signal from the resonator normally enters. Also i
key entries are the temperatuaad the loss (gain) of each Table 4 are noise measurements made under similar con
component in the signal path. tions, except that the signal path from the resonator was co
We modeled the overall spectromet®iN behavior using nected to the bridge. All of these measurements were ma
Mathcad 7 (MathSoft, Inc., Cambridge, MA), which facilitatesinder pulsed EPR conditions, with the PIN diode switche
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being turned on and off. The measured standard deviatismch as composite carbon resistors and sputtered metal fil
noise varied only 1-2 mV for various attenuations of the outp(81). The physical picture presentegil] involves a fluctuating
of the 1-W internal amplifier or the 20-W TWT amplifier. Theresistance at the points of contact between granules. The ty
uncertainty in the noise measurements is £4. mV for the of resistor used as a load in the study reported in this paper
high-gain MITEQ and Berkshire amplifiers and less than 1 m& metal film resistor (verified by the manufacturer) which ha
for the other two paths. a noise temperature essentially equal to its physical tempel
To test the noise produced in the bridge itself, albvad ture.
was put at the end of a 24-inch (1 ineh 2.54 cm) flexible  Another possible question concerns the effect a change
cable on the input to the bridge, in place of the signal from thresistance will have when the load is cooled. We consider tw
resonator. When the noise was measured with no filteripgssible effects. One is that the noise from the load wil
following the DBM other than the inherent filtering of thedecrease as the temperature is lowered due to the Boltzme
components, we observed the values in Table 4. The measudedribution. The second effect is that the resistance migt
output standard deviation noise voltages were divided by theange and thereby affect the matching. If only the matchin
measured overall system voltage gain to obtain the equivalehanges the noise will not change. This is because the noi
measured input noise voltages tabulated. For example, with ewver attenuated by the mismatch is made up for by the lo
LGR at 294 K and using the high-gain MITEQ amplifier thessociated with the mismatch. Any change in the source noi
actual measured output standard deviation noise was 80 nade to the Boltzmann distribution will be propagated to the
Dividing by the gain yields an equivalent input noise of 4.7ollowing stages in the circuit. Furthermore, the 80load
rV. The calculated value for this case wau¥. The equiv- used in the tests was measured on a Hewlett—Packard Netw:
alent input noise voltages give an indication of relat®&/él, analyzer at temperatures from 77 to 290 K. The reflectio
since the gain affects noise and signal in the same way. coefficient was essentially constant over that range of tempe
atures.
COMPARISON OF MEASURED AND PREDICTED NOISE Finally, the equations used, and in particular Eq. [22], fully
account for mismatch (se8@), particularly Chapter 8) and the
From Table 4 it can be seen that the calculated valueffect of mismatch on noise.
compare very well with the measured values when no micro-
wave amplifier is used. This indicates that the parameters for cOMPARISON OF PREDICTED AND OBSERVED
the DBM and the gain and noise bandwidth of the amplifier SIGNAL AND NOISE
after the DBM are accurate. The calculated and measured
values do not agree as well for the paths that include one of thaJsing the gains appropriate to the “high-gain” MITEQ am-
low-noise microwave preamplifiers, with discrepancies gadifier and gain= 250 for the amplifier that follows the DBM,
large as 20%. However, the ratio of the measured and caleve calculated 3.0-V echo and observed 2.9-V echo. The:
lated noise voltages for 294 and 77 K agree to within a fevalues agree within the uncertainty in each of them. We ol
percent. This agreement indicates that the measured naiseved single-shd&/N = 30 to 50. The calculated echo signal
voltage is primarily thermal noise, and the discrepancy batthe resonator was 190/, and the observed equivalent input
tween the calculated and measured noise voltages is musise voltages at 294 K were ca. 3p4/, in good agreement
likely due to inaccuracy in the overall voltage gain estimatewith the experimental S/N.
We are not aware that this level of quality of spectrometer The measured noise is close to that predicted based on 1
performance has previously been demonstrated. The obsepraperties of the components in the bridge, with the input to th
tion that overall spectrometer system noise performance is wetfidge being the thermal noise from a 80load. (Note that 1
described by the model presented above validates this modBl= 12% in voltage.) These conditions approximate the cas
for future spectrometer system design. common in most spectrometers, where there are lossy element
Reviewers of this paper and other colleagues have inquinegbm temperature even if the sample is cooled to cryogen
about whether the small discrepancies between calculated srdperatures. The question to be answered is whether a low-nc
observed noise in this study could be due to what is sometinmasplifier, even a cooled amplifier, is of any value in such a cas
called “excess noise.” Experimental noise due to thermal éoth the measurements and the calculations show that for roc
fects 81-33 on conductors (now known as Johnson noisé¢mperature operation even a low-gain (27.8 dB) low-nois
agrees with predictions based on thermodynamics and stati@fiF = 1.44) amplifier improve&§&/N by a factor of 7 to 8 relative
cal mechanics for most conductoB( 35, and the agreement to no microwave preamplifier, because of the high noise figure ¢
extends to the microwave regio3g). The statistical condi- the subsequent stages in an EPR bridge (16.4 dB, see Fig.
tions are different for devices such as thermionic tubes aki¢hen all components before the low-noise amplifier are at 77 |
photoelectric cells and for other devices not obeying Ohmise improvement inSN is 9 to 10. Our model indicates that
law (34). The documented exceptions to the predictions @hproving the noise figure of the amplifier in the bridge to KF
Johnson noise involve resistors which are granular in natuéedB (i.e., a perfect amplifier that adds no noise) would decrea
