Chapter 2 )
Experimental Techniques ki

Abstract PELDOR or DEER, like most forms of spectroscopy, always involves
tradeoffs between sensitivity and resolution. Some tradeoffs are made during the
instrumental design of the spectrometers that measure PELDOR spectra, and other
tradeoffs are made in the experimental design of the measurements. This chapter
considers the instrument design first. It examines the capabilities needed to make
PELDOR measurements and then examines the designs of several spectrometers
operating at different mw frequencies. This is followed by a discussion of how
capabilities of the spectrometer and the operating and measurement parameters
affect sensitivity and resolution in PELDOR distance distribution spectra.

2.1 Basic Spectrometer Functions

The PELDOR effect is the change in the ESE signal when pump pulses are applied
to the spin system. An ESE spectrometer is necessary to generate and measure the
echo signal, but some additional equipment is needed to produce the pump pulses
and to apply them to the sample. ESE and PELDOR spectrometers operate in rather
narrow mw frequency ranges with /2 scattered between 3 and 600 GHz [1-10].
Several different conventions break the microwave (mw) frequency range into a
series of bands designated by letters and these bands are used to indicate the
approximate operating frequency of spectrometers. A list of some of the more
commonly-used designations appear in Table 2.1.

An ESE spectrometer provides much of the core functionality for PELDOR
measurements, but requires some additional capabilities. We consider the general
functions needed for PELDOR and then look in Sects. 2.2-2.4 at ways several
spectrometers implement these requirements.
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Table 2.1 Common mw

. ’ Band Frequency w/2n (GHz) Wavelength (cm)
band designations L ) 1530

S 2-4 7.5-15

C 4-8 3.75-7.5
X 8-12 2.5-3.75
K, 12-18 1.67-2.5
K 18-26.5 1.13-1.67
K, 26.5-40 0.5-1.13
Q 33-50 0.6-0.9
mm 40-300 0.1-0.5

\% 40-75 0.4-0.6
w 75-110 0.27-0.4
D 110-170 0.18-0.27

2.1.1 The ESE Core

Several ESE spectrometers have been described in detailed [6, 11-13]. In this
section, we focus on the specific features needed for PELDOR measurements.
Three different approaches are in use at EPR frequencies through W-band. They are
summarized in the simplified block diagrams for a basic PELDOR spectrometer,
Fig. 2.1. Each design has, at its core, a standard ESE spectrometer which generates
an ESE at wy. The performance of this core is one major factor that determines
sensitivity, and consequently, the range of distances that can be measured by
PELDOR techniques. Therefore, design principles that optimize sensitivity of an
ESE spectrometer are also vital for PELDOR measurements.

A low-power mw source on the left side of each block diagram, Fig. 2.1a—c,
supplies the mw frequency for the mw pulses and for the signal detector, via a
reference arm. The pulse former unit converts the low-power mw output of the
source into weak pulses which are amplified by a mw power amplifier and delivered
to a mw resonator containing the sample. The ESE goes from the sample in the
resonator to the detector where it is converted from a short mw burst into the
outline, or envelope, of that burst, known as a video signal. The signal processor
block at the right side of the block diagram captures that signal and sends it to a
computer where the signals are assembled into a time trace. The pulse programmer
block controls and orchestrates all these functions.

2.1.2 MW Source

The mw source for the observe frequency w, is usually a voltage-controlled oscil-
lator (VCO), a Gunn diode oscillator with phase-locked loop (PLL) stabilization, or
a synthesizer. The ESE is not affected by the phase noise of the mw source to the
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Fig. 2.1 Block diagrams of some X- and Q-band PELDOR spectrometers: a bimodal resonator
and pulse magnetron as the pump mw source [14]; b bimodal resonator and two TWTAs; ¢ low Q,

overcoupled resonator in most modern spectrometers
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extent that the CW EPR signal is, but long-term frequency drift is a problem for
signal averaging. There is generally a very large difference between the length of the
reference arm and the effective length of the signal-generating arm, particularly
when the large propagation delay through a traveling wave tube amplifier (TWTA) is
considered. Any difference in effective path length converts frequency drift of the
source into a drift in the detected signal phase from the mixer, because the mw mixer
is a phase-sensitive detector.

Phase drift during a PELDOR measurement subtly alters the shape of the
PELDOR time trace and can impact the distance distribution. But, frequency sta-
bility is only one factor in spectrometer phase drift. Two other important factors are
resonance-frequency changes in the sample resonator caused by microphonics,
sample movement or thermal drift; and voltage regulation of the mw amplifiers,
particularly the TWTA accelerating voltage.

Currently, mw oscillators operating at the spectrometer frequency can be used
through Q-band. However, a low-frequency source at w/2n =~ 6—7 GHz that is
stabilized by a dielectric resonator (DRO) typically is used with subsequent fre-
quency mixing and multiplication for spectrometers operating above Q-band.
The DRO serves as the master oscillator, providing low phase and amplitude noise
to preserve spectrometer sensitivity.

2.1.3 Pulse Former Unit

The pulse former uses the frequency of the mw source to produce weak mw pulses.
The pulse former can be as simple as a mw switch that simply gates the mw output
of the source on and off. Most pulse formers also provide control of the amplitude
and phase of the pulses, while a few designs produce very complex shaped pulses,
chirped pulses or composite pulses. However it is accomplished, it is far easier to
form mw pulses at low power and then amplify them than it is to form the pulses
from a high power source.

The mw pulses used in PELDOR measurements are fairly short in duration, so
that the rising and falling edges can be a significant fraction of the total length,
which can impact the pulse excitation spectrum.

2.1.4 Power Amplifier

The mw power amplifier amplifies the low-power mw pulses to the high power
levels needed to excite the sample. This amplifier is generally a gated, or pulse,
amplifier, meaning that it is in an off state most of the time and is turned on, so that
it amplifies, only when needed. A gated amplifier generally consumes much less
power than a CW amplifier; power is required only while it is gated on, a few
percent of the time. This means it has a smaller, more reliable power supply; is
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much cheaper; dissipates much less power; and requires much less cooling. For
high-precision measurements where stability is vital, the duty cycle of the power
amplifier is best kept constant, to keep the power consumption and temperature of
the amplifier constant.

