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An unusual strategy for performing magnetic resonance exper-
ments is demonstrated. Instead of employing conventional radio-
requency transmitter fields to perturb spin state populations away
rom equilibrium, as is the basis of most magnetic resonance
pectrometers today, technological advances now make possible
ast switching of the magnetic field orientation to achieve the same
ffect. This is demonstrated with an electron spin resonance ex-
eriment where the magnetic field is switched 90° nonadiabati-
ally with a dead time of a few tens of nanoseconds and an
lectron free induction decay observed. © 1999 Academic Press

Key Words: EPR; instrumentation; spectrometer; radiofrequency.

INTRODUCTION

Magnetic resonance (MR), both nuclear and electron,
ecome a vitally important tool in research and clinical sett
panning an astonishing range of applications. Indeed, the
ommercial and health care related success of magnetic
ance imaging is often cited as the prototypical illustratio

he value to society of basic science research such as the
ath breaking MR experiments of Rabi, Bloch, and Purce
Following half a century of technological evolution, M

nstruments today rely nearly exclusively on either exposi
ample to short bursts of high frequency magnetic fields
erturbation of nuclear or electron spin state populations) w

he samples are bathed in relatively large fixed magnetic fi
r, to the same effect, on slowly sweeping large magnetic fi

n a continuous manner while the samples are expose
ow-power high-frequency magnetic fields. In either cas
trong, highly homogeneous and stable, static magnetic fi
mployed to produce the initial population differential am
pin states,i.e., to induce magnetic polarization.
An alternative approach does exist, one that in certain

tances may offer advantages to the use of RF transmitter
n MR. Here we refer to fast field switching.

The concept of fast field switching (FFS) magnetic re
ance was presaged by Packard and Varian in 1954 in
escription of a means to observe free nuclear induction i
arth’s magnetic field following the abrupt cessation o
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trong polarizing field (1). Abragam, in his classic text, d
cribed such an approach as an “elegant alternative” to th
f an RF transmitter field (2a). Representative additional e
mples of continued interest in this strategy for nuclear m
etic resonance applications include Earth’s field imaging3),
pin relaxation (4), field cycling (5–7), and numerical solutio
f the Bloch equation (8). Herein, high-speed MOSFET d
ives are used in a non-energy-conserving circuit to ob
B/dt . 105 T/s over a small sample volume and observ
eld switchedelectronparamagnetic resonance (EPR) sig
he spectrometer was constructed to examine the possibi
edical EPR imaging at low fields without using RF puls

METHODS

The essence of the experiment, in simplest form, is
ollowing: (i) the sample’s electron spins are equilibrated in
olarizing magnetic field for a period on the order of
pin–lattice relaxation time,T1; (ii) the polarizing field is
apidly reduced to near zero in a time short relative toT1; (iii)
n orthogonal magnetic field is imposed in a time short c
ared to the transverse or spin–spin relaxation time,T2, as the
olarizing field nears zero, and (iv) the response of the sa
agnetization, now precessing about the new magnetic
xis, is monitored via high-speed digitizing hardware.
To demonstrate this principle, an experiment was perfor

n a 185-MHz (6.6 mT) FFS spectrometer designed and
tructed in our laboratory. Figure 1 schematically illustrates
FS spectrometer, Fig. 2 illustrates the coil geometry, and
describes the field switching timing of the experiment.
Initially, pulses of electric current applied through a pai

-mm-diameter Helmholtz coils around the sample produ
olarizing magnetic field,B0, of 44 mT with duration o
everalT1’s to achieve significant electron spin polarizati
ere we takeB0 to be applied along they axis. The FFS
xperiment requires that the magnetic field benonadiabatically
witched, nominally 90°, from theB0 axis used to polarize th
pins; dB/dt$ 4 ge B0

2 (8). B0 is first reduced to near zer
0 , 0.4 mT, to avoid spin locking of the polarization to

otating field. Immediately following this, an orthogonal p
essional field,B*, of 6.6 mT is switched on by pulsing

