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Pulsed three-dimensional electron spin resonance microscopy

Aharon Blank, Curt R. Dunnam, Peter P. Borbat, and Jack H. Freed?
National Biomedical Center for Advanced ESR Technology, Department of Chemistry and Chemical
Biology, Cornell University, Ithaca, New York 14853

(Received 6 August 2004; accepted 14 October 2004

A three-dimensional3D) electron spin resonan¢&SR) microimaging system, operating in pulse
mode at 9 GHz is presented. This microscope enables the acquisition of spatially resolved magnetic
resonance signals of free-radicals in solid or liquid samples with a resolution of t3.&x 7
X11.4um in 20 min of acquisition. The detection sensitivity at room temperature-1s2

X 10° spins/,Hz, which enables the measurement-a X 10’ spins in each voxel after 60 min of
acquisition. The resolution and detection sensitivity are the best obtained so far for ESR at ambient
conditions of temperature and pressure. This ESR microscope can be employed in the investigation
of a variety of samples in the fields of botany, life sciences, and materials scier&@4cAmerican
Institute of Physics[DOI: 10.1063/1.1828599

High resolution electron spin resonand@SR)imaging  ment(ns—us) makes it difficult to employ many pulsed im-
of microscopic samples is an emerging field, which adaptaging techniques, since we require short microwave pulses,
traditional nuclear magnetic resona®8MR) imaging tech-  short, and intense pulsed field gradients, and a fast acquisi-
niques to modern ESR technololjy. The goal of this tion and data averaging system. The system is built from the
method is to obtain routine magnetic resonance images dbllowing main componentga) Standard PC which controls
biological specimens or samples for materials science applihe overall image acquisition process through the user inter-
cations, with a spatial resolution of less thapth in a few  face of LabView softwarg¢National Instrumentsyb) timing
minutes of acquisition. Conventional magnetic resonance misystem(Model 100-24, SpinCope which has 24 TTL out-
croscopy is currently dominated by NMR, which is a well puts, time resolution of 10 ns, programming time~of0 us
developed technique but is limited, due to signal-to-noiseand a minimum pulse length of 50 n&) an 8 bit PCI-
ratio (SNR)and molecular diffusion, to a practical resolution format digitizer card for raw data acquisition and averaging
of ~(10 um)3.>"With its potential advantages over NMR, (AP-240, Acgiris), which has two channels, and a sampling
ESR could become the technique of choice for microscopi¢ate of 1 GHz; it can average up to 0.7 M waveform@ls
magnetic resonance imaging applicatiémsn ESR micro- PCl analog output card with four output®CI-6711, Na-
scope can provide similar information to that obtained fromtional Instruments); (e) microwave reference source
NMR measurements? (i.e., spin concentratiorl;, T,, and  (HP8620C)with power output of 10 dBm in the 2-18 GHz
diffusion contrast), which has many capabilities and providegange;(f) a “home-built” pulsed microwave bridge contain-
complimentary information to conventional optical and fluo- g @ 6—17 GHz low power transceiveg), and a solid-state
rescence confocal microscopf.Since most samples do not Power amplifier(h) with 0.25 W output, 35 dB gaitGen-
contain stable free radicals, these paramagnetic species #@'S). The homodyne transceiver incorporates one transmis-
added in a manner similar to that of the contrast agents enfion channel with biphase modulation, which controls the
ployed in NMR or dyes in optical microscopy. |n_d|V|duaI pu_Ise; phaseée.g., 0° or 180° for echp phase cy-

Recently, we have developed a 3D ESR microscope OIOc;lmg). The timing system triggers the transmission pulses,
erating in continuous waveéCW) mode, at 9 GHZ. This determmes the blmodulator phas_e, and prowdes triggers for
system is capable of obtaining 3D images of>684x 64 the diode protection of the receiver while transmitting the
voxels with a resolution of~10x 10X 30 um at ~60 min high poiwer.pulsels.l The relatlyely low power output of the
of acquisition. ESR imaging in the cw mode is a powermtrgnscelver is sufficient to provide hard 90° pulses-&0 ns
technique compatible with a variety of samples and radical/ith the small resonator we emplegee belowf. The pulsed

with relatively broad lined. However, it suffers from some dradient coils in the imaging probe are driven by a pair of
drawbacks, which may limit its potential use in some casesdradient coil drivers(j) fed by preregulated high voltage

