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Modern Fourier transform (FT) ESR methods have been combined with fast, high power pulsed magnetic field gradients to
enable FT-ESR imaging. Spectral-spatial imaging by frequency and phase encoded FT methods are compared with cw methods.
The initial phase encoded results are comparable in quality to those from the well-developed cw methods and further improve-

ments which would enhance FT-ESR imaging are noted.

1. Introduction

ESR imaging is currently a very active area of re-
search [1-3]. For the most part, ESR imaging is per-
formed by cw methods. FT imaging is the method of
choice in NMR, but it has been difficult to realize in
ESR, because of its higher frequencies, much shorter
relaxation times, and much greater spectral band-
widths. FT-ESR imaging offers several advantages
over cw methods. First of all, data acquisition using
FT methods can be much faster and the multiplex
advantage can be used to enhance sensitivity. Sec-
ondly, in many cases, the image may be obtained by
a straightforward FT, so that the calculation is sig-
nificantly faster than back-projection, which may re-
quire time-consuming interpolation and digital fil-
tering to minimize artifacts [4]. Third, FT methods
sample an evenly spaced grid of points, whereas back-
projection, requiring a polar to Cartesian coordinate
transform, may introduce distortion and artifacts
[5]. Also avoided are other sources of inaccuracy in
cw imaging, including passage effects due to fast
sweep rates, overmodulation of the signal, saturation
and artifacts resulting from the missing angles be-
cause of limits on the maximum gradient available.
A fourth advantage, appropriate to the use of our
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phase encoding FT methods (cf. below), is that the
gradient pulse duration is fixed, so that relaxation
effects remain the same for each point in the exper-
iment [6].

FT imaging may also provide significantly greater
combined spectral and spatial resolution than cw im-
aging. Spectral-spatial imaging [3,4,7-9] provides
the ESR spectrum as a function of position in the
sample, which is of considerable value as demon-
strated in several recent c¢w-ESR experiments
[1,2,10-12]. In phase-encoding FT methods, the
spatial resolution depends on both the amplitude and
duration of the gradient pulse [13], whereas the res-
olution of cw imaging is limited by the maximum
available gradient [6]. Finally, FT imaging is much
more flexible with respect to the possible combina-
tion of dimensions (both spectral and spatial) that
can be presented in the final image. For example, one
could perform two- (spectral) dimensional ESR in
combination with one or more spatial dimensions.
Thus modern 2D-FT-ESR methods [14-19] such as
2D-ELDOR could provide the ESR capability of
measuring molecular dynamics as a function of spa-
tial coordinate.

FT-ESR [14-25] presented major instrumental
challenges compared to FT-NMR, but it has recently
been developed to the point where it can be applied
to ESR spectra extending over 100-250 MHz, re-
quiring nanosecond time resolution [14-16]. Such
time resolution is also useful for short FIDs, such as
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arise from spin dephasing due to large magnetic field
gradients, and if FIDs become too short one can de-
tect the echo decay [17]. The major remaining tech-
nical challenge of FT-ESR imaging experiments was
to achieve intense but rapidly pulsed magnetic field
gradients at the sample, which requires rapid switch-
ing of the very high currents needed to drive the gra-
dient coils.

We report in this work our successful realization
of FT-ESR imaging. This includes frequency encod-
ing as well as phase encoding FT-ESR, and the ap-
plication to spectral-spatial ESR imaging. The re-
alization of 2D-ELDOR imaging as well as FT-ESR
imaging based on spin echoes is described in an ac-
companying Letter [26].

Prior applications of pulsed ESR to imaging, which
for the most part involved constant gradients or the
equivalent, have been reviewed [3,27]. Most rele-
vant to this work is an experiment by Mehring and
co-workers who sampled the amplitude of the FID
at a single fixed time just after a pulsed field gra-
dient, which was stepped in order to obtain a high
resolution image. This application relied on the very
long relaxation time 7, of the fluoranthenyl single
crystals [28]. Milov et al. [29] report a phase en-
coded imaging experiment using a pulsed field gra-
dient between two pulses of an electron spin echo ex-
periment with measurement of the peak amplitude
of the echo, and Sloop et al. report on a closely re-
lated experiment [30].