A gated amplifier produces virtually no noise in the off state. An operating
amplifier is producing noise. The noise it generates is usually measured in terms of
the equivalent thermal noise at the input. So, for example, an amplifier with a 30 dB
gain (1000-fold power amplification) and a noise figure of 3 dB (equivalent noise
power at the input 2-fold, i.e., 3 dB, higher than thermal noise) would produce
noise at its output with 33 dB or 2000 times more power than the thermal noise
level at room temperature. The PELDOR signal is often weaker than the room
temperature thermal noise level, so noise from the power amplifier must be neg-
ligible at the time of the signal. This usually is achievable with amplifiers designed
for fast turn-off, however, the amplifier turn off is one contributing factor to the
spectrometer dead time.

Gating the amplifier is not a good method to produce short mw pulses. The rise and
fall times of the amplifier output are generally much longer than those of a pulse
former, and would produce short pulses that have rather triangular or trapezoidal
shapes. In addition, there are usually very large phase shifts in the amplified mw output
during the rise and fall of the output, resulting in unintended and poorly characterized
shaped pulsed that are far from optimal for EPR spectroscopy. If the power amplifier is
operated somewhat beyond it linear amplification range in order to obtain the highest
power, the pulse shape and phase is subtly altered. Usually the edges become sharper,
so pulses are squarer after the power amplifier than at the input.

The power amplifier is usually operated by turning it on; letting it reach a stable
operating state; sending one or more mw pulses into it for amplification; and then
turning it off. The amplifier may be gated on several times during a single mea-
surement, e.g., once for the first two pulses in a 4pPELDOR measurement, again for
the pump pulse, and a final time for the third observe pulse.

2.1.5 Pulse Programmer

A multifunction pulse programmer controls the mw pulses that generate the ESE
signal. It controls: the time intervals between the pulses; the pulse width, phase and
shape from the pulse formers; and gating of the mw power amplifier. Those factors
control when the signal occurs. So the pulse programmer also must control signal
acquisition because signal acquisition must be coherently synchronized with signal
generation. Signal acquisition involves any gating needed to protect the receiver
from damage or overload, and the measurement or digitization of a precise portion
of the detected w, signal. If signal generation and acquisition use more than one
timebase, it is important that they be synchronized and coherent with each other to
avoid subtle sources of noise. In PELDOR experiments, the pulse programmer must
additionally control the pump pulse at wg.
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2.1.6 Resonator

The mw pulse sequence at wy is fed through a circulator to a resonator containing
the sample under investigation. The signal, along with any ringing or reflections
from the resonator, comes back to the circulator and is directed to the receiver. The
resonator is located inside the computer-controlled magnet, not shown in Fig. 2.1.
An iron-core magnet is typical at X- and Q-band and a superconducting cryomagnet
at W-band. The resonator supports mw standing waves at w and wg. Usually, the
sample is placed where the mw electric field is zero, and the mw magnetic field is
maximum for both mw frequencies and perpendicular to the field of the surrounding
magnet. Resonators are discussed in greater detail in Sect. 2.5.

2.1.7 Detector and Signal Processor

The detector converts the mw burst that is the ESE into a broadband signal centered
at zero frequency (homodyne detection), or centered at a lower intermediate fre-
quency wyr (heterodyne detection). This usually is done by mixing the signal with a
mw frequency from the reference arm, w4 for homodyne detection, or w4 =+ wyr for
heterodyne detection. The resulting signal is then converted into some digital form
by the signal processor.

The detector input is usually protected from the power amplifier noise, from the
mw pulses themselves, and from ringing of the resonator by a mw limiter or switch
that blocks the detector input when appropriate. This protection is needed because
too much power can damage or destroy the detector, or can saturate the detector so
that its output is distorted. A saturated detector can take quite a long time,
microseconds or milliseconds, to recover.

An X-band detector has a low-noise mw preamplifier before the mixer and video
amplifiers after the mixer for maximum sensitivity. Detectors at higher mw fre-
quencies are restricted by the limited performance and availability of components
and the ESE signal may arrive at the mixer without preamplification.

2.1.8 The PELDOR Arm

In PELDOR experiments, the sample must be exposed to pump mw pulses at wg, in
the time interval between the observe pulses at w,, Figs. 1.1 or 1.2. The pump
pulses are often amplified by the same power amplifier as the observe pulses,
Fig. 2.2c. Several variations used at X-band are described in Sect. 2.2.

The PELDOR arm contains a mw source for wg. It could be derived from wy4 by
frequency shifting, but that is not necessary. The PELDOR signal does not depend
strongly on the exact frequency or phase of wg, and does not require a stable,
low-noise mw source. This permits a cheap, non-coherent oscillator to be used for wg.
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2.2 X- and Q-Band Instruments

Three implementations, at X- and Q-bands, of the basic design just discussed in
Sect. 2.1 are shown in Fig. 2.1. The multiple pulses at w4 and wp are fed into the
resonator two different ways. One design uses a resonator with separate inputs for
each frequency. This requires an independent amplifier for high-power pump pulses
at wp, e.g., a magnetron or an independent TWTA, to feed directly into the res-
onator through the “pump” waveguide, Fig. 2.1a, b [15-17].

The other method, Fig. 2.1c, uses only one power amplifier. The low-power
pulses at w4 and wg are combined as a single input to the high-power amplifier and
the output is fed into the resonator. In this case, a single-mode, low-Q resonator is
usually used; while the first method allows use of a single-mode or a bi-modal
resonator. A single-mode resonator is easy to set up and tune, but has poor sen-
sitivity when the frequency difference Awyp is large because the resonator Q, and
therefore sensitivity, must be reduced so that both w4 and wp fall within its
bandwidth [15, 18]. High-Q, bimodal resonators achieve good sensitivity [19-22],
but require additional tuning, and additional design care to ensure that the mw
magnetic fields of both modes have strong, uniform overlap at the sample, see
Sect. 2.6.4.

