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I. Introduction

A Workshop on the Future of EPR (ESR) Instru-
mentation was held in Denver on August 7, 1987,

following the 10th International EPR Symposium.

The research reports at the Symposium formed a
background for the discussions at the Workshop.
More than 65 people from 14 countries participated
in the Workshop. The goal of the Workshop was
to stimulate an industry-university dialog about the
future of EPR instrumentation and software. This
was approached via an attempt to design the EPR
spectrometer for the 1990’s.

This is an extraordinarily exciting time in EPR,
with current research in several laboratories de-
veloping new experimental techniques and new in-
terpretations that revolutionize the possible appli-
cations of EPR. Prominent among these develop-
ments are new microwave sources and resonators
that promise much greater signal to noise ratios,
time domain spectroscopies that will open a new di-
mension of spin interactions and dynamics, Fourier
transform EPR that will revolutionize spin label
studies, EPR imaging that yields a spectrum at any
point in the sample, in vivo spectroscopy that makes
whole biological organisms accessible to EPR, and
computational capabilities that make routine simu-
lations of a complexity we did not dare dream about
just a few years ago.

The program of the Workshop was designed to
stimulate an industry-university dialog about the fu-
ture of EPR instrumentation and software. The sci-
entific program at the 10th International EPR Sym-
posium provided technical background for the dis-
cussions. The goal was to create an environment
in which the following kinds of ideas would be ex-
changed:

1. What EPR users would like to see in the next
generation of spectrometers.

2. What researchers pushing the state-of-the-art
in EPR instrumentation are doing and trying
.to do.

3. What industry, US and foreign, is able to pro-
duce, and at what cost.

This is a report of opinions expressed during a vig-
orous discussion. A few references are provided to
guide the reader to selected papers, but overall, this
paper is the record of an extemporaneous discussion,

with all of the problems of incémplete arguments

- and lack of scholarly documentation that style of

presentation implies. A few comments have been
updated or corrected during the writing and ref-
ereeing of this report, but only a few participants
have had a chance to review the summary of their
contributions. The information provided by indus-
trial representatives differs in kind from that pro-
vided by university and national laboratory repre-
sentatives, as was appropriate to the goals of the
Workshop. The focus of the discussion was on the
microwave bridge and choice of frequency, and due
to time limitations there was not much discussion
about meeting the special needs of specific types of
experiments such as ENDOR, ELDOR, pulsed EPR,
multiple modulation, or in vivo EPR.

II. State-of-the-Art

The following paragraphs give a brief synopsis of the
presentations on the state-of-the-art with an empha-
sis on the issues outlined in the introduction.

A. Our Roots

EPR spectrometers can be viewed as a more or less
integrated collection of subsystems: magnet, mi-
crowave bridge and resonator, signal encoding and
decoding, and signal analysis and display. Many dif-
ferent microwave systems have been described in the
literature (see Alger (1) and Poole (2) for compre-
hensive documentation). However, in the commer-
cially available spectrometers, from the time of the
Microspin and Strand, through the Varian V4500,
E-line and Century series, to the IBM ER200 and
the Bruker ESP300, there have been few major ad-
vances. Certainly there have been significant im-
provements in electronics over the three ‘decades,
but other than the introduction of the reference
arm, the ferrite circulator, and 100 KHz magnetic
field modulation, the overall picture is one of little
change. _

The history and current activity of the field sug-
gest the following “figures of merit” by which we can
judge an EPR spectrometer (Table I).

It is important to include in our definition of
EPR spectfémeters all hardware, software, and ac-
cessories. Up to this point, the use of computers
has largely been for data acquisition, signal averag-
ing, and baseline subtraction. Potentially the most




Table 1. Figures of Merit

signal-to-noise ratio

minimum detectable number of spins

baseline flatness

impurity signals in resonator or glassware

frequency of operation

integration with computer

magnetic field control

resonator filling factor

microwave By for a given power level

ease of sample change

temperature range

maximum microwave pulse power level

minimum pulse width

shortest relaxation time measureable

shortest timing increment

fastest digitization rate

shortest dead time after pulse before data
acquisition

maximum pulse sequence flexibility

important application will be in the signal analysis
and display. Wiggles on chart paper are not the best
way to communicate with the human brain, but so
far all EPR spectrometers present the output on a
recorder.

