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Coherent pump pulses in Double Electron
Electron Resonance spectroscopyf

Claudia E. Tait and Stefan Stoll*

The recent introduction of shaped pulses to Double Electron Electron Resonance (DEER) spectroscopy
has led to significant enhancements in sensitivity through increased excitation bandwidths and improved
control over spin dynamics. The application of DEER has so far relied on the presence of an incoherent
pump channel to average out most undesired coherent effects of the pump pulse(s) on the observer
spins. However, in fully coherent EPR spectrometers that are increasingly used to generate shaped
pulses, the presence of coherent pump pulses means that these effects need to be explicitly considered.
In this paper, we examine the effects of coherent rectangular and sech/tanh pump pulses in DEER
experiments with up to three pump pulses. We show that, even in the absence of significant overlap of
the observer and pump pulse excitation bandwidths, coherence transfer pathways involving both types
of pulses generate spin echoes of considerable intensity. These echoes introduce artefacts, which, if not
identified and removed, can easily lead to misinterpretation. We demonstrate that the observed echoes
can be quantitatively modelled using a simple spin quantum dynamics approach that includes
instrumental transfer functions. Based on an analysis of the echo crossing artefacts, we propose efficient
phase cycling schemes for their suppression. This enables the use of advanced DEER experiments,
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characterized by high sensitivity and increased accuracy for long-distance measurements, on novel fully

www.rsc.org/pccp coherent EPR spectrometers.

1 Introduction

Double Electron Electron Resonance (DEER), or Pulsed ELectron
DOuble Resonance (PELDOR), experiments are used in Electron
Paramagnetic Resonance (EPR) spectroscopy to determine the
structure and conformational dynamics of macromolecular systems
by measuring the distance between intrinsic or artificially intro-
duced paramagnetic centres through their dipolar interaction."
This technique is most widely applied to investigate proteins and
protein complexes labelled at different positions with nitroxide
spin labels introduced by site-directed mutagenesis.>”

DEER is a multi-frequency experiment for which the most
commonly used pulse sequence is the four-pulse sequence
depicted in Fig. 1. The intensity of the echo at the end of a
refocused primary echo sequence at an observer frequency is
monitored as a function of the position of a n pulse at a second
microwave frequency (pump frequency). The pump pulse causes
inversion of the pump spins (B spins) coupled to the observer
spins (A spins), which induces a change in the local field of
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the A spins. As a result, the echo is modulated at the frequency
of the dipolar coupling between the two spins, and the distance
between them can be extracted.®® Ideally, the pump pulse does
not directly affect the observer spins; it has however been
shown that this is not the case experimentally. Off-resonant
effects lead to dynamic phase shifts in the refocused echo,'®
and overlap of the excitation profiles of observer and pump
pulses can induce nuclear modulation or ‘2 + 1’-pulse-train-
type dipolar modulation artefacts.">'* Additional instrumental
artefacts can also appear when pump and observer pulses are
separated by short time delays.

A high level of sensitivity is required for the reliable extrac-
tion of accurate distance information. The sensitivity of four-
pulse DEER experiments is limited on one hand by the intensity
of the detected observer echo, depending on the phase memory
time and the overall length of the DEER sequence, and on the
other by the modulation depth, depending on the number of
spins inverted by the pump pulse. The length of the DEER
sequence determines the range of inter-spin distances that can
be reliably detected.'?

The introduction of shaped pulses to EPR, enabled by
the availability of arbitrary waveform generators (AWGs) with
nanosecond resolution, has provided new possibilities for the
improvement of current pulse EPR experiments, including
DEER."2* The increased excitation bandwidth of linear chirp
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Fig. 1 Schematic representation of the pulse sequences for four-pulse,
the forward and reverse versions of five-pulse, and seven-pulse DEER. The
time axis of the DEER experiment is obtained as tpggr = t; — 14 for the four-
pulse experiment, tpeer = t1 — ¢, for the five-pulse DEER experiments and
toeer = T1 + T2 + 13 — t; — o — t3 for the seven-pulse DEER experiment.

or hyperbolic secant/hyperbolic tangent (sech/tanh) pump pulses
has been exploited to increase the modulation depth and there-
fore the sensitivity of the DEER experiment.">"®*° One further
advance in this technique is the extension of the maximum
length of the DEER traces through modification of the pulse
sequence, with the aim to provide access to longer inter-spin
distances. A five-pulse DEER experiment (see Fig. 1) has been
proposed, where similar lengths of the inter-pulse delays 7, and
7, reduce the effect of nuclear spin diffusion on relaxation,
achieving higher observer echo intensities, and an additional
pump pulse has been included to extend the dipolar evolution
window."*'® A seven-pulse Carr-Purcell PELDOR experiment
with multiple pump pulses has also been proposed (see Fig. 1)
and allows for an even more substantial increase in the length of
the dipolar evolution time with comparable sensitivity.**

The AWG capabilities required for the use of shaped pump
pulses have initially been introduced as home-built extensions
to existing EPR spectrometers.’*™ AWG-based spectrometers
have also been developed'”** and have recently become com-
mercially available.

The application of shaped pump pulses in DEER has mainly
been limited to instruments equipped with two separate incoherent
microwave sources for the observer and pump pulses, i.e. with
an incoherent pump channel. Several developed home-built and
the commercially available AWG-based spectrometers however
use a single microwave source and therefore generate coherent
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observer and pump pulses. While in the presence of an
incoherent pump channel most effects of the pump pulse on
the observer A spins are averaged out by the random phase of
the pump pulse with respect to the observer pulses, this is no
longer true for a coherent spectrometer. Coherence transfer
pathways involving the pump pulse can generate echoes
that interfere with the desired signal and therefore introduce
artefacts in DEER traces recorded with a coherent pump pulse.
These artefacts, if they remain unidentified and are interpreted
as part of the dipolar oscillations, can lead to the extraction of
erroneous distance distributions and misinterpretation of the
experimental data. A detailed understanding of the origin
and nature of these artefacts is therefore required to devise
strategies for their removal.

In this paper, we investigate the effects of coherent pulses
in multi-frequency experiments on the example of the four-,
five-, and seven-pulse DEER experiments on nitroxide-labelled
proteins. We present a detailed analysis of the consequences
of coherent pump and observer frequencies under a range of
experimental conditions.

We analyse the shapes and relative intensities of the different
types of interfering echoes generated in experiments with coherent
pump pulses and demonstrate that they can be modelled
quantitatively using a simple density matrix approach that
takes the instrumental transfer functions into account.

Based on the results of the analysis of these additional echo
signals, the different factors influencing the severity of the
distortions introduced in DEER are discussed. It is shown that
elimination of the introduced echo-crossing artefacts can be
achieved by phase cycling. Efficient phase cycling schemes for
the three types of DEER experiments are proposed, enabling the
practical use of these advanced DEER sequences with increased
sensitivity on novel coherent AWG-based spectrometers.

2 Four-pulse DEER

2.1 Coherence transfer pathways and echoes

DEER traces recorded with the four-pulse sequence using a
monochromatic pump pulse on an incoherent or coherent channel
at the pump frequency and no phase cycling are compared in Fig. 2.
The use of coherent pump pulses leads to significant distortions
at several points of the DEER trace. Inspection of the transient
signals for different positions of the pump pulse (see Fig. 2)
reveals the presence of multiple moving echoes in addition to
the standing echoes generated by the three observer pulses.
These additional echoes are generated by coherence transfer
pathways®>’ involving both observer and pump pulses and
cross the detected refocused primary echo (PE;,r; at 274 + 215,
see Table 1 for echo notation) at different times in the DEER
experiment, leading to the observed artefacts. Similar artefacts
are also observed for coherent sech/tanh pump pulses (discussed
below). Phase shifts and an apparent oscillation are present at
the end of the DEER trace for both experiments with coherent
and incoherent pump pulses. These features are independent of
sample and measurement conditions and are likely instrumental
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Fig. 2 Comparison of the in-phase (top) and quadrature (bottom) components of four-pulse DEER traces recorded with incoherent or coherent 64 ns
pump pulses at a frequency offset of Av = 70 MHz without phase cycling (vops = 33.83 GHz, By = 1207.9 mT, 11 = 400 ns, 1> = 2.3 ps, further details in
Section 5). The trace recorded with incoherent pump pulses is offset for better comparison. The echo transients recorded for four positions of the
coherent pump pulse are shown on the right. The in-phase and quadrature components are shown in blue and red, respectively. The different echoes are
labelled according to Table 1. The direction of movement for crossing echoes as tpggr IS increased is indicated by arrows.

