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I.

Introduction

There are many aspects of obtaining good EPR
data, for which there is need for a standard, or calibrant, to aid in determining uncertainty and reproducibility of the results. There should be a calibrant/standard for almost every variable known to
affect the EPR signal, whether CW (linear or nonlinear) or time-domain.
In the past, EPR standards have primarily focused on three issues: g-value, spin concentration,
and signal-to-noise (1,2,3). Although continued
work on these standards is still needed, there is need
for a wider variety of standards as the field of EPR
develops. EPR has been primarily CW, X-band,

linear response region, magnetic field scan, homogeneous magnetic field, using a TE102 cavity (4).
EPR is (or is becoming) multi-frequency, multidimensional, nonlinear, time domain, using purposebuilt resonators, often in gradient fields to study
heterogeneous samples (5-8). Our thinking must
progress from standard samples to overall quality
assurance for this new era.
Our purpose in this article is to raise some questions and make some comments, which, we hope,
will at least stimulate some thought about future
directions. A specific proposal is given concerning
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the definition of spectrometer signal-to-noise.

II.
A.

Types of Standards
Signal-to-noise (S/N)

Spectrometer manufacturers have emphasized
S/N standards, and the world seems to have accepted "weak pitch" as the standard. However, the
commercially available weak pitch samples are not
really very useful at very low frequencies, or at high
frequencies because they are the wrong size, etc., for
the resonators. One should also take note of the fact
that the S/N performance criterion for the Varian
Q-band spectrometer was based not on weak pitch,
but on a peak in the EPR signal of atmospheric
oxygen. This almost caused the system delivered in
Denver to be rejected, until it was realized that we
don't have as much oxygen in the atmosphere up
here! There also needs to be a standard for S/N
with aqueous samples.
Specific suggestions concerning the weak pitch
standard are given in section III.

B.

g-values

DPPH has served as a g-value standard, almost
universally, but its usefulness is limited. It is adequate for broad spectra, but the anisotropy and
dependence on the solvent from which it was crystallized make it inappropriate for precision work.
Maybe Liphthalocyanine would be a good g-value
standard, but a lot of work is needed to determine its
stability and reproducibility and appropriate conditions for recording the spectra. Possibly an irradiated solid would be a good standard, especially if it
were doped to decrease the relaxation time. Ruby
may be useful for high g values.

C.

Field scan calibration

There also is a need for field calibration standards, for both narrow and wide scans. Fremy's
salt is commonly used for narrow scan calibration,
but it is not stable enough to be a routine calibrant.
Mn(II) could serve as a wide-scan calibrant if a reproducible, easy-to-prepare solid can be identified.
For example, there is a paper that proposed the use
of Forsterite. Ira Goldberg told us that the mineral this paper used was in fact not Forsterite! So

much for that standard (1). One also has to worry
about the field-dependence of the second-order contributions to the Mn(II) splittings, when used at
frequencies other than X-band.
NMR Gaussmeters provide accurate measurements of magnetic field that are useful both for gvalue measurements and sweep calibration. However, standard samples are still needed. In accurate
g-value measurements it is important to have a standard with known g-value to correct for the difference
between the magnetic field at the sample and at the
location of the gaussmeter probe. With increasing
interest in portable and low-cost spectrometers, it
is important to have methods to calibrate magnetic
field without the expense of an NMR gaussmeter.

D.

Magnetic field homogeneity

Magnetic field homogeneity is also a concern.
Standard samples with narrow lines and small hyperfine splittings are needed. It is important to
specify the volume over which the homogeneity is
measured.

E.

Spin concentration

Spin concentration standards have been a major effort, at least in those labs that realize that it is
possible to be quantitative. Goldberg, Poole, and we
have summarized early literature on the techniques
of quantitative EPR (1,2,3). No one standard can
serve for estimating spin concentrations for all types
of samples, but a series of well-defined standards,
e.g., for organic radicals, Fe(III), Cu(II), ... need to
be characterized. Temperature-dependence of spin
concentration standards should also be documented.
Most concentrated samples will obey the Curie law
only over a limited temperature range. It is important to pay attention to the effect of the sample on
resonator Q, and to the size of the sample relative to
the microwave magnetic field and modulation field
distributions for a particular resonator.

F.

