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Abstract

The sensitivity of pulsed electron paramagnetic resonance (EPR) measure-
ments on broad-line paramagnetic centers is often limited by the available
excitation bandwidth. One way to increase excitation bandwidth is through
the use of chirp or composite pulses. However, performance can be limited
by cavity or detection bandwidth, which in commercial systems is typically
100-200 MHz. Here we demonstrate in a 94 GHz spectrometer, with >800
MHz system bandwidth, an increase in signal and modulation depth in a
4-pulse DEER experiment through use of composite rather than rectangular
m pulses. We show that this leads to an increase in sensitivity by a factor
of 3, in line with theoretical predictions, although gains are more limited in

nitroxide-nitroxide DEER measurements.
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1. Introduction

For many pulsed magnetic-resonance experiments a large factor determin-
ing sensitivity is the proportion of spins that can be excited. The number
of spins and the fidelity of the excitation profile can be improved by using
modulated pulses that use phase or amplitude changes rather than simple
rectangular pulses. These work to increase excitation bandwidth and/or
compensate for errors such as applied field inhomogeneity. Such pulses in-
clude composite, adiabatic, chirp or more general optimal control sequences
[1-5]. NMR has been using these methods for almost 40 years but their
adoption in EPR has been slower due to the increased technical demands of
working at higher electromagnetic frequencies. However, EPR will benefit
from increased excitation bandwidth and the ever more complex sequences
that can be applied with the increased fidelity of excitation offered. Recent
advances have been made in the development and integration of arbitrary
waveform generators (AWGs). These systems become more difficult to im-
plement directly at higher frequencies as the performance of filters, amplifiers
and IQ mixers becomes more critical. Conversely, higher frequencies can offer
increased sensitivity: we have previously shown that a non-resonant wide-
bandwidth spectrometer operating at W-band (94 GHz) offers 20-30 times
improvement over the commercial X-band (9.5 GHz) system [6]. We show
here how fixed-amplitude phase-modulated composite pulses can be imple-
mented at 94 GHz to increase excitation bandwidth and to compensate for

applied field inhomogeneity.



Composite pulses are composed of several contiguous sub-pulses of vary-
ing phase and length that produce an excitation (7/2, 90°) or an inversion
(7, 180°) of spin packets over a larger bandwidth than an equivalent stan-
dard rectangular pulse. Two of the advantages of composite pulses, over
more complex sequences, is that they are still relatively short, typically three
times the length of a rectangular inversion pulse, and that they can be used
in existing spectrometers that have a phase-cycling capability.

Composite pulses have been used in NMR for a number of years to provide
improvements in a range of areas. They were first demonstrated in EPR
experiments by the Freed group in 1989, where an excitation bandwidth over
200 MHz was demonstrated [7]. Morton et al. have also utilized the narrow
bandwidth BB1 composite pulse sequence to improve B; inhomogeneity for
quantum computing applications [8]. Composite pulses have also been used
by Turro et al. to enhance inversion recovery experiments on nitroxides at
X-band [9].

One frequently used experiment that can benefit from composite pulses
is the double electron electron resonance (DEER, also known as PELDOR)
sequence, Figure 1, which is a pump-probe technique [10, 11]. In the 4-pulse
version the pump pulse inverts spins at one frequency and the probe uses
a refocused echo sequence. In this way the dipole-dipole interaction can be
measured and this can be related to distances in the 2 to, at least, 10 nm
range [12-14].

To a first approximation the sensitivity of the DEER experiment is pro-
portional to the fraction of spins excited by both the pump and probe pulses.

This raises a significant challenge for broad-line systems such as metal ions
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Figure 1: Standard 4-pulse DEER sequence, consisting of a refocused Hahn echo sequence
on the probe or detection (f7) sequence, and a single inversion pulse on the pump spin (f3)

sequence.

in metalloproteins which would otherwise potentially be very useful mark-
ers as intrinsic paramagnetic centers. Thus most applications of DEER in
biomolecules have employed nitroxyl spin labelling, though there are notable
exceptions [15-17]. Many of the modulated pulse techniques employed so
far have focused on replacing the pump pulse where increases in modulation
depth by up to a factor of 3 have been demonstrated [3, 5, 18]. Chirp and
other modulated pulses have been utilized coherently to produce enhanced
Hahn echoes for use in another dipole spectroscopy experiment, SIFTER
(single frequency technique for refocusing dipolar couplings) [19-21].
Recently we reported that our 1 kW wideband (> 800 MHz) W-band
spectrometer, HIPER, can be used to measure the dipolar interaction, and
therefore distance, between nitroxyl spin labels and a spin-half ferric (Fe(III))
heme in proteins [6]. We reported substantial increases in the signal-to-noise

of the DEER measurement partly from improvements in both the pump and



probe excitation bandwidth. This is despite the large g-anisotropy of the
ferric-heme, which resulted in an absorption profile on the order of 1.5 T at
W-band.