Table 1 Echoes, coherence transfer pathways, positions and crossing
times tpeercross With the refocused echo (PEjors) for a four-pulse DEER
sequence (tpeer = t1 — 11). The coherence transfer pathways are specified
by denoting the observer coherence order (-1, 0, +1) during each of
the delays of the pulse sequence. (PE = primary echo, SE = stimulated echo,
r = refocused, d = delayed.)

Echo Pathway Position {DEER cross
PEq, + - - - 214 —
PEqp + + — - 214 + 2ty T, — Ty
PEzp 0 + — - T, + 28 T, — %‘[1
PE,; + + + — 414 + 21, —
PE,3 0 + + — 37, + 27, —
PE,; 0 0 + - 30,420, — 4 0
PE,,1, - + - - 2 T,
PE o135 - + + - 274 + 21, Detection
PE;pr3 - - + - 2Ty + 215 — 2t -1,
PE,pr3 0 - + — 37, + 21, — 2t —%11
PE12rpr3 + - + — 414 + 21, — 284 0
dPE[15p33 + 0 + - 414 + 21, — by T1
dPEq[pp3) + - 0 — 30+ 1, — 1 —1,

12p + 0 — — 2711 t 44 2T, — T
SE123 + 0 0 - 31, + 1, —
SE1p3 + + 0 - 3ttt T, — 274
SEp3 0 + 0 — 2Tyt 1, t 4 T, — T
SEq5pl3 — 0 + — 2T, + 215, — 14 —Tq
SE(pE12)p3 + 0 - T4ttt T,

artefacts occurring as the time delay between the pump pulse
and the last observer pulse decreases and the two pulses start to
overlap in time.

Starting from thermal equilibrium (coherence order 0), the
four pulses can lead to 3" = 27 coherence transfer pathways
ending with observer spin coherence order —1 for detection.
Neglecting the pathways leading to FIDs and pathways that do
not lead to refocusing to an echo leaves 19 coherence transfer
pathways. The corresponding echoes and their refocusing
points are listed in Table 1. The positions of the echoes during
the four-pulse DEER experiment are shown in Fig. 3. The
observer pulse sequence generates five standing echoes, which
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in most cases do not interfere with detection on the refocused
echo PE,,r; at 2ty + 217,. However, if 7; and 7, are equal (or
almost equal), the stimulated echo SE;,3 at 317, + 7, can overlap
with the detection window and needs to be removed by phase
cycling. The remaining 14 echoes cross the refocused echo at
various values of the delay ¢pgeg (see Table 1). If tpggg is varied
within the range —1; < tpgrer < T, distortions of the DEER trace
due to crossing echoes can occur at the positions indicated on
top of Fig. 3. The echo crossings at —t, and 7, are generally not a
concern, as this part of the trace is not recorded due to observer

and pump pulse overlap.

2.2 Echoes generated by coherent pump pulses

The transients in Fig. 2 show that the different types of
interfering echoes are characterized by different shapes and
intensities, which will affect the type and severity of the distor-
tions introduced in the DEER trace. The properties of these
additional echoes were therefore investigated. The different
types of possible echoes listed in Table 1 were investigated
separately by recording transients for two- and three-pulse
sequences containing only the pulses that generate them. For
example, the primary echo PE;;, was recorded using a two pulse

sequence with the first pulse corresponding to the g pulse of

the DEER sequence and the second pulse corresponding to the
7 pump pulse of the DEER sequence. The ‘pump pulse’ in these
sub-sequences was either a monochromatic rectangular pulse
or a sech/tanh pulse with the same properties as the pump
pulse used in the DEER experiment. The corresponding echoes
were simulated using a density matrix approach taking the
instrumental transfer function into account for both excitation
and detection (see Sections 5 and 5.3 and ESIf} for details). The
experimental and simulated echo transients are compared in
Fig. 4. Fourier transforms of the different echoes are shown in
the ESIf in Fig. S7.
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Fig. 3 Positions of the echo crossings in a four-pulse DEER experiment
with 7; = 400 ns and 1, = 2.3 ps. The four-pulse DEER sequence is plotted
along the y-axis with pulse positions represented by dashed lines. The
standing echoes are shown in grey and the different types of moving
echoes induced by the pump pulse are shown in different shades of
blue (see Table 1 for details on the corresponding coherence transfer
pathways and echo times). The crossing positions of the moving echoes
with the detected refocused echo (PEj,rs, position shown in red) are
highlighted. In the absence of phase cycling, the echo crossings lead to
artefacts in the DEER trace as shown for the experimental data of Fig. 2
in the top panel.

2.2.1 Monochromatic rectangular pulses. The echoes generated
by the observer sequence are shown in Fig. 4A. The shapes of the
echoes are well reproduced by the simulations. The difference
in relative intensities of the stimulated and refocused echoes in
the three-pulse sequence is due to the neglect of relaxation in
the simulations. An accurate reproduction of the experimental
echo shapes required the inclusion of the effect of the resonator
profile for both excitation and detection. In particular, taking
the resonator into account leads to the observed asymmetry in the
PE,; echo generated by two consecutive © pulses. The negative
and positive parts of this echo are due to the consecutive
refocusing of the counter-rotating magnetizations of spin
packets with positive or negative frequency offsets with respect
to the observer frequency along the negative x-axis and the
positive x-axis. The two m pulses do not generate transverse
magnetization for spin packets on resonance. The shape of the
stimulated echo SE,,; is due to a similar effect.

In two-pulse sequences with monochromatic rectangular
pulses at two different frequencies (see Fig. 4B), echoes are
generated by spin packets resonantly excited by both pulses.
Their intensity envelope and frequency content is therefore
determined by the extent of overlap of the pulse excitation
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profiles (see ESIT). The excitation profile of an ideal rectangular
inversion pulse can be approximated by a sinc function

M. sin(rcAytp)} ?

M;) =1—(1—cos?) { (nAviy)

(1)

where 0 is the flip angle and ¢, the length of the pulse.
The corresponding transverse component of the magnetization

can be calculated as \/sz + M7= \/ 1 — M.2. Instrumental
distortions lead to attenuation of the side lobes (wings) of the
sinc function.”® Nevertheless, the overlap of the excitation
profiles of a 32 ns or a 64 ns pulse at the observer frequency
and a 64 ns pulse at a pump frequency with a frequency offset
of 70 MHz is sufficient to generate primary echoes PE;, and
PE,,, of considerable intensity (see for example Fig. 2, panel 4).
The main frequency component of the primary echoes PE;,
and PE,;, is centred at 70 MHz, i.e. due to spin packets at the
frequency of the pump pulse, with some contributions from
spin packets with lower resonance frequencies (see ESIt
Fig. S7). The main deviations of the simulated echo shape from
the experimental one are due to a lower relative weight of
higher-frequency components in the experimental echoes (see
discussion below). The primary echo PEp; generated by a «
pulse at the pump frequency and followed by a & pulse at the
observer frequency is mainly due to spin packets resonant with
the observer frequency, whose magnetization has been tilted
away from the z-axis by the pulse at the pump frequency.

The stimulated and refocused echoes generated in three-
pulse sequences where one of the three pulses is applied at a
different frequency are also shown in Fig. 4B. The stimulated
and refocused echoes are shown on the same scale and reveal a
significant reduction in intensity of the refocused echo com-
pared to the corresponding stimulated echo. The refocused
echoes are generally within the noise and, under the present
experimental conditions, will not introduce artefacts in the
DEER trace when they cross the detection window. The relative
intensity of the two types of three-pulse echoes is relatively well
reproduced by the simulations. The slightly higher intensities
of the refocused echoes in the simulations are due to the
neglect of spin relaxation. The positions of the different
features in the simulated echo shapes also agree remarkably
well with experiment, however differences in their relative
intensities are observed. Again, the discrepancies were found
to be mainly due to different relative weights of low and high
frequency components. Similarly to the PE,; echo, the stimu-
lated echoes for rectangular pulses at different frequencies are
mainly due to spin packets with resonance frequencies close to
the observer frequency.