81.
0 an



e ete
H p
e ab
t d
m ype
s

for
o s a
s ude
a ba
o ec
t th
fi ule
a th
t

T ards
a olar-
i field
p 00V
S lec-
t ET.
M Ft.
C ele-
m heir
h low
i mfd
l lec-
t
s oard

OSFET
s mple has a
f l axe
p semi-
0 lyzer
d al oscil
a l uni
i ace

61FAST FIELD SWITCHING MAGNETIC RESONANCE
lectric current through an orthogonal pair of 13-mm-diam
elmholtz coils. The magnetic moment due to the sam
lectron spin paramagnetism then precesses at 185 MHz

he B*0 axis. Here we take this to be thex axis. Calculate
agnetic field amplitude vs time profiles for the protot

ystem employed herein are illustrated in Fig. 3.
Figure 4a is a functional diagram showing circuitry

ne pair of magnetic field switching coils. Figure 4b i
chematic diagram showing a circuit assembly that incl
magnetic field coil, resistor, capacitor energy storage
n a circuit board, and MOSFET switch module. The sp

rometer described here uses four such assemblies, wi
eld coils arranged as shown in Fig. 2. The switch mod
re driven by synchronized TTL level pulses to control

FIG. 1. A block diagram illustrating the 185-MHz fast field switching (F
witching modules connected to individual field switching Helmholtz co
requency-tuned and impedance-matched signal pickup coil around it w
ickup coil is matched to the 50-ohm input impedance of the Miteq pream
.141-in.-diameter coaxial cables. The signal from the mixer is further
ownloaded to an EG&G signal averaging boxcar. The operating frequ
rm of the high-level mixer operates at 12 dBm. The field current contro

nstructions delivered by the main computer through an IEEE488 interf
ime-dependent magnetic fields along they andx coil axes. m
r
le
out

s
nk
-

the
s

e

he capacitance totals on the energy storage circuit bo
re selected to limit the voltage discharge during the p

zing field pulse to less than 5% and the observation
ulses to less than 0.25%. Diode D1 is an ultrafast 6
TTA806D component made by SGS-Thompson Microe

ronics connected to limit the voltage across the MOSF
OSFET transistors (No. DE275, Direct Energy, Inc.
ollins, CO) were used as the high-speed switching
ents. This family of MOSFETs was selected due to t
igh switching speed, high pulsed drain current, and

nsertion inductance (1.5 nH). Capacitors are 1-kV, 0.1-
ow-inductance disk ceramics in parallel with larger e
rolytics for energy storage arranged as 303 0.1 mfd
oldered across double-sided printed circuit FR-4 b

) spectrometer. The field switching unit is composed of four high-power M
lements mounted around the sample as diagrammed in Fig. 2. The sa
the coil axis orthogonal to the plane containing the field switching cois. The
fier. The signal is routed to the low noise preamplifier and mixer throughrigid
plified in the video amplifier, stored in a Biomation multichannel ana, and

y is derived from a frequency synthesizer and multiplier chain. The loclator
lses that drive the field switching units are generated by the field controt from
.

FS
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aterial with 2 oz copper laminate for low impedance.
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62 SLOOP, LIN, AND ACKERMAN
esistors are composed of low-inductance 2-w carbon
osition (Allen-Bradley RCR42 HB) elements. A circ
oard containing a MOSFET and gate driving circuit (n
vailable from Directed Energy, Inc. Model FPS-3N) t
ccepts TTL level input is mounted parallel to each en

FIG. 2. An illustration showing the geometrical arrangement of theB0

-mm-diameter polarizing-field coils oriented along they axis, theB*0 13-mm-
iameter precessional-field coils oriented along thex axis, and the radiofre
uency-receiver coil oriented along thez axis.