Temperature

There needs to be a good way to calibrate the
sample temperature. Oxford will prepare a carbon
glass resistor sealed in a sample tube, calibrated at
several temperatures, if you have their readout device. Many of us temporarily put a thermocouple
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in place of the sample. What are the best ways to
calibrate in various temperature regions? The key
concept is that we are interested in the temperature AT THE SAMPLE. Should we use a physical
sensor such as a thermistor or resistor, or a spin system sensor, such as a splitting or relative intensity
of lines? How do you know when your sample is at
thermal equilibrium?

G.

Performance of AFC circuitry

A recent paper (9) described a sample that is
useful for monitoring the performance of AFC circuits. The defects in irradiated quartz have long
enough relaxation time that in a normal CW EPR
experiment it is very difficult to null the dispersion
contribution to the absorption signal. The ability to
obtain a non-distorted spectrum is a good monitor
of the function of the AFC system.

H.

Time-domain EPR

In the realm of time-domain EPR, there should
be standards for Ti, T2, and Tjvf (phase memory time), instantaneous diffusion, ESEEM (electron spin echo envelope modulation) frequency, and
spin concentration. (The proton frequency, almost
always present, provides an internal one-point calibrant.) One major researcher, to whom the suggestion of an ESEEM frequency standard was made,
reacted in horror at the stupidity of the idea. After
all, the timing was done with a computer, so there
was no need for a standard, you just read the value.
Those who have built spectrometers know that it is
possible to make mistakes, both in instrumentation
and in software, and it is possible to use a variety
of ways of presenting results. Only if the experiment has been done, and documented, "right" in all
ways, can one be sure that it is possible to reproduce
the relaxation time. It would be especially valuable
to have samples that do not exhibit ESEEM. One
sample to test very short-time (<100 ns) response
and very long-time response (>20 ^s) performance
is needed. There is a separate need for a S/N performance standard for time-domain EPR. Similarly,
for FT-EPR and multi-quantum EPR, there is need
for standard samples for testing various pulse sequences, phase cycling, and pulse shapes (10 - 14).
There is also a need for greater attention to quantitation in pulsed EPR. It is crucial to determine
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whether the observed signal is the response of the
majority of the sample or that from only a small
percentage of the spins.

I.

Non-linear EPR

Non-linear CW EPR also has a set of calibration needs. How, for example, does one determine
that the system is properly yielding STEPR results? Does everyone have to spin-label hemoglobin
and compare with the literature? Could a suitable standard be made from another immobilized
nitroxyl radical? How can you tell how well the
phase is set? Similar considerations apply to dispersion EPR, EPR obtained under conditions of partial
saturation, ENDOR, and pulsed ENDOR.
Since there are very few samples that do not
exhibit resolved or unresolved hyperfine structure,
there are very few samples for calibrating methods
for measuring relaxation times other than by pulse
methods. Most people don't have pulsed EPR yet.
There is a need for a few samples for which all parameters are known - e.g., all hyperfine and relaxation times as a function of temperature and solvent.

J.

Resonator characterization

We have all relied heavily on early papers that
characterized the Varian E-231 cavity to be able to
judge results in the literature. E.g., we know approximately what the Bi is at the sample with a
standard dewar, etc., even if the author of the paper
did not know. As more resonators are home-made,
or produced in small batches, how will researchers
inform the community what Bi was (both magnitude and direction), how homogeneous it was, what
the Bi/watt is, etc.? There are many ways to measure Bi, some of which require time-domain spectrometers. Which method is more reliable? It is
also important to know the degree of overcoupling
of the resonator, the modulation amplitude at the
sample, etc. It would be useful to agree on a "standard" way to intercompare resonators.

K.

Software

Software is becoming a major aspect of EPR, and
deserves strong focus on evaluation, including (15):
function (applicability, boundary conditions)
performance (accuracy, speed, throughput)
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operational characteristics (user friendly?!)
installability
data security and protection
compatibility (and migratability)
serviceability (updating, etc.)
documentation
support (especially when "locally written")
One must pay as much attention to the quality of the software as to the hardware. Fancy color
graphics displays can help visualization of the information content of the EPR data, but can also deflect
attention from the computational artifacts. The
field needs a series of well-posed problems against
which new software can be tested. For example, in
the field of image analysis, there are standard problems such as the Shepp-Logan head phantom (16),
against which each new algorithm is tested.
There is a need for spectra, to be distributed in
digital form, which have certain features that test,
for example,
(a) the effectiveness of taking an average over all
orientations;
(b) resolution enhancement and S/N tradeoffs,
for all types of spectra and images;
(c) multiple exponential fits;
(d) unresolved hyperfine;
(e) ESEEM patterns;
(f) image reconstruction;
(g) approximations tofield-sweptlineshapes.