2.2.2 Sech/tanh pulses. The echoes generated by coherence
transfer pathways involving a coherent sech/tanh pump pulse
(t, = 200 ns, BW,, = 70 MHz, f§ = 4/t, and Av = 75 MHz) are
shown in Fig. 4C. An ideal adiabatic sech/tanh pulse with a high
f parameter approaches a rectangular inversion profile with
sharp edges and therefore provides uniform inversion within
the chosen bandwidth. In EPR, in order to achieve inversion over
a given bandwidth for a relatively short pulse (100 to 200 ns)
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Fig. 4 Experimental (top) and simulated (bottom) two- and three-pulse echoes generated by 32 ns and 64 ns rectangular Tandr pulses at the observer
frequency (A), by rectangular pulses at the observer frequency and a 64 ns rectangular © pulse at a coherent pump frequency (Av = +70 MHz) (B), and by
rectangular pulses at the observer frequency and a 200 ns sech/tanh pulse (BW,, = 70 MHz, § = 4/t,) at a coherent pump frequency (Av = +75 MHz) (C).
The time axis t indicates the time from the start of the pulse sequence. The in-phase and quadrature components are shown in blue and red, respectively.

The echoes are labelled as in Table 1, where 1, 2 and 3 stand for the first (g), second (n) and third () observer pulse of a four-pulse DEER sequence. Two-

pulse echoes were recorded and simulated with a delay T equal to 600 ns, three-pulse echoes with a first delay of 600 ns and a second delay of 1800 ns.
The simulations were performed as described in the main text and the time axis, intensity and phase were adjusted individually to match the experiment.

and limited power, the sech/tanh pulse is typically truncated This does however lead to reduced inversion uniformity and
(B ~ 4/t,) without significantly affecting performance.'®*® decreased selectivity (decreased steepness of the edges of the
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inversion profile), and therefore to an increased overlap of the
excitation profiles of the pump and observer pulses.

Similarly to the case of the rectangular pump pulse, the
frequency content of the primary echoes PE;, and PE,, for a
sech/tanh pump pulse is determined by the overlap of the pulse
excitation profiles. Fourier transformation of the echoes shows
that the main frequency components occur at the positions of
the sinc wings of the rectangular observer pulses within the
excitation bandwidth of the sech/tanh pulse (see ESI,t Fig. S7).
Since the sech/tanh pulse flips spins with different resonance
frequencies at different times, the refocusing also occurs at
different times, leading to the appearance of ‘chirped’ echoes.
The absence of frequency components corresponding to the
zero crossings causes the apparent separation of the echo into
three or four components (for PE;, and PE,, respectively). The
primary echo PE; is again mainly determined by spin packets
with resonance frequencies close to the observer frequency.
Spin packets with lower resonance frequencies contribute to
the echo mainly at later times, since in this case the sech/tanh
pulse precedes the n pulse at the observer frequency.

In analogy to the results obtained for a rectangular pulse at
the pump frequency, the stimulated echoes generated by a
three-pulse sequence involving a sech/tanh pulse are character-
ized by a much higher intensity compared to the corresponding
refocused echoes (see bottom panels of Fig. 4C). The three types
of stimulated echoes contain multiple frequency components
at frequencies ranging from the observer frequency to the upper
limit of the sech/tanh pulse frequency sweep. The simulations
are again in relatively good overall agreement with experiment,
they however overestimate the intensity of higher-frequency
components. This can be seen most clearly for the primary
echoes PE,, and PE,,, where the higher frequency components
in the experimental echoes, contributing at later times of the
echo, are clearly attenuated with respect to the simulations.
Experiments performed with an inverted sweep direction of the
sech/tanh pulse demonstrate that the observed attenuation of
the echo signal at longer times is not due to relaxation. Since
the excitation bandwidth of the resonator and the detection
bandwidth of the video amplifier have been taken into account

PCCP

in the simulations, the remaining discrepancies are most likely
due to an oversimplification in the modelling of the transfer
functions or to additional distortions of the pulses in the trans-
mitter (see ESLT Section 2.3 for further discussion). Contributions
from relaxation effects, e.g. spectral diffusion and instantaneous
diffusion, can also not be excluded.

2.2.3 Gaussian observer pulses. Since the intensity of echoes
generated by combinations of observer and pump pulses
depends on the extent of overlap of their excitation profiles,
the use of Gaussian observer pulses could potentially lead to a
reduction of the artefacts observed in DEER with a coherent
sech/tanh pump pulse. A Gaussian pulse is more selective than a
rectangular pulse, as the excitation profile is also a Gaussian and
thus the sinc wings are absent. Two- and three-pulse echoes
measured for analogous pulse sequences as shown in Fig. 4C but
with the rectangular observer pulses replaced by Gaussian pulses
with the same excitation bandwidth are shown in Fig. 5. As
expected, the intensity of the primary echoes for sequences with
a sech/tanh refocusing pulse at vpymp is reduced almost to the
noise level. However, the primary echo PEy; and the stimulated
echoes are still characterized by an appreciable intensity. While a
series of spin packets at different frequencies within the excita-
tion bandwidths of both observer and pump pulses contributed
to these echoes in the case of rectangular observer pulses, here
they are determined almost exclusively by spin packets with
frequencies close to the observer frequency. This indicates
that, even though the excitation profiles of the pulses do not
overlap, the off-resonant effect of the sech/tanh pump pulse on
spin packets at the observer frequency is sufficient to generate
measurable echoes. Therefore, the use of Gaussian observer
pulses does not significantly improve the suppression of echo-
crossing artefacts.

2.2.4 Vector model for off-resonant echo formation. The
formation of echoes by pulses at different frequencies is related
to the resonance line shifts and phase shifts induced by
off-resonant microwave radiation.'®*®3°73> The dynamic phase
shifts in the observer echo caused by the pump pulse in DEER
experiments have been analysed in detail and explained using a
simple vector model by Bowman and Maryasov.'® The same

Echoes for Gaussian observer pulses and a coherent sech/tanh pulse at the pump frequency

o | i o Wﬂw ...{&Mw ,W
Exp Exp Exp Exp
PEpo1p PEqpr3 5
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Sim Sim Sim Sim

1.1 1.2 13 14 15 29 3.0 3.1 32 33
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Fig. 5 Experimental (top) and simulated (bottom) two- and three-pulse echoes generated by Gaussian observer pulses, with pulse lengths of 80 ns and

160 ns and FWHM of 32 ns and 64 ns for ~ and 1 pulses, respectively,

and a 200 ns sech/tanh pulse (BW,, = 70 MHz, f = 4/t;) at a coherent

pump frequency (Av = +75 MHz). The echoes are labelled as in Table 1. Two-pulse echoes were recorded and simulated with a delay T equal to 600 ns,
three-pulse echoes with a first delay of 600 ns and a second delay of 1800 ns. The simulations were performed as described in the main text. The
time axis, intensity and phase were adjusted individually to match the experiment. The complete set of echoes for Gaussian observer pulses is shown

in Fig. S8 in the ESL.f
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vector model can also be used to explain the formation of the
echoes described above: a pulse applied to a spin system at
thermal equilibrium tilts the magnetization of off-resonant
spin packets with respect to the z-axis. After the pulse, there
is therefore a transverse component of the magnetization,
which defocuses and can be refocused to an echo by a pulse
at the resonance frequency of the corresponding spin packet,
leading to a primary echo with the main frequency components
corresponding to the frequency of the refocusing pulse. The
formation of the stimulated echoes can be similarly explained.

Simulations performed for different observer pulse lengths
and frequency offsets have shown that the integrated intensity
of refocused echoes generated by two rectangular pulses at the
observer frequency and a third sech/tanh pulse centred at the
pump frequency is approximately proportional to the overlap of
the corresponding excitation profiles (see ESILt Section 2.5).
The integrated intensity of the corresponding stimulated echo,
on the other hand, decays more slowly for decreasing excitation
overlap. The experiments described in this paper were performed
with a sufficiently small overlap of the excitation profiles of
observer and pump pulses to render the intensity of the echoes
refocused by both a pulse at v, and a pulse at vpump negligible.
In case of increased overlap of the excitation profiles due to
shorter observer pulses, increased pump pulse bandwidth
or smaller frequency offset, these refocused echoes can gain
intensity. Similarly, an increase in intensity is also possible in
the presence of a significant contribution of microwave radia-
tion at the observer frequency during the pump pulse due to,
for example, LO leakage at the IQ mixer. It is important to
consider that the relative magnitude of the LO leakage com-
pared to the desired signal will increase in cases where the
amplifier is run in compression.

2.3 Echo crossing artefacts in the four-pulse DEER trace

In general, the properties of the coherent pump pulse and the
offset between observer and pump frequency will determine the
intensity, shape and frequency content of the additional echoes
and therefore the nature of the corresponding artefacts in the
DEER trace. The length of the pulses determines the length of the
echoes and therefore the extent of the regions in the DEER trace
affected by echo crossing artefacts. Depending on the dipolar
frequency modulating the refocused echo, these artefacts could
be difficult to identify as such and lead to errors in distance
distributions determined by Tikhonov regularization.