For example, the cw mode requires longer image acquisition
times(or has reduced SNR for the same acquisition jime
cannot directly obtain image contrasts suchTasT,, and

[ Microwave reference source

e . : : a_ Control PC : ;

diffusion (only T, can be derived from the linewidthand B Timing _Lf Pulsed m'°'°",:a‘|'\;:mie
the time resolution of the cw mode is low, which prevents the system card ] t’:’a’l(‘g?:; solid-state
imaging of short lived radicalgfor example, light induced j:mgiﬁ IAverag |_ I P°Wera|1"9"ﬁef
radicals). To overcome t_hese limitations, we have developed 9 [Araiog outputcard
a pulsed 9 GHz ESR microscopy system, reported here. = -

The pulsed ESR microscope is described schematically I:" High voltage | | | Gradient | [Imaging
in Fig. 1, and a typical imaging sequence is shown in Fig. 2. | pre-regulators| - coils drivers [ 4| _probe
In contrast to NMR, the short time scale of the ESR experi- High voltage tracking| mryysrs o sooce

power supply

@Electronic mail: jhf3@cornell.edu FIG. 1. Block diagram of the pulsed imaging system.
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FIG. 2. Typical imaging sequences employed in the pulsed ESR microim- microns
aging system, based on a simple primary echo with constant gradient tha 200
encodes the spins along tkexis, and two phase gradients for encoding the 0
information on theyz plane(Ref. 2). This sequence can be repeated every J\
~T,. Due to limits in amplifier power, we employed two 90° pul$86 ns) ~200 13
400
rather than 90° and 180° pulses. 200
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power supplies. The gradient coils driver has four channels. microns

-f:WI(f) Qf the Channells Car;) generate l.a(gp to~8 A pealg FIG. 4. (Color online) Optical and ESR images of LiPc crystdh) the
ali-sine cu_rrent pl% se_s ) y prec argmg a C&_lpaCItOI’ and su ptical image of the crystalb) 2D ESR imag&acquired without ang-axis
sequently discharging it into the gradient dBilrhe two re- gradients);(c) 3D ESR image, showing several slices along ztexis; (d)
maining channels produce constant dc current into theeconstruction of the object with the 3D ESR signal information.
“x-axis” gradient coils and into a bias coil, producing a dc

field which is used to lock the magnetic field on the reso- lity itical i focti
nance frequency of the spins. The lock error term is generduality factor at a critical coupling of 400, and an effective

3,4
ated by occasionally sampling the FID signal without anyVelume of~3 mn. L
gradients and correcting for observed field dtifthe imag- The pgrformanc_e .Of the system was V.e“f'ed with respect
ing probe(k), shown in Fig. 3, is similar in key aspects to the to theoretical predictions of SNR and image resolufion.

: : . . First, the SNR was measured for a 0.05 fnsample of
9 GHz 3D probe employed for cw ESR imaging, which is ' . . . L
described ir? detail inpReyf. 4. The main differgncges betweert MM water solution of protonated trityl radicakontaining

~ 3 gpj i -
the cw and the pulsed probes are in the structure of the gra—3>< 10 spins. The measured single shot FID SNth

dient coils and the microwave resonator shield. Jhand out any gradientspf ~100 agrees well with the theoretical

zaxis gradient coilgbased on Golay geomety are opti- prediction[Ref. 3, Eq.(13)], of ~75 for this small sample.

mized for pulsed currents, and have relatively small induc-Th'S corresponds to detection sensitivity at room temperature

tance of 6.5uH. They produce gradients of 1.6 and of ~1.2x 10° spins/,/Hz, which enables the measurement of

- T . .
1.1 T/m A (for they andz axis respectively, measured with N2>t< %r? spins |2Ne§ch a/oxel Iatf_ter 60 min tc_>f atc?jws_ltt;]otn.
a pickup coil at 1 MHz), when the coil pairs are connected in ext, the image andresolution were estimated with two

parallel. Thex-axis gradient coilMaxwell pair) operates in types of test samplesd) Lithium phthalocyanine(LiPc)
dc mode, and has a self-inductance of @8, and a gradient phamF’m: A smaII_ crystal of LiPdhe same sample_that was
efficiency of 3.5 T/m A. A very thin gold foil~0.2 um) is  US€d in our previous cw work) was used as a high-spin-

