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A truncated transmission line probe (TLP) has been utilized to
excite and detect time domain responses after pulsed excitation in
electron paramagnetic resonance (EPR) spectroscopic experi-
ments in the frequency range 200—400 MHz. The TLP device is a
modified short-circuited coaxial line, which allows the irradiation
of the sample by the traveling wave B, fields in the frequency
range of kilohertz to 30 GHz. In EPR studies at 300 MHz carrier
frequency, with 10 W incident power, a 45° pulse is 45 ns in
duration. This corresponds to a 0.9-G B, field. Using the TLP,
time-domain responses from the solid N-methyl pyridinium tetra-
cyanoquinodimethane (TCNQ) were collected at 200, 250, 300,
and 350 MHz, with the range limited by the amplifiers. In addition
two tubes containing TCNQ placed side-by-side vertically along
the axis of the probe were used to collect time domain responses in
the presence of magnetic field gradients to test the feasibility of
two-dimensional imaging using a TLP. The magnetic field gradi-
ent was steered in the xz plane and 36 projections were collected
at 5° intervals. Using filtered back-projection image reconstruc-
tion, the two-dimensional spatial image in the xz plane was ob-
tained at good resolution. © 1998 Academic Press

Key Words: nonresonant; coaxial FT-EPR probe; magnetic res-
onance probes.

INTRODUCTION

fill factors of the cavities limits the effectiveness of this strat:
egy. At the opposite extreme is to eliminate the use of tuning
matching circuits, but this strategy is feasible only if the inpu
RF power can be efficiently transformedBg and the output
efficiently picked up from the sample and relayed to the am
plifier. To this end, the most common approach for broadban
work has been to construct nonresonant solenoid delay line
For instance, for NMR, Lowe and Engelsberg used a soleno
delay line with a relatively large bandwidth and short transier
decay time ). Delay-line coils have also been used in broad
band EPR studieslQ, 11. Most effective delay lines cannot
have diameters more than aboul0, and their small sizes at
EPR frequencies have served to limit their use.

The TLPs, based on a short-circuited, coaxial line, can b
used both with and without tune/match circuits. Without
matching circuits, as for any shorted transmission line, the R
propagation is nearly frequency independent over NMR an
EPR frequencies; the maximuiy field for all frequencies
inherently resides at the sample’s location at the short circui
As such, the TLPs are expected to be effective for multipl
frequency experiments. The bandwidth of a simple truncatic
is, however, not unlimited since the short circuit creates a
antinode positions that can be at the detector, depending on
frequency. The bandwidth, then, depends on the acceptal

Nuclear magnetic resonance (NMR) studies generally halgel of power decrease, the frequency, the transmission lir

been conducted by placing the samples within various solenfeingth to the detector, and the transmission line’s loss prope
dal or loop structures which form part of a tuned circuit. At thes. However, the bandwidths of the amplifiers are likely to b
higher frequencies typical for electron paramagnetic resonanfiére restrictive.
(EPR), samples are held in resonant cavities at a location oin addition, no inherent ringdown time for the system is
maximumB, field while centered at the node of the RF electrignticipated except for adventitious echoes associated wi
field standing wave. The resonant cavities are constructed witle bridge. Since probe ringing is an important factor ir
high Q-values to enhance signal-to-nois#N) for continuous time-domain EPR spectroscopy, TLPs might be especiall
wave (CW) EPR techniques. At X and K band, ;5§ TMqy;,  useful for such studies. This study describes the use of
and loop-gap resonators are most common. However, matchpdpP for time-domain EPR experiments in the frequency
resonant coaxial quarter-wave lines have been used as sarp@tgje 200400 MHz.
cavities for low-frequency EPR since its early yedts §.

In time-domain experiments, for the shdr} of most para-
magnetic species, higQ-resonators possess excessive ringing
times. Most commonly, this dead time has been decreasedfyype Construction
lowering theQ of the resonators. However, the inherently low

EXPERIMENTAL

Truncated line probes, similar to the one described her
were reported previously for CW-EPRLZE, 13. Similar
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Samples

The paramagnetic samples used were powdered, so
TCNQ packed in tubes with O.D. 1.8 mm, I.D. 1.5 mm. Two
short tubes were used for imaging, and a single, longer tube
sample inserted through the end was used for spectroscopy

FT-EPR Instrument

The EPR instrument is a single-channel homebuilt machir
operating between 200 and 400 MHz. The bandwidth limits ar
associated with the characteristics of the amplifiers. All th

FIG. 1. Diagram of the TLP short circuited end and the placement of tHémings (pulse start, pulse stop, receiver gate, diplexer switc
TCNQ samples for imaging. Samples can also be placed along the axis pa@kition) are generated by two Stanford Research Syster
against the strip by insertion through a hole in the truncation. (Sunnyvale, CA 94089) DG535 Digital Delay Generators. Al