The intensity of the interfering echoes depends on the
excitation bandwidth overlap between observer and pump
pulses. An increased overlap will lead to an increased intensity
of the interfering echoes and therefore to more pronounced
distortions in the DEER trace, in addition to the appearance of
a ‘2 + ’-type dipolar modulation of the refocused echo PE;,r;

T
towards the end of the DEER trace.'>'? For the 32 ns 3 and

64 ns 1 observer pulses used here and a 64 ns © pump pulse at a
frequency offset of 70 MHz, or a 200 ns sech/tanh pump pulse
sweeping over a frequency range of 40 to 110 MHz (centred at
75 MHz) with respect to the observer frequency, the effects of
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the crossing echoes are clearly seen in the DEER trace
(see Fig. 2). At a central frequency offset of 95 MHz for the
sech/tanh pulse, the distortions were much reduced, but still
present (see ESL,T Fig. S10). Increasing the frequency offset, in
this case by shifting the observer frequency to maintain the
same pumping efficiency, leads to decreased intensity of the
recorded echo and therefore a decreased signal-to-noise ratio.
Increasing the length of the rectangular pulses and decreasing
the bandwidth of the sech/tanh pulse would reduce the excitation
bandwidth overlap, however, this would also lead to increased
orientation selection in the first case and additionally to a
reduced modulation depth in the second case. Therefore, for
DEER measurements between nitroxides at X- or Q-band, a
reduction of the excitation bandwidth overlap of observer and
pump pulse sufficient to remove the effect of the interfering
echoes is not feasible.

Due to the contributions at different frequencies, another
possibility of reducing the echo crossing artefacts in the DEER
trace could be the use of a detection filter. While a low-pass
filter (e.g. 20 MHz) will reduce the artefacts due to the primary
echoes PE,, and PE,, dominated by high-frequency components,
it will however not have a significant impact on the artefacts
due to the remaining primary and the stimulated echoes with
their significant contribution at baseband.

2.4 Phase cycling in four-pulse DEER

The artefacts introduced in the DEER trace by interfering echoes
generated by the coherent pump pulse can be removed by phase
cycling. We generated different types of nested phase cycles and
analysed them in terms of their effectiveness in suppressing
undesired coherence transfer pathways following the theory
described in ref. 26 and 27. In the following, different types of
phase cycling schemes will be referred to with short-hand
notation,”” where the initial phase is indicated for each pulse
and round parentheses and square brackets indicate cycles in
180° and 90° steps, respectively (see Table 2). The subscript p
indicates that the corresponding pulse is a pump pulse.

DEER traces recorded with different phase cycles are compared
in Fig. 6 for both monochromatic and sech/tanh pump pulses.
The two-step phase cycle on the first observer pulse, (x)xx,x,
which is typically used for four-pulse DEER with an incoherent
pump pulse channel, only removes the echo crossing artefacts
at tpeer = 0, tpeer = To — 371 and ¢pger = 7o —74 due to primary
echoes PE; and PE,, and the stimulated echo SE,p;, respec-
tively. A four-step phase cycle (x)(x)xpx, where the phase of the
second observer pulse is also varied, also removes the delayed
primary echo PE[12p3 crossing at tpegr = 7. The eight-step
phase cycle (x)[x]x,x (see Table 2 for details) also removes the
stimulated echo SE,p; at {pggr = 72 — 27; and the primary echo
PE,;, at tpggr = 72 —71. This phase cycle therefore removes all
visible artefacts in the four-pulse DEER traces shown in Fig. 6.
However, it does not suppress the refocused echo PE;,r, and
the stimulated echo SE@pgi2)ps at tpprr = T2, and the twice
refocused echo PE,rpr; at tpggr = 0. The echo crossings at
tpeer = T2 should in general not be a problem, since they fall
within the region of pulse overlap that is typically discarded.
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Table 2 Phase cycles for the four-pulse, the two versions of the five-pulse and the seven-pulse DEER experiments

Phase cycle Steps  Pulse Pulse phase cycle

Remaining echoes”

Four-pulse DEER

PE 51y, SE(pE, ,)p3s PE12Ipl3

(+2) +i(+y) —(=%) —i(-y)] PE12Tp, SE(pe,,)ps

b
SE123

(x)[x]xpx (observer only) 8 1 (g) [+(+x) —(—x)]
2(m) [+(+x) —() +(=x) (9]
[x](x)xpx (observer only) 8 1 (g) [
2(m) [+(+x) +(—x
(3)xxpJx 8 1(%) [H(+x) —(=)]
p(mp) [+(+x) +(ty) +(=x) +(-)]
il e 6 2n) [
p(ny) [+(+x) +(+y)
[x][x]xp[x] (observer only) 64 1 g) [l (
2(m) [+(+x) =(+y) +(=x) —=(-»)]
3(m) [+(+x) —(+y) +(=%) —(-)]

Reverse five-pulse DEER

(xx)xp[x]x, (observer only) 8 1 (E) 2(n) [+(+x, +x) —(—x, —x)] PE,;,” PE;pr3, PEypr3, PEqorprs, PEjIsry,
2/ PE;pr3rp/, PEqpIprary
3(m) [+(+0) —(+y) +(=x) —(-p)] ,
xx[xp][x]xp 16 p(mp) [+(+x) +(+y) +(=x) +(-=y)] PE;;
3(n) [+(+x) —(+y) +(=x) —=(-p)]
[x][x]xp[x]x, (observer only) 64 l(g) [+(+x) +i(+y) —(—x) —i(—y)] PEorprstyy
2(m) [+(+x) —(+y) +(=x) =(-)]
3(m) [+(+x) —(+y) +(=x) —(-y)]
Forward five-pulse DEER
xxp[xJxp(x) (observer only) 8 2(m) [+(+x) —(+y) +(=x) =(-p)] PE,o15,” PEypisrs,” PEoTy, PEyaty,
3(n) [+(+x) +(—x PE/Tolp, PEoIpls, PEyaIpls, PEjprorprs
o[ Jx 16 2(n) [+(+x) —(+y) +(=x) —=(—)] PE,5t3,” PEyLrs
P(Tp) [+(+x) +(+y) +(=x) +(-p)]
[x]xp[x]x,[x] (observer only) 64 l(g) [+(+x) +i(+y) —(—x) —i(—y)] PE;pIorpls
2(m) [+(+x) —(+y) +(=x) =(-)]
3(m) [+(+x) —(+y) +(=x) ()]
Seven-pulse DEER
xfx]e(0) (x5) () 32 2(m) [+(+x) —(+y) +(=x) —(=y)] PE12rP/r4,b PEerprr3rpwr4,b PE12rp/rprrrp///r4,b
3(n) [+(+x) +(—x)] PE1p7, PE1olp 7y PEalpTaly, PEqoIpIpity,
(o [H(+) +(—)] PE 1,131 Tpry PE1alaly/ /Ty, PE1pTprrp Ty,
p'(mp) [+(+x) +(—x)] PE oI/ I3 T/, PEaIp I3l Ly ity
[ex]Lxep I ](x) 128 g [+, +x) +i(+y, 4y) —(=%, =) —i(=y, =y)]  PEyr,”
p/(mp) [+(+0) +(+y) (=) +(=y)]
P/l () [+, )+, ) +(x, —3) +(p, )]
4(m) [+(+x) +(—x)]
[yl 6 (%) [+(3) —i(9) ~(~x) +i(y)] PELtyrary
(observer only) 2
2(m) [+(+x) —(+y) +(=x) =(-)]
3(m) [+(+0) —(+y) +(=x) =(-)]
4(m) [+(+0) —(+y) +(=x) ()]

“ Standing echoes within about 7, from the detected refocused echo and echoes crossing the refocused echo in the range 0 < tprrr < fpEpr,max
where tprgr,max 1S the maximum evolution time up to overlap of observer and pump pulses. (See ESI for details). b Standing echo.

However, the echo crossing at tpggr = 0 could interfere with the
exact determination of the zero-time or in some cases even with
the analysis of short distances, if the experimental conditions
lead to non-negligible intensity of the refocused echo PE;,rpr3.
As discussed in Section 2.2.4, the refocused echoes become
significant in case of substantial observer and pump pulse
excitation profile overlap or in the presence of a significant
contribution at the observer frequency during the pump pulse.
The eight-step phase cycle [x](x)x,x (Table 2) also removes the
potential contribution at ¢pggg = 0, leaving only echoes crossing
at tpgpr = —71 and tpgpr = T2, and is therefore a better phase
cycle for the four-pulse experiment.