There is more than one EPR spectrometer
needed. Front-line research needs a spectrometer
more powerful than the pulsed ESP380 that Bruker
displayed at the preceeding 10th International EPR
Symposium. There is also need for a spectrometer
so simple that undergraduates can learn by using it.
The optimization will be different for the “EPR mi-
croscope” and for the animal imaging spectrometer.

B. Time Domain EPR — Mike Bowman
and Colin Mailer

Spin echo and FTEPR share common instrument
needs and solutions. Hence, we expect merger of
these two techniques into one instrument that can
do both. State-of-the-art equipment is going in the
direction of long pulse sequences (> 100 pulses),
with variable amplitude and variable phase of the
pulses, phase cycling schemes to get rid of artifacts,
and synchronization of pulses to external events.
Experienced time-domain spectroscopists are
converging on similar, fairly simple designs, which
include: homodyne circuit, 1 KW TWT in source
arm, GaAsFET or low noise TWT in detection arm,

Bulletin of Magnetic Resonance

quadrature detection for FT studies, a mixer to ex-
tract the signal, boxcar for data collection (though
transient recorders are beginning to be used), and
a computer to collect data. The resonator is deter-
mined by the sample to be studied. The smaller the
resonator, the better the performance is. Data pro-
cessing is often done off-line on a separate computer.

All temperatures accessible have utility in one
or more of the applications, since it is often neces-
sary to control one of the characteristic times of the
system. Hence, variable temperature systems are
an important component of pulsed EPR spectrom-
eters. Flow-through dewars are usually used. If an
immersion helium dewar is used, there usually is a
problem with sample change, limiting the number
of samples that can be studied in a day. However,
Melvin Klein and David Britt have built a resonator
that makes sample change at liquid He easier (3).

Published applications of pulsed EPR include
hyperfine and quadrupole determinations and rate
measurements. There have been many publica-
tions concerning ligand binding to metals in pro-
teins, with heavy emphasis on imidazoles bonded to
Cu. Other studies include dynamics of spin-labeled
proteins, measurements at physiological conditions,
radical reaction kinetics, energy level structures, ex-
cited states, phonons, and electron-electron interac-
tions. The major needs are:

1. Improved high power TWT - In current
TWTs, either the modulator lets noise come
out after the pulse, or the modulator cuts
off quickly and the tube has a shortened life-
time. There is need for a better modulator
design with fast turn off and long tube life.
Possibly a totally different modulator design
is needed. (Freed has produced a successful
modulator with fast turn off and long tube
life — to be published.) Most work probably
could be done with as little as 300 W incident
power.

2. Pulsed EPR experiments need a multichannel
multisequence pulse programmer. In the long
run this is going to be cheaper than creating
sequences with multiple individual delay mod-
ules. ’

3. Pulsed EPR data acquisition needs high speed
signal averaging. A ca. 300 MHz dual chan-
nel digitizer that can signal average with 100%
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duty cycle would satisfy most currently envi-
sioned experiments. )

4. We need new ways of looking at the data from
time-domain measurements. Most of the fun-
damental theory seems to be in place, but we
are not getting enough information out of the
data being collected.

For a versatile state-of-the-art instrument you
have to pay. If you try to build it cheaply, you
will end up buying a year later what you should
have bought in the first place. However, dedicated,
single-purpose instruments can be built that work
on a limited range of samples at a more modest cost.

Saturation recovery EPR (stepped power EPR)
has not seen as much use as it deserves. The time
scale overlaps with the longer times of spin echo ex-
periments. The technology is similar to spin echo,
but doesn’t need such complicated pulse sequences.
Saturation recovery EPR can use 1 —2 W microwave
power, and can even use ordinary resonant cavities,
with dead times of about 500 ns. A 100 MHz digi-
tizer is needed. The technique is about 1/3 as sen-
sitive as normal CW EPR. This is the type of in-
strument that would satisfy many of the needs of
the chemist and biochemist, and could be a simple
accessory to an existing EPR spectrometer. Satura-
tion recovery has not been used much because of the
theory involved, but that is changing. For example,
recently Bruce Robinson has worked on interpreta-
tion of saturation recovery data to analyze motion
and spin interaction. -

