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The electron paramagnetic resonance pulsed free induction de-  S-band 15, 16 and then at L-band./) and is now demonstrated
cay (FID) of a degassed solution of a triaryl methyl radical, at 250 MHz. An X-band version is under development. The de
methyl tris(8-carboxy-2,2,6,6-tetramethyl(-ds)-benzo[1,2-d:4,5-d']  tails of the VHF spectrometer will be described at a later date
bis(1,3)dithiol-4-yl) tripotassium salt, 0.2 mM in H,0, was mea-  ater further development. The spectrometer gains and featur
sured at VHF (247.5 MHz) and L-band (1.40 GHz). The calculated ¢ 1,0 regonators used in the comparison are reported here
and observed FID signal amplitudes (in millivolts) agreed within support of the conclusion that the previously reported trends i

1 and 6%, and the ratio of the normalized FID signals at the two f d d fEPR int it fi t0 250 MH
frequencies agreed within 5%. The FID decay time constant was requency dependence o Intensity continue to Z:

2.7 ps at both frequencies. © 2002 Elsevier Science
SIGNAL COMPUTATION

By combining Egs. [10] and [14] of Ref4) and multiplying
INTRODUCTION by the gain of the spectrometds, the voltage at the detector

. i Its) f Ised EPR signal b d
Electron paramagnetic resonance (EPR) began at Iovslgrvo s) for a pulse signatcan be expressed as

RF/microwave frequencies than subsequently became most
common for chemical and biological applicatiord3.(The fre- Vs = Gﬁ\/gwo / MOE dv, [1]
guency dependence of EPR signal intensity depends on many ex- 1+B8V R |
perimental parameters, but there developed a general pessimism
about EPR signal-to-noise rati8(N) at low frequency. After ] ] 20 )
some confusion in the literature, predictions can now be ma@@ere s is the coupling parametef = 5=t — 1, Qu is the
with some confidence if enough is known about the sample affdfically coupledQ and Qoc is the overcoupled value under
the spectromete®(5). Our previous paperg(5) compared S- _the conditions o_fthe_; signal measur_emén)tlfs the characterlsnc
band and X-band electron spin echo intensities and found gdgPedance, which is 50 ohm for this caseis the resistance of
agreement with both the absolute intensities expected and @ resonatory is the angular frequency for the experiment
predicted dependence on frequency. 2, MQ is the spin magngnzatlon per qnlt volume, dnid the