III.
A.
lit'.

Definition of spectrometer
signal-to-noise ratio
Evolution of present situation

Since many interesting experiments push instrumentation to its limits, especially with respect to
signal-to-noise ratio, this ratio has been one of the
most important benchmarks for magnetic resonance
instrumentation. Long, long ago Varian Associates
specified the signal-to-noise ratio of a standard sample of pitch as a criterion of quality of an EPR spectrometer. Generations of spectroscopists have embraced this "weak pitch" standard (0.0035% pitch
in KC1). This section surveys the evolution of S/N
standards and suggests an approach to using the

same sample as a quality standard in the multifrequency future.
A crucial issue in discussions of S/N criteria is a
clear statement of what one wishes to measure. Very
different "S/N" measurement methodologies would
be used, for example, to report a measure of the
source noise (amplitude or phase noise) or a measure
of the S/N one could expect in a single scan with a
sample as weak as weak pitch.
Initially, Varian simply stated that one should
be able to obtain S/N > 20 for weak pitch, and
did not specify the conditions of the measurement,
other than to warn that everything had to be tuned
very well to achieve this S/N, and to imply use of 1
s "integration time" (17). By the time of the E-4,
(ca. 1969) the performance standard had become
>60:l, and the conditions were specific: 200 mW,
6.3 G modulation amplitude, 1 s time constant, 4
min 40 G scan. Noise was to be measured at the
"extreme excursions" and the signal/noise ratio was
multiplied by 2.5 to provide an approximation of the
RMS noise (18).
A few years later, as power levels available at
the sample became capable of saturating the weak
pitch, the power level for recording the pitch signal
was reduced to 12.5 mW (12 dB below the 200 mW
leveled output of the standard bridge). The performance criterion was still (ca. 1972) >60:l, but
some changes were implemented. The modulation
amplitude used was 8 G, and it was specified that
the noise should be measured with the scan range
off (and the field offset to about 140 G above the
pitch resonance). A fundamental assumption, valid
for this generation of spectrometers, was introduced.
The source (klystron) noise was the limiting noise at
high power, and this was a better measure of quality of the instrument than the low power noise (assumed to be detector noise). The amplitude of the
pitch signal was extrapolated linearly to 200 mW
to give the amplitude it would have if it were not
saturated at the power level at which the noise was
measured. This introduced a new factor of 4 in the
calculation - square root of (200/12.5). The square
root is taken because it is Bi, not power, that is proportional to signal height. Retaining the factor of
2.5 for RMS noise, the signal/noise measured in this
way is multiplied by 10 to achieve the performance
specification (19).
The last Varian X-band product, the Century
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Series, had a S/N performance criterion of >120:l.
Further changes were made in the measurement
method. The modulation amplitude was increased
to 10 G, and the noise trace was measured at about
half field (1600 G) rather than at higher field. The
noise was measured with a 2 min scan at 1 s time
constant, wruo the pitch signal was measured with
a 4 min scan. These subtle changes helped meet a
higher S/N standard.
Bruker Instruments has also provided a weak
pitch sample, and has set a performance criterion
based on S/N using this sample, by analogy to the
Varian test. The conditions for the current Bruker
measurement are similar to those described above:
signal at 12 dB (12.5 mW), noise at 0 dB (200 mW),
1 s time constant. But Bruker specifies 200 s 50 G
scan and 6.3 G modulation amplitude. The Bruker
pitch sample has a narrower line than the Varian
sample, and use of a higher modulation amplitude
could cause loss of S/N. The noise is measured with
the field 100 G upfield from resonance and zero scan
width. The performance specification is 180:1 (this
varies depending on the bridge and cavity combination). As in the Varian procedure, the extrapolation
to 200 mW and the factor for RMS noise result in
multiplying the measured signal/noise by 10.
Several features of these measurements should
be noted:
1. The linewidth of the weak pitch signal is 1.5
to 2.0 G, depending on the sample. The current
protocol uses a modulation amplitude that distorts
the lineshape. Overmodulation is used to make the
S/N measurement insensitive to small variations in
the linewidth from one sample to another.
2. The microwave power at which the S/N check
is done is in a region in which signal amplitude is
not strictly proportional to square root of power, i.e.
there is some degree of saturation of the signal.
3. The weak pitch signal would be severely saturated at 200 mW so the extrapolation to 200 mW
is a hypothetical signal-to-noise.
4. The selection of a noise trace at 200 mW presumes that the source noise is limiting.
The improving S/N performance of each generation of X-band spectrometer was due to both major
innovations, such as the reference arm bridge, use
of a circulator, and replacement of vacuum tubes
by solid state electronics, and general improvement

of the electrical and mechanical features of the spectrometer. One consequence of these improvements
is that even the specification of a "1 s time constant" has had a changing meaning. Thefiltercircuits in the new Bruker spectrometers are designed
to give a true 1 s time constant for a 1 s console
setting. The Bruker filter circuits are different from
the Varian Century Series, which in turn were different from the Varian E-line series. Each generation
of spectrometer did a better job of suppressing high
frequency noise at the same time constant setting.
B.