FIG. 3. A depiction of the calculated time-dependent polarizing fieldB0

f the 20- to 50-ns region. The polarizing field is turned on well beforet
fter significant electron polarization has been achieved, e.g., after ca.ms.
long they axis to the more homogeneous 6.6-mT observation field alo

he observation field is applied. The nonadiabatically appliedB (t) observatio
x
-

t
y

torage board that contains the high-voltage and gr
lane layers.
Signal detection employs a broadband video amp

Model No. 115, Princeton Applied Research, Princeton,
ith a bandwidth of 20 MHz and a gain of 60 dB. The rece
reamplifier is broadband (1–500 MHz, Model No. AU-10
iteq, Hauppauge, NY) with 2.0 dB noise figure in a hom
yne circuit with double-balanced mixer. The receiver co
ound of No. 40 wire around a 1.5-mm-outer-diameter g
ipette tip used as a sample container. This coil is tune
arallel resonance at 185 MHz and impedance matched
iteq preamplifier 50 ohms input resulting in a coupled re
ator loadedQ of approximately 10.
The time required to create a relatively stable magnetic

n an inductive circuit is a function of the ratio of inductance
ircuit resistance, L/R. Litz wire elements, with many indiv
ally insulated small diameter conductors, are used in the

o allow the rapidly changing magnetic field to more eve
enetrate the sample volume. The use of Litz wire has
dditional experimental convenience that as the sample
ulse coil volumes are increased, the limitations of the M
ETs and resistors can be balanced against the increase
ge and current requirements summarized in Fig. 5 by si

ncreasing the number of parallel driven circuit L and R
ents. In this experiment, an L/R ratio of the order of 1029 was
chieved using modified Litz wire (type 175/40 SPNSN, M
ire Industries, Westlake Village, CA), with conductors
o. 40 insulated wire connected in series/parallel with 10-
-w carbon composition resistors. During the experime

By(t) and precessional field,B*0 5 Bx(t), amplitudes. Insert is an expans
origin used in this illustration and switched off (att 5 20 ns in the figure

ransition time of ca. 20 ns is used to switch from the 44-mT polarizing
hexis. The polarizing field is brought exponentially to less than 0.4 mT b
eld causes the paramagnetic sample magnetization to precess in thez–y plane.
,5
the5 0
10A t
ng tx a
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63FAST FIELD SWITCHING MAGNETIC RESONANCE
emperature stability was improved by blowing cool dry ni
en gas over the resistors and MOSFETs.

THEORY

The modified Bloch equations discussed in Abragam2b)
re used to calculate the time dependence of the magnetiz
, for simple paramagnetic systems immersed in time-de

ent magnetic fields,B, such as those shown in Fig. 3.

dM
dt

5 g z M 3 B~t! 2
M 2 x z B~t!

T
. [1]

is assumed to undergo relaxation toward the instantan
alue ofB(t) with a characteristic relaxation time constanT.
igure 6 shows solutions to this equation and the simu
pectrometer response (bold) during the 150-ns magnetic
witching time interval depicted in Fig. 3. The simulated sp
rometer response plot assumes a receiver mixer refe
requency of 195 MHz, a display bandwidth of 20 MHz, an
adiofrequency receiver coil tuned to 185 MHz with a loa

of 10 and no dead time or induced transient noise.

FIG. 4. An illustration depicting the field switching concept (a) and h
f low-inductance energy storage capacitors soldered across opposite si
riving circuit to supply the high currents for the Helmholtz field coils. Th

rom Directed Energy, Inc. The voltage limiting diode D1 is an SGS-Th
r
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on,
n-

us

d
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RESULTS AND DISCUSSION

Approximately 0.13 mm3 fluoranthenyl radical cation salt
F6 mounted in a 1.5-mm glass pipette tip was employed a
aramagnetic sample in the initial experiments reported he
his salt gives a single narrow EPR peak (DBpp 5 5 mT for B*0
arallel to the long needle axis) and the small sample vo
ts within the small Helmholtz polarizing and observation fi
oils. The electron relaxation times were estimated from m
etization saturation experiments carried out on a convent
PR spectrometer,T1 5 T2 5 7 ms. The FFS FID signal wa
cquired with a transient waveform recorder (model 8
iomation Corp, Cupertino, CA) and further processed
oxcar signal processor (Model No. 4402/4420 with Mo
o. 4422 plug-in modules, EG&G PARC, Princeton Appl
esearch). These instruments were used primarily becau

heir availability and could now be easily replaced by a h
peed digitizing oscilloscope with sufficient memory. The f
nduction decay (FID) obtained by the FFS spectromet
hown in Fig. 7.
The signal voltage induced in a receiver coil tuned to r

ance at the electron spin Larmor frequency will increase
ate on the order ofQ/pf , whereQ is the coil quality facto