In this paper we extend the examination of EPR frequenEWre”t in the resoqato@ is the total gain of the spectrometer
dependence to 250 MHz. EPR at 250 MHz is important f§fom resonator to signal output. _ _
in vivo studies. Halpern and co-workers described a 250-MHz For the resonators and sample geometries used for the sigr
CW EPR spectrometer designedifovivoimaging in 1989¢). comparisons itwas a_ssumed tBatvas uniform over the sample
Beginning in 1993, Krishna and co-workers, in a series of papefld that the sample is homogeneous solthg! can be moved
described a pulsed FT EPR spectrometer for spectroscopy QHpide the integral in [1]. Equation [1] then becomes
imaging at 300 MHz 7-11). A 220-MHz pulsed spectrometer /B
described by the Sotgiu group in L'AquilaZ, 13 used orthog- . B
onal resonators to excite the spins and detect the free induction Ves = Gmmwo MvA. [2]
decay (FID). As part of the NIH Research Resource “Center for
EPR Imaging for In Vivo Physiology,” we are constructing avhereA is the resonator efficiency paramet®8), in Gauss per
250-MHz (VHF) EPR spectrometer for pulsed EPR imagingguare root of wattM, = MgV, andVs is the volume of the
Here we compare its performance with that of an L-band spesample in the active region of the resonator.
trometer we recently reporteti4). Key to the performance ofthe  Each of the parameters in Eq. [2] was measured or calcL
VHF spectrometer is the use of a crossed-loop resonator (CURed from first principles, and the results are summarized i
(15, 19. This resonator, which provides good isolation betweérable 1. To calculat®sg using Eq. [2],A was calculated from
the loop into which the high-power pulse is injected and the lodjpst principles using the geometry of each resonator. The empt
from which the EPR signal is detected, was first implementedattically coupledQ of each resonator was also calculated from
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TABLE 1 permittivity of free space,# x 10~ J C2 > m~1. Combining
Parameters Used in the Comparison of EPR Signals Egs. [3] and [4],B; is given by
at L-band and VHF?
Calculated Measured B, = @ l. [5]
z
VHF 247.5 MHz
A(G/yW)P (0.735),0.728 Therefore,A can be written as
QHe (critically coupled empty) 1035 1135
Qus (critically coupled with sample) 1115 B, o (6]
for FID 36 A=—=—F+,
Eoc o1 VP  zJ/R
Gain 628 x 10* ) )
Sample volume () 23 %108 whereP = power delivered to the resonator, aRd= resistance
Veg (measured absolute voltage 333 829  of the resonator.
extrapolated to timé = 0) (mV) The resistance of the resonator is given by
Signal normalized for gain 84x 1076
L-band 1.4018 GHz R = RsoS(r, w, 2), [7]
A (G/ JW)P (0.47), 01%° Q
Que (critically coupled empty) 2917 2991 m . .
QHS (Crmca“y Coup|ed with Samp|e) 485 Whel’e RSQ: Q)F(O:u, the Sk'n effeCt resistance pel’ Square Of
Qoc for FID 131 the resonatoigc, = conductivity of copper (the metal used for
B 6.4 - the resonator), an&(r, w, zZ) = number of squares, which de-
g:r';‘ple volume (#) 38x 106 195x1 pends on the geometry of the resonatcs radius of resonator
Vs (measured absolute voltage 389 a5  l0OOp,w =gap width, anq: = length of the resonator. A general
extrapolated to timé = 0) (mV) expression foS(r, w, z) is
Signal normalized for gain 88x 1076
Ratio of L-band signal normalized for 37.6 35.8 S(r w Z) _ 2(7” + kw) [8]
gain to VHF signal normalized for gain. T Z ’
(includesg, w, active sample size
andA) The total series equivalent resistance of the resonator consis
L-band/VHF normalized signdis 1.05 of the resistance around the loop plus the equivalent resistant

a o __contributed by the resonator gap. The terar 2z in Eq. [8] is
The signal is the FID, 0.3 G off resonance, for 0.2 mM Nycomed sym-trity, .
in deoxygenated agueous solution. he number Skf Squares in t_he loop. .
b The value given for is the circularly polarized component. The term=2* in Eq. [8] is the effective number of squares
©The value ofA in parentheses is for a nonlossy sample in the resonatdif) the gap portion of the resonator. The VHF CLR has a large
the second value is reduced by the effect of the lo@avith the aqueous trityl  reentrant loop; therefore, the current in the gap varies from :
sample in the resonatoA varies directly with./Q assuming the frequency maximum at the resonator |OOp to nea”y zero at the reentrar

does not change. (The small change in frequency with the lossy sample was . .
neglected.) ge. ( 9 quency y samp VYoop. If one calculates the equivalent resistance of the gap b

dThe FID signal intensity was extrapolated back to time zero by using tH&te€grating Eq. [9], one finds = 1/3.
measured FID decay time constant of 24.

