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Three-dimensional pulsed ESR imaging was performed on a
(FA)2PF6 crystal using a three-dimensional Fourier imaging se-
quence. The best resolution achieved was of 20 mm3. Comparison
with images obtained using the filtered back-projection method
shows the superiority of this method under the given conditions.
© 2000 Academic Press
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rojection.

The first example of 3D ESR time domain imaging w
reported recently by Coyet al. (1). By applying a low polar
izing field they were able to avoid the microwave cavity
use standard RF methods. They used a filtered back-proje
(FBP) pulse sequence and achieved a nominal spatial re
tion of 34 mm3 in an acquisition time of 12 h. The actu
physical resolution was not verified. As detailed in (1) the FBP
method was utilized, rather than the conventional spin w
Fourier imaging (FI), in order to avoid some of the techn
difficulties involved in the implementation of the latter. S
cifically, the imaging was performed on a (FA)2PF6 sample

ith a transverse ESR relaxation time of T2' 6 ms. The F
method requires switching the gradient pulses on and
during the lifetime of the transverse magnetization, which
these samples would require switching times of submicro
onds. This feature is not available in conventional comme
linear current amplifiers. On the other hand, FI has nume
advantages over the FBP method, especially pertainin
(FA)2PF6 samples. A key feature of (FA)2PF6 is that electro
diffusion is highly anisotropic. It has been shown that
self-diffusion coefficient is up to three orders of magnit
larger along the direction of the fluoranthene ring cha
compared with the diffusion perpendicular to the chains2).
Therefore, the Cartesian encoding of the sample utilized b
FI method enables better control over diffusion artifacts, c
pared with the spherical encoding used by FBP. Addition
since the spatial encoding in FI is obtained through the u
short gradient pulses, diffusion effects are limited to the d
tion of the pulse, while encoding based on a static read g
ent, such as utilized by FBP, is affected by diffusion during
entire “read” window. Another advantage of the FI method
in the reconstruction procedure. Reconstruction in the
method involves interpolation from a spherical grid to a C
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tesian grid, a procedure which could cause artifacts in
reconstructed image. In FI the reconstruction is done throu
straightforward Fourier transform. In this Communication
report on the first example of 3D ESR time domain imag
which utilizes spatial phase encoding sequences.

The imaging was performed on a (FA)2PF6 sample, place
in the fringe field of a superconducting NMR magnet. T
configuration was necessary to avoid effects of eddy cur
due to rapidly switched gradient pulses as demonstrated e
(3). A fringe field of 0.0106 T was used producing a cond
tion electron ESR signal at 300 MHz. A Tecmag NMR sp
trometer operating at 300 MHz was used to perform the
surements. The imaging probe included RF coils of 1–2
diameter prepared individually for each sample and three
dient coils each producing 0.2 T m21 A21. The gradient assem
bly was manufactured at Massey University, New Zealand
mentioned previously, performing FI on this sample requ
the ability to produce phase encoding gradient pulses
switching times of submicroseconds. The gradient pulses
produced by the use of a homebuilt pulsed current driver b
on the “clipped L-C resonant circuit” idea of Conradiet al. (4).
The driver produces pulses with a duration of 2.7ms which can
be repeated as fast as every 5ms. Current drivers of this typ
were already used successfully in PGSE ESR experimen3).

The more conventional approach to volume imaging, i.
multislice scheme, is not suitable for the present situation
advantage of slice-selective excitation over the use o
imaging lies in the ability to limit the acquisition to a sin
slice, a feature which is not available in 3D FI. Theref
when there is a priori interest only in a partial image of
volume, 3D FI is unnecessarily time consuming. However,
is correct only in situations where there is no need for m
averaging steps to obtain a single slice. In situations w
obtaining a single slice requires many averaging steps, su
in our sample, excitation of the whole volume in each ph
encoding step requires less averaging than a single slic
therefore compensates for the time spent on phase enc
Thus, the alternative we chose was to use three-dimens
Fourier imaging sequences.

In the presence of magnetic field gradients the rela
between spin density and signal is given by
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r~ x, y, z! 5 EEES~kx, ky, kz!

3 exp~2pi ~kxx 1 kyy 1 kzz!!dxd ydz, [1]

wherekx, ky, andkz are functions of the applied gradients (5).
3D FI is based on a Cartesian three-dimensional mappi
k-space. In principle, in order to minimize diffusion artifa
this mapping should be done by a three-dimensional p
encoding. As mentioned previously, in (FA)2PF6 electron dif-
fusion is highly anisotropic, with very low diffusion perpe
dicular to the fluoranthene ring chains. For technical co
nience, we therefore chose to map one of the perpend
directions with a static read gradient. The positioning of
sample relative to the gradient coils axes was done with th
of a PGSE sequence (6). The sample was positioned such t
he echo attenuation due to diffusion in a PGSE sequ
ould be maximal in one direction and minimal in the perp
icular directions. The directions which showed minimal

enuation were identified as perpendicular to the condu
hains.
To produce aN3 image array using two phase gradients

a read gradient, it was necessary for us to performN2 inde-
endent acquisitions, each acquisition window containinN