In this paper, we discuss the choice of composite pulse sequence to replace
the 7 pulses in the DEER experiment (Figure 1. We show the implementation
on HiPER using a 4 channel 16-state vector modulator to provide phase
control with 4 ns sub-pulse resolution. Finally, we demonstrate the gains of
using composite pulses for echo and DEER sequences on extremely broad-line

systems such as iron-heme and compare them to nitroxyl-nitroxyl systems.

2. Composite Pulses

2.1. Background

Composite pulses were first reported by Levitt et al. [1] demonstrating
a simple sequence of 3 contiguous pulses that performed the same action
as a 180° pulse, but compensated for B; inhomogeneity across the sample
and increased excitation bandwidth. Composite pulses are commonly de-
scribed using the following notation [22]: (67),, (87)4; - - - (B7), Where (89)
describes the nominal flip angle (usually 90° or 180°) of the sub-pulse p, and
¢p describes its phase, or axis of rotation. Levitt’s original 180° equivalent
composite pulse, 9099180090gy (Wwhen applied to a set of spins at equilibrium,
M. ) thus equates to a 90° rotation around the y-axis (¢=90°), rotating the
spins into the transverse plane along x, followed by a 180° rotation around
this axis (=0°), finishing with another 90° rotation around the y-axis. The
sequence can compensate for By inhomogeneity by helping or hindering spins

that under and over-rotate due to spatial applied field inhomogeneity. The



same argument applies for compensation for frequency offset (Aw;) between
the resonance frequency of the spin and that of the pulse frequency. This
manifests itself as an increase in effective flip angle of the spins, which can

be considered as the rotation axis being tilted by an angle A towards +z.

2.2. Inversion pulses

In the absence of spin coupling, the net effect of various composite pulses
can be easily calculated by applying appropriate rotation matrices, and vi-
sualized using contour plots that show the magnitude of the inversion as
a function of frequency offset (x-axis) and B; inhomogeneity (y-axis) [22],
shown in Figure 2. €}y is the resonant frequency and is the frequency of the
applied field/pulse, similarly, B{ is the nominal applied field amplitude to
produce the required flip angle of the pulse (typically 7/2 or 7). Figure 2
gives several examples for some of the most useful short wideband compos-
ite m-inversion pulses. In the contour/density plots, the magnitude of the
inversion varies from M, = +1 (non-inverted) to M, = -1 (inverted).

Of the composite pulses shown in Figure 2, the 907180150270y sequence
23] offers the largest compensation for frequency offset, but only compen-
sates for B; at large frequency offsets, relative to the standard 7 pulse. The
909918009099 sequence [1] offers slightly less bandwidth but offers more B,
compensation at line center (zero offset). It is also a shorter sequence and
only uses 90° phase changes reducing potential distortion effects during the
rapid phase changes. The bandwidth enhancement at nominal applied field
(B1/BY = 1) for 9091801802709, 909918009090 and a 16 ns 7 rectangular (180,
in Figure 2) are shown in Figure 3(a).

On the other hand, the 907360,2090y sequence is better at compensating
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Figure 2: Contour plots showing the inversion performance of a range of composite pulses
in terms of their ability to invert across frequency offset (x-axis) and in the presence of
B; inhomogeneity (y-axis), where g is the resonant frequency and BY is the nominal
amplitude of the applied pulse. The plot scales between white = 95-100% inversion (M,
= -1) to black = 0% inversion (M,=+1).

for B; inhomogeneity (whilst offering some compensation for frequency offset)
[24]. In a coupled spin system, it is normally assumed that the B field
associated with the pulse is larger than the dipolar coupling. In cases where
this is not true, the 45718099901501809045¢ sequence potentially offers better
inversion performance [25]. All the sequences above are examples of variable
rotation sequences, which means that the 180° rotation is defined for only
one of the Euler angles and the other angles are left unconstrained. One
consequence is that unwanted phase variations are introduced as a function

of frequency offset. This effect is not important for an inversion pump pulse,



but has the effect of introducing major distortions in a Hahn echo experiment
[26]. However, these phase distortions can also be canceled by applying an
identical second composite m-pulse, leading to an enhanced refocused echo.
The 60150300060180 sequence [27] on the other hand is an example of a
constant rotation pulse that can be used directly in Hahn echo experiments,
but the bandwidth and B; compensation are less than the variable rotation
pulses for refocused echoes. This makes high performance variable rotation

pulses suitable for 4-pulse DEER, but not 3-pulse DEER detection sequences.
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Figure 3: (a) Simulated inversion profile (M,) of rectangular 7 (blue), 909180150270
(red) and 909018009099 (green) composite pulses. The rectangular pulse is 16 ns 7. (b)
Simulated inversion profile of the 16 ns rectangular 7 pulse (blue) and 907180159270 (red)
composite pulse overlaid on the absorption spectra of a nitroxyl radical (black), taken at

W-band.