C. FT EPR - Jack Freed and Dieter
Schmalbein

One can obtain 2D FTEPR of nitroxyl radicals al-
most noise-free. A single-shot FID of 0.5 mM ni-
troxyl has signal/noise of 100/1, limited by the 6
bit resolution of the 1 Giga sample/sec digitizer. A
full spectrum can be obtained in 1 - 2 microseconds.
Sensitivity is good, since one is looking at the total

magnetization of the sample in each digitized FID -

(4). :
Details of nitroxyl dynamics can be ascertained
from cross peaks in a form of “exchange spec-
troscopy”. The interpretations possible will revo-
lutionize EPR of spin labels, just as 2D FT NMR
has revolutionized NMR. The EPR experiment took
longer to develop because the experiments have to
be done about 1000 times faster than in NMR, and

the bandwidths have to be about 1000 times greater.
These “problems” translate into advantages once
one can do the experiment, since the EPR technique
is sensitive to faster motions than is the NMR tech-
nique. A major application of FT EPR is to mo-

tional studies. There are several advantages over
CW methods.

1. Field-swept FT EPR techniques, which can
measure the T, variation across a spectrum,
‘are very much more sensitive to models of
motional dynamics than the CW experiment.
The experiment can be done 10 to 100 times
faster with FT EPR. This has been applied to
proteins, surfaces, membranes, liquid crystals,
and liquids.

2. The magnetization transfer experiments, with
contour plot display of the results, can be in-
terpreted usefully without extensive theoreti-
cal background. The contour patterns permit
you to read off the major components of the
motion.

3. Motional studies with 2D exchange spectra
will ultimately be extended to the slow mo-
tion regime. Echo ELDOR has the potential
of being the most powerful approach to inter-
preting motional dynamics.

4. T; and T selective studies can resolve multi-
ple species on surfaces,

The pulse programmer must be multichannel.
The spectrometer requires a microwave bridge that
can deliver the needed microwave pulses, and a data
system that can handle such short signals.

Bruker demonstrated an FT EPR this year at-
the EPR Symposium. This was a major investment
by Bruker. This type of machine is expensive to
produce. The design criteria were modeled on func-
tionality for the type of experiments that are doné
in NMR. The bridge they designed is capable of
giving both long soft pulses and short high-power

_pulses. The amplitude and the phase as well as

the lengths of the pulses can be set. Compensat-
ing pulses can be delivered to the cavity to quench
the ringing and hence shorten the dead-time. With
a cavity Q of 300, the dead-time can be reduced
to 60 ns x, —X, ¥, —y pulses can be set, as is used in
NMR. There is quadrature detection. Bruker claims
that this spectrometer has the hardware needed to
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do all of the experiments that have been mentioned
at the Symposium. Since it is very new (the proto-
type was completed just in time for the EPR Sym-
posium preceeding the Workshop) few experiments
have actually been demonstrated yet. Whether the
bandwidth, etc., will be optimal for 2D FT of nitrox-
ides is disputed by some workers, but the definition
of optimum, and ways of achieving it, are changing
rapidly. The software development has lagged far
behind the hardware development. Lack of needed
software will limit the application of this spectrom-
eter for a while.

One cannot overemphasize the importance of in-
novative developments in research labs. Many of
the new ideas and techniques will develop here, and
be distributed to the community. Industry will fur-
ther develop for commercial sale those that have the
widest applicability.

D. High Sensitivity Technology Applied

to EPR - Uno (JEOL)

The JEOL design philosophy has been to empha-
size high sensitivity, quantitative accuracy, multiple
functionality, easy operation, and easy maintenance.

The JEOL standard cavity is cylindrical (most
people use rectangular cavities). It holds a 5 mm
tube, and has modulation coils inside the cavity,
close to the sample. It has the advantage that the
effective sample height, in which the signal response
is flat, is larger than in a rectangular cavity. The
sensitivity is 5 times that of a rectangular cavity if
enough sample is available. One benchmark is that 1
micromolar nitroxyl in a 0.3 by 10 mm flat cell (130
microliter volume) gives S/N = 77 at 12 mW power.
There is a built-in Mn(II) EPR marker, which is con-
venient for correction for Q-value changes due to the
sample. 1% quantitative spin density reproducibil-
ity is obtained with aqueous samples.

Sensitivity enhancement comes from high Q cav-
1ty, a special low noise Gunn oscillator (under devel-
opment), and a high gain low noise receiver. Many
small bits and pieces contribute to the overall im-
provement. The S/N test with the Varian weak
pitch gave a best case 1250. They are developing
a more reliable loop gap resonator. They expect an
increase of an order of magnitude in sensitivity for
routine CW EPR in the next decade.
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E. Multiple Resonance - James S. Hyde,~
Roger Isaacson, and Melvin Klein

The standard CW EPR measurement looks at the
transitions between only one of the pairs of levels
in the total energy level diagram. There is a large
matrix of possible experiments:

L S X Q >70GHz

CwW
ESE
FID
ELDOR
CW
pulsed
ENDOR
CW
pulsed

About 98% of current experiments are CW X-band.
There is a major opportunity for manufacturers to
provide new capabilities to permit exploitation of
the rest of the matrix.