¢ Ratio of calculated and experimental signal intensity ratios. w | 2
w
Pgap = Req/ <Ex> dx = Req|2§ [9]
first principles, but the measured values were used in calculating 0
VE/_L}.
A was calculated as follows. From the definition of inductThe L-band resonator has a reentrant loop the same size as t
tance,By is given by resonator loop. In this case one can assumezl@twice the
resonator length plus the gap width and that the current is es
B, =L I 3] sentially constant from loop to loop. For this cdse 1/2.
A The loadedQ, = ‘;—F'; was calculated using Egs. [4] and [7].
whereL =inductance of the resonator lodps=resonator cur- EXPERIMENTAL
rent, andA = cross-sectional area of the resonator loop. The
inductance of the resonator loop is The 250-MHz CLR had a 25-mm-diameter sample loop. The
A region thatis common to both resonators has an elongated shaj
L= Mo? [4] oval on the ends, to maximize the filling factor. Since there was

adequate room in the magnet, no attempt was made to minimiz
where z=effective length of the resonator loop apdhy= the size of the CLR. The 250-MHz spectrometer used a Dressle
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Model No. 75A/250 RF amplifier. This amplifier does not havthis calculated value ofA the microwave/RF power incident
noise blanking, so some signal averaging was needed to decreaseach resonator was measured at the frequency at which t
the noise from the amplifier during the signal detection time. EPR signal was measured. The® §fulse length was found by
The L-band resonator used was a reentrantloop—gap resonatarimizing the trityl FID or the amplitude of the echo from
(LGR) analogous to the one reported previoudl)(but with a irradiated fused Si@ B; was calculated from = y Bat,. This
25-mm-diameter sample loop and a 25-mm-diameter reentraatue of B; and the measured power incident on the resonato
loop. gaveA = 0.65 G/,/W. The good agreement between calculatec
Calculation ofg for use in Eq. [2] requires values 3. Q and observed values af provides confidence in the model.
was estimated by measuring the ring down following a pulséhe optimum power for the 9(ulse can be estimated to within
(19, Egs. [29, 30]). The shape of a reflected pulse was digitizéd2 dB, which introduces uncertainty in the experimental value
using a Bruker E587 SpecJet transient signal averager, anddhe . The calculated values @f were used in predicting signal
decay time constant was fitted using Bruker Xepr software. Theensity. Analogous calculations for the L-band resonator gav
critically coupled and overcouple@ were measured for eachA =0.47 G//W (usingr = 0.013,w = 0.024, andz=0.168 m)
resonator with the sample in place. To obtain the data used &d aQ for the empty resonator of 2917. The value ffis
the signal intensity comparison, the VHF resonator was overoportional to,/Q (19), so the values input into Eq. [2] were
coupled fromQy of 1115 toQoc = 36, which corresponds to corrected for the decrease in resondocaused by the sample.
B =61. The L-band resonator was overcoupled fiQgmof 485 This effectwas much larger at L-band than at 250 MHz (Table 1)
to Qoc =131, which corresponds = 6.4. The gain of each spectrometer was measured by using a c:
The triaryl methyl radical used in this study, methyibrated noise source (NoiseCom, Paramus, NJ) at the input. |
tris(8-carboxy-22, 6, 6-tetramethyl(ds)-benzo[1,2d:4,5-d’]-  this method the noise source was connected to the input of tr
bis(1,3)dithiol-4-yl) tripotassium salt (sym-trityl-Gfp is depic- bridge and the noise from the source is allowed to propagat
ted in Fig. 1 of Ardenkjaer-Larsest al. (20) and was a gift from through the entire detection system. The noise at the output ¢
Dr. Klaus Golman. The sym-trityl-CP 0.2 mM in water, was the bridge was then measured with a true RMS voltmeter (Fluk
contained in a 10-mm-od (9-mm-id) Pyrex NMR tube (Wilmad/lodel No. 8920A). An equivalent noise bandwidth was calcu-
Glass, Buena, NJ, Model No. 513). After the oxygen wdated by integrating the gain curves of the amplifiers in the bridge
removed by bubbling with Ngas, the tube was flame-sealedand the response curve of the RMS voltmeter. The advantage
The aqueous solution was 60 mm long, which filled the actithis method is that it gives a direct end-to-end gain measureme
region of the L-band LGR and was longer than needed to fif the entire signal path and does not depend on multiplying to
the active region seen by both sections of the 250-MHz CLBether gains and losses that might be measured separately &
The 9-mm-diameter aqueous sample was somewhat larger thdrich would contain individual measurement errors.
that which gave the largestQ product for the L-band LGR
(n is the filling factor). For the VHF resonator a larger sample RESULTS AND DISCUSSION
could have been used. However, by using the same sample in
both resonators, any effects of residual @ of concentration  The expected EPR signal intensity was calculated usin
(20) on relaxation times were kept constant in the comparisdgg. [2]. Relevant parameters are given in Table 1. At bott
The magnetization NJ,) was calculated using Eg. [6] in 250 MHz and L-band, the calculated values are in good agree
Ref. @) and the sample volumesSx 10°% m® at L-band and ment with experiment. The major uncertainty in the compari-
2.3x 107 m® at 250 MHz. son is the measurement of the very strongly overcoupled re:
The FID for the trityl sample was recorded after a 250-renatorQ. The lower theQ the more difficult it is to measure it
pulse. At both frequencies the magnetic field was set 0.3 mG affcurately.
resonance to give a convenient oscillation frequency of the FID.To check that the pulse settings used to acquire the expet
The FID amplitude was measured as a function of field offsetental data were appropriate, the pulse length is compared wi
and was reasonably constant out to ca. 0.5 G off resonance(@snd theB; is compared with spectral extent. The pulses are
expected based on the work of Hornak and Fr@ajl {(To define roughly rectangular (rise and fall times at&0 ns), so the rela-
the signal intensityVgg, the peaks in the oscillation were fittedtion suggested by Mim=g) is
to a single exponential that was extrapolated back to time zero,
which was defined as the end of the pulse. 2r vty
Calculation of signal intensity using Eq. [2] requires values Q= 6.6
of A, the microwave magnetic field per square root of watt.
Use of Egs. [6] to [8] and the parameters: 0.013,w =0.024, With our chosen pulse timé,, of 250 ns, the) could be as high
andz=0.096 m givesA =1.47 G//W at critical coupling for as 59 at 250 MHz and 357 at 1.5 GHz and still have the resonat
the 250-MHz resonator. This correspondsite= 0.74 G/,/W  admit the band of frequencies represented in the pulse QFhe
for the circularly polarized component. THg for the empty values used for the experiments (36 at 250 MHz and 131 ¢
resonator was calculated to be 1135 (Eqgs. [4], [7]). To verifi.4 GHz) are well below these limits.