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the calculated output noise from 66.8 mV to 60.2 mV for thevith S/N performance. To optimally implement any of the
high-gain amplifier and from 11.1 mV to 9.6 mV for the low-gairspecial experiments designed into this spectrometer
amplifier. Since the output EPR signal would remain the sansyitched paths, a special-purpose path should be built in whit
this improvement in noise figure would result in an improvemetite signal does not undergo the losses of the switched patl
in S/N by 10 and 13.5%, respectively. Thus, there is a measurabta example, for CW operation bett&fN would be obtained
advantage with an improved microwave preamplifier in the roorhy removing the limiter, which contributes most of the loss
temperature bridge, but as will be discussed below, greater pdior to the amplifier in the present system. Based on the mod
vantage accrues from placing the amplifier closer to the samplesented, one can predict that placing the Berkshire amplifi
and cooling it. immediately on the output of the resonator instead of sendir
The calculated values in Table 2 are based on the gains &ne signal through the circulator and limiter, should increas
losses listed in Table 1 and Fig. 4, with all noise being due the SN by ca. 1.5 dB (19%). The only practical way to put an
thermal noise in the lossy elements and the noise added by dneplifier at this location would be to use a cross-loop resonat
amplifiers used. The measured noise is always higher than (6e6); however, we consider the alternate location of the an
calculated noise. Should the excess of measured noise over éfier to illustrate the effect of various losses in the system. |
culated noise be attributed to noisy electronic environment of ttiee Berkshire amplifier were replaced with a perfect amplifie
bridge? Such attribution is made implausible by the close agrésH= = 0 dB) directly on the output of the resonator, BN
ment (within 3% worst case) with calculation of the noise redugvould improve by 2.4 dB (32%).
tion upon cooling the 50 load. Nevertheless, we need to con- When the first amplifier is the amplifier in the bridge, there
sider possible reasons for the discrepancies. The higher the gaiis & 9-dB signal loss prior to the amplifier. If the amplifier were
the amplifier, the larger the discrepancy between the calculatiicectly on the output of the resonator the signal would increas
and measured value. The disagreement is larger than our lwsa factor of 1.6. This loss is reduced from 3.9 to 1.5 dB b
estimates of the uncertainties in the measured gains and losgssig the Berkshire amplifier in the present configuration (Fic
Considering the versatility built into the bridge, with many alterda). The Berkshire amplifier has about 3 dB lower gain than tt
nate pathways for both source microwave energy and signal, dngh-gain MITEQ amplifier in the bridge and about the sam
the fact that there are two power amplifiers in close proximity taoise figure, at 2.77 GHz. Accounting for actual performanc
the low-noise signal amplifiers, a “sneak” path which contributes best we can estimate it, we predict an improvemeS¥ igf
an additional noise source not included in the model is possibté.about 33% when the Berkshire amplifier is used relative t
Placement of microwave absorber material near the low-noisen the high-gain MITEQ amplifier is used, and for single
microwave preamplifiers prior to the measurements reported heshoes we observe/N = 51 and 36 (echo extrapolated to
did decrease the noise, especially low-frequency noise, measuier zero), respectively, an improvement of 42%.
under some conditions in CW, and especially superheterodynef-or perspective o6/N improvements, note that over the full
EPR. A single-purpose bridge, optimized to decrease the Idgstory of commercial EPR spectrometers, the improvement
between the resonator and the amplifier, would also minimize t8&N attributable to bridge and console electronics (as oppost
number of connectors through which additional microwave powtr resonator improvements) has been linear in time, from ca. ¢
could leak and presumably would give lower noise performangethe late 1960s to ca. 360 in the latest Bruker spectrometel
than the bridge described here. However, were there an additioflals comparison is for CW spectra of the standard weak pitc
contribution of noise in the bridge, it would not explain the excesample in a Tk, rectangular cavity resonator. Se¥7) for a
noise observed with the Berkshire amplifier, which is physicalljiscussion of the use of the pitch standard and changes in t
remote from the bridge. An alternative explanation for the highereasurement over time.
than calculated noise would be that the gains of the amplifiers are&Standard CW EPR spectrometers inherently have high
higher than we measured them to be, or the noise figures acése than the ESE spectrometer described here, because
higher than the manufacturers reported them to be. Although ®&V spectrometer microwave source power is on during EP
cannot resolve these matters to better than the 20% (maximwgighal observation. Some source power is reflected from tt
discrepancy, a crucial observation is that cooling of th€)36ad resonator due to imperfect match, and power leaks through tl
to 77 K resulted in a decrease in noise, in agreement with thieculator due to imperfect isolation, adding source noise to tt
model. As pointed out above, these measurements demonstER® signal.
that the dominant noise in this spectrometer is thermal noise. Not discussed in this paper are improvement$SiN that
can result from optimization of the resonator to the spectrc
HOW TO IMPROVE SPECTROMETER scopic problem. For example, when thermal noise from th
S/IN PERFORMANCE resonator dominates/N is proportional tonQ, so it will
increase linearly with the filling factor,, if the resonatoiQ
Any loss between the resonator and the first stage amplidiees not decrease due to the proportionately larger samp
cation proportionately decreases Bi&l. Hence, the flexibility Similarly, the Q should be as high as is consistent with the
built into the spectrometer described here is a direct tradeafiximum permissible dead time for time-domain experiment:
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as discussed ir2@). For nonlossy, unlimited samples dramatic TABLE 3
improvements in CWS/N are achievable with higk® resona- Measured and Calculated Echo Amplitudes
tors, if the source noise does not dominate. As has been shown