2.2.1 The ICKC Spectrometer

PELDOR spectrometers operating at X-band are currently the most common. The
X-band PELDOR spectrometer based on a coherent pulse EPR spectrometer [14],
Fig. 2.1a, is examined first. This ESE spectrometer was used for many years to
develop and test PELDOR methods at the Voevodsky Institute of Chemical
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Kinetics and Combustion (ICKC) in Novosibirsk, Russia. This spectrometer
introduced several novel features when it was built, including: independent sources
and amplifiers for very intense mw pulses at w4 and wp; and the ability to mod-
ulate, or cycle, the phase of the mw observe pulses.

The mw pulses at w, can have a power as high as 10 kW with duration #, >
20 ns. These pulses are produced by two-stage amplification of the weak output of a
stabilized klystron, which also feeds the reference arm. The weak pulses are
amplified to 1 kW by a TWTA. These 1 kW pulses could be used directly as the
observe pulses to generate ESE signals or they could be amplified to ~ 10 kW by
an injection-locked magnetron which preserves the phase and frequency of the
original low-power pulses. This pulse amplification process means that the phase of
the high-power mw pulses is controlled at low-power, where it is easily done. This
ability to control pulse phase was used to implement phase cycling for the first time
in ESE spectroscopy, which reduced the dead time for the ESE signal to ~ 200 ns
and eliminated unwanted responses, such as the FID and the resonator ringing [14,
23, 24].

The pulse programmer generates pulses for external synchronization and con-
trols the detector. The pulse duration and the intervals between pulses are discretely
controlled with 1 ns increments. The intervals between pulses can extend to 10 ms
and can be swept. The programmer also produces a control pulse for the phase
shifter, which changes the phase of the first pulse in an ESE sequence. The pulse
repetition rate lies between 2 * 10> and 10* Hz. The receiver noise factor is 5-6 dB.
Digital acquisition of the ESE signal is possible. The magnetic field was controlled
by the NMR signal of water protons to an accuracy of 3 ppm.

This ESE spectrometer [14] served as the core for a PELDOR spectrometer.
A magnetron operating in a self-excitation mode at a fixed frequency of wg/2n =
9400 MHz provided the pump pulses. The magnetron acts as a combined mw
source, pulse former and power amplifier, controlled by pulse modulation of its
anode voltage. The maximum mw power output of the magnetron is 5 kW with
t, = 30—40ns.

The spectrometer can generate ESE signals from the A or the B spins at the same
external magnetic field By. To do this, the magnetron gives a pair of pulses at wg,
forming an ESE signal from B spins at wp. That ESE signal is amplified by a mw
amplifier, detected by a simple mw diode detector and observed on an oscilloscope.
This feature provides a simple, experimental determination of the rotation angle 0
of the B spins.

2.2.2 The E580 Spectrometer

Many researchers use the ES580 X-band spectrometer from the Bruker
BioSpin ELEXYS series for PELDOR measurements, or the earlier ESP 380 model
[25-27]. A low-power mw source, or “ELDOR Unit”, is added to the main mw
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bridge of the basic E580 to provide wg, as in Fig. 2.1c. The wp/2n of this ELDOR
Unit can be set in the range of 9-10 GHz in 100-Hz steps. The w4/27m is
typically ~9.8 GHz, making the maximum difference Awap /27 about 800 MHz.

Pulses at w4 and wp are formed by high-speed switches, which provide mw
pulses with rise and fall times of 1 ns and a minimum duration of 4-8 ns. Pulses at
both w4 and wpg are amplified by a single TWTA with a maximum output power
of ~1 kW. The amplitude, duration, and phase of the w4 pulses are specified
independently from those at wp. The amplified pulses are fed into a single-mode,
overcoupled dielectric or split-ring resonator. A quadrature mixer preceded by a
low-noise preamplifier detects the signals.

The fact that pulses at both frequencies are formed independently, but amplified
by the same TWTA, is an important difference between the E580 and the spec-
trometer developed by the ICKC [14]. This has meant that only single-mode,
broadband resonators are used with the E5S80, while the ICKC spectrometer [14]
uses a bimodal rectangular resonator with two waveguide inputs: one for pulses at
wy from the TWTA, and the other for pulses at wpg from the magnetron.

2.3 High-Frequency Instruments

PELDOR spectrometers at frequencies above X-band face practical and technical
limitations. In particular, bimodal resonator design becomes increasingly difficult at
high frequencies. This restricts the frequency difference Awap to the resonator
bandwidth.

EPR spectra of unoriented paramagnetic centers become considerably broader at
frequencies above X-band due to g-factor anisotropy. Consequently, the PELDOR
modulation is considerably weaker for comparable pump pulses at frequencies
beyond X-band, because the degree of excitation of the spectrum pp decreases.
However, these high-frequency limitations greatly improve orientation selection.

2.3.1 The IF Approach

The X-band E580 spectrometer of Bruker BioSpin [25, 26] can be modified for use
in the L-, S-, Q-, and W bands for CW and pulse EPR, including PELDOR [26, 27].
These modifications use the Intermediate Frequency (IF) concept for operating
frequencies outside the X-band, Fig. 2.2. The most significant advantage of this
approach is that proven X-band technology is used for excitation and detection
regardless of the operating EPR frequency.

A pulsed spectrometer operating at both the X- and Ku-bands was developed at
Cornell University mainly for double quantum coherence (DQC) spectroscopy [28].
This spectrometer uses pulses with an excitation bandwidth of ~70 G or ~ 27
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200 MHz and can excite the whole EPR spectrum of nitroxyl labels for DQC
experiments.

A homodyne double-channel X-band bridge forms pulses with a duration of 3—
5 ns at four fixed phases with a minimum separation in time of 5 ns. This bridge
applies the IF concept to operate at Ku band, ~2n*17 GHz. A pump pulse module
allows PELDOR measurements at both bands. The frequency difference Awap/27
can be selected in the range of 0—-700 MHz.