This journal is © the Owner Societies 2016

The phase cycles discussed so far only cycle the phases of
the observer pulses, however in a fully coherent spectrometer,
phase cycling of the pump pulse can also be used. The same
relationships between changes in pulse phase and resulting
phase shifts of the signal apply to both observer and pump
pulses. Potential phase cycles can therefore be devised follow-
ing the same procedure.?” Addition of a four-step phase cycle
on the pump pulse to the standard two-step phase cycle on the
first observer pulse, (x)x[x,]x, removes all crossing echoes,
but leaves the standing stimulated echo SE;,3, which could
interfere with detection if 7; =~ 7,. The 16-step phase cycle
x[x][xp]x removes all echoes except for the primary echo PE;,
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Fig. 6 Four-pulse DEER traces recorded with different phase cycles for a monochromatic rectangular pump pulse (left, t, = 64 ns, Av = 70 MHz) and a
sech/tanh pump pulse (right, t, = 200 ns, BW_, = 70 MHz, 8 = 4/t,, Av = 75 MHz). Traces recorded with different phase cycles are slightly offset for better
comparison. In both cases, the observer pulse lengths were t,,» = 32 ns and t, = 64 ns and inter-pulse delays were set to 1, = 400 ns and 7, = 2.3 us.
Further experimental details can be found in Section 5. Remaining distortions at the end of the trace were found to be due to instrumental effects due to

the close proximity of the pump and the last observer pulse.

and the desired refocused echo PEq,r; (Fig. 7). Achievement of a
similarly efficient suppression of coherence transfer pathways
using only phase cycling of the observer pulses would require a
64-step phase cycle, where each of the observer pulses is cycled
in steps of 90° (CYCLOPS™), i.e. [x][x]x,[x].

In the presence of a contribution at the observer frequency
during the pump pulse, as resulting, for example, due to
LO leakage at the IQ mixer or incorrect calibration of the DC
offsets of the two AWG channels in an IQ upconversion setup
(see Section 5), this resonant contribution can also lead to the
formation of the same types of echoes. The echoes are in this
case due to spin packets resonant with v.,s, and therefore
the refocused echoes, otherwise of negligible intensity, could
become significant. Since the phase of the contribution at vops

Phase
cycles

[UIL)'R =

1630 ns PE,,r,

X006

(x)x0px

4-step
(0 O)xpx

PE

1
8-step P
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Fig. 7 Echo transients recorded for two different positions of a mono-
chromatic rectangular pump pulse (tpeer = 610 ns (left) and tpeer = 1630 ns
(right)) for different phase cycles of the four-pulse DEER experiment. The
experimental parameters are the same as reported in Fig. 6. The different
echoes are labelled according to the notation of Table 1 and the arrows
indicate their direction of movement.

16-step
x[x] [xp]x
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is not affected by the phase of the AWG programmed waveform,
phase cycling of the pump pulse only leads to the elimination
of the echoes created by the pump pulse, but not of the echoes
due to the constant contribution at v,ps. Phase cycling of the
observer pulses removes both types of echoes, therefore phase
cycles only involving the observer pulses should be used if leakage
of microwaves at the observer frequency is a significant concern.¥

In conclusion, the suppression of echo crossing artefacts
within the time window of interest in the four-pulse DEER
experiment requires the use of an eight-step phase cycle, either
only involving the observer pulses, [x](x)x,x, or including pump
pulse phase cycling, (x)x[xp]x.

3 Multi-pump-pulse DEER

DEER experiments involving multiple pump pulses and addi-
tional refocusing observer pulses have been proposed with the
aim to extend the accessible dipolar evolution window and allow
measurements of longer inter-spin distances."* Five-pulse and
seven-pulse DEER experiments, with two and three pump pulses,
respectively, have been demonstrated to lead to improved sensi-
tivity in the measurement of long distances.'*'®*! The increasing
number of pulses in these experiments increases the number of
coherence transfer pathways that could potentially lead to the
formation of echoes crossing the detection window. The echoes
introduced by coherent observer and pump pulses in these
extended DEER experiments are analysed in this section and
phase cycling schemes for their removal are examined.

In addition to the echo crossing artefacts, the multi-pump-
pulse DEER experiments are generally also affected by artefacts
arising from residual signals due to undesired population
transfer pathways involving B spins excited by only a subset

# If all pulses are programmed on the AWG and affected by the same amount of
LO leakage, echoes induced by the leaked observer frequency only could still be
formed, but their intensities should be relatively low.

This journal is © the Owner Societies 2016



Paper

of the pump pulses."**! In the case of the five-pulse DEER
experiment, in addition to the desired pathway leading to
the five-pulse signal, the pathway corresponding to B spins
not excited by the second pump pulse (p’) leads to a residual
four-pulse signal with a zero-time tpgpr = ©1 — ¢, (O tpgpr =
T, — t, in reverse five-pulse DEER). Similarly, in the seven-
pulse DEER experiment performed as described here, two
five-pulse pathways involving only a single pump pulse can
lead to residual contributions with zero-points at ¢; = 7, and
t; = 13, corresponding to tpger = —71 + 7o + T3 — ¢, and ¢pggr =
T4+ T, — 13 — t2.21

The artefacts introduced by these additional population
transfer pathways cannot be removed by phase cycling. The
intensity of the corresponding signals can be reduced by
optimizing the pump pulses to give population transfer ampli-
tudes close to unity. Different strategies for the extraction of the
signal of interest have been proposed, if the artefacts cannot
be removed experimentally."**' These strategies are based on
the subtraction of a reference signal, either recorded experi-
mentally or reconstructed based on the experimental multi-
pump-pulse DEER trace. If the original experimental DEER data
contains echo crossing artefacts, these artefacts are propagated
during the correction procedures resulting in a final signal with
even more significant distortions over more extensive regions
of the trace.

3.1 Five-pulse DEER

In five-pulse DEER, a second pump pulse is used to shift
the position of dipolar refocusing from ¢; = 7, in the four-
pulse DEER experiment to ¢; = t,, giving the time axis for the
experiment ¢pepr = t; — tp, Where ¢, is the delay between the
second pump pulse and the second or third observer pulse.
The dipolar evolution time is thus extended up to 7, + 7, — t,.**
The two pump pulses have opposite frequency sweep directions
to remove the offset-dependence of dipolar refocusing. The
inter-pulse delays 7, and 7, are chosen to be equal or almost
equal, leading to an increase in the effective relaxation time 7},
by minimizing nuclear spin diffusion.'* Two different versions
of this experiment have been proposed, with the second pump
pulse either preceding the second observer pulse or following
the last observer pulse (see Fig. 1)."*'® Here, the two versions of
the experiment will be referred to as forward and reverse five-
pulse DEER, respectively.

The five pulses lead to 3¥~* = 81 coherence transfer path-
ways, starting from thermal equilibrium and ending with
observer spin coherence order —1. Among these, 19 generate
standing echoes and 46 moving echoes (see ESI, T Tables S1 and
S2 for a list of echoes, the corresponding coherence transfer
pathways and refocusing points). The positions of the echoes
during a reverse five-pulse DEER experiment with the inter-
pulse delays 7; = 2.1 ps and 7, = 2.4 ps are shown in Fig. 8A.
There are 32 echoes crossing the detection window in the
relevant range 0 < tpger < 71 + 7o — f,. The crossing positions
are clustered around %‘cl, T1, %rl + 1,5, 71 + T, and 214 oOr 21,
(for forward and reverse five-pulse DEER, respectively) and
separated by multiples of 1,. In addition to this, there are
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Fig. 8 (A) Positions of the echo crossings in a reverse five-pulse DEER

experiment with the following inter-pulse delays 7y = 2.1 ps, 1, = 2.4 us and
t, = 400 ns. The pulse sequence is plotted along the y-axis with pulse
positions represented by dashed lines. The standing echoes of the obser-
ver sequence are shown in grey and the different types of echoes induced
by the pump pulses are shown in different shades of blue following the
same colour code as in Fig. 3 (see Table S2, ESIt for details on the
coherence transfer pathways and echo times). Five-pulse DEER traces
recorded with different phase cycles are shown in the top panel. The
traces are offset to allow better comparison. The crossing positions of the
most intense moving echoes with the detected refocused echo (PEjrs,
position shown in red) are highlighted and tentatively assigned. (B) Echo
transients recorded for three positions of the moving pump pulse. The
different echoes are labelled according to Table S2 (ESIt) and the direction
of movement for crossing echoes is indicated by arrows.