Suggestion for the future

How then should we define the S/N performance
of a modern spectrometer system with the variety
of new resonators, the increasing use of frequencies
away from the "standard" X-band, and the increasing use of digital computers for data acquisition?
We suggest continued use of weak pitch, both for
historical reasons and because it remains a S/N challenge for new experimental methods. If the standard
sealed weak pitch sample is geometrically incompatible, one could prepare a secondary standard, such
as powdered coal in KC1, with due care concerning
all of the well-known problems in quantitative EPR
and with time-dependence of carbonaceous samples
exposed to the atmosphere.
It is incumbent upon the experimenter to
demonstrate the validity of each of the assumptions
built into the "standard" weak pitch S/N methods
described above. Specifically, one must check the
power saturation behavior for a new spectrometer
and resonator combination. The pitch signal should
be obtained at a power level of only limited saturation. The degree of saturation should be specified
since the same source power results in different Bi
for different resonators. On a newly designed system
the source noise or detector noise may or may not be
the limiting noise. In a well designed system the first
detector amplifier should define the noisefloor,and
the measured noise should be independent of source
attenuation. One certainly should not extrapolate
to 200 mW unless that power is actually available at
the resonator, and was used for the noise measurement. It may be most meaningful to measure noise
at the same power as that used for the pitch signal.
The modulation amplitude should be that appropriate to the sample. No factor should be applied to
"correct" it to a higher modulation amplitude than
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was actually used. If a 6.3 G modulation is still
used for the weak pitch standard, a user would need
to recognize that the specified S/N could only be
achieved if distortion by over-modulation is acceptable.
An exception to the above statement about a
"well-designed system" would be the case in which
a design criterion was maximum power at the sample, regardless of noise. Some spectrometers include
a power amplifier on the output of the microwave
source, to ensure sufficient power for types of experiments in which saturation of the EPR signal
is needed. In such cases, the source plus amplifier
noise may be the limiting noise in the system.
There should be a separate criterion for the noise
characteristics of the spectrometer. This test could
be the ratio of the noise at full power to the noise
at the power level selected for the weak pitch test.
Since a computer is an inherent part of a modern
EPR spectrometer, the measurement of S/N should
be made on computer collected data. This can have
the advantage of some degree of additional filtering
in the A/D conversion, but it also tests noise problems with grounding, glitches, etc., in the interface.
The computer should be used to calculate a true
RMS noise. This RMS noise should be used instead
of a peak-peak noise divided by the traditional factor of 2.5, in order to remove the subjectivity from
the measurement. (E.g., how much of the noise trace
do you measure, how many peaks do you ignore in
selecting the "peak-to-peak" noise excursion?)
WEAK PITCH S/N CRITERION - A PROPOSAL
1. Measure signal and noise at the same microwave power, at a known degree of saturation of
the pitch sample.
2. Measure signal and noise at the same time
constant, modulation amplitude, and sweep time.
3. Offset magnetic field from resonance and set
sweep width to zero to record the noise trace.
4. Measure the peak-to-peak signal amplitude
with no extrapolation.
5. Measure noise over the entire time trace and
use the computer to calculate RMS noise.
S/N =

peak-to-peak signal amplitude
RMS noise

6. Measure noise at full spectrometer power with
all other settings the same as in part 3 and calculate

a second ratio which we call "full power to test power
noise ratio" (FPTPNR) as:

FPTPNR =

IV.

noise at full power
noise at power used for weak pitch test

Appropriate use and limitations

Experience shows that the business of standards
involves communicating their limitations and appropriate use, in addition to just making a stable standard. There need to be clear guidelines to help users
select the appropriate standard for a particular test.
As an extreme example, the use of few crystals of a
non-lossy material would be a poor choice as a spin
concentration standard for an aqueous line sample,
but could be an appropriate g-value standard.
We are sure that each spectroscopist could add
to this list. We hope that this set of comments and
questions serves at least to stimulate some thought.
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