2. Methods

Our FT-ESR spectrometer is described elsewhere
[15-17]. It is based on simultaneous collection of
both quadrature components of the FID. In order to
avoid phase corrections due to (1) finite deadtime
and (2) off-resonance effects arising from finite mi-
crowave fields, we display magnitude spectra [15~
17]. We describe below the new features of the im-
aging experiment.

2.1. Sample

The sample was chosen to provide a clear dem-
onstration of the imaging capability of our pulsed FT-
ESR spectrometer, and to demonstrate the addi-
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tional information [26] that can be obtained with
FT experiments. The sample consisted of two ad-
jacent tubes, shown in fig. 1a. These samples will
show a 3 line ('*N) and a 2 line ('°N) ¢w spectrum
respectively, clearly distinguishing them in spectral-
spatial imaging e¢xperiments, The concentrations
chosen are sufficient to allow significant Heisenberg
exchange to take place within the 7, and 7, relax-
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Fig. 1. (a) Sample tube arrangement used in the pulsed gradient
phase and frequency encoded experiments. The tubes contain 4.5
mM N perdeuterated tempone (PDT) and 4.0 mM '*N tem-
pone in dodecane and are within the bridged loop-gap resonator
(BLGR) [16]. (b) The phase encoding pulse sequence. The gra-
dient pulse was stepped from — 80 to +80 G while the FID shown
was collected following the gradient pulse. (¢) The frequency en-
coding pulse sequence. The stepped gradient was applied only
during data collection to minimize dephasing during the dead-
time following the microwave (MW) pulse.

A
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ation times. The sample tubes fit easily into our 3.2
mm inner diameter bridged loop-gap resonator de-
scribed previously [16-18].

2.2. Gradient coil construction

Pulsed gradient imaging requires fast rise and fall
times, high peak gradient values, good coupling to
the pulse driver and uniform gradients. All aspects
of the pulsed gradient system had to be considered
simultaneously to insure proper working of the final
design. The gradient rise and fall times depend on
the maximum applied voltage across the coils and
the coil inductance. The driver rise and fall times
must also be figured into this calculation as well as
the cable connecting the driver and coils. Qur goal
in this initial design effort was rise and fall times
of 45 ns or better for a maximum gradient of 100
G/cm.

Construction of our gradient coil was based on the
method described by Suits and Wilken [31]. The
gradient is generated by a set of discrete current paths
mounted on the cylindrical pyrex glass shield of the
resonator and aligned along the x axis (cf. fig. 2a).
The z component of the magnetic field for four sin-
gle infinitely long current paths at £ 6, n+8is given
by

Bz(ys Z) =h01 Z+h03(23— 3,\722)
+hos (23— 10y223+ 5yz) +..., (1)

where hom=— (2ueNI/mR™+ ) sin[ (m+1)0].
Here m is odd, N is the number of turns of wire, /
is the current per turn, R is the radius of the cylinder.
The actual coils are driven in parallel over connect-
ing lines not shown and must form closed loops. We
chose K=1.5R=10.5 mm so that the effects from the
finite length and arcs are negligible [31], and we set
0=45° to eliminate the sin4f term and thereby
maximize the volume of linear magnetic field gra-
dient. Ignoring higher order terms, we obtain a linear
gradient

G=0B,/d3z= -2, NI/R? . )

The gradient is expected to be linear to 1% over an
area of ©(0.21R)? in the yz plane that can easily con-
tain our sample. Minimizing the inductance (L) of
this coil and the number of turns are essential con-
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siderations since dG/dfcc L ~'oc N —2, We used a sin-
gle turn to minimize L, and we compensated by in-
creasing the current 7 to get the desired gradient
within the available power supply specifications.
From eq. (2) we predict a gradient of about 1.6 G/
cm A. Our measurements at /=60 A give G=1.2 G/
cm A and L=0.2 pH.