several standing echoes that can partially overlap with the
detection window, depending on the difference between 7, and
7, and on the length of the delay ¢,. In particular, if 7, = 75, the
stimulated echo of the observer sequence overlaps with the
refocused echo and has to be removed by phase cycling.
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3.1.1 Reverse five-pulse DEER. The reverse five-pulse DEER
trace recorded without phase cycling is shown in the top panel
of Fig. 8A. The residual four-pulse signal at about 2 ps can be
clearly identified. Significant distortions over large portions of
the DEER trace can be observed in the absence of phase cycling.
Inspection of echo transients recorded for different positions of
the first pump pulse during the delay 7, + 7, (see Fig. 8B) allows
identification of the most intense echoes interfering with
detection on the refocused echo PE,,r;. The most significant
artefact is caused by the primary echo generated by the two pump
pulses, PEpy, and ranges from about tppgr = 200 NS t0 tprer =
1.2 ps (predicted crossing time tpggr cross = T2 — 3ta — tp = 0.8 ps).
This echo is characterized by a similar signal intensity as the
detected refocused echo and an overall echo length of about
3t, = 1.2 ps due to the opposite sweep direction of the two pump
pulses. Additional significant distortions are introduced
around fpgpr = 2.2 pus when the delayed primary echo dPEp,p31p
and the refocused primary echo PE,pr, cross the detection
window (predicted crossing times are tpggr = 71 + £, — ¢, and
tDEER = %rl +1, — 2t, — tp, respectively). While refocused echoes
involving the pump pulse as one of the refocusing pulses were
found to exhibit negligible intensity in the absence of signifi-
cant excitation bandwidth overlap, refocused echoes where the
refocusing is induced by two pump pulses are sufficiently
strong to introduce visible distortions to the DEER trace. The
echo PE,r, is due to spin packets resonant with the pump
frequencies and refocused by both pump pulses. Several addi-
tional echoes cross the detection window during the dipolar
evolution time of the five-pulse experiment, however their
intensity under the present experimental conditions was com-
parable to the noise level.

The interfering echoes can be removed by phase cycling.
Different phase cycles involving both observer and pump pulse
phase cycling were again generated and analysed (see Table 2).
The eight-step phase cycle (xx)xp[x]x, involving only the
observer pulses removes all of the crossing echoes except
for the following refocused echoes: PE,r; crossing at tpppr =
Ty + Ty — by, PEypl; crossing at tpper = 371 + T2 — Ly, PEpIpl;
crossing at tpggr = T2 — fp, PEqpI3ry crossing at tpggr = Ty,
PE,pI3r, crossing at tpper = 37 and PEj,rprsry crossing at
tpeer = 0. However, these echoes are only formed for spin
packets refocused by both observer and pump pulses and
therefore have negligible intensity in the absence of significant
excitation bandwidth overlap. This phase cycle also removes all
of the standing echoes close to the detection window, leaving
only the primary echo PE,; separated by 7; from the detected
refocused echo. The five-pulse DEER trace recorded with this
phase cycle is also shown in the top panel of Fig. 8A, demon-
strating that this phase cycle efficiently removes the distortions
introduced by the crossing echoes.

Considering only observer pulse phase cycling, a 64-step
phase cycle, cycling each of the observer pulses in steps of 90°,
would be required to remove most of the remaining crossing
echoes, but does not remove the contribution of the triply
refocused echo PE;,rprary at tpggr = 0. On the other hand, a
16-step phase cycle involving both observer and pump pulses,
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xx[xp][x]x, (Table 2), removes all of the crossing echoes and the
standing echoes close to the detection window (except PE,; as
above). The same phase cycles can also be used with the
starting phase of the refocusing observer pulses set to +y
(i.e. (xy)xp[y]xp instead of (xx)x,[x]xp, [+(+x, +y) —(—x, —y)] phase
cycle for the first two observer pulses and [+(+y) —(—x) +(—y)
—(+x)] phase cycle for the last observer pulse), as typically used
in Carr-Purcell-Meiboom-Gill refocusing sequences.**

3.1.2 Forward five-pulse DEER. Similar considerations
apply to the forward five-pulse DEER experiment. The corres-
ponding data is shown in the ESIt (Fig. S13). Again, the main
distortions are caused by similar types of echoes, in particular,
the primary echo of the two pump pulses PE,,, the refocused
primary echo PE,,1p, the primary echo PE,;, and the stimulated
echoes SE,,; and SE,p;. The most significant distortions are
similarly caused by the primary echo PE,,, but are less severe
as this echo crosses the detection window for a longer delay
between the two pump pulses compared to reverse five-pulse
DEER and has thus decayed more significantly due to relaxa-
tion. In addition to this, the crossing point occurs at a later
point in the DEER trace (tpggg = %rl + 1y — %tz), where most of
the modulations will likely already have decayed.

The observed distortions can again be removed by phase
cycling (Table 2). The eight-step phase cycle xx,[x]x,(x) invol-
ving only the observer pulses removes all crossing echoes
except for echoes refocused by both observer and pump pulses
and therefore exhibiting negligible intensity under the present
experimental conditions. Specifically, the echoes not removed
by this phase cycle are: PE,,r}, crossing at {pggr = 71 + T2 — I,
PEy,1p crossing at ¢{pggr = %11 + 1, — %tz, PE 151, crossing at
tpEER = T2, PEqalpl Crossing at tpggr = 71 — ta, PEporpr; crossing
at tpgpr = 371 — 3tz and PE;pr,rprs crossing at tppgg = 0. The
only remaining standing echoes that approach the detection
window in experiments with certain inter-pulse delays are the
refocused primary echoes PEy,r; and PE;, 1,15, separated by
71 — tp and 27, — 2¢, from the detected refocused echo. Again, a
64-step phase cycle on the observer pulses would be required to
remove all crossing echoes, and would still leave the contribution
of the triply refocused echo PE,y1,rpr; at {pggr = 0. A 16-step
phase cycle, analogous to the one proposed for reverse five-
pulse DEER, xxp[x][x,]x, removes all of the crossing echoes and
the standing echoes close to the detection window (except for
the two refocused primary echoes mentioned above).

3.2 Seven-pulse DEER

In the seven-pulse DEER experiment, the dipolar evolution time
is extended even further by adding another refocusing observer
pulse and an additional pump pulse to the five-pulse DEER
experiment (see Fig. 1)."**'
ment, 74, T, and 73 are chosen to be equal or almost equal to
maximize echo intensity. The time axis of the seven-pulse DEER
experiment is given by tpger = 71 + T + 73 — ¢ — &, — t3 for delays
as indicated in Fig. 1. The maximum dipolar evolution time
for this sequence corresponds to 7, + 7, + T3 — t10 — o — t3,0,
where ¢, and 3, refer to the initial values for the corres-
ponding delays.

Similarly to the five-pulse experi-
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The seven pulses give 3V = 729 coherence transfer pathways
starting from thermal equilibrium and ending with observer spin
coherence order —1. A total of 665 echoes can potentially be
formed and more than 200 of these cross the detection window.
In addition to the crossing echoes, several standing echoes
partially or completely overlap with the desired refocused echo
PE, 131, at 2(74 + 7, + 73) and have to be removed by phase cycling.

The positions of the echoes during a seven-pulse DEER
experiment performed with inter-pulse delays 7; = 1.9 ps,
T, = 2.1 ps and 13 = 2.2 ps are shown in Fig. 9A along with the
corresponding DEER trace recorded without phase cycling.
The apparent oscillation with a maximum at about 2 ps is
due to the contribution of the additional population transfer
pathways. Distortions due to crossing echoes can clearly be
identified around 1.7 ps and in the range from about 3.5 ps to
5.0 ps. Oscillations in the quadrature part of the signal indicate
the presence of additional artefacts around time zero and in the
initial part of the trace, where artefacts can introduce large
errors in distance distributions determined by Tikhonov
regularization. Echo transients recorded at different times
during the DEER experiment show several relatively strong
echoes induced by the coherent pump pulses (see Fig. 9B).
The primary echoes PE,» and PE,, formed by pairs of pump
pulses, could be clearly identified and cross the detected echo
ataround tpgpr = (11 — 75) + 73 — ¢, and tppgr = 71 + 3. Due to the
opposite frequency sweep direction of the pump pulse p”, the
latter echo is much broader and introduces distortions in a
larger region of the DEER trace. Other echoes are also character-
ized by non-negligible intensities but could not be unequivocally
identified due to their large number and broad nature.