for ESE @1), it is always better to overcouple a high-

Observed echo,

: Amplifier path corrected to time= 0 Calculated echo
resonator than to use an inherently I@wesonator to decrease
dead time. No amplifier ca. 0.019 0.019
Low-gain 0.43 0.48
High-gain 2.9 3.0
COMPARISON OF PULSED AND CW EPR Berkshire 29 24

SIGNAL INTENSITIES

The ratio of CW EPR signal intensity to electron spin echo
intensity for the same sample is the ratio of Eq. [3] to Eq. [12{tapolated ultimate sensitivity then is ca. 110" spins with
For clarity, sef3 = 1, which is always experimentally possibleS'N = 1 if the only noise is thermal noise. The number of
if the relaxation time is long enough. The algebra simplifies #pins detectable with S/N 1 decreases if the bandwidth is
it is noted that one can use the substitutiés = wlL/2R, narrower, since the noise is proportional to the square root
L = uo A/l, wherel is the length of the loop—gap resonatorthe bandwidth. One way to narrow the effective bandwidth i
and VP/(IVR) = H,, with which it can be shown that to signal average3@), in which case the effective noise band-
width decreases with the square root of the number of sca
CW B, B, averaged. Th_us, it is not tota!ly artificial t_o consider a pulse
Echo~ Aw — AB" [25] experiment with a 1-Hz bandwidth due to signal averaging, ar
we consider the hypothetical case in which the ESE detectic
system has a 1-Hz bandwidth in order to make a rough cor
For convenience, we have written the ratio in both frequengarison with CW EPR sensitivity specifications. The therma
and field units. This ratio implies that if the echo is formed bjjoise voltage in a 5@ load at 290 K detected with a 1-Hz
all of the spins in the sample (see Eq. [12]), the unsaturatggndwidth would be 4.5< 10 *° V, and one could observe