. [10]



FREQUENCY DEPENDENCE OF EPR SIGNAL INTENSITY 83

USith =y Bltp, the 250-ns 9‘0pulse corresponds tB; =  construction of the resonators used in Denver was supported by NIH Grant
0.36 G. The half width of the absorption spectrum of the trit))?R12183 and GM57577 (GAR). Support of Brul_<er Biospin, EPR Divisiqn, is
sample is ca. 0.04 G, so tig is adequate to fully excite the acknowledged. We thank Lowell B_eezley (Compliance Systems, Placentia, CA

. for the loan of the Dressler amplifier.
spin system.

Another necessary check was of the FID decay time, which
was .used tp correct frqm the mee}sured FID |ntens.|ty tq the in- REFERENCES
tensity at time zero. Since the trityl radical EPR linewidth is
determined by unresolved hyperfine structure, and noTiby 1 G. R. Eaton and S. S. Eaton, EPR spectrometers at frequencies below )
andT, (23), the FID decay rate was expected, and found, to be band,Biol. Magn. Resonin press (2002).
the same at both frequencies. The FID envelope decayed withG. A. Rinard, R. W. Quine, S. S. Eaton, and G. R. Eaton, Frequency depen
a time constant of 2.7ts, which corresponds to a linewidth  dence of EPR sensitivitgiol. Magn. Resonin press (2002).
(approximated as a Lorentzian line) of 0.042 G, which is con3. G. R. Eaton, S. S. Eaton, and G. A. Rinard, Frequency dependence c
sistent with the CW spectrum EPR sensitivity,in “Spatially Resolved Magnetic Resonance: Methods,