Spin label experiments in cells are possible by
saturation recovery, but another factor of two in sen-
sitivity is desperately needed.

Note that ELDOR gives relaxation pathways,
and ENDOR gives structural information. The
point of view of these experiments js quite different.
The power of ENDOR has been illustrated many
times, even with the poor S/N of some ENDOR
spectrometers. The right way to do the ENDOR ex-
periment is to use loop gap resonators (5). The field

‘-needs LGR’s of a variety of diameters for various

samples. There is motivation for varying microwave
frequency for doing ENDOR, because there is differ-
ent nuclear state mixing at different field strengths.
Currently researchers are investigating L and S band
where the ENDOR enhancement is better for nitro-
gen. The ENDOR experiment can be done with any
of the various CW or pulsed EPR signals available,
but higher speed data acquisition is needed to fully
utilize some of the methods.

Electron-electron double resonance can be viewed
as an analog of homonuclear decoupling. Of course
the frequency spread in EPR is greater than in
NMR. Pulsed ENDOR and pulsed ELDOR, where
changes in the phases of the echoes are detected are
very significant developments. In some cases, due
to inversions of signals, you can get a signal based
on twice the EPR signal, instead of a few percent
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change in the EPR signal as in conventional EN-
DOR. This idea is due to Mehring, and was demon-
strated with an ENDOR coil in a slotted tube res-
onator (6,7). Klein has put a microwave helix in a
slotted tube resonator, which gives good isolation
between the helix and the STR, for ELDOR exper-
iments.

It has been necessary to develop new ENDOR
equipment to study photosynthesis. Since samples
were small, loop gap resonators were developed for
the ENDOR experiment. The UC San Diego spec-
trometer has 1 us microwave switches. No field mod-
ulation is used. The source is FM modulated at 1
to 15 KHz. Temperature is 1.4 to 300 K. The S/N
of a PMT sample on this spectrometer with a LGR

was an order of magnitude higher, with only about
 1/10 the RF power, than on other spectrometers,
including Bruker spectrometers, that Isaacson used
in other labs. '

F. Imaging - Larry Berliner

X-band EPR imaging is focusing on study of ma-
terials and thin biological samples. The X-band
work has used standard cavities and slotted tube
resonators, and is approaching a high level of per-
formance, including the application of many princi-
ples from NMR imaging. Resolution is approach-
ing the micron level, using gradients as high as
3300 G/cm. For various experiments, the gradients
are CW, pulsed, modulated, or stepped. With a
sample that has good signal-to-noise, rapid imaging
is possible. Image reconstructio~ has made rapid
progress recently, with the solution of the spectral-
spatial imaging problem. It is now possible to ob-
tain spatial images of multiple line species and mul-
tiple lineshapes in a sample. The detection meth-
ods for imaging include CW EPR, ENDOR, and
pulsed EPR. Applications to diffusion, oxygen or
other broadening agent concentration, etc., are pro-
ceeding rapidly. If the sample fits into a standard
EPR resonator, almost any imaging experiment is
possible.

In vivo imaging is being done at L-band frequen-
cies or lower and is in the early development stages.
Feasibility has been demonstrated for small biolog-
ical samples, including seed germination, transport
in plant stems, tumors and melanin in mice, and
diffusion in isolated tissue models. The resonators
being used at L-band are of the surface coil type,
with development work on large-access resonators.

Currently this work is limited to use of nitroxyls,
because the sensitivity is not yet good enough for
study of naturally occurring radicals.

For the in vivo work the development of pulsed -
EPR at L-band, now underway at the Illinois EPR
Center, is needed, as are resonators appropriate for
large samples. Large magnet gaps are needed both
for the samples and for the gradient coils. As in
vivo imaging goes to lower frequencies, attention
will have to be paid to problems that will develop
when the field scan is less than the spectral width.