2.3. Fast gradient coil driver (FGCD)

Design specifications for a fast driver section are
in essence prescribed by the gradient coil assembly
surge impedance, the requisite field intensity and the
maximum acceptable gradient rise and fall times. For
the system described here a driver output peak cur-
rent of 75 A and peak voltage level of 500 V are re-
quired. Under these conditions, peak field charging
powers of approximately 40 kW must be produced.
The stringent requirements that our pulsed gradient
experiments place on the pradient amplitude and
switching times preclude the use of earlier pulsed
gradient [28-30] or switched field [32-34] schemes,
which are unsuitable either because of insufficient
maximum gradient or slow transition times or both.
To achieve gradient field rise and fall times of 45 ns,
we found it necessary to conduct a series of detailed
SPICE [35] simulations of candidate driver topol-
ogies and associated power output device types. Of
the several techniques considered, a power MOS-
FET driver and saturated-mode output array imple-
mentation was chosen for superiority in providing
variable pulse width, fast rise time, and a good ap-
proximation to rectangular pulse shape.

Mechanical constraints were significant factors in
the fast driver design process. Because the cavity’s
gradient coil assembly presents an essentially reac-
tive clectrical load impedance, the FGCD must be
located in close proximity to it. This consideration
requires that the driver module be located within the
magnet yoke. Consequently, to preserve magnetic
field homogeneity, we found it necessary to specify,
to the extent possible, non-magnetic materials in its
construction. Steady-state heat dissipation, which can
reach several hundred watts under maximum repe-
tition rate and gradient field conditions, required that
the driver enclosure design incorporate a water-
cooled copper baseplate. '

Fig. 2b shows the FGCD system. The functions of
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Fig. 2. (a) The coil configuration used in the pulsed gradient experiments. The coil is mounted on the outside of the pyrex glass shield
for the bridged loop-gap resonator. The shield was painted :on the inside with a thin layer of silver paint that allowed passage of the
gradient pulse to the sample and yet contained the microwave energy applied to the resonator. Five horizontal grooves were cut in this
silver paint to reduce eddy current effects. (b) Block diagram of the fast gradient coil driver system. Input pulses (TTL in and ECL in)
are translated (if ECL), tested against preset width and duty factor limit values (HLT turns off the high voltage for protection ), buffered
and routed to the pulse amplifier module (PAM). The PAM is located within 20 cm of the loop-gap resonator gradient coil assembly to
minimize transmission line effects resulting from the higher reactive nature of the load. (Note it is intrinsically impossible to match over
the broadband spectrum of the short gradient pulse. ) Pulses are amplified to provide large peak currents necessary for rapidly switching
the high-power output MOSFET array. This array controls the gradient coil pulsed current and is designed to provide rapid turn-on and
turn-off times. An output Coupling Network interconnects the programmable high voltage supply (Electronic Measurements inc. model
TCR 60081, 500V, 0-1 A), output MOSFET array, and the transmission [ine to the coils. This network allows for dc decoupling of the
load, a fixed maximum pulse energy, and controlled energy recapture during collapse of the gradient field. An insulated triplanar stripline
of 6.5 Q characteristic impedance and 50 kW peak power capability connects to the coil assembly. Output current during operation is
sampled and appears at a BNC connector on the driver module.
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this unit are to interface the computer control signals
with the high voltage supply, provide fast, high power
pulses to the gradient coils, insure protection for sen-
sitive components, and, through a system of inter-
lock switches, to protect the user from potentially
dangerous voltages.

Output network component values have been op-
timized by SPICE simulation for critical damping
with the measured value of gradient coil inductance.
Careful SPICE analysis and matching of interstage
coupling parameters has yielded prototype rise and
fall times within limits initially specified for the FT
imaging system.