2.3.2 W-Band Instruments

A homodyne W-band spectrometer [29] similar to Fig. 2.1c or Fig. 6 of [30], has
two independent mw sources based on frequency multiplication. The tunable source
consists of an ~2n*7.3-GHz master oscillator and a x13 frequency multiplier,
giving wg/2n in the range of 94.9 + 1.3 GHz with steps of 13 kHz. A similar
source has a fixed frequency for wa/2n = 94.9 GHz. The pulses are formed by
independent pulse formers with high-frequency p—i—n diode switches and they are
combined as the input to a solid-state mw power amplifier with up to 1 W output
power. The pulse power at the input of the TE(, cylindrical resonator is estimated
to be 300-350 mW [29]. With a loaded Q-value, Q; ~ 1000, the © pulse has a
duration f, ~26ns. The spectrometer dead time is ~50 ns with the resonator at
room temperature and ~ 150 ns at low temperature because conductivity of the
resonator walls and, therefore, the Q-value, increase.

A top-of-the-line W-band spectrometer, Fig. 2.3, was developed at the Free
University of Berlin [31-33]. The cryomagnet has a 114 mm diameter warm bore,
to accommodate a helium cryostat with a useful diameter of ~90 mm. Field scans
of up to 1000 G are performed by auxiliary superconducting sweep coils. The mw
bridge is based on a heterodyne circuit with an intermediate frequency of
2n*4 GHz. Three DRO master oscillators with similar frequencies of ~2n*7 GHz
are available to help track the natural frequency of the resonator.

After multiplication by x 13, ~10 mW of the mw power at w4 /21 = 95 GHz
is used to produce the local oscillator w;o /21 = 99 GHz for the detector; the rest
passes through a system of pulse-forming switches and phase shifters to the input of
an IMPATT diode amplifier with ~300 mW output power, and then through an
attenuator and circulator to a cylindrical TEy;; or Fabry—Perot resonator.

The EPR signals pass back through the circulator and a p—i—n switch which protects
the receiver from high-power reflected mw pulses. The signal is mixed down to
wjr /21 = 4 GHz; amplified by a LNA; converted to a video signal by the quadrature
detector; and the components of the EPR signal are fed into the signal processor.

The dead time of the spectrometer in pulse mode is ~ 20 ns, and the noise figure
of the mw receiver is 11 dB or better. PELDOR results from this spectrometer on
the geometry and distances in photosynthetic reactive centers are discussed in
Sect. 7.2.2.
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Fig. 2.3 Block diagram of a pulsed 95 GHz heterodyne EPR spectrometer [30]: / oscillator at
w/2n = 7.3 £ 0.023 GHz; 2 oscillators at 7.3 + 0.23, 7.3, and 7.3-0.23 GHz; 3 power combiner;
4, 7 fast p—i—n switches; 5 fast phase modulators; 6 avalanche-transit diode power amplifier; 8
protective fast p—i—n diode switch; 9 a 4 GHz LNA amplifier; /0 mixer—quadrature detector; 7/
TEO11 resonator; /2 a 4 GHz oscillator; /3 mixer to generate the local oscillator
wpo/2n = 4+95 = 99 GHz; and 14 mixer to shift the signal to w;r/2n =99 — 95 = 4GHz

2.3.3 180 GHz PELDOR

Several laboratories have designed PELDOR spectrometers operating above W-band.
One is a heterodyne pulse EPR spectrometer operating at w, /27 = 180 GHz, Fig. 2.4
[34-36]. The spectrometer generates the mw pulse sequence at ~2n*45 GHz and
then doubles the frequency twice to obtain w, /27 = wp/2n =~ 180 GHz.

Pulses of ~ 100 ns duration are formed by switches in two independent chan-
nels and combined by a magic-T coupler. The mw pulse sequence is frequency
doubled, amplified, doubled again. Waveguide circulators are not available at this
band, so a quasi-optical circulator delivers ~20 mW to a cylindrical resonator with
an inner diameter of 2.2 mm via low-loss corrugated oversized waveguide.

An elliptical mirror focuses the ESE signal from the resonator into the receiver
through a conical waveguide taper. The cryogenic magnet of the spectrometer
creates a static magnetic field of up to 7.0 T with a sweep range of 1.5 kg. This
spectrometer was used to investigate the orientation selection in pairs of tyrosine
radicals in proteins [37, 38].
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Fig. 2.4 Block diagram of a 180 GHz pulse EPR/ELDOR spectrometer: / variable frequency
oscillator; 2, 5, 7 fast switches; 3 magic-T; 4 spectrum analyzer; 6, 8, 12 frequency doublers; 9, 14
oscillators; 710 power divider; 11, 13, 17 mixers; 15 frequency multiplier; /6 phase shifter; /8
resonator; 45 GHz amplifiers are omitted for clarity. Reproduced from Hertel et al. [35], with
permission of John Wiley and Sons, copyright 2005

2.3.4 263 GHz PELDOR

The record high w, /27 =~ 263 GHz quasi-optical commercial spectrometer was
designed by Bruker BioSpin. The BRUKER E780 instrument [10, 39] performs
CW and pulse EPR experiments at magnetic fields close to 9.4 T. The mw bridge is
based on a heterodyne IF design consisting of two units: an X-band transmitter/
receiver and the 263 GHz quasi-optical front-end. This minimizes the number of
millimeter-wave components by performing the crucial mw generation and signal
detection at X-band. The X-band transmitter includes two mw sources.
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A TEq, single-mode resonator is coupled to the quasi-optical front-end via a
mode converter and corrugated waveguide, which substantially reduces mw losses
to below 1 dB. The resonator Q-value can reach 1000 and, with the mw power of
15 mW at the resonator, the optimal 7z/2 pulse duration is 50-55 ns. Since the size
of the resonator scales with mw wavelength, A ~ 1 mm, the sample tube has outer
and inner diameters as small as 0.33 and 0.2 mm, respectively, with a sample
volume ~30 nL for a 1 mm long sample.

Impressive spectral and orientation resolution is achieved. Specifically, at
By ~9.6 T, the g-factor resolution is 30-fold better than at X-band and ~ 3 better
than W-band. This gives much higher orientation selection for PELDOR.

However, PELDOR experiments at 263 GHz are more difficult to implement
and execute [10]. The limited power and increased mw losses require long pulses,
giving weaker EPR signals, while g-anisotropy produces broader EPR spectra. One
expects weaker modulation but better orientation selection than at lower frequen-
cies. The high absolute sensitivity of the HF-EPR spectrometer allows PELDOR
measurements on samples with limited volumes, particularly promising for rare
biological/biochemical materials.

