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Three-Dimensional Pulsed ESR Fourier Imaging
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Three-dimensional pulsed ESR imaging was performed on a tesian grid, a procedure which could cause artifacts in tt
(FA),PFs crystal using a three-dimensional FOUV'EJ Imaging se-  reconstructed image. In FI the reconstruction is done througt
quence. The best resolution achieved was of 20 pm®. Comparison  gtraightforward Fourier transform. In this Communication we
with images obtained using the filtered back-projection method report on the first example of 3D ESR time domain imagin:
shows the superiority of this method under the given conditions. . . . . ‘

which utilizes spatial phase encoding sequences.

© 2000 Academic Press

Key Words: pulsed ESR; Fourier imaging; filtered back- The imaging was performed on a (FRF; sample, placed
projection. in the fringe field of a superconducting NMR magnet. This
configuration was necessary to avoid effects of eddy currer
due to rapidly switched gradient pulses as demonstrated earl

The first example of 3D ESR time domain imaging wag3). A fringe field of 0.0106 T was used producing a conduc
reported recently by Cogt al. (1). By applying a low polar- tion electron ESR signal at 300 MHz. A Tecmag NMR spec
izing field they were able to avoid the microwave cavity anlometer operating at 300 MHz was used to perform the me.
use standard RF methods. They used a filtered back-projectégfiements. The imaging probe included RF coils of 1-2 mi
(FBP) pulse sequence and achieved a nominal spatial res@igmeter prepared individually for each sample and three gr
tion of 34 um’ in an acquisition time of 12 h. The actualgient coils each producing 0.2 T'HA . The gradient assem-
physical resolution was not verified. As detailed ) he FBP  pjy as manufactured at Massey University, New Zealand. A
method was utilized, rather than the conventional spin WagRantioned previously, performing FI on this sample require

Fourier imaging (FI), in order to avoid some of the technicay,o ability to produce phase encoding gradient pulses wi

difficulties involved in the implementation of the latter. Speéwitching times of submicroseconds. The gradient pulses we
cifically, the imaging was performed on a (ERF; sample

) , , produced by the use of a homebuilt pulsed current driver bas
with a transverse ESR relaxation time of 6 us. The FI

on the “clipped L-C resonant circuit” idea of Conradial. (4).
method requires switching the gradient pulses on and PP @)

during the lifetime of the transverse maanetization. which fcﬁﬁe driver produces pulses with a duration of 2s/which can
uring the firetime of he transverse magnetization, which 1qf, repeated as fast as every$. Current drivers of this type
these samples would require switching times of submicrosec- : .
. . : : . were already used successfully in PGSE ESR experimghts (
onds. This feature is not available in conventional commercia . . A
. oo The more conventional approach to volume imaging, i.e.,
linear current amplifiers. On the other hand, FI has numerous lisli heme. is not suitable for the present situation. Tt
advantages over the FBP method, especially pertainingrfI slice scheme, IS hot sultable Tor the present situation.

(FA),PF; samples. A key feature of (FAPF; is that electron a vantage of slice-selective excitation over the use of 3

diffusion is highly anisotropic. It has been shown that thi&"2ding lies in the ability to limit the acquisition to a single
self-diffusion coefficient is up to three orders of magnitudglice: @ feature which is not available in 3D FI. Therefore
larger along the direction of the fluoranthene ring chain&nen there is a priori interest only in a partial image of the
compared with the diffusion perpendicular to the chaids ( yolume, 3D FI is un_necgssanly time consuming. However, thi
Therefore, the Cartesian encoding of the sample utilized by tifecorrect only in situations where there is no need for mar
FI method enables better control over diffusion artifacts, cordVeraging steps to obtain a single slice. In situations whe
pared with the spherical encoding used by FBP. AdditionallpPtaining a single slice requires many averaging steps, such
since the spatial encoding in Fl is obtained through the useiBfour sample, excitation of the whole volume in each phas
short gradient pulses, diffusion effects are limited to the dur@ncoding step requires less averaging than a single slice &
tion of the pulse, while encoding based on a static read gratlierefore compensates for the time spent on phase encodi
ent, such as utilized by FBP, is affected by diffusion during thEhus, the alternative we chose was to use three-dimensior
entire “read” window. Another advantage of the FI method ligsourier imaging sequences.

in the reconstruction procedure. Reconstruction in the FBPIn the presence of magnetic field gradients the relatio
method involves interpolation from a spherical grid to a Cabetween spin density and signal is given by
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X exp(2mi(kx + Ky + k,z))dxdydz [1]

<>
wherek,, k,, andk, are functions of the applied gradient.( ﬁ -
3D Fl is based on a Cartesian three-dimensional mapping of y z

k-space. In principle, in order to minimize diffusion artifacts
this mapping should be done by a three-dimensional phase
encoding. As mentioned previously, in (FR)F; electron dif
fusion is highly anisotropic, with very low diffusion perpen-
dicular to the fluoranthene ring chains. For technical conve-
nience, we therefore chose to map one of the perpendicular
directions with a static read gradient. The positioning of the
sample relative to the gradient coils axes was done with the use

of a PGSE sequencé)( The sample was positioned such that 1 L, Gy
the echo attenuation due to diffusion in a PGSE sequence
would be maximal in one direction and minimal in the perpen- FIG. 1. A typical ESR FI sequence.

dicular directions. The directions which showed minimal at-
tenuation were identified as perpendicular to the conductiamile the pulse duration remained constant. For a given gr
chains. dient amplitude the coordinate kaspace will be given bk =

