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Transient Magnetic Resonance without RF Pulses: Fast Field Switching
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An unusual strategy for performing magnetic resonance exper-  strong polarizing field ). Abragam, in his classic text, de-
iments is demonstrated. Instead of employing conventional radio-  scribed such an approach as an “elegant alternative” to the L
frequency transmitter fields to perturb spin state populationsaway  of an RF transmitter field2g). Representative additional ex-
from equilibrium, as is the basis of most magnetic resonance  5mples of continued interest in this strategy for nuclear ma
spectrometers today, technological advances now make possible netic resonance applications include Earth’s field imagB)g (
fast switching of the magnetic field orientation to achieve the same . - . . . .

spin relaxation4), field cycling 6-7), and numerical solution

effect. This is demonstrated with an electron spin resonance ex- . : .
periment where the magnetic field is switched 90° nonadiabati- of the Bloch equation). Herein, high-speed MOSFET de-

cally with a dead time of a few tens of nanoseconds and an fives are ussed in a non-energy-conserving circuit to obtal
electron free induction decay observed. © 1999 Academic Press dB/dt > 10” T/s over a small sample volume and observe
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The spectrometer was constructed to examine the possibility
medical EPR imaging at low fields without using RF pulses.

INTRODUCTION

Magnetic resonance (MR), both nuclear and electron, has METHODS
become a vitally important tool in research and clinical settings ) o .
spanning an astonishing range of applications. Indeed, the greath€ essence of the experiment, in simplest form, is th
commercial and health care related success of magnetic rd8§owing: (i) the sample’s electron spins are equilibrated in the
nance imaging is often cited as the prototypical illustration ¢olarizing magnetic field for a period on the order of the
the value to society of basic science research such as the e@pip—lattice relaxation timeT,; (ii) the polarizing field is
path breaking MR experiments of Rabi, Bloch, and Purcell.rapidly reduced to near zero in a time short relativé@ tp(iii)
Following half a century of technological evolution, MR&N orthogonal magnetic field is imposed in a time short con
instruments today rely nearly exclusively on either exposingP&red to the transverse or spin-spin relaxation tileas the
sample to short bursts of high frequency magnetic fields (fBP'a”Z”_‘g f!eld nears zero, and (iv) the response of the samg
perturbation of nuclear or electron spin state populations) whilgAgnetization, now precessing about the new magnetic fie
the samples are bathed in relatively large fixed magnetic fiel@S iS monitored via high-speed digitizing hardware.
or, to the same effect, on slowly sweeping large magnetic fieldsT© demonstrate this principle, an experiment was performe
in a continuous manner while the samples are exposedifc® 185-MHz (6.6 mT) FFS spectrometer designed and co
low-power high-frequency magnetic fields. In either case, Sfructed in our laboratory. Figure 1 schematically illustrates th
strong, highly homogeneous and stable, static magnetic fieldfsS Spectrometer, Fig. 2 illustrates the coil geometry, and Fi
employed to produce the initial population differential among describes the field switching timing of the experiment.
spin statesi.e., to induce magnetic polarization. Initially, pulses of electric current applied through a pair of
An alternative approach does exist, one that in certain iRz=mm-diameter Helmholtz coils around the sample produce
stances may offer advantages to the use of RF transmitter figh@é@rizing magnetic fieldB,, of 44 mT with duration of
in MR. Here we refer to fast field switching. severalT,’s to achieve significant electron spin polarization.
The concept of fast field switching (FFS) magnetic resdiere we takeB, to be applied along thg axis. The FFS
nance was presaged by Packard and Varian in 1954 in tHRyperiment requires that the magnetic fielthoaadiabatically
description of a means to observe free nuclear induction in th#itched, nominally 90°, from thB, axis used to polarize the
earth’s magnetic field following the abrupt cessation of $Pins; dB/dt= 4 vy, BS (8). B, is first reduced to near zero,
B, < 0.4 mT, to avoid spin locking of the polarization to a