3. Instrumentation

3.1. W-band spectrometer

3.1.1. General system overview (including non-resonant sample holder)

All experiments were conducted on the home-built 1 kW pulsed W-band
spectrometer HIPER that has been described previously [28], where all of the
pulse control is implemented at low frequencies and the 94 GHz transmitted
signal is generated via a x12 frequency multiplier as shown in Figure 5(a).
This signal is then amplified to above 1 kW using an extended interaction
klystron amplifier (EIKA) with a 1 GHz bandwidth (Communications and
Power Industries Canada, Inc. Georgetown, ON, Canada). This W-band
instrument uses a non-resonant cavity and thus benefits from a very flat
instrumental frequency response where there is less than 0.5 dB variation
across a multi-GHz range, and the system bandwidth is dominated by the
800 MHz (3 dB) frequency response of the EIKA, shown in Figure 4.

HiPER utilizes a non-resonant induction-mode sample holder operating in
reflection-mode. Samples are placed in holders consisting of 2.97 mm outer-
diameter FEP (fluorinated ethylene propylene) tubes positioned within a 3
mm diameter circular waveguide supporting the TE;; mode. Power coupling
from and to the sample may be adjusted by varying the position of a piezo-
mounted back-short (mirror) situated below the sample (Attocube Systems
AG, ANPz 101). Samples are typically multiple wavelengths long and of
similar volume to those used at X-band. This configuration results in a
standing wave within the sample, and a relatively large ; inhomogeneity,
which is taken into account in the simulations. However, due to the large

sample volumes used (typically 120-150 pL), and the high power available at
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Figure 4: Power levels vs frequency at various stages in the transmit chain of the W-band
spectrometer, normalized to the peak output. The response of the transmit multipliers
(black) and the first transmit amplifier (1 W, blue) is relatively flat over the range 93.4-
94.6 GHz, in comparison with the second transmit amplifier (1 kW EIKA, red) which

causes the largest bandwidth limitation

this frequency, the concentration sensitivity can still be extremely high and is
typically 20-30 times greater compared to the standard DEER measurements
at X-band with nitroxides [29]. Further details of the setup can be found in

reference [28].

3.1.2. Annealing

In addition to optimization of the position of the back-short/mirror for
power coupling into the sample, it has also been found that the use of FEP
tubes and an annealing step has often significantly improved the observed

echo signal in low temperature measurements on HiPER. This increase in
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signal is attributed to the formation of a better glass and reduction of the
effects of dielectric scattering within the sample. The formation of better
glasses has also been visually observed after rapid sample freezing with lig-
uid nitrogen when using FEP tubes relative to quartz tubes. This effect is
attributed to less mechanical stress being placed in the sample during freez-
ing due to the hydrophobic interface of the FEP tube. Quartz tubes, on the
other hand, are more hydrophilic and have a very low coefficient of expansion
relative to most samples. More consistent results (especially with respect to
quartz tubes) have also been obtained by annealing the sample after cold-
loading into the spectrometer at 130 K. In this step the temperature inside
the cryostat is increased to the glass transition temperature, (where the mi-
crowave loss of the sample is observed to increase rapidly). For a sample that
uses a glycerol cryoprotectant of around 50% glycerol, the glass transition is
expected to occur at approximately 170 K [30] and changes in the reflected
microwave signals are generally observed in the 170 - 200 K range. At this
point, the cryostat temperature is then lowered to 50 - 60 K or to the desired
target measurement temperature. The benefits of this annealing step are
attributed simply to the release of stress within the sample allowing lower

temperatures to subsequently be reached without sample cracking.

3.1.3. Phase modulator

The original phase control box used in the HiPER spectrometer [2§]
(shown schematically in Figure 5(a)) was replaced by constructing a new
4-channel, 16-state vector modulator as shown in Figure 5(b). The 7.833
GHz input signal is applied to a 0° 2-way power splitter. One arm acts as a

phase reference, while the other arm is split into four channels, each contain-
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ing separate phase shifter /attenuator combinations that can be individually
or collectively selected via fast switches controlled by a ParBERT pulse con-
troller (Agilent, Inc.), which provides 4 ns timing resolution. The signals
from these channels are subsequently recombined in phase quadrature with
the signal from the reference arm. Thus, by varying the attenuation in a
given phase channel, a continually variable phase shift (of up to 74°) can
be obtained. However, because the signal is subsequently multiplied by 12
to the final transmission frequency, at 7.833 GHz a maximum phase shift of
only 30° is required in order to produce a phase change of 360° at 94 GHz.
If, for example, we require 15 binary weighted steps over a 360 range at 94
GHz, we require phase step intervals of 1.875°, 3.75°, 7.5° and 15° at 7.833
GHz from the 4 channels, which is easily attainable. Since the phase change
is relatively small, the accompanying amplitude change is also very small
and this is largely eliminated by the final leveling amplifier and the subse-
quent amplitude-leveling multiplication process to 94 GHz. Similar phase
switching at 7.833 GHz could be achieved with more flexibility with an Arbi-
trary Waveform Generator, although the filtering requirements become more

stringent at high frequencies pre-multiplication.
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Figure 5: (a) Schematic diagram of the simplified frequency generation scheme used on
HiPER, and the location of the phase control in the system. (b) Schematic diagram of
the new phase box assembly, showing the implementation of 4 independent phase channels
each consisting of a phase shifter, attenuator and channel selection switch. The scheme
illustrates how the 4 channels can be combined as required by simultaneously opening

several channel selection switches. It also shows the phase box bypass channel.
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4. Materials and methods

4.1. Materials

4.1.1. Neuroglobin NGB-C120R1

To demonstrate the effect of composite pulses on broadband samples for
refocused echo enhancement, a low-spin Fe(III) spin-labelled human neu-
roglobin, NGB was used. The mutant NGB-C120R1 used here was labeled
with MTSL (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) at the cysteine
site, 120. This site is on the G-helix of the neuroglobin, and has an approxi-
mate separation between the Fe(III) and label of 2.1 nm. It was prepared as
given in [31].