RF frequencies are derived from a Hewlett-Packard 8644
signal generator (Hewlett-Packard, San Jose, CA). The C
probes, both untuned as well as tuned and matched, have bsignal is gated by an RF switch to generate the transmitt
reported for use in NMR imagindL4, 15. pulse of appropriate width. The RF is amplified using an EN

The truncated line is constructed of conventional cylindricaiodel 525LA 25 W linear amplifier (50 dB) and is applied to
brass tubing (wall thickness 0.4 m 1/64 inch). The central the TLP probe through a homemade transmit/receive (T/F
conductor's diameter is 4.7 mm (3/16 inch), and the tulmwitch.
comprising the outer sheath has a 10.3-mm (13/32-inch) innerAfter a chosen delay (100 to 200 ns to blank switching
diameter. The short circuit is made using a cylindrical brassansients) following the end of the RF pulse, the RF detectio
plug a few millimeters long that fits snugly between the coaxiarm is connected to the TLP using the T/R switch. Then, th
conductors. The parts slide-fit together. The truncated line R source is switched on to form the local oscillator to a mixer
attached to the RF source through a BNC connector (Amprapplying the source to the mixer acts as a switch to allow th
nol #31-3376; Amphenol, Danbury, CT). The shield fits ovegignal to continue to the data collection system. The magnituc
the outside of the connector barrel, and the central conductoffghe local oscillator is set with an attenuator (Kay Model 839
soldered to the connector’s central pin. Kay Elemetrics Corp., Pine Brook, NJ 07058).

Access to the region inside the probe is allowed by cutting The signals from the sample then are amplified with a 35-d
a 7 cm long, 180° sector out of the shield. The cutout Miteq amplifier (Miteq Corp., Hauppauge, NY 11788) and
closed with a snugly fitting, movable cover in the form of &urther amplified with a homebuilt RF amplifier (19 dB).
split cylinder 8 cm long, also made from brass tubing. Fdthother Kay attenuator is present between the amplifiers ar

imaging, sample tubes were placed as shown in Fig. 1. Rt so that the second stage is not saturated. The result
jgpal is then mixed with the RF carrier frequency and col

spectroscopy, tubes can be inserted and removed throuaﬂ : ;
hole along the axis at the truncation without opening tHECted and summed. The data collection was done using

cutout cover. system based on an Analytek Model 2000RV2 ADC-average

The B, field generated from the RF increases as the IOCgiektromx, Beaverton, OR). The system has a nominal ban
current density increases. Thus, a significant RF magneticfi(g%dth of 1 G_HZ' For each FID or background _(magnet of),
multiplication is achieved by removing most of the centraé} ,OOO_tranS|ents were averaged. Data collection times we
conductor to leave only a conducting strip where the Sampqurommately half a second. . . .
lies. In the probes used for this work, at least three-fourths Oflmagmg was C_a”'ed out W.'th _the same instrument in th

P o i resence of gradient magnetic fields provided by Helmholt
the conductor was removed. This is illustrated in Fig. 1. Wh(%nd Golav coils
one-fourth of the conductor remains, the lod| field is Y '
increased twofold (see Results).

Local impedances of the TLPs were measured using a time- RESULTS
domain reflectometer (TDR) (Tektronix Model 1502; Tektro- ) )
nix, Beaverton, OR). The impedance is calibrated relative B‘P Electrical Properties
the 504} cable connecting the probe to the TDR. The ratio of the diameter of the shield to the diameter o

The period of a 180° pulse fofH-NMR of water in a central conductor is 2.2, and the impedance of the TLP wz
capillary at ambient temperature was determined on a Philifggind to be 48+ 1 Q) along the entire 25-cm length except
315 Imaging/Spectroscopy system with a 1.5-T magnet havingiere the central conductor is cut out for the sample. Ther
a nominal proton frequency of 64 MHz. The time to the beshe local impedance increases to aboutB0rhe local imped-
null for a 180° pulse was found. ance values were as expected since the impedance of a coa
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conductor with air dielectric is 50) when the ratio of the erate agreement with the 0.9 G measured from the EPR exp
diameters of inner and outer surfaces is 2.86).( iment.

Changing the frequency simply requires tuning the source toSimple B-field modeling shows thas,’s are approximately
a new frequency and collecting data. No tuning of the prolegual on either side of the strip conductor. Experimentally, 9C
was needed. As a result, a series of relaxation measuremengsudges for'H NMR of water were the same within experimen-
four different frequencies—for example, 200, 250, 300, artdl error for samples placed on both sides, validating th

350 MHz—were obtained in less than 15 min. modeling. These results suggest that either position may |
used for a sample or, perhaps, both simultaneously for a samj
Probe Efficiency and reference.