Experience to date with this single-channel pulse
amplifier demonstrates that output pulses of satis-
factory peak current level, rise time and predictable
form are consistently achieved. A major upgrade, to
suppress parasitic inductance and improve pulse
shape, will replace computer contrel of the high volt-
age supply by a computer controlled active feedback
loop as indicated within the dashed outline in fig. 2b
(IPGM). Preliminary SPICE simulations predict
that driver operation in an active feedback mode will
permit imaging spectroscopy with precisely defined
constant-current pulses of 60 ns minimum fwhm at
peak field-charging levels approach 100 kW, This will
correspond to rise and fall times for the field gra-
dient of 30 ns resulting from a combination of higher
voltage and reduced inductance obtained by posi-
tioning the coils on the inside of the resonator shield.
(Our present open-loop operating mode is charac-
terized by rise and fall times for the field gradient of
slightly less than 45 ns but also by ripple in the gra-
dient amplitude near the pulse edges, an effect which
presently limits resolution in the frequency encoded
experiments, but which the upgrade would address. )
The maximum repetition rate due to heating effects
for the coils is 50 kHz and for the driver circuit is 2
kHz. Our active feedback design will raise the driver
limit also to 50 kHz enabling more rapid data
collection.

2.4. Theoretical expressions

The pulse sequences of the experiments reported
here are shown in fig. 1. The phase encoded single
pulse experiments (fig. 1b) rely on the deadtime pe-
riod, between the n/2 microwave pulse and the col-
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lection of the free induction decay (FID) signal for
phase encoding the magnetization with a gradient
pulse, G, varying from — G,y 10 Grax G/cm applied
parallel to the dc magnetic field (z direction). Let
So(t1, ¢(x)) be the complex FID signal at time ¢, after
the n/2 pulse with no field gradient applied. Its real
part represents the in-phase component, and its im-
aginary part the component in quadrature. It is nor-
malized such that at £;=0, S3(0, c(x))=ReS;(0,
c(x))=1. Note that S is, in general, a function of
position x, due to its possible dependence on con-
centration ¢(x). Now if a field gradient G is applied
for a period 7 just after the x/2 pulse we have the
observed signal for ¢,> 17

S50, 6)= | eo) exp(=ika) So(t, ) dx,  (3)

where we have k=y.Gt. The Fourier inverse of eq.
(3)is

c(x)So(ty, x)=(1/2r)

X J exp(ikx) Sp(t,, k/r.t)dk, t,>T1. (4)

-0

If we now FT with respect to ¢, (which is best done
after correcting for the spectral “deadtime” 7, e.g. by
linear prediction (LP) [16]), we obtain: ¢(x)S,(f,
x) where S,(f, x) is the FT of S,(z,, x) and corre-
sponds to the cw spectrum of the spins located at po-
sition x. (The real part of S,(f, x) is the absorption
and the imaginary part the dispersion in an ideal ex-
periment [15-17].) Now c(x)S,(f, x) represents the
spectral-spatial image obtained by the method of
phase encoding. The actual concentration distribu-
tion c¢(x) may be obtained from eq. (4) by extrap-
olating back to £, =0 (e.g. by LP) or from ¢(x)S,(f,
x), corrected for deadtime, by integrating it over f,
since [, (f, x) df=S5(0, x) =1. (Actually, the limits
in eq. (4) are determined by k. =7.GmaxT, the x-
perimental limit in X space, but we may hope to im-
prove resolution by using LP in & space.)

It follows from eq. (4) that the nominal spatial
resolution which merely sets a theoretical bound (i.e.
is twice the point to point spacing after fast FT), will
be 8xa 1/pGpa, T (see also ref. [28]). However, the
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real resolution will clearly depend on the signal to
noise ratio (S/N) in an actual experiment (includ-
ing any artifacts in the method ). For example, if &qx
is increased sufficiently, 7% will decrease to the point
where the spins are so rapidly dephased in the ro-
tating x-y plane that no FID can be observed above
the noise level and hence one no longer improves the
actual resolution. In the work presented here, the
short gradient pulse width insures that k,,, is not too
large (cf. fig. 3).

" ZERO GRADIENT
a ]
FREQUENCY ENCODED, 60 G/cm
b
PHASE ENCODED, 60 G/cm
c !