1 To whom correspondence should be addressed. Fax: 314-935-44'@'[.51“'”9 ﬁelq- Immediately fOllQWing' this, an OrthOQOn'al pre-
E-mail: ackerman@wuchem.wustl.edu. cessional fieldB%, of 6.6 mT is switched on by pulsing an
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FIG.1. Ablock diagram illustrating the 185-MHz fast field switching (FFS) spectrometer. The field switching unit is composed of four high-power MOS
switching modules connected to individual field switching Helmholtz coil elements mounted around the sample as diagrammed in Fig. 2. The samp
frequency-tuned and impedance-matched signal pickup coil around it with the coil axis orthogonal to the plane containing the field switchisg Tod axe
pickup coil is matched to the 50-ohm input impedance of the Miteq preamplifier. The signal is routed to the low noise preamplifier and mixer throiggh ser
0.141-in.-diameter coaxial cables. The signal from the mixer is further amplified in the video amplifier, stored in a Biomation multichanne] andlyze
downloaded to an EG&G signal averaging boxcar. The operating frequency is derived from a frequency synthesizer and multiplier chain. Théatocal o
arm of the high-level mixer operates at 12 dBm. The field current control pulses that drive the field switching units are generated by the fieldtdominol ur
instructions delivered by the main computer through an IEEE488 interface.

electric current through an orthogonal pair of 13-mm-diamet&he capacitance totals on the energy storage circuit boar
Helmholtz coils. The magnetic moment due to the sampége selected to limit the voltage discharge during the pola
electron spin paramagnetism then precesses at 185 MHz abinuig field pulse to less than 5% and the observation fiel
the B} axis. Here we take this to be theaxis. Calculated pulses to less than 0.25%. Diode D1 is an ultrafast 600
magnetic field amplitude vs time profiles for the prototyp&€ TTA806D component made by SGS-Thompson Microelec
system employed herein are illustrated in Fig. 3. tronics connected to limit the voltage across the MOSFET
Figure 4a is a functional diagram showing circuitry foMOSFET transistors (No. DE275, Direct Energy, Inc. Ft.
one pair of magnetic field switching coils. Figure 4b is &ollins, CO) were used as the high-speed switching ele
schematic diagram showing a circuit assembly that includegents. This family of MOSFETs was selected due to thei
a magnetic field coil, resistor, capacitor energy storage bahigh switching speed, high pulsed drain current, and lov
on a circuit board, and MOSFET switch module. The speasertion inductance (1.5 nH). Capacitors are 1-kV, 0.1-mfi
trometer described here uses four such assemblies, with h-inductance disk ceramics in parallel with larger elec:
field coils arranged as shown in Fig. 2. The switch modulésolytics for energy storage arranged as 30 0.1 mfd
are driven by synchronized TTL level pulses to control theoldered across double-sided printed circuit FR-4 boar
time-dependent magnetic fields along thandx coil axes. material with 2 oz copper laminate for low impedance
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storage board that contains the high-voltage and grour

plane layers.
Signal detection employs a broadband video amplifie
// (Model No. 115, Princeton Applied Research, Princeton, N.
Polarzing: with a bandwidth of 20 MHz and a gain of 60 dB. The receive
field coils preamplifier is broadband (1-500 MHz, Model No. AU-1054,

Precessional-
field coils

Miteq, Hauppauge, NY) with 2.0 dB noise figure in a homo-
dyne circuit with double-balanced mixer. The receiver coil is
wound of No. 40 wire around a 1.5-mm-outer-diameter glas
pipette tip used as a sample container. This coil is tuned |
parallel resonance at 185 MHz and impedance matched to t
Miteq preamplifier 50 ohms input resulting in a coupled reso
nator loadedQ of approximately 10.

™~ The time required to create a relatively stable magnetic fiel
™~ in an inductive circuit is a function of the ratio of inductance tc

X circuit resistance, L/R. Litz wire elements, with many individ-

Sample and . . . .
Receiver Coil ually insulated small diameter conductors, are used in the coi

to allow the rapidly changing magnetic field to more evenly
penetrate the sample volume. The use of Litz wire has tt
FIG. 2. An illustration showing the geometrical arrangement of Bye additional experimental convenience that as the sample a
5-mm-diameter polarizing-field coils oriented along shaxis, theB% 13-mm-  pulse coil volumes are increased, the limitations of the MOS
diameter prgces3|ohal-f|eld coils orlenteq along xhaxis, and the radiofre- FETs and resistors can be balanced against the increased v

guency-receiver coil oriented along theaxis. - ? . ” ’
age and current requirements summarized in Fig. 5 by simp
increasing the number of parallel driven circuit L and R ele

