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Our crossed-loop resonator design has been enhanced to in- ing bimodal resonators. A concept for a bimodal LGR wa
crease the filling factor and has been extended from S-band to  proposed 15) and constructed in a test-bench version that he
L-band_. High isolation between _the two modes results in sh_orter an active volume of 2.7 min(16). Test-bench data showed
dead time in pulsed EPR experiments than would occur with & jsg|ation of 35 dB between the two modes. It was predicted th
reflection resonator of the same Q.  © 2000 Academic Press bimodal resonators based on the LGR geometry would
easier to use and less microphonic than bimodal cavity res
nators (5). Hyde’s 1995 bimodal LGR has parallel or antipa-
rallel, rather than orthogonal, fields and achieves isolatio
_ . . etween modes by tuning such that the integral over space
High isolation between the microwave source power and(t;ﬁ% scalar product of the two modes is zet5,(17.

EPR signal enhances the ability to measure dispersion In 1996 we described an S-band bimodal resonator that v

EPR and to measure short-time responses in pulsed EPR. 'Ia' a crossed-loop resonator (CLR) to emphasize that t
achieve high isolation, several groups have produced bimog

. 78Sonator consists of two loop—gap resonators arranged so t
\r/eilsv(\)/zzt?:gsmx_ri%en:]\/eelt;acllgr(l)llmfeII;e(;atliriﬂ()hse'zsofbtiiger%e common volume, where the sample is placed, is where t

¢ P devel Y (d f’ o e I, 2 tricted " ttwo resonators cross orthogonalli8f. We showed the value
;Sdo\r/]vil(jlrds r\:\(l)etrzer\?gz(s)prre]o dglrs?‘osrpsggr;erreasl gﬁriosafgi'gr?]bcmhis resonator for dispersion and superheterodyne operati
. o 9). We are currently extending this technology to higher an
ical EPR resonator. The best-known of these is Hyde’s d ) y 9 9y 9

rectangular resonator (with crossed J5Eand TE,, modes in wer microwave frequencies. Except for the Piasecki, Fror
102 03 i - I -
various combinationsy(—7, 10. A detailed description of the cisz, and Hyde S-band bimodal resonatbn(and our S-band

. ) ) X CLR (18, 19, all bimodal EPR resonators have been made fc
Varian Associates bimodal E-802 ELDOR cavi8) was pub- <o 5t x_pand. In this paper we describe an L-band CLR ar
lished by Leniart 11).

The Maileret al. TM.. bimodal i desianed show that with it one can achieve dead times in pulsed EP
e Maileret al. 1., bimodal cavily was desIgned Spe oo ghorter than are common with a reflection resonator
cifically for aqueous biological samples in 1-mm-diamet

: . ; -band. The performance of this CLR is enhanced by a larg
capillary tubes and had isolation of ca. 37 dB between mod entrant loop, which increases the filling factor.

which reduced the effect of source noise in low-power C
experiments for nitroxyl radicalsl®). Barendswaarcet al.
used a bimodal cavity based on the patented Biehl and Schmal- DESIGN OF THE L-BAND CLR
bein resonatorld) design to reduce dead time in ESE exper-
iments to as small as 30 ns at X-bard®)( This resonator has The original S-Band CLR18) had sample and reentrant
two coaxial somewhat overlapping cylindrical resonators. Theops that were 6 mm in diameter. The common sample vo
sample had to be located exactly at the intersection of thee was thus roughly spherical and 6 mm in diameter. TF
horizontal and vertical mirror planes of the cavity. If thesecond-generation S-band CLR and the present L-band Cl
sample was nonconducting, the decoupling of the two modesre redesigned to enhance the sample volume and incre
could be made as high as 80 dB by using sliding metal brustigs filling factor. This was accomplished by increasing the siz
as “tuning paddles.” Without such adjustments, the isolatiai the reentrant loops and by making one of the loops oval :
was about 35 dB, and even with adjustment the isolation wslsown in Fig. 1. The diameter of the sample loop in both th
65 dB when the sample was conductii@)( Other dual-mode S- and the L-band CLRs is 4.2 mm to accommodate standa
resonators have been used for microwave Hall effect measu#denm sample tubes. The gap length (GL) and other critic:
ments, using instruments very similar to EPR spectrometetisnensions are given in Table 1.
(22). Other than the modifications described above, the constru
The development of lumped-element resonators, such astilba of the CLRs is essentially the same as that described
loop—gap resonators (LGR), provides a new basis for desidref. (18). Both the S-band and the L-band CLRs are con
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T frequency of the variable-frequency section for application
requiring different resonant frequencies.