24 By-Jump PELDOR

The PELDOR spectrometers described above use two mw sources for w4 and wg.
An alternative approach is to rapidly change the magnetic field from By = w4 /27y,
by ABy, corresponding to a pump frequency wg = y(By + ABy). PELDOR or ESE
experiments based on this technique were proposed and conducted to measure
spin—lattice relaxation, spectral diffusion [40], and transfer of saturation in EPR
spectra, and for studying slow molecular motions [41—43].

The PELDOR method with By jump was used to determine distances between
spins in biradical 3-1 and in a related biradical [44]. The three-pulse stimulated
ESE, Fig. 2.5, enabled detection of the signal. A magnetic field jump equivalent to
the pump frequency (Awap = yAB) was applied between the second and third
pulses of the three pulse stimulated ESE sequence, Fig. 2.5a or a field sweep
provided very broad pump excitation, Fig. 2.5b. The stimulated ESE was measured
as a function of the delay t between the first and second pulses.

A Bruker BioSpin ESP-380 pulse spectrometer was used with a rectangular Hyg;
resonator modified with walls of thin 25 um foil of nonmagnetic stainless steel that
was “semi-transparent” to the magnetic field pulse [44]. The magnetic field pulse
was produced by low-inductance coils replacing the modulation coils. The low mw
conductivity of the walls gave the low Q required for PELDOR experiments. The
pulse current source creating the field jump contains corrective RC-circuits to
produce the flattest possible field pulse with minimum rise and fall times. The shift
of the EPR line in the ESE-detected spectrum was used to determine that the rise
and fall times of the magnetic field pulse were under 1 pus. The maximum magnetic
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Fig. 2.5 Pulse sequences for field-step ELDOR: the three-pulse stimulated ESE sequence
7/24—1—7/24—T—n/24—1—echo with the pump pulse 7p during the field jump. a Pumping with
fixed magnetic field jump; b scanning pumping; to overcome the dead time problem, the ESE may
be refocused by an additional m4 pulse (dashed line). Reproduced from Kulik et al. [44] with
permission of Elsevier Limited, copyright 2002

field pulse amplitude was +170 G, and the pulse duration could be set from 1.0 ps
to 1.0s [44].

A similar setup for magnetic field jump PELDOR experiments has been used at
W-band [32]. The advantage of field jumps over the double-frequency PELDOR
method is quite clear at W-band: it permits use of a high-Q resonator to obtain the
highest-possible sensitivity. PELDOR using a magnetic field jump seems very
promising; it does not require a second mw source for the pump pulse, which
becomes expensive at higher frequencies. The pulsed field version of PELDOR
shares all the advantages of existing single-frequency EPR methods.

2.5 Resonators: Construction, Q, and Dead Time

The resonator is located inside the EPR magnet—an iron-core magnet for X- and
Q-band, or a superconducting cryomagnet for W-band. The resonator has several
mw standing waves or modes. Usually, the frequencies of only one mode, for a
single-mode resonator, or two modes, for a bimodal resonator, fall in the frequency
range of the spectrometer. Ideally, the sample is placed where the mw electric field
is zero and the mw magnetic field is maximum and perpendicular to the field of the
surrounding magnet.
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In PELDOR experiments, the sample must be exposed to pump pulses at wp, in
the time interval between the pulses at frequency wy, Figs. 1.1 and 1.2. Two ways
are used to feed the multiple pulses at w4 and wp into the resonator depending on
whether it is a single-mode or a bimodal resonator, Sect. 2.2.

A single-mode, low-Q resonator is relatively easy to design and build. It has only
one active mode, so the bandwidth must be large to support the mw fields at both w4
and wp. Single-mode resonators usually have only one input and are said to operate
in reflection because the signal travels in the opposite direction from the resonator
from the observe pulses. However, single mode resonators with two inputs/outputs
have been used and operate in transmission. Because the same resonator mode is
used for both frequencies, the mw magnetic fields of both frequencies have excellent
spatial overlap, which is important for PELDOR. A single-mode resonator is easy to
tune and operate, but has poor sensitivity when the frequency difference Awyp is
large because the resonator Q, and therefore sensitivity, must be reduced so that both
w, and wp fall within the resonator bandwidth.

Bimodal resonators achieve good sensitivity by using separate high-Q modes for
wy and wp [3, 19-22], but introduce several difficulties. Bimodal resonators suit-
able for PELDOR are difficult to design because: the two modes must be tunable to
the desired wy and wpg; the mw magnetic field maximum of each mode must
uniformly overlap each other and the sample; and mw magnetic fields of each mode
must be perpendicular to the field of the EPR magnet. In addition, an input specific
for each mode is usually desired. It is possible to excite both modes from a single
input, but requires a method of adjusting the coupling to each mode. At high mw
frequencies, bimodal resonators require very exacting mechanical tolerances and
adjustments, making them difficult to construct and use. New approaches to
bimodal resonator design do show promise [22].

2.5.1 Resonator Properties

The resonator for PELDOR experiments has two conflicting requirements. First, it
must create large mw B; fields at the sample to excite a large portion of the EPR
spectrum. For instance, to flip spins at g = 2.0 by a © turning angle, a 10-ns
duration pulse must have a mw field amplitude of B; ~ 10 G. Second, the resonator
must excite the sample at two frequencies w4 and wg. These two requirements are
difficult to satisfy simultaneously.

In CW EPR spectrometers, the B; in a resonator depends on its Q;udeq and the
mw input power P:

By = 5(QLoadedP)l/2 o
_ @Yo :
QLoaded - Ao
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where 0 is a parameter depending on the resonator design and sample position; wg
and Aw are the resonant frequency and the resonator bandwidth, respectively.

The mw power incident on the resonator input is usually limited in a PELDOR
spectrometer; at X-band, to ~ 1 kW. The simplest method to increase B is to increase
the resonator Q, as it is usually done in CW EPR spectroscopy; but this is unacceptable
for pulse EPR spectroscopy, since a high Q factor increases the dead time due to
resonatorringing and distorts the mw pulse shape. To avoid distorting short, rectangular
pulses, the band width of the resonator must satisfy the condition [4]

A 0.57
2> 20 (2.2)
2n t,
where 1, is the pulse duration, limiting the Q factor to
Wo
QOpt S 175tp% (23)

This means, at X-band, that the Q factor for undistorted 10 ns rectangular pulses
is Qopr < 175.