In the .current_ spectrometer (_:onfigurations_ the noise in the ('\Q,atgﬁfer'\ﬂgdgml C?’o;). gébti?’ e;)rl]%gé Eﬁsfﬁmiﬂzﬂ% ';;rdsvﬁr?ei

FID data is dominated by the noise from the high-power pulsed wiley—vcH, weinheim, 1998.

amplifier. In the L-band system there are two switches in serieg . A, Rinard, R. W. Quine, R. Song, G. R. Eaton, and S. S. Eaton, Absolute

onthe output of the CW TWT, which are opened after the pulse to EPR spin echo and noise intensitiégsMagn. Resorl140,69-83 (1999).

suppress noise during the FID detection time. In the VHF systes G. A. Rinard, R. W. Quine, J. R. Harbridge, R. Song, G. R. Eaton, and

the isolation of the CLR and noise suppression diodes are used tcS- S. Eaton, Frequency dependence of EPR signal-to-doldegn. Reson

decrease noise from the CW RF amplifier during FID detection, 140:218-227 (1999).

Eventually, the CW RF amplifier in the VHF spectrometer will 6 H- J- Halpern, D. P. Spencer, J. van Polen, M. K. Bowman, A. C. Nelson,

be replaced with an amplifier with noise blanking after the pulse E. M. Dowey, and B. A. Teicher, Imaging radio frequency electron-spin-
. . - . ) ~ ' resonance spectrometer with high resolution and sensitivity for in vivo mea-

which is expected to be more effective in noise suppression syrementsRev. Sci. Instrun60, 1040-1050 (1989).

than the current configuration of noise blanking diodes. Because ;. gourg, M. C. krishna, J. B. Mitchell, R. G. Tschudin, T. J. Pohida,

of these differences in spectrometer configuration, we did not w. S. Friauf, P. D. Smith, J. Metcalfe, F. Harrington, and S. Subramanian,

attempt a direct comparison of experimental noise levels. Radiofrequency FT EPR spectroscopy and imaginlylagn. Reson. B02,
The potentialS/N ratio (for comparable noise performance) 112-115(1993).

at VHF and L-band is approximately indicated by the differenceE' R. Murugesan, J. A. Cook, N. Devasahayam, M. Afeworki, S. Subramanian

in gain reauired to achieve equal FID sianal levels. The VHE R. Tschudin, J. A. Larsen, J. B. Mitchell, A. Russo, and M. C. Krishna,
9 g q g : In vivo imaging of a stable paramagnetic probe by pulsed-radiofrequency

gain was 32 times the gajn used at L-band, but only 60% of ejectron paramagnetic resonance spectrosttpgn. Reson. Med8,409—

the sample was observed in the VHF resonator, so the correctedi14 (1997).

gain for equal signals is about 17. This factor of 17 is similar t®. R. Murugesan, M. Afeworki, J. A. Cook, N. Devasahayam, R. Tschudin,

the factor of (UL/(UVHF)W4 =21 predicted for the ratio of signal J. B. Mitchell, S. Subramanian, and M. C. Krishna, A broadband pulsed ra-

intensity at constant sample size. constant resonator size andjio frequency electron paramagnetic resonance spectrometer for biologic:
; . ] applicationsRev. Sci. Instrumr69, 1869-1876 (1998).

constantB; for a nonlossy sample?) and provides a realistic

. . . . ... 10. S. Subramanian, R. Murugesan, N. Devasahayan, J. A. Cook, M. Afeworki
estimate of the FIDS/N ratio at L-band in comparison with T. Pohida, R. T. Tschudin, J. B. Mitchell, and M. C. Krishna, High-speed

VHF when noise levels are similar. data acquisition system and receiver configurations for time-domain ra
diofrequency electron paramagnetic resonance spectroscopy and imagin
J. Magn. Resorl37,379-388 (1999).