A series of phase cycles capable of removing the observed
distortions were considered (see Table 2). The 32-step phase
cycle x{x]xp(x)(xp)(xp)x removes the standing echoes close to the
detection window and most of the crossing echoes, leaving only
nine primary echoes refocused by both observer and pump
pulses, eight of which cross around tpggr = 7, for similar 74, 7,
and t; values and the other at tpger = 0 (see ESIL T Section 4.2
for more information). The DEER trace recorded using this
phase cycle is shown in the top panel of Fig. 9A. All of the
echo crossing artefacts visible in the trace recorded without
phase cycling are removed. The trace recorded with only the
observer part of this phase cycle, the eight-step phase cycle
x[x]xp(x)xpx,x, is shown for comparison and still contains the
artefact at about 1.7 ps. This phase cycle is therefore not
sufficient. All of the moving echoes crossing the detection
window during a seven-pulse DEER experiment with 0 < fpper <
T1+ Ty + T3 — 1,0 — Ly — t30 are removed in the 128-step phase
cycle [xx][xpJx[xpxp](x). A 256-step phase cycle, xx[x,|[x]xp[xp][x],
would be required to remove all of the moving echoes. Amongst
the phase cycles only involving the observer pulses, the 128-step
phase cycle [x][x]x,[x]xpx,(x) only leaves two crossing echoes,
and the full 256-step phase cycle [x][x]x,[x]x,xp[x] removes all of
the crossing echoes.

In summary, in the multi-pulse DEER experiments, the most
significant distortions are caused by primary echoes formed
by two pump pulses, which are characterized by intensities
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Fig. 9 (A) Positions of the echo crossings in a seven-pulse DEER experi-

ment with the following inter-pulse delays t; = 1.9 us, 7, = 2.1 pus, 13 = 2.2 us
and t; = 200 ns. The pulse sequence is plotted along the y-axis with
pulse positions represented by dashed lines. The standing echoes of the
observer sequence are shown in grey and the different types of echoes
induced by the pump pulses are shown in different shades of blue
following the same colour code as in Fig. 3. Seven-pulse DEER traces
recorded with different phase cycles are shown in the top panel. The
traces are offset to allow better comparison. The crossing positions of the
two strongest moving echoes with the detected refocused echo (PEj,rs,
position shown in red) are highlighted and tentatively assigned. (B) Echo
transients recorded at three points in the DEER experiment. The echoes
that could be assigned are labelled following the conventions used for the
four- and five-pulse experiments and the direction of movement for
crossing echoes is indicated by arrows.

comparable to those of the detected refocused echo. These
distortions were found to be most severe for the reverse five-
pulse DEER experiment. In case of both versions of the five-
pulse DEER experiment, however, an eight-step phase cycle, or
a 16-step phase cycle including pump pulse phase cycling in
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case of increased overlap of the pulse excitation profiles,
efficiently removes the corresponding echo crossing artefacts.
In the seven-pulse DEER experiment, a 32-step phase cycle
involving changes in the phases of both observer and pump
pulses was found to be required to remove echo crossing
artefacts in the absence of significant excitation bandwidth
overlap. The proposed phase cycling schemes therefore enable
the use of the five- and seven-pulse DEER experiments for the
measurement of long inter-spin distances in the presence of a
coherent pump channel.

4 Conclusions

The recent advances in technology allowing the use of pulse
shaping in EPR and leading to the concept of fully coherent
AWG-based spectrometers open up a range of new possibilities
through an increased level of control over coherent spin
manipulations. However, this also introduces new aspects to
be considered in the design and application of advanced pulse
sequences. In this paper, we have analysed the effects of coherent
observer and pump pulses in the standard and in multi-pump-
pulse DEER experiments. We have shown that significant
distortions in the DEER trace occur due to echoes induced by
pulses at both frequencies crossing the detection window.

The shapes and intensities of the echoes formed by coherence
transfer pathways involving both observer and pump pulses were
demonstrated to be determined mainly by the length of the pulses
and the overlap of their excitation profiles. Even in the absence of
significant excitation profile overlap, the off-resonant effect of the
pulses is sufficient to generate primary and stimulated echoes of
appreciable intensity. The intensity of refocused echoes, due to
pathways involving coherence transfer induced by pulses at two
different frequencies, on the other hand, were shown to be
negligible under these conditions. These results highlight the
importance of considering off-resonant effects in multi-frequency
experiments, both in the case of coherent pulses at fixed frequen-
cies or in the presence of frequency-swept pulses.

The crossing points of the different additional echoes in
four-, five- and seven-pulse DEER experiments with coherent
pump pulses were determined and the corresponding artefacts
identified in the DEER traces. The introduced distortions can
be severe under typical experimental conditions and could in
some cases be difficult to clearly distinguish from dipolar
modulations, hence they need to be removed to avoid mis-
interpretation. This was shown to be possible through phase
cycling. The negligible intensity of echoes refocused by pulses
at different frequencies allows the use of phase cycles with
fewer steps compared to phase cycles that would be required
to suppress all of the coherence transfer pathways leading to
echo crossings within the dipolar evolution window. The use of
both observer and pump pulse phase cycling also reduces the
number of required phase cycling steps. Eight-step phase cycles
were shown to be sufficient to suppress echo crossing artefacts
in four- and five-pulse DEER and at least a 32-step phase cycle
was shown to be required for seven-pulse DEER. The undesired
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effects of coherent pump pulses in the standard four-pulse and
the novel multi-pump-pulse DEER experiments performed on
nitroxide-labelled proteins can therefore be efficiently eliminated
through appropriate phase cycling, enabling the use of these
pulse sequences on fully coherent AWG-based spectrometers.
The excellent agreement between experimental echo transients
and simulations based on a density matrix approach demon-
strates that all of the signals, including those due to off-resonant
effects, can be quantitatively simulated using a simple theoretical
approach. This approach can be extended to the description
of other multi-frequency experiments on fully coherent EPR
spectrometers. The inclusion of the instrument transfer func-
tions for both the excitation and detection paths of the spectro-
meter was found to be crucial for an accurate theoretical
description of the spin response. The ability to accurately model
the spin response under specific instrumental conditions is at
the basis of further improvements in sensitivity and resolution
of pulse EPR experiments through optimization of analytical
pulse shapes and the design of optimal control pulses.'**”

5 Materials and methods

5.1 Instrumentation

A Bruker Elexsys E580 X/Q-band spectrometer extended by a
custom-made pulse shaping channel, similar to that described
in ref. 13, was used for the pulse EPR measurements (see
Fig. 10). Shaped pulses were generated by a Keysight 81180B
AWG (two channels, 4.6 GSa s~', 1 GHz analog bandwidth,
12 bit vertical resolution) independently controlled by a separate
computer. The pulses are programmed into the two channels of
the AWG and upconverted to X-band frequencies using an IQ
mixer (Marki MLIQ-0416, LO/RF 4-16 GHz, IF DC-3.5 GHz, LO
drive level 11-18 dBm, —45 dB LO-RF isolation at 9 GHz) driven
by an LO derived from the microwave source of the E580 bridge
and amplified to about 15 dBm (with a Miteq AFSD5-080120-25-26P
amplifier). Isolators (Meuro CIS080120F) protect the bridge
from reflections. The pulses from the AWG channel are there-
fore coherent with the pulses on the internal pulse forming
channels (SPFU, Stripline Pulse Forming Unit) of the spectro-
meter. The additional pulse channel was installed in parallel to
the internal SPFU channels and follows the same signal routing

trigger

AWG

1
1+ X-band
i

1 source
1

:

1
to amplifier/ !
Q-band upconversion : !
E580 bridge L

Fig. 10 Schematic block diagram of the homebuilt AWG extension to the
Bruker Elexsys X/Q-band spectrometer. The X-band microwave signal
from the power splitter before the spectrometer’s pulse forming channels
is amplified and drives an IQ mixer connected to the two channels of the
AWG. The pulses from the AWG are routed back into the bridge through
the power combiner after the pulse forming channels.
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pathway to the resonator. The AWG channel is triggered from
the +(y) channel of the spectrometer, which also controls the
corresponding pulse gate and receiver protection. For Q-band
measurements, the pulses are upconverted and amplified in a
Bruker SuperQ-FT bridge equipped with a 3 W solid-state
amplifier. A calibration is performed to minimize the phase and
amplitude imbalance of the I and Q channels and to minimize LO
leakage (contribution of the spectrometer frequency vops to the
AWG signals) by applying a DC offset to the I and Q channels of the
AWG following a procedure similar to the one reported in ref. 24.

The measurements were performed with an overcoupled dielec-
tric resonator (Bruker EN5107D2, Q-factor of ca. 300-400) at 50 K
using a cryogen-free cooling system (Bruker ER 4118HV-CF58).