00 1000 2000 3000 400.0 500.0
COLLECTION TIME (NS)

Fig. 3. In-phase FID data from sample of fig. 1a after an applied
5.5 ns nt/2 pulse. (a) FID in the absence of gradient. (b) FID
with pulsed gradient of 60 G/cm, turned on within 5 ns of the
start of data collection, as in fig. 1c, showing reduced 73 (note
the plots are normalized to the maximum value). (c¢) FID of phase
encoded experiment with gradient of 60 G/cm; the gradient is
applied as in fig. 1b and the data are collected after turning off
the gradient. In these cases deadtime, averaging and sampling time
are asin fig. 4 except that 3 such FIDs have been further averaged
in this figure. The observed spectral coverage is flat over a band-
width of 160 MHz and extends to 200 MHz with a maximum of
50% reduction of signal in the wings.
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The frequency encoded experiment of fig. lc
measures the FID while the gradient is applied. Here
the position of the spins is encoded by their preces-
sion frequency in the FID. We have the observed
signal

Se(t1, G)
= | e ep(-inGa) St ax. (5)

Here both the phase factor and the Sy depend on ¢,
and in general on x. This results in the need to use
a polar to Cartesian transform and 2D-FT [5] or
back-projection methods [4,7-9] to separate the
spectral and spatial parts. The spectral-spatial image
is similar to that of the phase encoded experiment,
and the nominal resolution is given by &x=
1/7eGmax T3 [3,28] due to the 7% determining the
effective time of the FID experiment. (Note here that
T% depends upon G.) Here again the practical limit
to the applied gradient depends on the sample and
signal to noise considerations. The back-projection
leads to high pass artifacts due to the deadtime which
influences mainly the spatial distribution. The polar
to Cartesian transform followed by 2D-FT method
should restrict the distortions to the spectral com-
ponent. When S, (¢, x) is independent of x as in the
case of a small concentration of spins, we have

Se(t1, G)Y=So(1)E(7.G,) (6)

or for each value of ¢, we get another value of &(k),
where now k=7.Gt,.

Eqs. (5) and (6) apply to the case of constant gra-
dients. With a pulsed gradient it is possible to reduce
the effect of shortening 7%, by applying the gradient
only after 74, the spectrometer deadtime, in which
case the argument of the exponent in eq. (5) is re-
placed by: —iy.G,(f,—14) with equivalent change in
eq. (6). The image reconstruction can now be per-
formed by back-projection from the magnitude spec-
trum without spatial high pass artifacts and with sen-
sitivity enhancement.

3. Results and discussion

Initial efforts [36] were based on stationary gra-
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dients for frequency encoding experiments {using
gradient coils described elsewhere [36,12]). As dis-
cussed in section 2, a constant gradient leads to a
shortening of 75. When T3 « 74, no FID will be ob-
served; so this limits the maximum gradient, hence
the resolution. Unfortunately, the effects of a finite
74 lead to reduced S/N and artifacts in the general
case. Nevertheless, it was possible to demonstrate 2D
spatial-spatial FT-ESR imaging on a sample con-
sisting of two thin dots of DPPH separated by 2.8
mm [36]. The maximum gradient that could be used
was 20 G/cm and projection reconstruction [4,7-9]
was utilized. (One way to overcome the deadtime
problem, that is appropriate for inhomogeneously
broadened spectra, is to use spin echoes as discussed
in the accompanying Letter [26].)

It was possible, with pulsed gradients, to improve
the frequency encoding experiment. We used the
pulse scheme corresponding to fig. 1c applied to the
sample of fig. l1a. Here the rising gradient edge is
synchronized with the start of the data acquisition,
yielding a considerably higher intensity and S/N than
the stationary gradient FID, so it is possible to apply
larger gradients. The synchronization of the rising
pulse with the data acquisition was better than 5 ns
and was accomplished with a test sample of known
distribution of spins. The less than 45 ns risetime and
the initial ripple of the gradient pulse appear to min-
imally affect the imaging when this adjustment is
made, perhaps because the FID is collected out to
several hundred nanoseconds. No corrections in the
analysis were made for the gradient pulse shape.