The most straightforward figure of merit for the TLP is to, 1he location of the sample at the short circuit doubles th
determine theB, field generated for a given power. For arfield compared to a transmission line, and cutting the centr.
NMR experiment at 64 MHz, 3H 90° pulse was 19%s long conductor to create a narrow strip at the short circuit increas

with 2.0 W (—34 dB relative to 5000 W) incident. The 195 the field approximately another factor of 2. As a result the
90° pulse translates to an averaggfield of 0.3 G. unmatched line provides an increase in field equivalent@ a

For the EPR results at 300 MHz, a 45° pulse was 45 Qf 16 before any further tune/match circuitry is added. Any
long with 10 W incident power. This translates into a fieldCr€ase IrQ by a tune/match system augments that sensitivit
of 0.9 G for the paramagnetic electrons. With the probe*%“t with a concomitant reduction in bandwidth. The benefits o
flat response, the power must increase as the square of {}f§ combination were demonstrated with a CW-TLP for low-
B, increase. So we expect the fivefold increase in powlf!d EPR reported earlied). _ _
between NMR and EPR to produce a 2.2-fold increas,in As the sample size is reduced, a still narrower strip can &
The observed threefold increase in field is in moderatis€d for the central conductor, allowing a further incread in

agreement indicating the consistency of the efficiency ovli¢!d- With a thinner sample, the farthest distance of the cros
the frequency range 64—400 MHz. section lies closer to the conductor, enhancing the signal mo

since the material experiences a larger, more homogeri&ous
Calculation of the RF Field field, and the reciprocal pickup of signals concomitantly in-:

. e . creases.
We can approximate the RF magnetic field surrounding the

central conductor of the coaxial line at a distamdgom the  gpectroscopy
cable axis usingq, 13

In Fig. 2 are shown typical FIDs and spectra from a sampl
of solid TCNQ. In order to measure the resonance at differen
(A/m). [1] frequencies, the oscillator was set, and the magnetic fie
adjusted to a few megahertz off resonance. Then, the FIL
were collected and averaged. The EPR data reduction consis
0.46 A= (10 W/480)*?is expected. The radius at the :surfac%f su_btractmg the back_ground from the_S|gnaI. A sub_sequeq
. : . ourier transform provided the absorption spectra with the

of the uncut inner conductor of the TLP is 2.35 mm, givisig
i peaks at the offset frequency. The geometry was the same

= 31 A/m. Since 1 A/Im= 47 X 103 G, Eq. [1] says to expec . . :
a field at the inner conductor’s surface of 0.39 G. However, tngd with @ CW probe, with the sample inserted through a ho

reflection at the short circuit doubles tBg component com- ITthe short-circuit end along the strip conductaB

pared to the traveling wave. Thus, 10 W incident is eXpeCtedIWIaging

produce an RF magnetic field of 0.78 G at the surface of the

2.35-mm-radius center conductor. With removal of three- Shown in Fig. 3 are two views of an image of two TCNQ-

fourths of the conductor, the field is expected to increase filed tubes placed in the TLP with the geometry shown in Fig

approximately 1.6 G at the surface. The reason that the fidldLarger samples will require higher power capabilities thal

only doubles rather than quadruples is that cutting the cond@ece now available. We anticipate that images exterior to th

tor open exposes the inner surface, so the conducting aregrigbe will be able to be obtained as they were in NMR imagin

reduced to half that of the original, intact cylinder. (14), although the shielding of the system is not yet sufficien
The final step in estimating the fields at the sample is to do so.

adjust for the sample’s distance from the surface. Bhéeld

decreases approximately ag bketween the conductors, and CONCLUSIONS

the relative radius at the mid-distance between conductors is

1.6 times that at the surface of the central conductor. As aThe TLPs have a number of benefits, among which is th

result, we expect a field of (1.6 G/1.6) 1.0 G at the site flexibility to allow a decrease in the width of the conducting

between the conductors where the axis of the sample is sitagion while keeping th®, field adequately homogeneous

ated. This simple, approximate model appears to provide madeng the axis of the probe. The linear increases in the R

Bo= o

When 10 W power passes down the @8zable, a current of
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field for the appropriate smaller samples may be far mo A
beneficial than increasing the power quadratically. In add
tion, since the sample is enclosed within a closed shiel
little RF leakage occurs either upon irradiation or in thq
power collection.

It is also worth noting that the RF magnetic field surround
the central conductor of the coaxial line. This is a nearly ides
geometry for solenoid magnets, where the coaxial line
placed along the axis of the magnet. TBeg field is then
perpendicular toB, regardless of cylindrical angle. We can
improve the homogeneity of the RF field by reshaping th
conductors and truncation.

The impedance mismatch at the short circuit does cau
some problems since the transmitter may need protecti
from the reflected pulse. However, the bandwidth is onl
limited by the locations of nodes at the location of thd
receiving amplifier.

A slight modification of the design of the TLP involving
opening the outer conductor could have applications as a prd
for detecting free radicals vivo by EPR or FT-EPR. Such a
probe has already been demonstrated in a number of si
including a 2-mm catheter probe f&H MRI (14).
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