-speed field switching module and circuit (b). Each switching module h
of double-sided FR-4 circuit board mounted adjacent to the power MOSand gate
OSFETs (DE-275) and gate driving circuit (FPS-3N) are commerciallyilable

pson Microelectronics STTA806D.
igh
des
e M
0 r



a
p n-
t a
s

e
s itte
p tro
e re
h d b
s ely
s iz
F H
T FE
u filt
w nc
T d
c ttr
t of
p al,
b tio
p spi
l d.

am
m nth
s

p sitive
d
p ignal
a ,
b h to
m esign
d ns to
t time
d the
s time
m nal
p at can
b

ility
m ntrol
c xed
s pera-
t nd
C e,
s ate
( ver,
i

trom-
e d the

calculations
a m diame
w he rapidly
i t
r

64 SLOOP, LIN, AND ACKERMAN
nd f 0 is the resonance frequency. “Q switching” would, in
rinciple, allow higherQ circuits to be employed while mai

aining short dead time with thecaveatthat this can also be
ource of transients.
Switching polarizing field transients aside, the absenc

hort high-power radio- or microwave frequency transm
ulses reduces receiver saturation and the resulting spec
ter system dead time. In the experiment reported he
igh-frequency field switching components were minimize
haping the switching current vs time profile to a relativ
mooth 10-ns time constant exponential waveform to minim
ourier components near the signal frequency of 185 M
he relatively high gate capacitance of the power MOS
sed here forms one element of a natural low-pass RF
hen combined with the gate driver circuit series resista
he order of magnitude reduction of dead time compare
onventional pulsed EPR spectrometers presents many a
ive features that will allow study of a wide selection
aramagnetic centers based on their physical, chemic
iological merits rather than solely on favorable relaxa
roperties. This is especially true in experiments with

abels where short relaxation times are often encountere
In this spectrometer the clock signal driving the progr
able pulse generator is derived from the frequency sy

FIG. 5. Plot of the calculated average power dissipated in circuits si
ssume circuit component values selected for 5-ns exponential time con
ith one and a half turns each. Pairs of these coils in a Helmholtz con

ncreasing power requirements as coil diameters are increased results f
atio.
izer clock so the receiver local oscillator maintains a constam
of
r
m-

in,
y

e
z.
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hase with respect to the field switching pulses. Phase sen
etection is therefore used to improveS/N and detect FID
hase. Signal-to-noise improvements using digitized s
veraging at repetition periods on the order ofT1 are possible
ut the field switching stability needs to be good enoug
ake full use of phase coherent detection. The present d
oes not have sufficient stability. Several possible solutio

his problem are being studied. Transforming the unstable
omain signals to the frequency domain and aligning
hifted spectral components prior to averaging in near real
ay be possible with one of the newer fast digital sig
rocessors. This requires a reference resonance signal th
e well quantified in a single acquisition.
Another improvement in dynamic magnetic field stab
ay be possible using an analog current feedback co

ircuit instead of the high-speed MOSFET switch and fi
eries resistance circuit shown in Fig. 4b. Broadband o
ional amplifiers such as the Comlinear CLC220AI a
LC104AI have insufficient gain bandwidth, settling tim
lew rates, and/or stability to drive a power MOSFET g
capacitive load) with nanosecond rise time signals. Howe
mproved devices are already available.