The dead time is the interval after a pulse during which the signal cannot be
measured. Many factors contribute to the dead time including: unwanted signals,
such as the FID; mismatches and reflections in the mw circuit; noise from power
amplifiers; recovery of amplifiers from overload; and the “ringing” of the resonator
after the last mw pulse. The resonator ringing must decay to roughly the level of the
noise power, which takes a time g, illustrated in Fig. 2.6.

The dead time is an important consideration in ESE spectroscopy because the
ESE intensity at small 7 is important. This is not the case in 3p- and 4pPELDOR
measurements which typically use fairly large values of t > fg, with

w=-21n (5) (2.4)
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Fig. 2.6 Dead time or ringdown time in 3pPELDOR
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where Py is the mw pulse power and P, = kT'w,/2Q is the noise power. Estimates
for P = 1kW, Q =500, T =300K, and wy/2n = 9GHz, give g = 120ns.
A detailed analysis was presented in [11, 32, 45].

If it is necessary to reduce tg, Eq. (2.4) shows that low-Q resonators must be
used. However, this reduces sensitivity proportional to Q'/2. A number of methods
to reduce the dead time from ringing are used in pulse EPR spectroscopy, including:
mw delay lines [38, 46, 47], mw pulse phase cycling [14], remote or refocused ESE
[48, 49], bimodal resonators [15-17], loop-gap resonators [50], and detection of
longitudinal magnetization [51].

2.5.2 Single-Mode Resonators

The Q-value must be low if a single-mode resonator is used for PELDOR
experiments:

Wo

< G (2.5)

With nitroxyl labels and organic radicals, Awag/27 can be > 80-100 MHz at
X-band, limiting Q to 100-130. For single-mode resonators, the competing need for
a high By and a low Q-value can be satisfied only by replacing standard cavity
resonators with special resonant structures.

There are several methods to achieve the B required in a single-mode resonator.
One is to use semi-lumped structures in which the electric and magnetic mw fields
are spatially separated, e.g., resonant helices [52], slotted-tube resonators [53],
loop-gap resonators [50, 54], and split-ring resonators [15]. Such resonators have a
much smaller volume, which increases B; and largely compensates for the loss of
sensitivity from the low Q-value. The pioneering CW electron double resonance
work used a helical resonator [55] and a rectangular bimodal resonant cavity [19].

The low-Q dielectric resonator ER 4118X-MD-5 from Bruker BioSpin [56] is
widely used at X-band. Its dielectric resonator is an alumina tube made from a
single crystal of Al,Os. It has good sensitivity, provides reasonable B, at moderate
mw power, and its resonant frequency changes only a few MHz with temperature.
But, it is extremely difficult to make alumina that is absolutely free of Cr(II) ions
and even a trace amount produces rather strong signals in EPR spectra. These
impurity signals are temperature dependent and can complicate data analysis and
interpretation of weak samples. ESE signals from the impurity Cr(IIl) signal is
generally seen only near 4 K for very short values of 7 and is not a common
problem for PELDOR measurements of nitroxyl labels and other organic radicals.
Replacement of the standard alumina tube by a bismuth germinate, Biy(GeOy); or
BGO, tube reduces the CW EPR impurity signals and the resonant frequency
changes very little with temperature [57].
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A cylindrical TEy;; mode dielectric resonator at K,-band with w4/2n =
33—-34 GHz was constructed for PELDOR measurements at cryogenic temperatures
[18]. The estimated Qjoaq.a Was about 180, pulse duration was 10 ns for pump and
17 ns for observe pulses at Awap /27 ~ 180 MHz.

A very effective method of increasing the bandwidth of the resonator and
lowering the resonator Q-value is to increase its coupling to the waveguide or
transmission line, i.e., overcoupling, so f§ > 1. Adjustment of the coupling [25, 58]
changes QOjouaea, Aw, and Bj. Resonance curves for dielectric resonators and
split-ring resonators used by Bruker Biospin in PELDOR experiments are presented
in [15]. For these resonators at Awsp /27 = 500 (dielectric resonator) and 700 MHz
(split-ring), field strength yB; /27 may be as high as 90 and 60 MHz, depending on
the extent of overcoupling.

2.5.3 Bimodal Resonators

Crossed bimodal cavity resonators have found wide application in CW double
resonance spectroscopy [59]. Bimodal resonators with ws = wp but having
mutually-orthogonal mw B; fields at the sample are used in pulse EPR spectroscopy
to “uncouple” signal excitation from detection and reduce spectrometer dead time.
The isolation between modes may be as high as 70-80 dB. The mw pulses in one
resonator mode that excite the ESE signal are substantially attenuated in the other
mode for detection. As a result, devices to protect the detector are no longer needed,
reducing the dead time for an ESE signal to 30 ns. Bimodal resonators can be tuned
for PELDOR with one mode resonant at w4 and the other at wg, giving good
sensitivity and large B, for Awag/2n = 700 MHz or more.

The crossed bimodal cavity resonator used in PELDOR studies with the ICKC
spectrometer is similar in design to the resonator proposed for CW double reso-
nance experiments [19]. Both modes of the resonator are tuned by introducing
quartz or Teflon rods in the appropriate volume. The coupling between the modes is
—20 to —30 dB at w, /27 = 9.4 GHz with Q4 = 220 and Qp = 150. The Awap/2n
may be set as large as 150 MHz.