NGB-C120R1 protein solutions (pH 8.5) were mixed 1:1 with glycerol
leading to final concentration of 1.1 mM (heme content) and then flash frozen
in FEP sample tubes before cold loading into the spectrometer at 140 K.
The samples were then annealed by gradual temperature raising to 180 K
for a short time, before recooling/glassing the sample to the measurement

temperature of 6 K.

4.1.2. Model nitrozyl biradical MSA236

The rigid nitroxyl biradical MSA236 (compound IIIb in [32]) was used for
composite refocused echo and DEER comparison experiments due to its well
defined distance (4.1 nm) minimizing any potential errors due to instanta-
neous diffusion. Its structure is shown in Figure 6. The biradical was set in
deuterated ortho-terphenyl (d8-0oTP) with biradical concentration of 50 M
and was loaded into a FEP tube before melting the sample inside the tube

with a heat gun at approximately 80 °C. The sample was then allowed to re-
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crystallize at ambient (room) temperature before testing in the spectrometer

at room temperature.
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Figure 6: Structure of MSA236. The R groups are C6H13.

4.2. Methods

4.2.1. Pulsed Ezxperiments

All refocused echo experiments on the low spin Fe(III) neuroglobin were
carried out using a continuous flow helium cryostat (CF935) and a temper-
ature control system (ITC 502) from Oxford Instruments. This was carried
out at 6 K using the observer part of the DEER sequence (Figure 1), 7/2 -
T1-T - (71 + T3) - T - Tp- echo with pulse lengths t./» = 8 ns and t, = 16 ns
for standard pulses and treompositer = 8+16+8 ns (909918009090, Levitt [1]) or
trcompositez = 8+16+24 ns (900180502700, Shaka [23]) for composite pulses,
with inter-pulse delays of 71=198 ns and 7 = 954 ns.

Refocused echo experiments on MSA236 were carried out at room tem-
perature (291 K) using the same sequence and pulse lengths as for the neu-
roglobin, with inter-pulse delays of 7,=250 ns and 7, = 750 ns.

DEER experiments were carried out on MSA236 at room temperature
(291 K) using the four-pulse DEER sequence (Figure 1), 7/2(f,.0¢ )-T1- T(£probe)
- (114t) - T(fpump) - T2-t) - T(Eprobe)-T2-echo, with the same pulse lengths as
the refocused echo experiment and inter-pulse delays of 7,=250 ns and 7, =

2450 ns. The observer pulse frequency was 93.79944 GHz and the pump was
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94.029 GHz, providing an offset of 230 MHz. The pump pulse started 100 ns
after the first m-pulse on the probe sequence, and was incremented in 8 ns
steps. The sequence repetition frequency was 30 kHz, averaging 30,000 shots
per point.

The field swept echo experiment on MSA236 was carried out at 291 K
using a Hahn echo sequence, 7/2 - 7 - m - 7 - echo, with 7 and 14 ns 7/2 and
7 pulse lengths and inter-pulse delay 7 = 250 ns. The field was swept from
3337 mT to 3367 mT in 0.1 mT steps, with pulse frequency of 93.9996 GHz.

Sequence repetition frequency was 5 kHz, averaging 5,000 shots per point.

5. Results

5.1. Simulation of excitation profiles for composite pulse sequences
5.1.1. Hahn echo and refocused Hahn echoes

The effects of constant and variable phase rotation composite pulses in
echo sequences has been modeled in Mathematica. An arbitrary B; ampli-
tude profile across the sample can be specified and an arbitrary lineshape
can also be specified. For HiPERs non-resonant sample holders, operating
in induction mode, it is assumed the sample is lossless, and the B; profile
along the length of the sample is sinusoidal and its radial distribution can be
approximated by a TE;; mode in a dielectrically loaded circular waveguide
(33, 34], taking into account the 0.5 mm thickness of the sample tube. This

is given in cylindrical coordinates by the expression,

Bi(r,¢,2) = By (o (184118~ ) — J (1.841187 ) cos (26) ) cos ()
(1)
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where B7"** is the maximum B; amplitude present in the sample, z is along
the length of the sample, r is the radius of the sample, a is the radius of the
sample holder/cylindrical waveguide, and J, and Jo are zeroth and second
order Bessel functions of the first kind respectively. The factor of 1.84118 is
derived from the boundary conditions of the waveguide for this mode. This
results in a B; amplitude distribution, which has repeating symmetry over
r=0— a, p=0— 7/2 and z=0—1, where the radius is scaled to take into
account the different dielectric constants of the sample tube and the sample.
The dielectric constant of the FEP tube was taken as epgp = 2.1 at 60 K
at 94 GHz. The sample, which typically consists of 50/50 glycerol/water
content is taken to have a dielectric constant €,,,, = 3.5 at 94 GHz at 60 K,
similar to that measured in Reference [35]. This allows the By density profile
over the volume to be calculated. Further details about B; amplitude and
density profile can be found in the SI.