Roughly speaking, the component cost of the FFS spec
ter can be expected to scale with the sample volume an

2

r to those shown in Figs. 2 and 4 as coil diameters are increased. The
nts of 2.5-mT peak fields at 1% duty cycle for field coils from 5- to 25-mter
ration can deliver 5-mT fields with rise times on the order of 10 ns. T
the larger currents and circuit resistances needed to maintain constanfield and L/R
mila
sta
figu
rom
ntagnetic field energy density (;volume 3 B0). Technology
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65FAST FIELD SWITCHING MAGNETIC RESONANCE
ontinues to improve in high-speed, high-current switch
ransistors and expenses associated with fast field switchin
xpected to decrease. In addition to technological limitat
hoice of appropriate polarization and/or precession
trengths will depend upon the application and system t
xamined. Generally, maximal polarization magnetic fields
esirable for production of the greatest sample magnetiza
hoice of the appropriate precession field strength will req
onsideration of the electrical characteristics of the sa
e.g., dielectric resonances and RF resistivity related s
osses can be issues with conducting samples at high fre
ies) and the strength of any local interaction fields. A pre
ion frequency of ca. 200 MHz was chosen herein becau
his laboratory’s interest in developing a larger scale
pectrometer for intact biological systems. Experience
uclear magnetic resonance experiments on such system
ests that conductive sample related problems are not pr

tive at this frequency. The FFS spectrometer in the pre
rototype form requires careful adjustment and will req
odifications to scale up for larger samples. Figure 5 sh

he calculated average power dissipation for similar circ
ith field coils up to 25-mm diameter. As a final technical n
uring the spectrometer setup, 0.5-mm2 copper foil flux pad
les were carefully positioned near opposite ends of th
eiver coil to minimize the coupling of field switching tra
ients from the field coils with the pickup coil.

FIG. 6. Lighter shade trace is a depiction of a calculated solution
ime-dependent magnetic fields shown in Fig. 3. Depicted with a dark
ssuming a 195-MHz local oscillator reference frequency, 20-MHz band
witching noise. Note that althoughMz(t) responds immediately toBx(t), the
eatures of the 150-ns time interval simulated signal are seen in the me
to the modified Bloch equations discussed in Abragam (2b) for Mz(t) during the
er trace during same field switching interval are the calculated spectromuts
width, RF pickup coilQ of 10 at 185-MHz resonance frequency, and no coupled
spectrometer response is delayed due to receiver bandwidth limitations. G
i
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FIG. 7. A free induction decay of fluoranthenyl radical cation salt of6
easured using the 185-MHz FFS spectrometer. The sample assem

omposed of several crystalas in a 1.5-mm-diameter pipette tip. The
scillator frequency driving the receiver double-balanced mixer is 195 M
he signal “chirps” to the observed beat frequency between the spectro

ocal oscillator and magnetic moment precession as the observation
xponentially approaches 6.6 mT. The signal is recorded in one “shot” of
ata digitization channels with 20 ns per channel by a Biomation wave
ecorder. Experimental factors contributing to the observed nonexpon
ecay signal include the anisotropy of the multicrystalline sample an

nhomogeneity of the precessional (B ) magnetic field.
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66 SLOOP, LIN, AND ACKERMAN
CONCLUSION

A fast response field switching spectrometer has bee
cribed that places all spectral components of even broad
ines in the transverse plane for measurement as long a
onadiabatic conditions are met. The receiver circuit used

s limited by bandwidth to spectral components less than a
0 MHz. The usual signal-to-noise compromise applies a
andwidth is increased and induced switching noise will lik
e a greater problem as well. If some of the benefits of di
ignal averaging can be achieved as discussed abov
bservation field could be scanned so the signal more e

ively “chirps” through the spectral detection window.
oted earlier, preliminary work indicates that it may be ne
ary to include known reference spins along with the
ample under study to obtain useful phase sensitive data
hese techniques. Also noteworthy with this type of spectr
ter is that signal intensity can be made greater by incre

he B0 polarizing field relative to a fixedB*0 precessional fiel
ithin the limits of the spectrometer components without

ecting the low observation frequency benefits with regar
ample conductivity losses.
Other variations on this theme are envisaged as techn

mproves. This type of spectrometer may prove to be usefu
easuring low-field spin relaxation processes, for exampl

arying the time interval spent at low fields before nona
atically switching on the observation field. EPR imaging m
rove feasible in the earth’s field in a manner similar to
xplored by Stepisniket al. (3). Similar field switching circuit
ere used by this laboratory for fast fieldsweepingexperi-
ents that probed the spin dynamics at the level anticro

egion of the photo-excited triplet state of pentacene ip-
erphenyl (9).
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