A crucial performance check of the L-band CLR was tc
compare its performance with an S-band CLR. The dimensiol
of this S-band CLR, which is smaller than the one reported i
(18, 19 so that it could fit into a cryostat, are given in Table 1
for comparison. A two-pulse echo measurement was ma
using a standard irradiated fused $gample 24) and 60, 120
ns pulses separated by 1200 ns. The power in each case \
\\ adjusted for maximum echo amplitude. Long pulses wer

needed because of the limited microwave power available
the resonator frequency. The pulse interval was chosen
separate the wide echo from any possible overlapping sigr

_— Sample

6L

jr
|

o Cross Resonalor bap

N due to resonator ring-down. Table 1 provides comparison da
G e .
Isolation
FIG.1. Sketch showing the critical dimensions of the sample region of the .
L-band CLR; the other features of the CLR are as shown in R&8.19. GL Isolation between the two modes of 60 to 70 dB was rol

is the length of the gap in the circular or sample resonator. SL and SW are tifgely achieved when the resonator contained nonlossy samp

effective sample length and width that are seen by the orthogonal oval logp the 1-mm-od, agueous solution of the Nycomed radQ;@l,(

resonator. Only the sample in this region produces an EPR signal. placed in 4-mm-od quartz sample tubes. With deionized wat
in a 4-mm-od quartz sample tube, the isolation decreased

52 dB.
structed of Te—Cu alloy 145 and are gold plated. The gold

plating reduces th® of the resonator somewhat. The reentrarilD
loop on the L-band CLR has a cross-sectional area about seven - . . .
here is intense interest in the use of narrow-line EPI

times that of the sample section. Since the integraBbfis ségnals forin vivo EPR spectroscopy and imaging at low

inversely proportional to the cross-sectional area, the lar . o X

. - requencies. As a step toward optimizing such experiments, v
reentrant loop improves the filling factor. The reentrant loop 9 . . ;

a{e creating resonators at low microwave frequencies. Tt

the S-band CLR is somewhat smaller because of constrainti_gand resonator is on the path from the more common EF

fit into a particular cryostat, but the ratio of SL to GL (Fig. 1) . : : . :
. . icrowave frequencies to RF frequencies at which penetratic
is somewhat larger. The filling factors for the sample loops 0

the L- and S-band CLRs are estimated to be 11 and 12 to living organisms is enhanced. The Nycomed trityl radics
. . gﬁf’)) is typical of the species being studie2lr). Consequently,
respectively. The two sections of the CLR are constructed SO
. as a test of the performance of the L-band CLR we measur
that they can be rotated relative to one another so that th(ﬂr . : .
- L . the free induction decay (FID) of an agueous solution of th
magnetic fields can be maintained orthogonal even with Samﬂ?comed radical (Fig. 2). The sample was in a ca. 1-mm-c

changes.
The resonant section with the round loop (sample loop) has
a fixed resonant frequency. The section with the oval loop has TABLE 1
a frequency tuning screw that effectively changes the capaci- CLR Dimensions and Test Result Summary
tance of the gap for this resonator and allows the frequency-to
be tuned over about a 5% range. This allows both sections to L-band CLR S-band CLR

be tuned to the same frequency while compensating for the _
. . Sample loop diameter 4.2 mm 4.2 mm
effects of overcoupling and loading due to the sample ag

mple loop length 15 mm 12.7 mm
sample tube. Size of the sample region common  SL = 6 mm SL=6mm
to both loops SW=32mm SW= 254 mm
PERFORMANCE TESTS Frequency, critically coupled 1.911 GHz 3.100 GHz
Q,, critically coupled (fixed-, 329, 313 570, 520
At critical coupling, the fixed-frequency section, when Vvaiable-frequency)

. Echo amplitude at = 1200 ns 536 mV 1240 mV
empty, resonated at 1_.926 GHz. The empty varlable-frquer}g ative system gain 0.8 dB 0dB
resonator had a maximum frequency of 1.911 GHz. With gjjusted echo amplitude 489 mV 1240 mV
sample tube in the CLR, the resonant frequency of the fixegkho amplitude ratio (S/L) 1 25
frequency section decreases more than that of the variatfeho amplitude ratio predicted based 1 25

frequency section, and both loops can be tuned to the samgd7iitr(’)°‘(’)"fef'rillci’; frg‘c‘ﬁ:‘;ﬂ@ 29
frequency at critical coupling. This allows the maximum offset 9
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ring-down do not exceed the dynamic range of the amplifiers
digitizer. Using a criterion of ability to subtract the back-
ground, one could cite a dead time shorter than 60 ns for tt
resonator.