The code then generates a 2-dimensional array that represent separate
spin packets that each see different B; amplitudes and frequency offsets. This
creates a distribution of B; amplitudes within the sample ranging from 0 <B?
< B7® where BY{ is the amplitude that produces the desired flip angle for a
given pulse length at zerop frequency offset. The weighting of a spin packet
at a particular B, field is proportional to the volume of sample experiencing
that field. Each spin packet at a given B; amplitude and frequency offset is
then acted upon by the appropriate rotation matrix for the relevant type of
pulse, allowing for any composite pulse sequence to specified. The rotation

matrices are defined by the flip angle,
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R

and its axis of rotation,

Aw1 ~

ot 3)

where (’ is the nominal flip angle at zero frequency offset (usually 90°

B A .
= B_ﬁl) (cosgbi +singbj> +

or 180°), QY is the resonant frequency of the spin, Aw; is the resonance
frequency offset, ¢ is the phase and %,]A and k are unit vectors in the X, vy and
z directions respectively.

Any period of free precession is defined by a delay matrix that rotates each
of the vectors around the z-axis in the rotating frame by angle 6 = 7 Aw;.
The model then returns the sum of all the magnetization vectors around the
time 277 after the first pulse, showing the echo that is produced.

As an example, the resulting Hahn echo is shown in Figure 7(a) where
the refocusing m-pulse has been replaced by a number of different compos-
ite pulses. The model assumes excitation of a broad line, which is flat
over the range -10 < (Aw;/Q}) < 10, nominally given by the function,
exp(— (Aw/99) / 9)16>. Further discussion regarding optimization of the
B; amplitude can be found in the Supporting Information. The plot shows
distorted echoes for the variable rotation sequences, 90918099090 and 907180189270,
sequences, as expected, and a slightly enhanced echo for the constant rotation
composite pulse, 601593000605 in comparison with the Hahn echo produced

with a rectangular m-pulse.
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Figure 7: Simulations of (a) Hahn echoes and (b) refocused echoes using composite and

rectangular 7 pulses.

5.1.2. Refocused Hahn echo

The refocused Hahn echo was simulated by adding a second inversion
pulse that matches the first inversion pulse, introduced a period 7o after
the echo. This produces an echo at 2(m+7) after the first pulse. In the
composite refocused echo case, the phase distortion is reversed, producing
an enhanced refocused echo, as shown in Figure 7(b). It indicates that of the
short composite pulses shown, the 90718050270y sequence (orange) provides
the largest enhancement in echo amplitude for partial excitation of broad-
line spectra, with echo amplitude enhancement of 2.79 times that provided

by the rectangular pulse (blue).

5.1.3. Refocused Hahn echo: homogeneous By field

The refocused Hahn echo simulation was repeated with a homogeneous
B, field, to reflect the conditions of standard cavity set ups as found in most

commercial EPR systems. The B, field in this case equals Blover the sample.
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Figure 8 shows the resulting refocused echoes.
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Figure 8: Simulation of refocused Hahn echoes using composite and rectangular 7 pulses

on a broad line with homogeneous B; profile

The simulation indicates that composite pulses, in the absence of B;
inhomogeneity, can 9provide up to 2.33 times enhancement in echo ampli-
tude using 907180189270y sequence when exciting broad line samples. When
exciting narrow-line samples where standard pulses can already excite the
majority of the line, the enhancement is negligible. It should be noted that

effects of cavity bandwidth is not taken into account in this simulation.

5.2. Time and frequency response of HiPER

In any EPR system using high B; and/or broadband pulses, it is impor-
tant to determine the time and frequency response of the system, including
the bandwidth limitations associated with high power amplification, cavity
resonators and the detection system. In this system the frequency response
is dominated by the 800 MHz bandwidth associated with the high power
94 GHz amplifier and the 1 GHz intermediate frequency (IF) filter on the

detection system. The frequency response of the rest of the front end of the
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spectrometer is relatively flat (0.5 dB over several GHz) due to the use of
non-resonant sample holders and the extremely high isolation between source
and sample, and sample and detector [28].