We applied this pulsed gradient method to spec-
tral-spatial FT-ESR imaging (cf, fig, 1¢), which in-
volves measuring the FID (cf. fig. 3) repeatedly with
different gradients. Although every FID is frequency
encoded in the gradient (or k) dimension, the FIDs,
for different G, are phase encoded with respect to
each other, (cf. eq. (5)). The gradients were stepped
from the maximum available gradient of +80 G/cm
to the minimum of —80 G/cm. The spectral-spatial
analysis was performed by filtered back-projection
and interpolation of missing projections in analogy
with the well known cw algorithms [4,7-9]. We used
91 actual (and 9 missing) projections according to
the expression G=(AS/AR) cot a, where AS is the
spectral width, AR is the size of the object and o is
the angle of rotation of the pseudo-object for a target
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matrix. Also the 4 step CYCLOPS phase cycle was
used to cancel mismatched quadrature arm artifacts
[15,16]. The result of the reconstruction is shown in
fig. 4a.

For comparison, we performed a cw spectral-spa-
tial imaging experiment on the same sample using
the cw-imaging spectrometer described elsewhere
[12,36]. The gradient was varied from —550 to
+ 550 G/cm with 91 actual projections (with an ad-
ditional 9 higher gradients interpolated). The total
measuring time was 7 min, comparable to the FT-
ESR experiment. This cw image is of high quality, cf.
fig. 4b. The FT-ESR image shows poorer resolution,
especially in the spatial regime. This is not surprising
considering that the maximum gradient in the cw ex-
periment was 7 time greater. (The nominal resolu-
tion of the cw spectral-spatial experiment is 130 pm
whereas that for the FT-ESR experiment is 600 pm
[37].) An additional blurring of the FT-ESR result
is expected due to distortions from the assumed rec-
tangular gradient pulse shape. Also, as a result of fi-
nite 7., the shorter 7% of the >N sample caused its
spectrum to be reproduced with similar intensity rel-
ative to the T% of the perdeuterated '*N sample.

The application of phase encoding gradients ac-
cording to fig. 1b improving the image quality, first
of all because only the integral over the pulse is the
relevant parameter and not the pulse shape. In this
scheme the gradient pulse was applied for 90 ns
(during 14) immediately after the microwave pulse,
and the data acquisition was initiated following t,.
Typical FIDs are shown in fig. 3. According to egs.
(3) and (4) the 2D-FT reconstructs the desired
spectral-spatial image. While the spectral distribu-
tion is affected by the deadtime, the spatial distri-
bution is unaffected. In the present experiment, the
spectrum consists of lines that are Lorentzian, so the
effect of finite 7y can be neglected (the different

3’s of the two spectra only affect the relative in-
tensities, cf. above). (Recall, 3x~ 1 /9G .7 by which
we obtain 5x~ 80 pm).

Fig. 4c shows the FT-ESR image collected in 9 min.
It shows significantly better actual resolution than
the frequency encoded experiments. The S/N is
comparable to the benchmark cw experiment. The
surprisingly good sensitivity results partially from the
multiplex advantage of 16 resulting from the
162=256 points collected following each pulse train

3
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Fig. 4. Surface plots of the spectral-spatial experiments dis-
cussed in the text. (a) Pulsed spectral-spatial frequency encoded
experiment. The sample is shown in fig. 1a and the pulse se-
quence of fig. 1¢ was used. The gradient range was =80 G/cm.
(b) cw analogue of (a). This cw spectral-spatial image was taken
with constant gradients upto + 550 G/cm. (¢) Pulsed spectral-
spatial phase encoded image. These are magnitude spectra. The
gradient range was + 80 G/cm; the deadtime (z;) was 110 ns; 64
averages were performed for each step of the 4 step CYCLOPS
[15,16] phase cycle sequence; and a 2 ns sampling time was used.
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compared to collection of data at each magnetic field
value during a cw field sweep.

We believe that these results are very encouraging
for the future of phase encoded FT-ESR imaging. For
example, by utilizing a faster signal averager (DSP
Technology model 2102SA modified for interleaving
successive sweeps [16]) we have very recently in-
creased our data acquisition rate by a factor of 100
over that utilized in the experiments reported here
(where an HP 54100A sampling oscilloscope [15,16]
was used ). Furthermore, we have yet to optimize the
FT-ESR imaging methods, e.g. by improving gra-
dient pulse shape, stability and linearity; reducing
pulse rise/fall times; and by increasing maximum
gradients. Such technical developments as these will
greatly enhance the capabilities of FT-ESR imaging.
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