Future effort in the direction of FT EPR imag-
ing, possibly with pulsed field gradients may make
3D imaging practicable. Long rise times and eddy
currents make pulsed field gradient studies of nitrox-
yls difficult - it will probably be necessary to de-
sign the resonator system specifically for optimiza-
tion of the pulsed gradients. Ultimately, EPR mi-
croscopy should be able to give higher resolution
than NMR. Relative to NMR imaging, there should
be an advantage for the measurement of diffusion
times since in EPR there is no significant contribu-
tion to Ty from diffusion in a field gradient. One of
the main obstacles to EPR imaging is the develop-
ment of larger field gradients. This is primarily a
power supply and heat removal problem.

The computers for EPR imaging require very
large data storage and handling. Some of the soft-
ware developed for NMR imaging probably can
carry over into EPR imaging, if similarly sophis-
ticated computers are available for the EPR exper-
iments. The multidimensional EPR imaging exper-
iments (x, y, 2, spectral, Ty, etc.) will require very
large data arrays and sophisticated presentations of
the results. :

Now, and over the next few years, the X-band
experiments will be the least expensive, and very
low or very high frequency imaging may be finan-
cially out of reach for most labs. The primary high
cost items are pulsed EPR, large gradients, some
resonators, and the development of software.

G. New Resonators, Non-Resonant Sys-
tems - James S. Hyde and Melvin
Klein

A progression of electromagnetic field distributions
occurs as one goes from the well-known TE ;o3 cavity
(e.g., Figure 4.6 in Alger’s book) to the TE o2 reen-
trant cavity, to the 3-loop-2- gap loop gap resonator.
The field distribution is the same. The cavity can .
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be seen as a special case of the loop gap resonator.
The number of free design parameters in the rectan-
gular cavity is 2, in the reentrant cavity is 3, and in
the LGR is 6. The LGR is inherently more flexible
for experimental design. For example, an X-band
3-loop-2-gap resonator can be made that has an 11
mm diameter loop, so that it will accept all of the
standard glassware and accessories. The filling fac-
tor is about 3 times higher than the cavity, and the
Q is about 3 times lower, so the signal is about the
same. A sample in one of the outer loops would have
a very high filling factor and energy density. This
is a multi-purpose EPR resonator. Many topologies
are possible. See the figure in (8).

One LGR at a high state of development is a 1-
loop-1-gap 0.5 to 5 GHz multifrequency resonator.
This design keeps the inductance the same over a
factor of ten in frequency. To adjust the frequency
the capacitance must be varied over a factor of 100,
which can be done by varying the gap and the ma-
terials in the gap. This means that one can change
the frequency a factor of ten and not have the filling
factor change.

An L-band resonator has been designed for the
case of microwave field parallel to the applied mag-
netic field. In vivo experiments at 1 GHz have been
done with a “mouse” 1-loop-1-gap resonator, 2.5 cm
in diameter. An X-band LGR has been built that
has a very high ratio of energy density to incident
power. A Q-band 2-loop-1-gap asymmetric LGR
gives 18 G of RF for one watt incident power.

In development are versions of the rising sun res-
onator, bimodal, ENDOR, ELDOR resonators, etc.
Electrochemical generation of radicals in a LGR has
just been accomplished. The working volume is 1
mm in diameter and 5 mm long. It is intended for
experiments with short-lived radicals. The key ideas
are:

1. One has the ability to match the filling factor
to the sample.

2. One has the ability to examine a sample over

a range of frequency keeping the filling factor

constant.

3. Since the Q is low, there is minimal demodu-
lation of phase noise.

4. Since the filling factor is high, there is a net
gain in signal.
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5. One can detect dispersion with essentla.lly the
same S/N as absorption.

6. The sensitivity of small LGR resonators ex-
ceeds that of a cavity by about a factor of 50
on a number of spins basis, but they are about
equal on a molarity basis. Thus, you can use
less material and achieve the same S/N.

7. With regular cavities, electrochemical experi-
ments are limited by diffusion, and rapid mix-
ing experiments are limited by amount of ma-
terial.

8. One can get the same B; in pulsed EPR with
less incident power, so the spectrometer sys-
tem can be a lot quieter.

9. The whole structure is smaller, which is con-
venient for ENDOR, etc.

The bottom line is the flexibility of the LGR
structure, which permits you to tailor the geometry
of the resonator to the experiment.

Other geometries include the Mims half-wave
stripline resonator (9) and the folded half-wave res-
onator (10). Sample size, filling factor, ease of
anaerobic experiments, irradiation, or variable tem-
perature vary with resonator. One geometry may
be very good for some experiments and very poor
for others.