A typical 94 GHz amplitude response for a 903180159270y composite pulse
sequence, using a 16 ns 7 pulse length (trcompositea = 8+16+24 = 48 ns), after
multiplication (red) and after amplification by the 1 kW amplifier (blue), is
shown in Figure 9(a). Both measurements were made using a fast planar
detector (Farran Technology, WDP-10) and a 20 GS/s digital oscilloscope
(LeCroy) with 4 GHz analog input bandwidth. The power output of the
phase modulated 94 GHz input signal, post multiplication, pre-amplification
(red) is relatively clean, whereas the post amplification, high power signal
(blue) shows ringing at the points where there is a rapid phase change, due
to the 800 MHz bandwidth of the amplifier. It should be noted that some
of the distortion shown in Figure 9(a) is caused by cable bounce in the
measurement system: for example, the spike seen at the end of the main
pulse (blue, asterisk) is caused by this effect. Figure 9(b) shows the full
response of the system after down-conversion using the IQQ detection system
built into the spectrometer. It should be noted in a conventional cavity-based
system that the phase response would be expected to be much slower and

more distorted and determined by the ring-down of the cavity.

5.8. Simulations vs. experiment for composite pulse refocused echoes
5.3.1. Fe(Ill) neuroglobin

Compared to the nitroxyl center, low-spin ferric heme centers exhibit a
very large g-anisotropy with corresponding broad EPR spectra [6] and short
relaxation times. Hence, pulsed EPR experiments on NGB-C120R1 need to
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Figure 9: (a) Plots showing the pulse power profile of a 907180150270y composite pulse
using (trecompositez = 8+16-+24 = 48 ns pulse length, prior to (red) and after (blue) the 1
kW amplifier (blue), measured using a fast digital oscilloscope with 4 GHz analog band-
width. It shows minimal distortion during phase changes prior to the 1 kW amplifier, and
ringing that resolves within a few ns after the 1 kW amplifier. (b) Output from the IQ

detection system via the sample-holder showing the full system response.

be performed at very low temperatures.

Refocused echo measurements were made at 6 K where the short T of the
Fe(III) center still permitted repetition rates of 1 kHz. In order to compare
the experimentally obtained refocused spin echoes as recorded on the detec-
tion part of a DEER experiment, simulations of the refocused echo were car-
ried out using the same approach as detailed in Section 5.1.2. Similarly to the
echoes shown in Figure 7, the EPR spectrum of the Fe(III) center was taken
as flat over the excitation profile, and the model took into account the B;
inhomogeneity profile of the non-resonant sample holder in HiPER. Figure 10
shows excellent agreement between both experimentally measured spin echo

of the Fe(III) center at 6 K and simulated refocused echo, for both rectangu-
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lar m-pulses and 90¢180:89270¢ composite m-pulses. The 907180159270y was
chosen here for comparison as the simulation indicated it should provide the
largest enhancement in terms of echo amplitude and the largest bandwidth
of excitation. Echo amplitudes of composite pulses in both experiment and
simulation have been normalized to the standard pulse amplitude. The small
bump seen to the right of the echo peaks in both experiment and simulation
(indicated by an asterisk) is a consequence of the high B; inhomogeneity
across the sample at W-band.

The simulation indicated that 2.79 times enhancement in echo height be
theoretically expected, whereas the experiment shows a 2.73 enhancement.
In a DEER experiment the more important quantity is the integrated echo
signal-to-noise ratio. In both cases an increase of 1.8 is observed, assuming
rectangular integration windows whose width is defined by the 30 % echo
height points, as indicated in Figure 10(b, hatched). This excellent agreement
with theory is achieved for the special case where the line shape is essentially
flat over the excitation profile and where the effects of instantaneous diffusion
are expected to be negligible. It also shows that the excitation is not limited

by the system bandwidth.
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Figure 10: (a) Experimentally measured refocused spin echoes of a frozen solution of
NGB-C120R1 obtained using the 9071801502709 composite m-pulse (blue) and standard
rectangular 7-pulse (black). (b) Simulation of the refocused spin echo, using the same
sequences, assuming a flat linewidth over the excitation profile and taking into account
the large B; inhomogeneity associated with HiPER. The asterisk indicates the bump
caused by the large B; inhomogeneity of HIPER (see text).

5.8.2. Nitroxyl biradical refocused echoes

A more general application is the one where a nitroxide biradical is used.
However, here the profile is not flat (over the excitation range) and the effects
of both inter and, intra-molecular instantaneous diffusion, and excitation of
forbidden transitions (in the X and Y parts of the spectrum), are not neces-
sarily negligible. Composite refocused echoes were measured on the MSA236
model nitroxyl biradical system at different field positions/orientations on
the EPR spectrum nitroxyl center. Echoes were obtained using standard,
rectangular 7/2 and 7 pulses and with the equivalent 909918009099 and
900180189270y composite m-inversion pulses. In each case, the initial 7/2

excitation pulse was provided by an 8 ns 7/2 rectangular pulse. The field

24



positions used as shown in Figure 11(a) are X = 3347 mT, Y = 3350 mT,
Z1 = 3352 mT, Z, = 3355 mT and Z3 = 3358 mT. This field swept echo
spectrum of the biradical (using rectangular pulses) also shows the effects of
instantaneous diffusion where the X and Y components are attenuated with
respect to the Z-components. The results of the refocused echo experiments
for each of the composite and standard sequences versus field positions are

shown in Figure 11(b). The enhancements provided are summarized in Table

1.