CW spectral intensity is equal to the microwe®edivided by 2.2 x 10" spins with SN = 1 and other parameters kept
the EPR linewidth, times the echo intensity. Most commercighnstant.

EPR spectrometers have an output microwave power of 200
mW. For a standard rectangular resonator (loa@ed 3600), COMPARISON WITH X-BAND SENSITIVITY
this corresponds to B, at the sample of ca. 0.5 G. If the EPR
line is about 2.5 G wide, which could be fully excited by a Itis well-known that state-of-the-art X-band EPR spectrom
microwave pulse, then the unsaturated CW EPR intensity eders are stated to have a CW sensitivi§iN = 1) equivalent
200 mW would be ca. 0.2 times the intensity of the echo. bo 0.8 X 10" spins/G at 200 mW for a nonsaturable, nonloss!
practice, most CW spectra are obtained with magnetic fisldmple, extending through a JEcavity, assuming a% = 3
modulation. If the magnetic field modulation were approxisystem with a single Lorentzian line, with 1-s time constan
mately equal to the linewidth, this ratio would still hold. Sucland optimum magnetic field modulation. Note that the standal
a large magnetic field modulation would distort the signal, ssmmmercial definition of noise for sensitivity tests is peak-to
in practice a smaller modulation amplitude is usually usefdeak divided by 2.5, whereas the standard deviation noise \
resulting in a proportionately smaller CW signal relative to these is more nearly equal to peak-to-peak divided by 5, but i
echo signal. some conventions various numbers of noise spikes are ignort
The presentation of noise in terms of equivalent input noi§® compare the number of spins required &N = 1 in the
voltage (Table 4) helps one compare thermal noise voltage édand spin echo experiment with the current QMM spec-
signal voltage values (the signal is essentially RMS, so tlfecations for commercial X-band spectrometers it is necessa
numbers are directly comparable) at the resonator (see Taioleconsider differences imQ, spectrometer frequency, and
3). For the quartz sample used in these experiments we caldatection system bandwidth. Our best estimates ofrend
lated an echo signal at the resonator of 180. The compa- filling factor are that theyQ product is roughly twice as large
rable thermal noise voltage is 2.2/ in a 504} load if there is for the quartz sample in the S-band resonator as in an X-ba
25.7-MHz bandwidth (noise power available is174 + 10 TE,y, cavity. However, if the same number of spins as in th
log(bandwidth) dBm). Another way of saying this is that if alllO-mm-long sample were extended along the entire length
of the active devices had NF 0 dB, the equivalent input noisethe X-band cavity, analogous to the weak pitch sample used
voltage would be 2.2uV, so a 190V signal would have sensitivity tests, the signal would be about a factor of 2 weak
SIN = 86, and a 2.2+V signal would be detectable with (0.39 for a line vs a point sample, accounting for the nonuni
SN = 1. The sample contained ca. 9410" spins (based on form distribution of B, and modulation amplitude, and 0.5 if
the sample size and concentration, as given above). The the modulation were uniform, according to Ref9)). Thus, to
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TABLE 4
Equivalent Input Noise Voltage® (unV)

50} load, 294 K 50€) load, 77 K LGR, 294 K,B = 12
Voltage Voltage
Amplifier path gain Calculated Measured Calculated Measured  gain Calculated Measure

No amplifier 127.5 30.25 29.8 30.18 29.8 101.3 38 37.5
Low-gain 3112 3.55 4.1 2.97 3.4 2472 4.5 5.3
High-gain 21,280 3.14 3.76 2.47 2.9 16900 4.0 4.7
Berkshire 12320 3 35
Berkshire, 50€) load on

circulator input 11,560 3.2 3.9 2.6 3.1
Berkshire, 50€) load on

amplifier input 13,740 2.7 3.2 1.9 2.2

® Equivalent input noise is the observed output noise divided by the gain of the measured part of the system. Note that the end-to-end voltagelgain
is slightly different from the gain estimated from the sum of parts (Fig. 4 and Table 1) due to roundoff and uncertainties in gains and losses af ind
components. The values in Fig. 4 were used in the Friis equation to calculate the equivalent input noise voltage in this table.