To produce a\® image array using two phase gradients angl/ 27 [, Gdt where the integration is on the pulse duration
a read gradient, it was necessary for us to perfofininde- The relation between voxel size and the maximal gradiet
pendent acquisitions, each acquisition window contaifihg amplitude is given byAx = 1/(2 * k..., therefore, to achieve
sampled points. The time therefore necessary to produceaaresolution of 3Qum we applied a gradient such that,, =
image is dependent d4’. Due to this dependency we chose td.6* 10° m™.
limit the size of the image array to 4in order to minimize  In clinical MRI systems imaging artifacts are characterize
imaging time. To enable a minimal voxel size of &f?, this through the use of phantoms with well-defined inner and out
dictates a field of view of approximately 1 minSome of the structure. The crystal growing procedure of the (F?%; sam
samples we used therefore were with a long dimension of lgdss we are currently imaging does not enable us to create st
than 1 mm, so that sample size did not limit the resolution. Tleenditions. It is therefore necessary to use different methods
sequence we used was a spin-echo sequence, with two pulsarify the authenticity of the images obtained. Optical micros
phase gradients, both performed between the 90 and 180 d®ipy can be used to verify the outer structure, but it is nc
pulses, and one static read gradient. The static gradientuseful for identifying inner features. A partial verification of
turned on in advance and kept on during the entire acquisitiomer features can be achieved by repeating the same imag
of the image, to avoid switching time effects. Due to thprocedure with the sample rotated at different angles wit
duration of the phase encoding gradient pulses it was necessaspect to the imaging axes and comparing the results. In F
to work with a relatively long echo time,72 of 9 us. An 2 we present two slices of the sample in yhe plane, obtained
individual sequence required therefore approximatelyws’ at two different angles around theaxis, with a resolution of
before beginning the acquisition and 840.2 us = 12.8us as 30 um?®. It is clear that the fracture observed in the center of th
an acquisition window. Because of some extra “system” timsample has been rotated together with the sample and is simi
the average sequence required approximatelu®8A typical in both images. This fracture is also visible in tkey andx-z
sequence is presented in Fig. 1. Each acquisition consisteclaines presented in Fig. 3. An image of the same samp
8 (phase cycled) inner averaging steps and 5000 outer sigobiained through the FBP method (implemented on the basis
averaging steps, leading to a total imaging time of 1.5 h for tl@&oy et al. (1)), using 669 different projections, is presented ir
64° phase steps. Data transfer on our spectrometer is immefiiy. 4. Although the outer structure displayed by both methoc
ate. Due to receiver “dead” time of @s following the RF is similar, the inner features are only partially discernible du
pulse, the echo was only partially acquired, and reconstructitmapparent smearing artifacts. The absence of such smear
was done using a partial Fourier reconstruction algoritim ( from the FI image indicates that it might be related to diffu:
Acquisition of the whole echo is possible only for a longer sion-limited resolution effects9]. As mentioned previously,
and is therefore costly in terms of signal amplitude. The phate Fl image was acquired with the read gradient oriente
encoding was done by incrementing the amplitude of troarefully perpendicular to the conducting channels in the sar
pulsed gradients during 6464 independent acquisitions,ple. Thus we minimized the gradient component along th



384 COMMUNICATIONS

FIG. 2. Slices of they-z plane at two different sample positions, reconstructed from 3D Fl acquisition data ofAfzAYhe voxel size is 3gum® giving
a total fov of 1.9 mm.

chains during the read window and therefore minimized signapresented ik-space by the largdr’s, the small concentra-
attenuation and spectral spread due to diffusion. Since the réiad of largek’s in the back-projection method can lead to the
gradient in the FBP scheme is applied along all angular dirdoss of finer details of the sampl8)( We can therefore con-
tions, most of the read acquisitions are performed with cdude that under these conditions, for a similar voxel size, tf
significant gradient component along the conducting channgitysical resolution of the FI method is superior in compariso
This could lead to the aforementioned diffusion-limited resavith the FBP method.

lution phenomenon. Another explanation could be that theTo examine our resolution limit, we define a simplified
smearing is related to the uneven samplindpace in the measure of signal to noise rat®&N, in our images. We define
back-projection method. Since the finer details of an image @eas the maximal signal in the sample, &ds the rms value

x-z plane x-y plane

FIG. 3. Slices of thex-z andx-y planes reconstructed from the data used in Fig. 1.
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of voxels in a typical area outside the sample. Thus defined we

calculatedS/N = 14 + 1 for the images with 3qum® voxels

presented in Figs. 2 and 3. The relation between voxel size and
total acquisition time for the same signal-to-noise in 3D Fl is

given byt « (Ax)° (8), implying that to achieve the same
signal-to-noise for a voxel size of 1mm® under the present

conditions, we would need an acquisition time of 96 h. In Fig.

5 we present an actually confirmed resolution of 20m°
obtained by a 12-h measurement (a bit less than the 17

v-Z plane

3

ti

FIG. 4. Slices of they-z, x-y, andx-z planes from the sample presented

8.
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FIG. 5. Aslice of they-z plane from the same sample reconstructed fron
D FI acquisition data, with a voxel size of 20m°.

required theoretically), indicating that after optimization 1=
wm® would be a practical resolution limit.

In conclusion, we have demonstrated in the present Cor

munication that 3D spin-warp Fourier imaging of conductior
electrons in 1D organic crystals is a viable technique for spir
with T2 values in the microsecond range. These values can
found in (FA)LPF; and (PE)PF; (2) crystals and potentially in

other 1D organic crystals. The maps presented in this Cor
munication are spin density maps of the conduction electron
Further experiments can be performed to obtain T2 maps a
diffusion contrast maps. The FI method enables good sepa

on between different spatial directions, which is necessary

order to study the conduction anisotropy in flouranthene and
other organic conductors.
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