Normal vs. | Normal vs.
Orientation | 904,180,909, | 90,180,5,270,

Composite | Composite

X 1.266 1.217
Y 1.138 1.063
Z, 1.219 1.197
Z, 1.406 1.462
Zs 1.621 1.783

Table 1: Echo enhancement with field position for composite versus rectangular refocused

echoes, normalized to the rectangular echo amplitude
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Figure 11: (a) Absorption spectrum for the nitroxide biradical MSA236, obtained using a
field-swept echo experiment, showing positions X, Y, Z1, Zs and Z3. (b) Refocused echoes
obtained using rectangular 16 ns 7 pulses and composite pulses for corresponding field
positions. (c) Repeat of (b) using 32 ns 7 pulse length. All echoes are normalized to the
corresponding rectangular echo. The shoulder to the right of the main peak in the echo is

due to B; inhomogeneity.
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The results show that little enhancement is achieved at positions X, Y,
and Zi, but moderate enhancement is given for Zs and in particular Zs where
up to 1.78 times echo amplitude is achieved for the 907180,59270y composite
refocused echo. The enhancement is much less than that predicted by the
simulation and seen in the neuroglobin Fe(III) experiment (Figure 10).

A quantitative model that fully explains the reduced enhancement is
subject to further study, however in this particular model system (where
orientations are partially correlated), intra-molecular instantaneous diffusion
appears to play a partial role. The phase memory time, T,, is observed to
be orientationally dependent, whereas similar measurements on the nitroxyl
mono-radical 4-amino-TEMPO, at 50 uM concentration, shows no evidence
of an orientation dependent phase memory time, and larger enhancements in
echo amplitude are observed using composite pulses. The largest enhance-
ment in both cases is seen on Zs, and the smallest enhancement on Y (data
shown in Supporting Information).

Larger enhancements are also observed when the excitation bandwidth is
reduced. Figure 11(c) shows the results when using 32 ns 7 pulse length. A
larger enhancement in echo amplitude is seen for all orientations, with the
greatest enhancement for Zs where the 90318080270y composite produced
2.47 times echo amplitude of the rectangular refocused echo. This suggests

that good results can be obtained in cases where power is limited.

5.4. 4-pulse DEER for a nitroxide biradical using composite pulses

DEER experiments were carried out on MSA236 with 90991809909 and
9001801802709 composite pulses used in place of 7 inversion pulses. The

combinations of pulse sequences used in this experiment are shown in Figure
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Figure 12: Pulse sequence combinations used in MSA236 composite pulse DEER, experi-

ments, shown using the 9091801892709 composite pulse.

By replacing the pump pulse with a composite (Figure 12(b) composite
pump), it is expected that this should increase the modulation depth as the
broadband pulse increases the number of inverted partner spins in the dipolar
coupling term. The expectation from enhancements seen in the refocused
echo experiments, is that by replacing the observer pulse with composite
pulses (Figure 12(c) composite observer), it should increase signal to noise
with its enhanced echo amplitude. It should be noted that the positions of
pump and observer were the same for normal and composite tests. This was
to ensure that the same orientations of spins were selected by the pulses.

The DEER experiment was carried out on the YZ orientation (observer

Z3 and pump Y) using 8 ns 7/2 pulse lengths. This orientation was chosen so
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that composite pulses on the pump could be utilized fully to excite the large,
broad peak of the spectrum at Y. The results for each of the combinations
of pulses using the 90918009099 and 907180150270y composite are shown in
Figure 13. The data were processed using DeerAnalysis 2016 [36].
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Figure 13: DEER comparison using (a) 909918009099 composite 7 pulse and (b)

9001801802709 composite 7 pulse. Letters in legend refer to sequences in Figure 12.

The left plots show the raw (normalized) traces, left of center shows the
background subtracted data, right of center shows the FFT of the DEER data
or Pake pattern, and the right plot shows the derived distance distributions.
The observer composite sequence (Figure 12(c)) shown in purple and all 7-
composite (Figure 12(d)), shown in green, have been offset vertically by 0.05
for clarity.

Both experiments show no discernible difference between the pump com-

posite and all-composite cases (shown in red and green respectively), which
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each exhibit the same level of modulation enhancement (1.50 times that of
the normal, rectangular inversion pulse). The same effect is observed with
the rectangular and probe composite sequences (shown in black and purple
respectively) showing the same modulation depths also. The signal-to-noise
ratio (SNR) does vary between the pairs with the same modulation depth.
The SNR for each of the averaged traces was calculated by dividing the mag-
nitude of signal (maximum minus minimum) of the raw DEER data by the
standard deviation of the residual noise, which was obtained by subtracting
a moving average from the data. The SNR results are summarized in Table
2.