ESE Decay

The depth of nuclear modulation in electron spin echo sic
nals (ESEEM) is inversely proportional to the square of th
magnetic field (hence, microwave frequency dor 2) and is
often so deep at low frequencies that it is difficult to record th
ESEEM. For the same resonatQ, dead time is inversely
proportional to microwave frequency, so dead time is five
times longer at 1.8 GHz than at 9.2 GHz. Long dead time me
cause failure to observe an important modulation in th
ESEEM. In cosine Fourier transforms of the time domain EPI

UL L data, the dead time can cause oscillations in the frequen
0.0 05 1.0 15 2.0 . . A _
time (microsec.) domain that may result in ambiguities in assigning characte
FIG. 2. Free induction decay (FID) of air-saturated aqueous solution istic frequencies. Consequently, reduction of the dead time
the Nycomed trityl radical in a ca. 1-mm-od sample tube. The FID wa?gnpOrtant for I,ESEEM' In principle, the CLR results in reduc-
recorded in a LeCroy digital oscilloscope (Model 9310A, 400-MHz band!ON of dead time by about seven time constants due to tt
width), starting immediately after the spectrometer dead time. >60-dB isolation of the signal voltage from the effect of pumg
power leakage.

glass capillary tube, placed inside a standard 4-mm-od quartz CONCLUSIONS

sample tube, without any special support to position the CaP-rhe CLR design, previously demonstrated at S-band, worl
illary vertically. This created a potential disturbance of micro- : '

' . ) at least as well at L-band. The isolation achieved betwee
waves that might be expected to reduce the isolation of the two

modes. The significance of this measurement is the short dead
time, discussed in the next paragraph, and the high isolation
(60 dB) achieved with an aqueous sample nonsymmetically
supported in the resonator.

Dead Time

The dead time was measured in two operating modes, with
the CLR overcoupled to ® ~ 30. In practice, in a two-pulse
ESE experiment switching times in the microwave circuit
limits the shortest time between pulses and, hence, the shortest
time at which an echo can be acquired. This time was 45 ns
when the first pulse was 50 ns long and decreased to 33 ns
when the first pulse was 40 ns long, as in Fig. 3. Note that, in
the ESE measurement, phase cycling is used to cancel the FID,
and this also cancels some of the resonator ring-down. When . | ‘ | . | : | .
only one microwave pulse was used, as in an FID experiment, 0.0 05 10 15 20
some of the spectrometer limitations are removed, phase cy- time (microsec.)
cling was not used, a.nd the.resonator. rmg-down_ dominates .thEIG. 3. Two-pulse electron spin echo (ESE) decay of a sample of co:
spectrometer dead time. Since the ring-down is eXponem'&LzS. National Bureau of Standards Standard Reference Material 1635). N
the measure of the dead time is somewhat arbitrary. Basedd@ave pulse lengths were 40 and 80 ns, which were approximately 90 a
observation of the FID on an oscilloscope, we judged that the¥80° pulses at the full power available at this microwave frequency. Da
was no significant interference of the ring-down with the F|ollection bggan 53ns af_ter the end of the second pulse. The tim<_e axis inclu
after 60 ns following the end of the pulse. For a weaker Signgffects of flnlte_pulse widths. The off-resonance background _S|gnal, due

. e g . . INstrumental artifacts, was subtracted from the on-resonance signal. The b
the interference would be S|gn|flcant at Ionger times, and in tm§r aperture of ca. 100 ns was centered on the top of the echo. The pro

case a background subtraction would be necessary. Such Shfiulation is deep, as expected at L-band. The short dead time permit
traction is feasible so long as the combined EPR signal amchuisition of the first minimum in the modulation pattern.
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modes makes feasible pulsed ESE and FID spectroscopy with TMu, bimodal cavity for measurement of dispersion electron para-

short relaxation times and deep modulation even at L-band. magnetic res_onance and_ satu_ratlon tran_sfer electron_paramagnetlc

Within the accuracy of the measurements. the comparison of resonance signals for biological materials. Rev. Sci. Instrum. 51,
Ho intensit y " et pd g 7141721 (1980)

echo intensities using the same sample In 5-band and L-band,, Barendswaard, J. A. M. Disselhorst, and J. Schmidt, A bimodal

CLRs is consistent with our prediction5, 2§ of the fre-

quency dependence of EPR signal intensities (Table 1).
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