Gilbert Clark (11) and Ohno (12) have demon-
strated EPR with very small non-resonant coils.
Clark’s experiment was frequency swept while
Ohno’s was single frequency.

H. Microwave Frequency — John Pil-
brow, Jack Freed, and Harvey Buck-
master

It has long been known that it is important to ex-
plore spectral redistribution. Most people are aware
of the distinction between field-dependent and field-
independent interactions, but in the past most peo-
ple had access only to X- and Q-band spectrometers.
EPR can now start at By = 0 and MHz frequencies,
and go all the way to 9 T and 1 mm wavelength (250
GHz). At these high frequencies quasioptics are
used. In the future, it should be possible to extend
EPR to ca. 100 T, 0.1 mm wavelength. The limit
will probably be the mechanical stability of high T.
superconducting magnets at these field strengths.
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The value of going to lower frequencies is illus-
trated by copper spectra. The frequency depen-
dent spectra now being obtained have provided a
challenge to understand the origin of line-widths
more clearly. The real connection between field and
frequency is still elusive ~ we still do not have a
model for copper spectra which satisfactorily re-
produces the major spectral features at both S-
and X-band. An S-band bridge constructed us-
ing strip-line techniques is about the size of a text-
book, and gives sensitivity comparable to the tra-
ditional bridge constructed of discrete components
connected with semi-rigid coaxial cable.

One incentive for very high frequency EPR is
the high spectral dispersion, which provides resolu-
tion of small g-value differences and yields accurate
magnetic tensors. Sensitivity comparable to ODMR
is achieved at 2 mm according to Lebedev.

At 250 GHz one can do true slow-motional spec-
troscopy and look at the details of the reorientations
themselves in fluids of fairly low viscosity. This is
made possible by the fact that slow motion for ni-
troxyls at 250 GHz occurs at 7, > 10719 5 and for
vanadyl it occurs at 7, > 10711 g,

If one combines the magnetic tensors obtained
at high frequency with the hyperfine coupling tensor
obtained at low frequency, and the quadrupole in-
teraction tensor from multifrequency spin echo [e.g.,
D. J. Singel’s measurements (13)], finally one has
the tensors needed to apply to motional dynamics
problems. To obtain the full frequency dependent
features of motional dynamics one needs an analog
of the NMR dispersion spectrometer (Konig, IBM).

The ideal for the future is multifrequency 2D
FT EPR. This is probably feasible in the range 1
to 35 GHz. It is not evident now how to do spin
echo EPR at 250 GHz with available equipment,
but it is possible to do saturation recovery. Future
possibilities include pulsed gyrotrons as sources, and
pumping the spins to saturation with a Q-switched
laser followed by a saturation recovery experiment.

Some researchers speculate that one could build
a broadband spectrometer that will cover 1 — 18
GHz, if a satisfactory transmission resonator system
could be developed.~ An upper limit of 26 GHz is al-
most conceivable. By the mid-1990’s 0.5 to 50 GHz
should be possible. The components for a broad-
band reflection spectrometer are not available off
the shelf - the principal problem is that there are
no broadband circulators. B
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The problem of stability of phase shifters and at-
tenuators needs to be considered, but one can antic-
ipate based on performance of current components,
that stability adequate for EPR will characterize
these new higher frequency components.

A transmission spectrometer is a sensible choice
for many experiments. - The key thing is to have
a stable phase-locked source and temperature sta-
bilize the cavity. The limitation is the amount of
power the detector can tolerate (ca. 10 mW at X-
band), which limits the amount of power that can
be incident on the sample. In the 1990’s one hopes
for broad-band tunable cavities, such as LGR or he-
lices so multifrequency can be done without moving
the sample.

Detectors have improved about an order of mag-
nitude in frequency response each decade since the
1950s. Currently, the 1/f knee in the noise curve is
below about 10 Hz for GaAs diodes. Thus, the
magnetic field modulation frequency used in the
EPR experiment can now be much less than the
100 KHz frequency chosen many years ago to match
early detectors.

Power sources have also evolved, from high volt-
age reflex klystrons in the 1950s to low voltage
klystrons in the 1960s. In the 1970s many low noise
Gunn diodes, YIG oscillators, dielectric resonators,
etc. came on the market. It is no longer necessary
to design an EPR using a klystron as the microwave
source. By the 1990’s it is expected that frequency
stability will be limited by thermal stability. A sta-
bility of 1 in 10® at X-band will make a cavity lock
unnecessary.