In order to accurately model the experimental echo signals,
knowledge of the transfer functions of the instrumental excitation
and detection paths is required. The spectrometer transfer function
was therefore determined following the procedure described in
ref. 15. The resulting transfer function can be used to derive the
resonator impulse response affecting both excitation and signal
detection. Further details can be found in the ESL{ The internal
video amplifier in the detection pathway of the E580 spectrometer
is also characterized by a non-flat frequency response in the
frequency region of interest'® and needs to be taken into account
in the simulations. The frequency response was measured by
recording the output amplitude of rectangular pulses programmed
in the AWG and directly input to the video amplifier as a function
of frequency and video gain. Further details and plots of the
experimental frequency response functions can be found in the
ESLt The video amplifier bandwidth was set to 200 MHz for all
the measurements reported here.

5.2 EPR measurements

The EPR measurements were performed on complexes of the
HCN2 (hyperpolarisation-activated cyclic nucleotide-gated ion
channel) protein doubly spin-labelled at residues S563C and
R635C (four-pulse DEER measurements) or residues V537C and
R635C (five- and seven-pulse DEER measurements) with Trip8bore
(truncated tetratricopeptide repeat-containing Rab8b-interacting
protein, residues 223-303). The EPR samples were prepared as
described in ref. 35.

Four-pulse DEER data were recorded with the pulse

T
sequence " T) — Tobs — 11 — Tpump — (T1 + T2 — 11) — Tobs — T2
Ol

(see Fig. 1) with observer pulse lengths ¢, = 32 ns and ¢, = 64 ns
and delay times t; =400 ns and 7, = 2.3 ps. The pump pulse position
was varied in 10 ps increments. The time axis of the experiment is
tpeer = t1 — 71. The pump pulse was either a 64 ns monochromatic
rectangular pulse at a frequency of ,ump = Vobs + 70 MHz or a 200 ns
sech/tanh pulse centred at vj,ymp = Vobs + 75 MHz and with the
following amplitude and frequency modulation functions:®

B, (t) = B sech(ft) (2)
v(t) = %BWoo tanh(ft) (3)

where B"® is the maximum B; field, f is a truncation parameter,
BW,, is the pulse bandwidth for tanh(f¢) (the pulse sweeps over
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the range +BW./2) and ¢ is defined in the range from —t,/2 to
+t,/2. The phase modulation function ¢(t) is obtained as the
integral of the frequency modulation function

1BW,
P(1) = ETIOg[COSh(ﬁl)] (4)
and the in-phase (I) and quadrature (Q) parts of the sech/tanh

pulse are computed as the real and imaginary parts of:
y(t) _ Bl(t)eZT[i[q[)(t)+AI/] (5)

where Av is the offset with respect to the observer frequency.
The parameters f and BW,, were set to 4/t, and 70 MHz
(i.e. the sech/tanh pulse sweeps over the range vpump = Vobs +
75 MHz + 35 MHz), respectively. These pulse parameters
were determined using the optimization method described in
ref. 20 (see ESIT for details). For both monochromatic and sech/
tanh pump pulses, the central pump frequency approximately
matched the maximum of the nitroxide spectrum and was
set to about 20 MHz above the frequency of the centre of the
resonator dip. Reference experiments were performed with
a 64 ns monochromatic rectangular pump pulse from the
incoherent ELDOR channel of the Bruker spectrometer.

Five-pulse DEER data were recorded with the pulse sequence
n

Eobs
Tobs — T2 for the forward version of the experiment (second
pump pulse before the second observer pulse) or with the

7(717t2)*npump7t27nobs*tl*npumpf(fl+727tl)*

— Tl — Tobs — (Tl +17— ll) — Tpump — I] — Tobs —

obs
tr — Tpump — (T2 — 12) for the reverse version of the experiment

(second pump pulse after the last observer pulse) (see Fig. 1). In
both cases, the maximum of the DEER trace (zero-time) occurs
at ¢, = ¢, and the time axis of the experiment corresponds to
tbeer = t1 — ty, where ¢, is the delay as indicated in Fig. 1. The
five-pulse DEER experiments were performed with observer
pulse lengths ¢, = 40 ns and ¢, = 80 ns and delay times
7, = 2.1 ps and 7, = 2.4 ps. In the forward five-pulse DEER
experiment, the delay ¢,, defined as the delay between the start
of the pulses, was set to 800 ns, and in the reverse five-pulse
DEER experiment ¢, was set to 400 ns. The initial delay between
the second observer pulse and the moving pump pulse was set
to 100 ns in both cases. The position of the pump pulse during
the delay 7, + 7, was varied in 10 ns increments.

Seven-pulse DEER experiments were performed with the pulse

T
sequence 5

T
sequence 3 —T1 — Tobs — 11 — Mpump — (T1 + T2 — 11) — Tobs — 12 —

obs

Tpump — (‘L’z +13—1 — 1‘3) — Tpump — 13 — Tobs — T3 (see Fig. 1).
The seven-pulse DEER experiments were performed with obser-
ver pulse lengths ¢/, = 40 ns and ¢, = 80 ns and delay times
71 = 1.9 ps, 7, = 2.1 ps and 73 = 2.2 ps. The initial pump pulse
delays were set to t; o = t, = t39 = 200 ns. The position of the first
pump pulse (¢;) was incremented in 10 ns steps and the position
of the third pump pulse was simultaneously decremented in
10 ns steps (t; incremented). The experiment time axis is
obtained as tpggr = T1 * o * T3 — 4 — t, — t3 (with delays as
labelled in Fig. 1) and therefore A¢ = 20 ns. The maximum of the
DEER trace (zero-time) occurs when ¢, = t; = X(1; + 1, + 73 — ).
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The pump pulses in the five-pulse and seven-pulse DEER
experiments were 400 ns sech/tanh pulses with the parameters
p and BW, set to 6/t, and 35 MHz, respectively, and centred at
Vpump = Vobs + 60 MHz. In this case, the pump frequency was set
to the centre frequency of the resonator dip. The pulse length
was increased and the bandwidth decreased compared to the
pump pulse in the four-pulse experiment in order to maximize
the inversion efficiency and optimize the inversion profile for
the limited available power. In DEER experiments with multiple
pump pulses, a high uniform inversion efficiency is required to
reduce the contribution of signals from population transfer
pathways determined by spins affected only by a subset of the
pump pulses."**' In the four-pulse DEER experiment, on
the other hand, a reduced inversion efficiency over a larger
bandwidth can still lead to a more significant increase in
modulation depth. The pump pulse optimization was per-
formed by measurement of the experimental inversion profiles
as a function of pulse length, bandwidth and f parameter and
using the method described in ref. 20 to optimize the frequency
offset (see ESIT for details). The frequency sweep direction of
one of the pump pulses was reversed by inverting the sign of
the quadrature part of the sech/tanh pulse to achieve an offset-
independent net dipolar evolution time in the five-pulse DEER
experiment and to reduce the extent of the distribution of
dipolar evolution times for spins at different frequency offsets
in the seven-pulse DEER experiment."®

The shot repetition time was set to 5 ms for all experiments.
Phase cycling was performed as described in the main text.

Two- and three-pulse echo transients were recorded for

. o T
different combinations of 5 and © pulses at the observer and

pump frequencies. The pulse parameters were the same as
described above for the four-pulse DEER experiment. An inter-
pulse delay of 600 ns was used for the two-pulse sequence and
inter-pulse delays of 600 ns and 1800 ns were used for the three-
pulse sequence. For the echo measurements, the observer
frequency was set to 33.860 GHz and the magnetic field was
set to 1208.9 mT corresponding to the nitroxide maximum at
the pump frequency (Av = +70 MHz). A total of 2'° transients
were averaged for the two-pulse echoes and averaging over 2"7
transients was performed for the three-pulse echoes.

5.3 Simulations

The echo simulations were performed with a custom Matlab
program implementing the spin density matrix evolution for a
two-level system in Hilbert space. The simulations were performed
in a frame rotating at the observer frequency. The effect of off-
resonant and shaped pulses was simulated by step-wise propagation
using a time step of 1 ns.>® Spin relaxation was neglected.

The effect of the limited bandwidth of the resonator on the
transmitted pulses and the returned echo signal was included
by convolution of both the pulse shapes and the calculated
echo signals with the resonator impulse response. The impulse
response function was derived as described in ref. 15 and 36
based on the frequency response of the resonator measured
through nutation experiments (see Section 5.1 and ESIf).
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The effect of the video amplifier on the echo signals was
modelled by a digital filter based on the measured frequency
response of the video amplifier (see Section 5.1 and ESIY) at the
experimental video gain setting.
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