Resistors are composed of low-inductance 2-w carbon coMents: In thl§ experiment, an L{R ratio of the order of\@as
position (Allen-Bradley RCR42 HB) elements. A circuitachieved using modified Litz wire (type 175/40 SPNSN, MWS
board containing a MOSFET and gate driving circuit (noWire Industries, Westlake Village, CA), with conductors of
available from Directed Energy, Inc. Model FPS-3N) thailo. 40 insulated wire connected in series/parallel with 10-ohr
accepts TTL level input is mounted parallel to each energyw carbon composition resistors. During the experiment
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FIG. 3. A depiction of the calculated time-dependent polarizing fi@g~= B,(t) and precessional fiel®% = B,(t), amplitudes. Insert is an expansion
of the 20- to 50-ns region. The polarizing field is turned on well beforet the0 origin used in this illustration and switched off at= 20 ns in the figure)
after significant electron polarization has been achieved, e.g., after ges. W transition time of ca. 20 ns is used to switch from the 44-mT polarizing fielc
along they axis to the more homogeneous 6.6-mT observation field along thés. The polarizing field is brought exponentially to less than 0.4 mT befor
the observation field is applied. The nonadiabatically apgigd) observation field causes the paramagnetic sample magnetization to precess-nplane.
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FIG. 4. An illustration depicting the field switching concept (a) and high-speed field switching module and circuit (b). Each switching module has &
of low-inductance energy storage capacitors soldered across opposite sides of double-sided FR-4 circuit board mounted adjacent to the poveed\j@8FE
driving circuit to supply the high currents for the Helmholtz field coils. The MOSFETs (DE-275) and gate driving circuit (FPS-3N) are commeriailg ava
from Directed Energy, Inc. The voltage limiting diode D1 is an SGS-Thompson Microelectronics STTA806D.

temperature stability was improved by blowing cool dry nitro- RESULTS AND DISCUSSION

gen gas over the resistors and MOSFETS. ) . ,
Approximately 0.13 mmfluoranthenyl radical cation salt of

PF; mounted in a 1.5-mm glass pipette tip was employed as tt
paramagnetic sample in the initial experiments reported herei
This salt gives a single narrow EPR pe@g(,, = 5 uT for B}

are used to calculate the time dependence of the magnetizat allel to the long needle axis) and the small sample volurr

M, for simple paramagnetic systems immersed in time-dep It within the small Helmholtz polarizing and observation fielc
de’nt magnetic fields, such as those shown in Fig. 3 coils. The electron relaxation times were estimated from ma

netization saturation experiments carried out on a conventior
EPR spectrometeil,, = T, = 7 us. The FFS FID signal was
11] acquired with a transient waveform recorder (model 810C(
T Biomation Corp, Cupertino, CA) and further processed in
boxcar signal processor (Model No. 4402/4420 with Mode
M is assumed to undergo relaxation toward the instantaned®s. 4422 plug-in modules, EG&G PARC, Princeton Applied
value of B(t) with a characteristic relaxation time constdnt Research). These instruments were used primarily because
Figure 6 shows solutions to this equation and the simulatétkir availability and could now be easily replaced by a high
spectrometer response (bold) during the 150-ns magnetic fisftbed digitizing oscilloscope with sufficient memory. The free
switching time interval depicted in Fig. 3. The simulated spetduction decay (FID) obtained by the FFS spectrometer |
trometer response plot assumes a receiver mixer referesbewn in Fig. 7.
frequency of 195 MHz, a display bandwidth of 20 MHz, and a The signal voltage induced in a receiver coil tuned to resc
radiofrequency receiver coil tuned to 185 MHz with a loadedance at the electron spin Larmor frequency will increase at
Q of 10 and no dead time or induced transient noise. rate on the order o®/=f,, whereQ is the coil quality factor

THEORY

The modified Bloch equations discussed in Abragan) (

dm M — x - B(t
S S
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FIG. 5. Plot of the calculated average power dissipated in circuits similar to those shown in Figs. 2 and 4 as coil diameters are increased. The calc
assume circuit component values selected for 5-ns exponential time constants of 2.5-mT peak fields at 1% duty cycle for field coils from 5- to 2%enm ¢
with one and a half turns each. Pairs of these coils in a Helmholtz configuration can deliver 5-mT fields with rise times on the order of 10 ns. The
increasing power requirements as coil diameters are increased results from the larger currents and circuit resistances needed to mairftaid anddtéRt
ratio.

and f, is the resonance frequencyQ “switching” would, in phase with respect to the field switching pulses. Phase sensit
principle, allow higherQ circuits to be employed while main- detection is therefore used to impro@N and detect FID
taining short dead time with theaveatthat this can also be a phase. Signal-to-noise improvements using digitized sign
source of transients. averaging at repetition periods on the ordeffefare possible,