At W-band, a double-cylindrical cavity was designed with two mw modes TE;
and TEjy;, rather close in frequency [22]. The sample is placed along the axis of the
collinear cylinders. This is a novel arrangement for bimodal resonators for
PELDOR because the mw B, fields of both modes are coaxial, not crossed. The
quality factor is 4400 for the TEy;, mode and 2900 for the TEy;; mode. The mw By
fields measured by nutation at only 400 mW of mw power are 3.1 G and 2.9 G,
respectively. The frequency difference Awap/2n between the TEy, and TEgy
modes may be adjusted from ~80 to ~660 MHz for orientation selection
experiments.
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2.6 Performance Considerations

2.6.1 Sensitivity

The sensitivity in PELDOR experiments, in terms of the minimum number of particles
detected, is governed by the sensitivity of the base ESE spectrometer. The initial
amplitude of the PELDOR signal at a fixed 7 corresponds to the ESE signal amplitude.
Calculations of ESE spectrometer sensitivities have been made many times, e.g., see
[1,4, 11, 59]. One way to express the sensitivity is as the signal-to-noise ratio relative
to the unavoidable noise from random thermal fluctuations in the spectrometer. For
excitation of the full spectrum, the signal-to-noise ratio, S/N, for pulse EPR spec-
trometers depends on the operating frequency as [17, 31]:

12
0, " ah (2.6)
VoF AKT

(/M) |

where Vj is the effective resonator volume, F is the noise figure of the receiver, 4 is
the receiver bandwidth, k is the Boltzmann constant, and 7T is temperature. The
exponent n depends on specific experimental conditions and can even change sign:
7/2 <n< —3/2. For instance, for a small sample with a constant number of spins,
n = 3/2 [60].

The minimal detectable number of spins for an “ideal” ESE spectrometer is [4]:

N — 4))kT /ZkTBVOTl (2 7)
min g2ﬁ2 T; w% 0-797’[2‘13 .

where g is the electron g-factor,  the Bohr magneton, 7 the measurement time, and
Ty, T; are relaxation times. This formula assumes that the two pulses can be placed
close enough in time that ESE decay is negligible.

As a rule, sensitivity increases with frequency. For example, under similar
experimental conditions, sensitivity at X-band appeared to be 30—40 times higher than
at S-band [61]. The sensitivity of Q-band spectrometers was 10—103 times higher than
that of X-band spectrometers, depending on the experimental conditions [62].
A comprehensive analysis of ESE spectrometer sensitivity was reported in [17].

Sensitivity can be increased by signal averaging. The efficiency depends on the
signal detection method used: coherent, i.e., phase-sensitive, or incoherent. For
coherent detection, sensitivity increases with the square root of the number of

averages /N, while for incoherent detection, sensitivity increases more slowly as
4+/N [4). The optimum pulse repetition rate for signal averaging is [4]

0.8
D"Pt = Tl (28)
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but only if the rate does not vary. Pauses or fluctuations in the pulse rate, e.g., for
data transfers or computer overhead, can produce large spikes known as ‘T;’ noise
that does not average efficiently.

The sensitivity of an ideal coherent X-band ESE spectrometer is about 100 —
10" spins [4], provided that the spectrum is fully excited and the relaxation times
were T; = T, = 107%s. This corresponds to the sensitivity of state-of-the-art
CW EPR spectrometers.

The actual sensitivity of a pulse spectrometer is considerably worse for several
reasons. The first is non-optimal design of the resonator. Short duration pump
pulses and ESE signals require large resonator bandwidth and a low Q-value,
leading to a small signal and a small S/N ratio. The second reason is non-optimal
repetition rate for the observe pulses, and, finally, incomplete excitation caused by
large spectral width or inhomogeneity of B; over the sample. The influence of all
these factors was thoroughly discussed in [1, 4]. As a rule, the sensitivity of pulse
spectrometers is 10-100 times lower than the sensitivity of CW instruments.
PELDOR measurements can typically be made with about 100 uM spin label
concentration in 50 pL of sample by commercial X-band spectrometers.

A characteristic of PELDOR experiments is that they are performed with a fixed
time 7o between the w4 pulses that produce the ESE signal. The 7 is generally not
extremely short, since this would limit the time interval 7 and truncate the
PELDOR time trace, causing a loss of distance information. Consequently, con-
siderable phase relaxation and decay of the ESE signal occur. The PELDOR signal
intensity (measurement sensitivity) decreases at large Tty by phase relaxation
characterized by a time T, so that:

S/N ~ (S/N),exp (— (%)) (2.9)

with n between 1 and 2 [4, 63]. The PELDOR information is only a small fraction
of the ESE signal and is proportional to pp, further decreasing the PELDOR
S/N ratio.

The sensitivity in PELDOR experiments is several times lower than in ordinary
pulse EPR experiments. Experience suggests that a sample of spin-labeled protein
and other biopolymer should contain > 10'? molecules for a reliable distance
distribution measurement.

However, there is considerable opportunity to improve the experimental
PELDOR sensitivity by: deuterating the matrix and protein [64, 65], varying times
T and 7 during the measurement [66], measuring at higher mw frequencies [67-69],
exploiting light-induced electron spin polarization [70, 71], using alternative pulse
sequences [13, 42], improving the spin labels [72-76], employing bimodal res-
onators [22, 77], stitching together measurements from complementary 3p and 4p
pulse sequences [78], and optimizing the tuning of pump and observe pulses [79].
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2.6.2 Signal Processing Improvements

Sensitivity improvements are not limited just to increasing the signal. Removal of
noise from the measurement also increases the S/N ratio. This is seen with phase
cycling to remove resonator ringing and FIDs from the PELDOR time traces.
Recently, a promising technique for increasing PELDOR sensitivity using a wavelet
transform was demonstrated [80—82]. This basically removes noise from the time
trace that does not have the characteristics of a PELDOR signal. Reduction of signal
averaging times for time-domain signals by as much as two orders of magnitude
was shown, while retaining the fidelity of the underlying signals. Excellent signal
recovery was possible when the initial noisy signal has an S/N R 3. The two order of
magnitude reduction in signal averaging reported corresponds to a ten-fold sensi-
tivity increase.