used as a shield between the structure of the coils and th%oncentrat?on solid test sqmplg. The corresppnding optical
microwave resonator. This prevents the microwave fiel hd ESR images appear in Fig. 4. The 3D image of 236

from escaping the resonator structure, while simultaneouslg< 23_6><t50 volxels v;a_? /acquwed n 28 mtln. The clortl_stantf
enabling the transmission of the magnetic field pulse gradi radient employed . m) corresponds 1o a resoiution o
ents into the resonator structure and also minimizing potenf“?"5 pm [Eq. (14) in Ref. 3, with T,0f 1.1us]. The

tially disturbing eddy currents. The resonator has a loaded"9radient produced half sine waveisig. 2) with an ampli-
y g y tude of 4.5 A=7.2 T/m), and half period of 1.Jus corre-

sponds to a resolution of7 um [Ref. 3, Eq.(15)], and the

3D gradicnt | . — z gradient(employed with maximum 4 A=4.4 T/mcorre-
-“.’!‘ : JGeadisatooils sponds to a resolution 6f11.4 um. The single voxel SNR

coils .

structure

T is ~700. This crystal contains-10° spins per(1 um)3, or
resonator (SrTiO; ~2.8x 10'% spins per imaged voxel, which agrees well with
—{ double stacked rings) the SNR predictions and measurements described above. The

0 resolution for such a sample is limited by the strength of the
__ gradients we currently employ and not by the SKIB.Trityl
solution in a nylon mesh: A 1 mM trityl solution was placed
-x.d\ in a woven nylon meskGoodfellow)with rr;esh aperture of
w3 _ 50X 50 um and wire diameter of 3&m.” This type of
' ; | Sample between two sample has well-defined 3D geometry and known spin con-
' ' glass cover slips centration. The corresponding optical and ESR images ap-
pear in Fig. 5. The 3D image of 256256 50 voxels was
FIG. 3. (Color online)image of the pulsed imaging probe, with the resona- acquired after 40 min. The theoretical image resolution

tor structure taken outside the gradient coils. The probe structure and mi; - - . .
crostrip coupling schem@ot shownyollows closely the cw probe, which is (based on the amp“tUde of the field gradlents, which was

described in detail in Ref. 4, but with modified gradient coils and a thin goidSmaller than in the previous exampldés 8.8X10.5

foil to shield the microwave structure. X 19 um. The actual resolution may be estimated from the
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proaching 1um, may be achievable by working at higher
ESR frequencies. Other experiments have previously demon-
strated better resolution than we obtained in the present
work, through conventional NMR techni utsr by mag-
netic resonance force microscofiIRFM).™>¢ In addition,
Hall detection’’” microcoils® and surface probeg,may be
useful in the future for high resolution magnetic resonance
imaging. However, all these methods can be employed only
to a very limited extent when biologically related, or rela-
tively thick samples are considered. Thus, for example, in
conventional NMR the actual “practical” resolution for sev-
eral minutes of acquisition 5 (10 um)3 with very limited
image sizd:?° MRFM suffers from low 3D sensitivity, espe-
2300 cially when the samples are thicker than a few microns. Fur-
400 600 -200 0 200 400 600 thermore, it requires extreme physical conditioffigh
microns vacuum and often low temperatuyesand complicated
100 i i i

_ ,_t““ sample preparation. These collective constraints make
MRFM (as well as other surface scanning metﬁb)dsat its
present stage, unpractical for most biological and thick
sample applications. Other detection methods, as mentioned

above!’have yet to provide high resolution 3D images.
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FIG. 5. (Color online)Optical and ESR images of trityl solution in a nylon
mesh:(a),(b)the optical images showing the circular area inside the imaging 1
probe[grey ring in(b), i.d.=0.81 mm]j(c) a singlez slice of the 3D ESR
image showing the mesh planel) anotherz slice which corresponds to the
plane of the solution below the megfe) a vertical cut through the sample
(zy plane);(f) a reconstruction of the total solution volume. The sample 3and N. Kaplan, J. Magn. Resol42, 382(2000).
axis is the horizontal axis in the images—(e). The limited bandwidth of A Blank, C. R. Dunnam, P. P. Borbat, and J. H. Freed, J. Magn. Reson.

excitation (two 80 ns pulses), restricts the image extent alongxtfeis, 4165, 116 (2003). )
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