Using this metric, the all-m composite 907180159270 sequence increases
the SNR by 1.76 compared to the rectangular pulse sequence. This is partly
due to a decrease in noise, provided by the narrower composite echo and the
increase in modulation depth provided by the broadband composite pump.
The 90901800909 all m-composite gives 1.62 times enhancement, which is to
be expected as it is slightly less broadband than the 907180,50270y sequence
and does not provide as large an echo enhancement. The observer compos-
ite and pump composite sequences all provide between 1.27 and 1.38 times
enhancement in SNR. When comparing the noise figure and the signal mag-
nitude of the traces to that of the rectangular sequence however, we see that
while the pump composite sequences provide the largest absolute increase in
modulation depth, the increase in signal level is only 1.45-1.50 times, and the
noise level in the trace is observed to slightly increase. In the case of the ob-
server composite sequence however, the signal level or integrated echo area, is

similar to that of the rectangular sequence, but the overall SNR improves due
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Mod.
SNR vs. Sig. vs. | Noise
Pulse Seq. SNR Depth vs.
Rect. Rect. vs. Rect
Rect.
Rectangular 31.72 | 1.00 1.00 1.00 1.00
Pump 90901800909 43.72 | 1.38 1.57 1.45 1.05
Pump 9041801502700 40.23 | 1.27 1.61 1.50 1.18
Observer 909y180090g9 | 41.96 | 1.32 0.96 1.00 0.76
Observer 907180159270 | 40.99 | 1.29 0.94 1.03 0.79
All 790901807909 51.52 | 1.62 1.49 1.43 0.88
All 7900180192700 55.87 | 1.76 1.52 1.55 0.88

Table 2: SNR comparison of the DEER traces obtained, normalized to the standard

rectangular sequence trace

to the reduction of the noise figure by 21-24%, due to the narrower echo. The
noise level scales with the number of time samples measured, so by reducing
the width of the window, the noise also reduces (c.f. Figure 10(b)). While the
echo on the nitroxide does not give the large echo amplitude enhancement
as predicted in the simulation and as achieved in the broad low-spin Fe(III)
sample, its integrated echo magnitude is the same as the rectangular echo
so it does not suffer from a decrease in signal level, but benefits from the
decrease in noise. In DEER traces obtained using all m-composites, the noise
decrease is not as large as the observer composite case, but it does benefit
from the increase in modulation depth, and these effects combined result in
an increase of up to 1.76 times in signal to noise. This equates to a factor of

3 in averaging time.
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6. Conclusions and outlook

We have demonstrated that significant gains in echo amplitude, close to
the theoretical maximum, can be obtained by replacing standard 16 ns m
pulses with equivalent composite 7w pulses in the refocused echo detection
sequence used in DEER measurements on a broad line low-spin ferric heme
system.

However, this enhancement is not as large and varies with orientation
when used on a nitroxyl biradical systems although it improves when pulses
become more selective. If pulse overlap is minimized, a combined enhance-
ment of up to 1.8 times in SNR using standard pulse lengths has been demon-
strated using all-composite 7 pulses in 4-pulse DEER experiments.

In general, it appears to be relatively straightforward to use composite
pulses for pump pulses in DEER experiments, where increases in modula-
tion depths by factors of 1.6 were observed using nitroxyl radicals even for
the simple and short 90991807909y sequence. The main limitation is the ex-
tended wings of the excitation, where pulse overlap effects must be evaluated
in 4-pulse experiments. However, in cases where power levels are low, and
standard pulses are already very selective, composite pulses can provide sig-
nificant enhancement in modulation depth.

Excitation of coherence is more complicated, and we are not aware of a
simple wideband composite 7/2 pulse sequence that significantly improves
over a standard 7/2 pulse in any type of Hahn echo experiment, which au-
tomatically imposes a bandwidth limitation. Gains would also be expected
to be limited by the effects of intramolecular, and at higher concentrations,

intermolecular instantaneous diffusion. In the Fe(IlI)-nitroxide neuroglobin
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case instantaneous diffusion is negligible for excitation on the Fe(III). In the
nitroxyl biradical system studied, intramolecular effects are believed to play
a partial role. However, the echo enhancement with orientation, obtained
for the nitroxyl mono-radical (SI) still shows a similar trend in enhance-
ment variability versus orientation, even in the presence of no instantaneous
diffusion. This is subject to further study.

In principle, many of these sequences (at least for observer pulses) can also
easily be implemented on existing pulse EPR instruments with phase cycling
capability and are likely to be effective in cases where power is limited. Up to
2.4 times echo enhancement for broad line systems is expected using standard
resonators using 907180150270y composite pulses.

However, the recent introduction of Arbitrary Waveform Generators into
commercial spectrometers has opened the possibility of increased sensitiv-
ity by very wideband excitation using chirped pulses. These gains can be
limited by cavity bandwidth but in this paper, we have demonstrated a
high frequency system with sufficient bandwidth to incorporate fast phase
changes required for wideband composite pulse sequences, without any need
for compensation or making any compromises in the overall sensitivity of the
instrument. This suggests that there is still significant scope to further im-
prove sensitivity for broadline systems before being limited by the available
bandwidth.

We have demonstrated that composite pulses can represent a practical
solution to improving sensitivity particularly when the length of the pulse
sequence is limited. The bandwidth advantages of non-resonant systems

operating in induction mode are equally applicable to any optimal control
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sequence.
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