2.6.3 PELDOR Distance Range

The range of distances r that can be measured from oscillations of the PELDOR
signal is limited by the range of times T in the PELDOR time trace. Roughly, a
half-cycle of an oscillation is needed to determine its frequency accurately.
The PELDOR signal oscillations occur at the dipolar frequency wp = y*i/r>. Thus,
the minimum dipole frequency, or maximum distance r,,,,, that can be measured, is
limited by the maximum time interval T}, in the PELDOR time trace. Because the
PELDOR signal is measured from a two-pulse ESE, T,,,, must be less than the
interval 7y between detection pulses. These considerations set a distance limit of

21 1/3
P A |:))‘E0:| . (2.10)
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The two-pulse ESE signal decay sets a practical limit on 73. The ESE intensity
decreases as 7 increases in a process known as phase relaxation, characterized by a
time constant T;. Phase relaxation has a complex dependence on the concentration
of electron and nuclear spins, temperature, molecular motion and other properties of
the spin system. In PELDOR experiments, the high concentrations of protons, e.g.,
in proteins, organics or frozen aqueous solutions, commonly set an upper limit on
T;. Spin diffusion among the proton spins drives spectral diffusion of the electron
spins, and phase relaxation, even at temperatures below 4 K [4, 63]. Proton spin

diffusion causes the ESE to relax at large t roughly as exp [— (t/ Tf)2:|, with

T; ~2 — 5 ps for typical organic or aqueous matrices. The value of 7o ~ 5 us gives a
reasonable benchmark of 7,,,, ~ 8 nm. Deuteration of the matrix can increase T,
making measurements at 7y > 50 ps feasible [64, 65], for 7y, ~ 16 nm.
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The classic PELDOR modulation, Eq. 1.10, was derived for uniform excitation
of each Pake doublet, which are roughly 2wp wide. Thus, uniform excitation
requires yB; > 2wp for both the pump and the observe pulses, or @ > 2wpt, for
both w4 and wp where £, is the duration of 7 pulses. This sets a minimum distance of

"2h 1/3
T'min = l:z/_tnil (211)
T

for t, ~30ns, ry; ~ 1.2 nm. Small exchange interactions between radicals becomes
comparable to wp at this distance, see Sect. 3.4, complicating measurement of the
distance.

These rough estimates indicate that the range of distances measurable from
oscillations of the PELDOR time trace is 1.2-8.0 nm. In practice, the range seems
to be more like r,,;, > 1.6 nm and r,,,, < 8 nm, although this range can be enlarged
in some situations. The distance distribution F(r) between spins can be determined
reliably over this entire range.

2.6.4 Measurement of B;

In pulse EPR spectroscopy, it is important that the spectrometer be adjusted so that
mw pulses turn the spin magnetization through specified angles 0. This is done by
adjusting the amplitude B, or duration f#, of the mw pulses. For example, in
PELDOR experiments, the pump pulse at wp usually has a & turning angle and the
observe pulses at was have 7/2 and # turning angles.

The B; must be determined not at its maximum in the resonator, but at the site of
the sample under investigation. The easiest way to do this is to measure the nutation
signal, or Tory oscillations, for a sample with a narrow EPR line [15, 83, 84]. The
full spectral line must be excited and the sample must have a long phase relaxation
time.

Coal is a convenient and frequently-used solid sample for determining B;, but
the EPR characteristics of coal vary with its source and its exposure to air. Solutions
of stable radicals with EPR lines that are narrow in comparison with By, e.g.,
Fremy’s salt 5-2, are also used [83]. In these nutation experiments, the signal
amplitude is modulated at the frequency, w; = yB;, permitting direct measurement
of B 1-

Another convenient approach allows B; to be determined using the PELDOR
sample in the resonator. This method is applicable both for narrow and broad EPR
spectra. The shape of the ESE from two, equal-width mw pulses is recorded while
varying the amplitude of the pulses at the peak of the EPR spectrum. The ESE
signal, for incoherent or ‘power’ detection, is a symmetric double peak with a dip at
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the center when 6 = T for either full or partial excitation of the spectrum [1, 4, 30].
With modern spectrometers, the in-phase signal is antisymmetric with positive and
negative lobes of equal amplitude and shape.

Once 0 is known for a specific set of conditions, it may be adjusted to any
desired value using a calibrated mw attenuator between the power amplifier and the
resonator to set the mw power going into the resonator. This method is far more
accurate than adjusting the pulse width, because the nominal pulse width is often
different from the actual width, and because the rise and fall times of the mw field in
the resonator are not negligible.

The value of B; depends on the mw pulse frequency relative to resonator fre-
quency. With a single mode resonator, at least one mw frequency differs from that
of the resonator in a PELDOR experiment, Fig. 2.7a, and its B; is reduced. This
off-resonant reduction is in addition to the B; reduction caused by the lower Q-
value needed to accommodate pulses at w4 and wg. A bimodal resonator lets mw
pulses at w4 and wp be placed at the center of their own mode, which allows both
modes to have better Q-values, for even greater B; fields, Fig. 2.7b.

(a)

QA,B

O Og

Fig. 2.7 Locations of observe pulses at w4 and the pump pulses at wp, relative to the resonance
curve for a a single-mode and b a bimodal resonator [30]
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2.6.5 Determination of py

The EPR spectrum, the desired Awap, and the duration of the mw pulses limit
choices for w and wp in PELDOR. The excitation spectra of the observe and pump
pulses should not overlap; i.e., it is necessary that AcoABtp > 1; but, at the same
time, Awyp <4, where 4 is the effective width of the EPR spectrum. For nitroxyl
labels at X-band, 4 ~300MHz; an experiment with Awsp ~ 100 MHz requires
t, 240 ns, which is easily met. However, there are inherent limitations for PELDOR
with narrow EPR spectra or with short pulses.

The parameter pp in Eq. (2.12) is necessary to analyze the PELDOR time trace.
It is related to the rotation angle 0 of spins B under the wp pulse. If the width of the
spectrum of spins B is small compared to the pump pulse By, all spins rotate by the
same angle and pp can be defined as

2 2
B
pp = sin (g) = sin (%) (2.12)

For a broad EPR spectrum, (2.12) should be averaged over the EPR line shape
g(w). For a rectangular pulse, pg can be calculated as [1, 4]:

+ 00 wz g(w
P = / 2 .
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+ (wp — w)? 2n

® (2.13)

where w; = yB;. The pg value can be calculated if the EPR line shape g(w) and the
pump pulse duration #, are already known.

Experimental determination of pp seems more reliable. For example, pp can be
determined from the phase relaxation of a model system with a known concen-
tration of uniformly distributed spins using Eq. 1.17. This can be done with ease for
glassy solutions of stable radicals. The pg value can also be obtained for radical
pairs known to have N = 2 using Eq. 1.16. Methods to determine pp can be used to
determine py.
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