Switching polarizing field transients aside, the absence lofit the field switching stability needs to be good enough t
short high-power radio- or microwave frequency transmittenake full use of phase coherent detection. The present desi
pulses reduces receiver saturation and the resulting spectrdoes not have sufficient stability. Several possible solutions
eter system dead time. In the experiment reported herdihis problem are being studied. Transforming the unstable tin
high-frequency field switching components were minimized lgomain signals to the frequency domain and aligning th
shaping the switching current vs time profile to a relativelghifted spectral components prior to averaging in near real tin
smooth 10-ns time constant exponential waveform to minimizeay be possible with one of the newer fast digital signa
Fourier components near the signal frequency of 185 MHarocessors. This requires a reference resonance signal that
The relatively high gate capacitance of the power MOSFHJe well quantified in a single acquisition.
used here forms one element of a natural low-pass RF filterAnother improvement in dynamic magnetic field stability
when combined with the gate driver circuit series resistanaaay be possible using an analog current feedback contr
The order of magnitude reduction of dead time compared ¢ocuit instead of the high-speed MOSFET switch and fixe
conventional pulsed EPR spectrometers presents many attssies resistance circuit shown in Fig. 4b. Broadband oper
tive features that will allow study of a wide selection otional amplifiers such as the Comlinear CLC220Al anc
paramagnetic centers based on their physical, chemical, GirC104Al have insufficient gain bandwidth, settling time,
biological merits rather than solely on favorable relaxatioslew rates, and/or stability to drive a power MOSFET gat
properties. This is especially true in experiments with spiicapacitive load) with nanosecond rise time signals. Howeve
labels where short relaxation times are often encountered. improved devices are already available.

In this spectrometer the clock signal driving the program- Roughly speaking, the component cost of the FFS spectror
mable pulse generator is derived from the frequency syntheter can be expected to scale with the sample volume and t
sizer clock so the receiver local oscillator maintains a constantagnetic field energy density-olume X Bj). Technology
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FIG. 6. Lighter shade trace is a depiction of a calculated solution to the modified Bloch equations discussed in AB@gamM,(t) during the
time-dependent magnetic fields shown in Fig. 3. Depicted with a darker trace during same field switching interval are the calculated spectrateeter
assuming a 195-MHz local oscillator reference frequency, 20-MHz bandwidth, RF picku o6ilL0 at 185-MHz resonance frequency, and no coupled fielc
switching noise. Note that althoudW,(t) responds immediately tB,(t), the spectrometer response is delayed due to receiver bandwidth limitations. Gen
features of the 150-ns time interval simulated signal are seen in the measured signal shown in Fig. 7.

continues to improve in high-speed, high-current switching
transistors and expenses associated with fast field switching are
expected to decrease. In addition to technological limitations,
choice of appropriate polarization and/or precession field
strengths will depend upon the application and system to be,
examined. Generally, maximal polarization magnetic fields ar&g 1

desirable for production of the greatest sample magnetizatio¢g
Choice of the appropriate precession field strength will requireE‘
consideration of the electrical characteristics of the samplet
(e.g., dielectric resonances and RF resistivity related sign&R
losses can be issues with conducting samples at high frequem-
cies) and the strength of any local interaction fields. A preces-
sion frequency of ca. 200 MHz was chosen herein because of
this laboratory’s interest in developing a larger scale FFS
spectrometer for intact biological systems. Experience with ('] . 1!0 . 2!0 . 3.0
nuclear magnetic resonance experiments on such systems sug- Time (us)

gests that conductive sample related problems are not prohib-

itive at this frequency. The FFS spectrometer in the presenF'G- 7. A free induction decay of fluoranthenyl radical cation salt of PF

prototype form requires careful adjustment and will requif@easured using the 185-MHz FFS spectrometer. The sample assembly
composed of several crystalas in a 1.5-mm-diameter pipette tip. The loc

modifications to scale up for larger samples. Figure 5 ShoW§:i|lator frequency driving the receiver double-balanced mixer is 195 MHz
the calculated average power dissipation for similar circuitse signal “chirps” to the observed beat frequency between the spectrome
with field coils up to 25-mm diameter. As a final technical notédgcal oscillator and magnetic moment precession as the observation fie
during the spectrometer setup, 0.5-ﬁmmpper foil flux pad- exponentially approaches 6.6 mT. The signal is recorded in one “shot” of 204

. . ata digitization channels with 20 ns per channel by a Biomation waveforr
dies were carefully positioned near opposite ends of the I?géorder. Experimental factors contributing to the observed nonexponenti

Cf?iver coil to mi_nimize_the _coupling of field_switching traN-gecay signal include the anisotropy of the multicrystalline sample and th
sients from the field coils with the pickup coil. inhomogeneity of the precessiond,j magnetic field.
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