within our ability to estimate relevant parameters, @gm, than the linewidth to maximize the signal amplitude (althougl!
and modulation distribution factors approximately cancel. Uslistorting the lineshape) and thus approximates the assurn
ing a critically coupled resonator for the X-band CW measuréens used in our treatment of the CW signal. Thus, both th
ment instead of an overcoupled resonator (as used for th&/ and the echo experiments measure approximately the to
S-band echo measurement) would result in a factor of casignal voltage. Note that in a field-modulated CW measure
stronger signal at X ban@{). The frequency difference per sement in which the lineshape is to be preserved, the modulatic
would result in a factor of ca. 374 stronger signal at X band, amplitude should be less than about 1/10 of the linewidth, <
other things being equakQ, 41). The ratio of CW to echo the signal voltage is substantially reduced from the maximur
intensities, calculated above, was ca. 0.2, so the net effect yitlssible.
be that the X-band CW signal will be roughly 2 3.4 X A key message from this example is that sensitivigyN)
0.2= 3.4 times the S-band echo signal. Within the accuracy differences between CW and pulsed EPR are a strong functi
these estimates we would predict a sensitivity of &510° of detector bandwidth and modulation amplitude.
spins/G at X band if all of the spins contribute to a 1-G The primary task in applying the approach presented in th
Lorentzian line. Since errors from approximations could terghper to other spectrometers is measurement of the propert
to accumulate, we estimate the sensitivity by a different patbf, the resonator and of the components in the signal path.
starting with 0.8x 10" spins/G, and then using Eq. [3] fofs
with best estimates af (ca. 1%) and) (ca. 3600) we calculate CONCLUSIONS
an X-band signal voltage of ca.» 107*° V prior to amplifi-
cation. This compares with the noise voltage of 430"V The validity of the model is shown by the agreement with
in a 1-Hz bandwidth, yielding S/N slightly greater than Experiments for the echo signal and noise for the four sign
within the accuracy of the estimates. paths compared. The primary conclusion is that the extremel
The actual noise in the S-band measurement is slightw-noise (by historical standards) microwave amplifiers nov
higher than the thermal noise used in these estimates becausglable significantly improveS/N compared with signal
of the noise added (Eq. [22]) between the resonator and theths without a microwave preamplifier. In addition, there is
final recorded signal. Similarly, the CW X-band EFRRN distinct advantage to having the microwave amplifier as clos
specification is for a spectrometer for which noise is greater the sample as possible. In addition, if the amplifier i
than the thermal limit. Current X-band CW spectrometeolable, its noise figure should decrease with a decrease
probably have noise contributions from microphonics (includemperature. The calculations also show that having this nr
ing that due to use of high modulation amplitude), source noiseowave amplifier cooled, especially when the resonator ar
(especially at high microwave power), and detector preampsiample are cooled, will yield the beStN.
fier noise (most spectrometers do not use a low-noise micro-Absolute echo amplitudes and absolute noise can be calc
wave preamplifier). However, current commercial X-band CWted to within the accuracy with which the properties of the
spectrometers are within small factors of the H&$t we can resonator and the gains and losses of the microwave comg
estimate by these methods. The standard weak gitdhmea- nents in the signal path can be measured. The calculational a
surement is performed with magnetic field modulation largexperimental approach applied here to a specific S-band E:!
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spectrometer can be applied to guide attainment of the ultimdge E. Fukushima and S. B. W. Roeder, “Experimental Pulse NMR. A

possibleS/N for other pulsed EPR spectrometers. Nuts and Bolts Approach,” section I.A.2, Addison-Wesley, Read-
ing, MA (1981).

20. W. H. Perman, M. A. Bernstein, and J. C. Sandstrom, A method for

correctly setting the rf flip angle, Magn. Reson. Med. 9, 16-24 (1989).
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