I. Temperature control — Andrew Mack-
intosh and Betty Jean Gaffney

Varying and controlling the temperature is a crucial
part of an EPR experiment. Temperature control
is one of the least accurate, and most frustrating,
parts of spectroscopy. Almost everyone has “war
stories” to tell. While the manufacturers focus on
precision of control (e.g., £0.01°) , the users are
more concerned with the temperature gradient over
the sample. It is of little use to know that the sample
temperature is constant to 0.01 degree if there is
a 2 degree gradient over the region of the sample
from which the EPR signal is being obtained. One
approach to the temperature gradient problem is to
measure with two thermocouples, one above and one
below the cavity, but this capability is not built into
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any commercial system.

The temperature range over which EPR is stud-
ied includes the full range for which the materials
of the resonator are stable, though not for a single
sample. Some experiments require very high tem-
peratures (e.g., combustion studies), some require

physiological temperatures with very precise and ac-

curate control of temperature (e.g., membrane melt-
ing studies), and some require the lowest tempera-

tures achievable (e.g., studies of high-spin systems
such as iron). Much more engineering is needed in

each temperature domain.

From the point of view of the cryogenics engi-
neer, the cavity gets in the way of the cryostat.
At X-band one tries to put the cryostat inside the
cavity. Increasingly cavities are being made small
enough that they are being put into the cryostat,
and the whole resonator is cooled. The small space
available in the magnet gap with the cavity present,
the short time (less than a day) of the typical EPR
experiment, and the need to change samples fre-
quently, make a continuous flow system a reasonable
choice. '

Oxford had a. major redesign of the cryostat
about 4 years ago. A new microprocessor temper-
ature controller has been introduced recently. This
makes the system easier to use. They are now trying
to automate the gas flow and heater power.

Challenges remaining include temperature mea-
surement — the problem is that one cannot put
‘the temperature sensor inside the cavity during
the EPR measurement. Getting consumption of
He down is a problem, because most losses are in
the transfer line. To optimize He consumption,
one should design the spectrometer with cryogen-
ics in mind, rather than add cryogenics as an af-
terthought.

At Johns Hopkins, while using an Oxford ESR
10 there was need to know the temperature accu-
rately for work on iron proteins. A carbon glass re-
sistance thermometer (3 mm in diameter) was used,
but to fit it into the cryostat, it was necessary to
change the internal diameter of the Dewar. The
temperature gradient over about 1 inch was about
2 K, which is too large for the experiments needed.

Mackintosh pointed out that a five-year old ther-
mocouple could be off by 2 K because of strain due
to normal use (not misuse). The carbon glass resis-
tance thermometer is better for this reason.
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J. Special Requirements of Biological
Samples — Harold Swartz and Piotr
Fajer

There are many exciting things happening in bio-
logical applications of EPR. There is real ferment
because of the following developments:

1. arapidly developing interest (about 10-20 pa-
pers/week!) in the role of oxidative processes
in biological systems

2. better understanding of the role of free radical
“intermediates in many biological and pharma-
cological interactions

3. possibility of oximetry in viable biological sys-
tems and their models’

4. the potential of measuring metabolism using
interactions of nitroxides with biological sys-
tems o

5. interface with in vivo techniques in NMR and
EPR, using nitroxides as imaging and contrast
agents

The special needs of biological studies are just
part of a continuum of experimental requirements
that is everybody’s needs. The two areas of special
focus in biological studies are:

a. Physiological conditions

EPR experiments under physiological conditions’
are needed — this means obtaining spectra in the
presence of water and electrolytes. The more sophis-
ticated the EPR experiments, the more important
it is to have conditions that include maintaining ex-
perimental parameters appropriate for physiological
conditions. In designing spectrometers it is impor-
tant to provide more room for apparatus for con-
trolling the conditions in the samples. There is need
for better control of temperature, light, and gases.
There is need to be able to do sudden perturbations
on the sample, e.g., with “jump” experiments, and
maintain spectrometer stability.

b. Sensitivity

Sensitivity is important since naturally occuring
radicals are present at low concentrations, and there
is an increasing interest in looking at transient rad-
icals. When using nitroxides; it is desirable to keep
the concentration of spin probes as low as possible,
since they could be perturbing probes. Whatever in-
crease in sensitivity can be achieved will be used by