sampled points. The time therefore necessary to produ
image is dependent onN3. Due to this dependency we chose
limit the size of the image array to 643, in order to minimize
imaging time. To enable a minimal voxel size of 15mm3, this
dictates a field of view of approximately 1 mm3. Some of the
samples we used therefore were with a long dimension o
than 1 mm, so that sample size did not limit the resolution.
sequence we used was a spin-echo sequence, with two
phase gradients, both performed between the 90 and 18
pulses, and one static read gradient. The static gradie
turned on in advance and kept on during the entire acquis
of the image, to avoid switching time effects. Due to
duration of the phase encoding gradient pulses it was nece
to work with a relatively long echo time, 2t, of 9 ms. An
individual sequence required therefore approximately 7ms
before beginning the acquisition and 643 0.2ms5 12.8ms as
an acquisition window. Because of some extra “system” t
the average sequence required approximately 28ms. A typical
sequence is presented in Fig. 1. Each acquisition consis
8 (phase cycled) inner averaging steps and 5000 outer
averaging steps, leading to a total imaging time of 1.5 h fo
642 phase steps. Data transfer on our spectrometer is im-
ate. Due to receiver “dead” time of 2ms following the RF
pulse, the echo was only partially acquired, and reconstru
was done using a partial Fourier reconstruction algorithm7).
Acquisition of the whole echo is possible only for a longet
and is therefore costly in terms of signal amplitude. The p
encoding was done by incrementing the amplitude of
pulsed gradients during 64p 64 independent acquisition
of
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while the pulse duration remained constant. For a given
dient amplitude the coordinate ink-space will be given byk 5
g/ 2p * dt Gdt where the integration is on the pulse durat

he relation between voxel size and the maximal grad
mplitude is given byDx 5 1/(2 p kmax), therefore, to achiev

a resolution of 30mm we applied a gradient such thatkmax 5
1.6p 104 m21.

In clinical MRI systems imaging artifacts are character
through the use of phantoms with well-defined inner and o
structure. The crystal growing procedure of the (FA)2PF6 sam-
ples we are currently imaging does not enable us to create
conditions. It is therefore necessary to use different metho
verify the authenticity of the images obtained. Optical mic
copy can be used to verify the outer structure, but it is
useful for identifying inner features. A partial verification
inner features can be achieved by repeating the same im
procedure with the sample rotated at different angles
respect to the imaging axes and comparing the results. In
2 we present two slices of the sample in they-z plane, obtaine
at two different angles around thex axis, with a resolution o
30mm3. It is clear that the fracture observed in the center o
sample has been rotated together with the sample and is s
in both images. This fracture is also visible in thex-y andx-z
planes presented in Fig. 3. An image of the same sam
obtained through the FBP method (implemented on the ba
Coy et al. (1)), using 669 different projections, is presente
Fig. 4. Although the outer structure displayed by both met
is similar, the inner features are only partially discernible
to apparent smearing artifacts. The absence of such sm
from the FI image indicates that it might be related to di
sion-limited resolution effects (9). As mentioned previousl
the FI image was acquired with the read gradient orie
carefully perpendicular to the conducting channels in the
ple. Thus we minimized the gradient component along

FIG. 1. A typical ESR FI sequence.
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chains during the read window and therefore minimized s
attenuation and spectral spread due to diffusion. Since the
gradient in the FBP scheme is applied along all angular d
tions, most of the read acquisitions are performed wi
significant gradient component along the conducting chan
This could lead to the aforementioned diffusion-limited re
lution phenomenon. Another explanation could be that
smearing is related to the uneven sampling ofk-space in th
back-projection method. Since the finer details of an imag

FIG. 2. Slices of they-z plane at two different sample positions, reco
total fov of 1.9 mm3.

FIG. 3. Slices of thex-z andx-y plane
al
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represented ink-space by the largerk’s, the small concentra
tion of largek’s in the back-projection method can lead to
loss of finer details of the sample (9). We can therefore co
clude that under these conditions, for a similar voxel size
physical resolution of the FI method is superior in compar
with the FBP method.

To examine our resolution limit, we define a simplifi
measure of signal to noise ratio,S/N, in our images. We defin
S as the maximal signal in the sample, andN as the rms valu

ructed from 3D FI acquisition data of (FA)2PF6. The voxel size is 30mm3 giving

econstructed from the data used in Fig. 1.
nst
s r
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of voxels in a typical area outside the sample. Thus define
calculatedS/N 5 14 6 1 for the images with 30mm3 voxels
presented in Figs. 2 and 3. The relation between voxel siz
total acquisition time for the same signal-to-noise in 3D F
given by t } (Dx) 6 (8), implying that to achieve the sam
signal-to-noise for a voxel size of 15mm3, under the prese
conditions, we would need an acquisition time of 96 h. In
5 we present an actually confirmed resolution of 20mm3

obtained by a 12-h measurement (a bit less than the

FIG. 4. Slices of they-z, x-y, andx-z planes from the sample presen
previously, obtained using the 3D filtered back-projection method. Voxe
and fov are approximately the same.
e

nd
s

.

h

required theoretically), indicating that after optimization
mm3 would be a practical resolution limit.

In conclusion, we have demonstrated in the present C
munication that 3D spin-warp Fourier imaging of conduc
electrons in 1D organic crystals is a viable technique for s
with T2 values in the microsecond range. These values c
found in (FA)2PF6 and (PE)2PF6 (2) crystals and potentially

ther 1D organic crystals. The maps presented in this C
unication are spin density maps of the conduction elect
urther experiments can be performed to obtain T2 map
iffusion contrast maps. The FI method enables good se

ion between different spatial directions, which is necessa
rder to study the conduction anisotropy in flouranthene a
ther organic conductors.
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FIG. 5. A slice of they-z plane from the same sample reconstructed
3D FI acquisition data, with a voxel size of 20mm3.


	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5
	ACKNOWLEDGMENTS
	REFERENCES