11. S. Subramanian, J. B. Mitchell, and M. C. Krishna, Time-domain radio
. . frequency EPR imagindgiol. Magn. Resonin press.

With full accounting for all features of the sample, resonator quency 9 @ on-? press. .

d signal detection system, both the absolute EPR FID si rI%IM' Alecci, J. A. Brivall, G. Placidi, and A. Sotgiu, A radiofrequency

an > 9 Y o . 9 (220-MHz) Fourier transform EPR spectromefeMagn. Resorl30,272—

amplitudes and the relative FID signals at 247.5 MHz and 2gg (1998).

1.40 GHz are in agreement with predictions from first princirz, m. Alecci, J. A. Brivati, G. Placidi, L. Testa, D. J. Lurie, and A. Sotgiu,

ples. This result extends our prior work from X-band to VHF, A submicrosecond resonator and receiver system for pulsed magnetic res

a factor of about 36 in frequency, and provides a basis for con- nance with large sample3, Magn. Resar.32,162-166 (1998).

fident prediction of the performance of a wide variety of EPR4. R. W. Quine, G. A. Rinard, B. T. Ghim, S. S. Eaton, and G. R. Eaton,

spectrometer systems. A 1-2 GHz pulsed a_nd continuous wave electron paramagnetic resonanc
spectrometeiRev. Sci. Instrunb7,2514-2527 (1996).

15. G. A. Rinard, R. W. Quine, B. T. Ghim, S. S. Eaton, and G. R. Eaton,

ACKNOWLEDGMENTS Easily tunable crossed-loop (bimodal) EPR resonatoMagn. Reson. A
122,50-57 (1996).
This research was supported in part by NIH Grant P41 RR12239%. G. A. Rinard, R. W. Quine, B. T. Ghim, S. S. Eaton, and G. R. Eaton,
(H. J. Halpern, University of Chicago, and GRE). A generous gift of trityl Dispersion and superheterodyne EPR using a bimodal resodakéagn.
radical from Nycomed Innovations AB made this research possible. Design and Reson. ALl22,58—63 (1996).

CONCLUSION



84 RINARD ET AL.

17. G. A. Rinard, R. W. Quine, and G. R. Eaton, An L-band crossed-loop Wistrand, J. S. Petersson, and K. Golman, EPR and DNP properties of ce

(bimodal) resonator]. Magn. Resaril44,85-88 (2000). tain novel single electron contrast agents intended for oximetric imaging
18.J. S. Hyde and W. Froncisz, Loop gap resonatorsAdvanced EPR: J. Magn. Resorfl33,1-12 (1998).

Applications in Biology and Biochemistry” (A. J. Hoff, Ed.), pp. 277-306,21. J. P. Hornak and J. H. Freed, Spectral rotation in pulsed EPR spectroscor

Elsevier, Amsterdam, 1989. J. Magn. Resar67,501-518 (1986).

19. G. A. Rinard, R. W. Quine, S. S. Eaton, G. R. Eaton, and W. Froncis22. W. B. Mims, Electron spin echo methods in spin resonance spectrometr
Relative benefits of overcoupled resonators vs. inherently low-Q reso- Rev. Sci. InstrunB6,1472-1479 (1965).
nators for pulsed magnetic resonande,Magn. Reson. A08, 71-81 23, L. Yong, J. Harbridge, R. W. Quine, G. A. Rinard, S. S. Eaton, G. R. Eaton,
(1994). C. Mailer, E. Barth, and H. J. Halpern, Electron spin relaxation of triaryl-
20. J. H. Ardenkjaer-Larsen, |. Laursen, |. Leunbach, G. Ehnholm, L.-G. methyl radicals in fluid solution]. Magn. Resarl52,156-161 (2001).



	INTRODUCTION
	SIGNAL COMPUTATION
	TABLE 1

	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES

