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The recent introduction of shaped pulses to Double Electron Electron Resonance (DEER) spec-

troscopy has led to significant enhancements in sensitivity through increased excitation band-
widths 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 quan-
titatively 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 experi-
ments, characterized by high sensitivity and increased accuracy for long-distance measurements,
on novel fully coherent EPR spectrometers.
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1 Introduction

Double Electron Electron Resonance (DEER), or Pulsed ELectron

which induces a change in the local field of the A spins. As a
result, the echo is modulated at the frequency of the dipolar cou-

DOuble Resonance (PELDOR), experiments are used in Electron
Paramagnetic Resonance (EPR) spectroscopy to determine the
structure and conformational dynamics of macromolecular sys-
tems by measuring the distance between intrinsic or artificially
introduced paramagnetic centres through their dipolar interac-
tion. -2 This technique is most widely applied to investigate pro-
teins and protein complexes labelled at different positions with
nitroxide spin labels introduced by site-directed mutagenesis. 37

DEER is a multi-frequency experiment for which the most com-
monly used pulse sequence is the four-pulse sequence depicted in
Fig. 1. The intensity of the echo at the end of a refocused pri-
mary echo sequence at an observer frequency is monitored as a
function of the position of a 7 pulse at a second microwave fre-
quency (pump frequency). The pump pulse causes inversion of
the pump spins (B spins) coupled to the observer spins (A spins),
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pling 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, 1% and overlap of the excitation pro-
files of observer and pump pulses can induce nuclear modulation
or ‘2+1’-pulse-train-type dipolar modulation artefacts. 112 Ad-
ditional 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 extraction
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. 12

The introduction of shaped pulses to EPR, enabled by the avail-
ability of arbitrary waveform generators (AWGs) with nanosec-
ond resolution, has provided new possibilities for the improve-
ment of current pulse EPR experiments, including DEER.13-23
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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 rpggr = 11 — 71 for
the four-pulse experiment, rpger = 1 — 1, for the five-pulse DEER exper-
iments and 1pggr = 71 + » + 13 — 1) — 1, — 13 for the seven-pulse DEER
experiment.

The increased excitation bandwidth of linear chirp or hyperbolic
secant/hyperbolic tangent (sech/tanh) pump pulses has been ex-
ploited to increase the modulation depth and therefore the sen-
sitivity of the DEER experiment. 1>16:20 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 simi-
lar 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. 1416 A seven-pulse Carr-
Purcell PELDOR experiment with multiple pump pulses has also
been proposed (see Fig. 1) and allows for an even more substan-
tial increase in the length of the dipolar evolution time with com-
parable sensitivity. 21

The AWG capabilities required for the use of shaped pump
pulses have initially been introduced as home-built extensions to
existing EPR spectrometers. 13-1> AWG-based spectrometers have
also been developed 17-2* and have recently become commercially
available.

The application of shaped pump pulses in DEER has mainly
been limited to instruments equipped with two separate incoher-
ent microwave sources for the observer and pump pulses, i.e. with
an incoherent pump channel. Several developed home-built and

2| Journal Name, [year], [vol.],1-16

the commercially available AWG-based spectrometers however
use a single microwave source and therefore generate coherent
observer and pump pulses. While in the presence of an inco-
herent pump channel most effects of the pump pulse on the ob-
server 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 involv-
ing 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 re-
main unidentified and are interpreted as part of the dipolar oscil-
lations, can lead to the extraction of erroneous distance distribu-
tions and misinterpretation of the experimental data. A detailed
understanding of the origin and nature of these artefacts is there-
fore 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 pro-
teins. We present a detailed analysis of the consequences of co-
herent pump and observer frequencies under a range of experi-
mental conditions.

We analyse the shapes and relative intensities of the differ-
ent types of interfering echoes generated in experiments with co-
herent 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 distor-
tions introduced in DEER are discussed. It is shown that elimi-
nation 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 chan-
nel at the pump frequency and no phase cycling are compared
in Fig. 2. The use of coherent pump pulses leads to signifi-
cant distortions at several points of the DEER trace. Inspec-
tion 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 ob-
server pulses. These additional echoes are generated by coher-
ence transfer pathways2°27 involving both observer and pump
pulses and cross the detected refocused primary echo (PEj,r3
at 27,+21,, 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 inde-
pendent of sample and measurement conditions and are likely

This journal is © The Royal Society of Chemistry [year]
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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 = 1207.9mT, 7; = 400 ns, 17, = 2.3 s, 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 tpegr is increased is indicated by arrows.

instrumental 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 3V~! = 27 coherence transfer pathways
ending with observer spin coherence order —1 for detection. Ne-
glecting the pathways leading to FIDs and pathways that do not
lead to refocusing to an echo leaves 19 coherence transfer path-
ways. The corresponding echoes and their refocusing points are
listed in Table 1. The positions of the echoes during the four-pulse

Table 1 Echoes, coherence transfer pathways, positions and crossing
times fpeeR cross With the refocused echo (PE,r3) for a four-pulse DEER
sequence (ipger = f1 — 7). The coherence transfer pathways are speci-
fied 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 IDEER,cross
PEj» + - - - 27 -
PEp + + - - 271421 T — T
PEZp o + - - T 421 T — %’L’l
PE3 + + + - 471421 -
PEy3 0o + + - 371 4+21 -
PEP3 0O 0 + - 3T 4+21m — 1 0
PElzl’p - 4+ - = 21 T
PE;s13 -+ + - 271 +27 detection
PElpI‘3 - - 4+ - 271+ 21 — 21 —T1
PEpr3 0 — + —  3u42m-24 iy
PElerI‘3 + - + - 41421 — 21 0
dPE[]zp]3 + 0 + - 471 +27 — 1 T]
dPE][2P3] + - 0 - 34+1m—1 -7
SE12p + 0 - - 27 +1 20— 1
SEi23 + 0 0 - 3T+ -
SEip3 + + 0 - 3 +n+n T —271
SEops 0o + 0 - 211+ m+4 -1
SE]QPI‘3 - 0 + - 271 +21% — 1 —T1
SE(pE12)p3 - + 0 - T+ T+ ™
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DEER experiment are shown in Fig. 3. The observer pulse se-
quence generates five standing echoes, which in most cases do not
interfere with detection on the refocused echo PE|,r3 at 27, +21.
However, if 7; and 7, are equal (or almost equal), the stimulated
echo SE|;3 at 37 + 1, 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 rpggr (see
Table 1). If tpggg is varied within the range —7; < tpgpr < T, dis-
tortions of the DEER trace due to crossing echoes can occur at the
positions indicated on top of Fig. 3. The echo crossings at —1;
and 1, 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 inter-
fering echoes are characterized by different shapes and intensi-
ties, which will affect the type and severity of the distortions in-
troduced in the DEER trace. The properties of these additional
echoes were therefore investigated. The different types of pos-
sible echoes listed in Table 1 were investigated separately by
recording transients for two- and three-pulse sequences contain-
ing 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 5 pulse of the DEER sequence and
the second pulse corresponding to the © 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 ma-
trix approach taking the instrumental transfer function into ac-
count for both excitation and detection (see sections 5, 5.3 and SI
for details). The experimental and simulated echo transients are
compared in Fig. 4. Fourier transforms of the different echoes are
shown in the SI in Fig. S7.

Journal Name, [year], [vol.], 1-16 |3
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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 us. The four-pulse DEER sequence is plot-
ted 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 path-
ways and echo times). The crossing positions of the moving echoes with
the detected refocused echo (PEj,r3, position shown in red) are high-
lighted. 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. 4 A. The shapes of the echoes are well reproduced by the
simulations. The difference in relative intensities of the stimu-
lated and refocused echoes in the three-pulse sequence is due to
the neglect of relaxation in the simulations. An accurate repro-
duction of the experimental echo shapes required the inclusion of
the effect of the resonator profile for both excitation and detec-
tion. In particular, taking the resonator into account leads to the
observed asymmetry in the PE;; echo generated by two consecu-
tive 7 pulses. The negative and positive parts of this echo are due
to the consecutive refocusing of the counter-rotating magnetiza-
tions 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 & pulses do not generate trans-
verse magnetization for spin packets on resonance. The shape of
the stimulated echo SE|,3 is due to a similar effect.

In two-pulse sequences with monochromatic rectangular pulses
at two different frequencies (see Fig. 4 B), echoes are generated
by spin packets resonantly excited by both pulses. Their inten-
sity envelope and frequency content is therefore determined by
the extent of overlap of the pulse excitation profiles (see SI). The

4| Journal Name, [year], [vol.],1-16

excitation profile of an ideal rectangular inversion pulse can be
approximated by a sinc function

€3]

where 6 is the flip angle and 7, the length of the pulse. The corre-
sponding transverse component of the magnetization can be cal-
culated as V'MZ+ M2 = V1—MZ. Instrumental distortions lead
to attenuation of the side lobes (wings) of the sinc function. 28
Nevertheless, the overlap of the excitation profiles of a 32ns or
a 64ns pulse at the observer frequency and a 64ns pulse at a
pump frequency with a frequency offset of 70 MHz is sufficient to
generate primary echoes PE;, and PEy;, of considerable intensity
(see for example Fig. 2, panel 4). The main frequency compo-
nent 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 fre-
quencies (see SI, Fig. S7). The main deviations of the simulated
echo shape from the experimental one are due to a lower rela-
tive 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 7 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. 4 B. The stimulated and refo-
cused echoes are shown on the same scale and reveal a significant
reduction in intensity of the refocused echo compared to the cor-
responding 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 simula-
tions. The slightly higher intensities of the refocused echoes in
the simulations are due to the neglect of spin relaxation. The po-
sitions 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 PEp; echo, the
stimulated 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 (, = 200ns, BW.. = 70 MHz,
B =4/t and Av = 75MHz) are shown in Fig. 4 C. An ideal adia-
batic sech/tanh pulse with a high 8 parameter approaches a rect-
angular 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 200ns) and limited power, the sech/tanh pulse

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Experimental (top) and simulated (bottom) two- and three-pulse echoes generated by 32 ns and 64 ns rectangular £ and 7 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 = +70MHz) (B), and
by rectangular pulses at the observer frequency and a 200 ns sech/tanh pulse (BW.. = 70 MHz, B = 4/1,) at a coherent pump frequency (Av = +75MHz)
(C). The time axis r 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 (3 ), second () and third () observer pulse of a four-pulse DEER
sequence. Two-pulse echoes were recorded and simulated with a delay 7 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.
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is typically truncated (B ~ 4/1,) without significantly affecting
performance. 16:2° This does however lead to reduced inversion
uniformity and decreased selectivity (decreased steepness of the
edges of the inversion profile), and therefore to an increased over-
lap of the excitation profiles of the pump and observer pulses.

Similarly to the case of the rectangular pump pulse, the fre-
quency 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 excita-
tion bandwidth of the sech/tanh pulse (see SI 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 fre-
quency components corresponding to the zero crossings causes
the apparent separation of the echo into three or four compo-
nents (for PE;, and PEy,,, respectively). The primary echo PEp; is
again mainly determined by spin packets with resonance frequen-
cies close to the observer frequency. Spin packets with lower res-
onance frequencies contribute to the echo mainly at later times,
since in this case the sech/tanh pulse precedes the & 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 characterized by a
much higher intensity compared to the corresponding refocused
echoes (see bottom panels of Fig. 4 C). The three types of stimu-
lated echoes contain multiple frequency components at frequen-
cies 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 how-
ever overestimate the intensity of higher-frequency components.
This can be seen most clearly for the primary echoes PE;, and
PEy;,, where the higher frequency components in the experimen-
tal echoes, contributing at later times of the echo, are clearly at-
tenuated with respect to the simulations. Experiments performed
with an inverted sweep direction of the sech/tanh pulse demon-
strate 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 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 transmitter (see SI section 2.3 for further discus-
sion). 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 ob-
server and pump pulses depends on the extent of overlap of their
excitation profiles, the use of Gaussian observer pulses could po-
tentially 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. 4 C 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 Vpump is reduced
almost to the noise level. However, the primary echo PEp; and the
stimulated echoes are still characterized by an appreciable inten-
sity. While a series of spin packets at different frequencies within
the excitation bandwidths of both observer and pump pulses con-
tributed 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 pack-
ets 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 re-
lated to the resonance line shifts and phase shifts induced by
off-resonant microwave radiation. 1%:18:30-32 The dynamic phase
shifts in the observer echo caused by the pump pulse in DEER

Echoes for Gaussian observer pulses and a coherent sech/tanh pulse at the pump frequency
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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 = pulses, respectively, and a 200 ns sech/tanh pulse (BW.. = 70 MHz, B = 4/1,) at a coherent pump
frequency (Av = +75MHz). The echoes are labelled as in Table 1. Two-pulse echoes were recorded and simulated with a delay 7 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 SI.
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experiments have been analysed in detail and explained using a
simple vector model by Bowman and Maryasov. 1° The same vec-
tor model can also be used to explain the formation of the echoes
described above: A pulse applied to a spin system at thermal equi-
librium tilts the magnetization of off-resonant spin packets with
respect to the z-axis. After the pulse, there is therefore a trans-
verse 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 refo-
cused echoes generated by two rectangular pulses at the observer
frequency and a third sech/tanh pulse centred at the pump fre-
quency is approximately proportional to the overlap of the corre-
sponding excitation profiles (see SI section 2.5). The integrated
intensity of the corresponding stimulated echo, on the other hand,
decays more slowly for decreasing excitation overlap. The ex-
periments described in this paper were performed with a suffi-
ciently 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 in-
creased overlap of the excitation profiles due to shorter observer
pulses, increased pump pulse bandwidth or smaller frequency off-
set, these refocused echoes can gain intensity. Similarly, an in-
crease in intensity is also possible in the presence of a significant
contribution of microwave radiation 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 compared 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 fre-
quency modulating the refocused echo, these artefacts could be
difficult to identify as such and lead to errors in distance distribu-
tions determined by Tikhonov regularization.

The intensity of the interfering echoes depends on the excita-
tion bandwidth overlap between observer and pump pulses. An
increased overlap will lead to an increased intensity of the inter-
fering echoes and therefore to more pronounced distortions in the
DEER trace, in addition to the appearance of a ‘2+1’-type dipolar
modulation of the refocused echo PE|,r3 towards the end of the
DEER trace. !1:12 For the 32 ns % and 64 ns 7 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 75MHz) with respect to the ob-

This journal is © The Royal Society of Chemistry [year]
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server frequency, the effects of 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 re-
duced, but still present (see SI 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. In-
creasing 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 mea-
surements between nitroxides at X- or Q-band, a reduction of the
excitation bandwidth overlap of observer and pump pulse suffi-
cient to remove the effect of the interfering echoes is not feasible.

Due to the contributions at different frequencies, another pos-
sibility 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 signifi-
cant 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 unde-
sired coherence transfer pathways following the theory described
in references2® and?’. In the following, different types of phase
cycling schemes will be referred to with short-hand notation, 27
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)xxpX,
which is typically used for four-pulse DEER with an incoherent
pump pulse channel, only removes the echo crossing artefacts at
tpeer = 0, IDEER = T2 — %‘L’] and IDEER = T2 — T1 due to primary
echoes PE;3 and PEy, and the stimulated echo SE;p3, respectively.
A four-step phase cycle (x)(x)xpx, where the phase of the sec-
ond observer pulse is also varied, also removes the delayed pri-
mary echo PE[jpp3 crossing at tpger = 71. The eight-step phase
cycle (x)[x]xpx (see Table 2 for details) also removes the stimu-
lated echo SEp3 at tpggr = 72 — 271 and the primary echo PEj,
at ipggr = T — 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 PEj,r, and the stimu-
lated echo SE(pE12)p3 At IDEER = T2, and the twice refocused echo
PEorpr3 at tpggr = 0. The echo crossings at fpggr = 7> should in
general not be a problem, since they fall within the region of pulse
overlap that is typically discarded. However, the echo crossing at
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Fig. 6 Four-pulse DEER traces recorded with different phase cycles for a monochromatic rectangular pump pulse (left, 1, = 64ns, Av = 70 MHz) and
a sech/tanh pump pulse (right, r, = 200 ns, BW.. = 70MHz, B =4/1,, Av = 75MHz). Traces recorded with different phase cycles are slightly offset
for better comparison. In both cases, the observer pulse lengths were 7, , = 32ns and t; = 64 ns and inter-pulse delays were set to 7; = 400ns 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.

tperr = 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 ob-
server and pump pulse excitation profile overlap or in the pres-
ence of a significant contribution at the observer frequency during
the pump pulse. The eight-step phase cycle [x](x)xpx (Table 2)
also removes the potential contribution at rpggr = 0, leaving only
echoes crossing at ipggr = —71 and fpggr = T, and is therefore a
better phase cycle for the four-pulse experiment.

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 relation-

Phase [t .. = 1630ns
cycles DEER PE12I‘3
XXXpX
PE,, SEysf\  pp, T13
xxpx [T
dPE[mp]3
4-step
- () ()xpx VT
SEys PE;, [\ SEips
8-step
[x] () xpx —
SE (pE12)p3
16-step
x[x] [xp]x

T T T T T T T T T T
40 45 50 55 6.0 65
t (us)

T T T T T T T T T T
40 45 50 55 6.0 65
t (us)

Fig. 7 Echo transients recorded for two different positions of a monochro-
matic rectangular pump pulse (ipger = 610 ns (left) and rpggr = 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.
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ships 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 following the same proce-
dure.?” 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[xp]x, removes all crossing echoes, but leaves the standing
stimulated echo SE;,3, which could interfere with detection if
71 = T,. The 16-step phase cycle x[x][xp]x removes all echoes
except for the primary echo PE;, and the desired refocused echo
PEj,r3. Achievement of a similarly efficient suppression of co-
herence transfer pathways using only phase cycling of the ob-
server pulses would require a 64-step phase cycle, where each
of the observer pulses is cycled in steps of 90° (CYCLOPS?33),
ie [x][x]xp[x].

In the presence of a contribution at the observer frequency dur-
ing 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, and therefore the refocused echoes,
otherwise of negligible intensity, could become significant. Since
the phase of the contribution at v, 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 contri-
bution at v,,s. 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

*1f 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 Royal Society of Chemistry [year]
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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.

Four-pulse DEER
Phase cycle Steps Pulse Pulse phase cycle Remaining echoes®
() [x]xpx 8 1(% [+(+x) —(-x)]
(observer (?nly) 2 ((7%5)) [+(+x) —(+y) +(=x) —(-=y)] PE12Tp, SE(pr12)ps. PE121pT3
[x] (x)xpx 8 1(Z [+(+x) +i(+y) —(—x) —i(-y)]
(observer (?nly) 2 ((727:)) [+(+x) +(—x)] PEiatp, SE@p12)p3
®x[xp]x 8 1(%) [+(+3) —(=%)] SE123”
p () [+(+%) +(+y) +(=x) +(-W)]
x[x][xplx 16 2 (m) [+(+x) —(+y) +(=x) —(-¥)] -
p (mp) [+(+x) +(+y) +(=x) +(=y)]
[x][x]xp[x] 64 1(%) [+(+x) +i(+y) —(=x) —i(-y)] -
(observer only) 2 (m) [+(+x) —(+y) +(=x) —(-=y)]
3 (m) [+(+x) —(+y) +(=x) —(=y)]
Reverse five-pulse DEER
Phase cycle Steps Pulse Pulse phase cycle Remaining echoes®

(xx)xp [x]xp 8

[+(+x,+x) —(—x,—x)]

PE23b, PElpr3, PEZPI‘3, PE[ﬂ‘pI‘}, PElpr3rP’,

(observer only) 3 (m) [+(+x0) —(+y) +(=x) —(-y)] PEyp13ryy, PEjarprary
xx[xp][x]xp 16 P (mp) [+(+0) +(+y) +(=0) +(-y)] PE,3”
3 (7) [+(+x) —(+y) +(-%) — (=]
[x] [x]1xp [x]xp 64 1(%) [+(+x) +i(+y) —(—x) —i(—y)] PE|p1p130yy
(observer only) 2 (7) [+(+x) —(+y) +(—x) — (-]
3 (m) [+(+x) —(+y) +(=x) = (=]
Forward five-pulse DEER
Phase cycle Steps Pulse Pulse phase cycle Remaining echoes®
xXxp [X]xp (X) 8 2 (m) [+(+x) —(+y) +(—x) —(-y)] PEy,13°, PEy1or3®, PEjo1p, PEporp,
(observer only) 3 (m) [+(+x) +(—x)] PE,p12rp, PEarprs, PEyorprs PE yrorprs
xxp [x] [xp]x 16 2 (m) [+(+x) —(+y) +(—x) —(—y)] PEpv2r3”, PE]p'I‘21’3h
p (mp) [+(+%) +(+y) +(=x) + (=]
[x]xp [x]xp [x] 64 1(%) [+(+x) +i(+y) —(-x) —i(-y)] PEpratpr3
(observer only) 2 (m) [+(+x) —(+y) +(—x) = (-]
3 (m) [+(+x) —(+y) +(=x) = (=]
Seven-pulse DEER
Phase cycle Steps Pulse Pulse phase cycle Remaining echoes®
x[x]xp (x) (xp) (xp)x 32 2 (m) [+(+x) —(+y) +(—x) —(—y)] PE51p”, PEporyr3ty1s”, PEryryrrpors?,
3 (7[) [+(+X) +(*X)] PElzrp"v, PElzrp*IPW, PElzrp,r3r4, PElzrp’I‘p”r4,
p’ (”p) [+(+x) +(—x)] PE121‘31’p”rpv", PE12r3I'pv"1‘4, PE]zrp»rpmm,
p” () [+(+x) +(—x)] PE |21y 131pty», PRIy I3IyIpory

[xx] [xpIx[xpxp1 () 128

[+(+x,+x) +i(+y+y) —(—%X,—%) —i(~y,—y)]

P (m [+(+%) +(+y) +(—%) +(-)]
P (), p7 (M) [+H(+%,4%) +(+y+y) +(—x,—%) +(=y%—y)]
4 (m) [+(+x) +(—x)]
[x][x]xp [x]xpxp[x] 256 1(%) [+(+x) —i(+y) —(—x) +i(-y)]
(observer only) 2 (m) [+(+x) —(+y) +(—x) = (-]
3 (m) [+(+x) —(+y) +(—x) —(=y)]
4 () [+(+x) —(+y) +(—x) —(=y)]

PEp3r4?

b
PElzrp'I'3 I'p777 T4

@ Standing echoes within about 7; from the detected refocused echo and echoes crossing the refocused echo in the range 0 < fpggr < fDEER max, Where fpggR max

is the maximum evolution time up to overlap of observer and pump pulses. (See SI for details.)

b Standing echo.

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)xpx, or including pump pulse phase
cycling, (x)x[xplx.

3 Multi-pump-pulse DEER

DEER experiments involving multiple pump pulses and additional
refocusing observer pulses have been proposed with the aim to ex-

This journal is © The Royal Society of Chemistry [year]

tend the accessible dipolar evolution window and allow measure-
ments of longer inter-spin distances. 14 Five-pulse and seven-pulse
DEER experiments, with two and three pump pulses, respectively,
have been demonstrated to lead to improved sensitivity in the
measurement of long distances. 1416:21 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
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coherent observer and pump pulses in these extended DEER ex-
periments 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 aris-
ing from residual signals due to undesired population transfer
pathways involving B spins excited by only a subset of the pump
pulses. 1421 In the case of the five-pulse DEER experiment, in ad-
dition to the desired pathway leading to the five-pulse signal,
the pathway corresponding to B spins not excited by the sec-
ond pump pulse (p’) leads to a residual four-pulse signal with
a zero-time fpgpr = 7] — 1ty (OF fpgER = Ty — 1 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
t; = 71 and 13 = 13, corresponding to fpggr = — 7| + T + 73 — 1, and
IDEER =TI + Ty — T3 — . %1

The artefacts introduced by these additional population trans-
fer pathways cannot be removed by phase cycling. The inten-
sity of the corresponding signals can be reduced by optimizing
the pump pulses to give population transfer amplitudes close to
unity. Different strategies for the extraction of the signal of inter-
est have been proposed, if the artefacts cannot be removed exper-
imentally. 142! These strategies are based on the subtraction of a
reference signal, either recorded experimentally 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 po-
sition of dipolar refocusing from #; = 7; in the four-pulse DEER
experiment to f; = p, giving the time axis for the experiment
fpEER = 1 — t2, Where 1, is the delay between the second pump
pulse and the second or third observer pulse. The dipolar evo-
lution time is thus extended up to 7| + 7 — .14 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. 4 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).1416 Here, the two versions of the experiment will be re-
ferred to as forward and reverse five-pulse DEER, respectively.

The five pulses lead to 3¥~! = 81 coherence transfer pathways,
starting from thermal equilibrium and ending with observer spin
coherence order —1. Among these, 19 generate standing echoes
and 46 moving echoes (see SI 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 us and 7, =
2.4 us are shown in Fig. 8 A. There are 32 echoes crossing the de-
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tection window in the relevant range 0 < trpgrr < 71 + 7o — . The
crossing positions are clustered around %rl, T, %Tl +7, T1+ T
and 271) or 21, (for forward and reverse five-pulse DEER, respec-
tively) and separated by multiples of %tz. In addition to this, there
are several standing echoes that can partially overlap with the de-
tection window, depending on the difference between 7, and 7,
and on the length of the delay r,. In particulay, if 7; = 15, the stim-
ulated echo of the observer sequence overlaps with the refocused
echo and has to be removed by phase cycling.

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. 8 A. The residual four-pulse sig-
nal at about 2 us can be clearly identified. Significant distortions
over large portions of the DEER trace can be observed in the ab-
sence of phase cycling. Inspection of echo transients recorded for
different positions of the first pump pulse during the delay 7, + 1,
(see Fig. 8 B) allows identification of the most intense echoes in-
terfering with detection on the refocused echo PE ,r;. The most
significant artefact is caused by the primary echo generated by the
two pump pulses, PEp,y, and ranges from about tpggr = 200 ns to
tpper = 1.2 ps (predicted crossing time fpgpR cross = T2—30 —fp =
0.8ws). This echo is characterized by a similar signal inten-
sity as the detected refocused echo and an overall echo length
of about 3, = 1.2us due to the opposite sweep direction of
the two pump pulses. Additional significant distortions are in-
troduced around rpggr = 2.2 pus when the delayed primary echo
dPE|yp3)y and the refocused primary echo PEppryy cross the detec-
tion window (predicted crossing times are fpggr = 71+ —tp and
IDEER = %’cl + 1) — 21, — 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 significant
excitation bandwidth overlap, refocused echoes where the refo-
cusing is induced by two pump pulses are sufficiently strong to
introduce visible distortions to the DEER trace. The echo PEypryy
is due to spin packets resonant with the pump frequencies and
refocused by both pump pulses. Several additional echoes cross
the detection window during the dipolar evolution time of the
five-pulse experiment, however their intensity under the present
experimental conditions was comparable to the noise level.

The interfering echoes can be removed by phase cycling. Differ-
ent 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 follow-
ing refocused echoes: PE;,r3 crossing at fpggr = 71 + T — 1,
PEjpry crossing at fpger = %Tl + T —tp, PEjprpr3 crossing at
IDEER = T2 — Iz, PEjpI3rpy crossing at fpggr = 71, PEjpr3ryy cross-
ing at tpggr = %r] and PEj,1pr3r)y crossing at pegr = 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,3 separated
by 1, from the detected refocused echo. The five-pulse DEER trace
recorded with this phase cycle is also shown in the top panel of

This journal is © The Royal Society of Chemistry [year]
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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 7, = 2.1us, 7, = 2.4 us
and r, = 400ns. 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 follow-
ing the same colour code as in Fig. 3 (see Table S2 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 (PErs,
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 and the direction of
movement for crossing echoes is indicated by arrows.

Fig. 8 A, demonstrating 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

This journal is © The Royal Society of Chemistry [year]
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be required to remove most of the remaining crossing echoes,
but does not remove the contribution of the triply refocused echo
PE1p131py at ipggr = 0. On the other hand, a 16-step phase cycle
involving both observer and pump pulses, xx[xp][x]xp (Table 2),
removes all of the crossing echoes and the standing echoes close
to the detection window (except PE,3 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[ylxp instead of (xx)xp [x]xp,
[+(+x,+y) —(—%,—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. 34

3.1.2 Forward five-pulse DEER.

Similar considerations apply to the forward five-pulse DEER ex-
periment. The corresponding data is shown in the SI (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 PEp, and the
stimulated echoes SEy,3 and SEpp3. The most significant distor-
tions are similarly caused by the primary echo PEy,, but are less
severe as this echo crosses the detection window for a longer de-
lay between the two pump pulses compared to reverse five-pulse
DEER and has thus decayed more significantly due to relaxation.
In addition to this, the crossing point occurs at a later point in the
DEER trace (fpgrr = %’L‘] + 17— %tz), where most of the modula-
tions will likely already have decayed.

The observed distortions can again be removed by phase cy-
cling (Table 2). The eight-step phase cycle xxp[x]xp(x) involving
only the observer pulses removes all crossing echoes except for
echoes refocused by both observer and pump pulses and there-
fore exhibiting negligible intensity under the present experimen-
tal conditions. Specifically, the echoes not removed by this phase
cycle are: PE,r, crossing at fpggr = 71 + T2 — 12, PEp»1p crossing
at IpEER = %’L’l +1 — %tz, PEy1orp crossing at fpggr = 72, PE121pI3
crossing at fpggr = 71 — f2, PEpy)rpr3 crossing at fpggr = %‘c] — %tz
and PE;,1orpr3 crossing at fpggr = 0. The only remaining stand-
ing echoes that approach the detection window in experiments
with certain inter-pulse delays are the refocused primary echoes
PEy»r3 and PE;pror3, separated by 1) — 1, and 27;—21 from the
detected refocused echo. Again, a 64-step phase cycle on the ob-
server pulses would be required to remove all crossing echoes,
and would still leave the contribution of the triply refocused echo
PEp1o1pr3 at ipggr = 0. A 16-step phase cycle, analogous to the
one proposed for reverse five-pulse DEER, xxp[x] [xp]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 ex-
periment (see Fig. 1). 1421 Similarly to the five-pulse experiment,
71, 7, and 13 are chosen to be equal or almost equal to maximize
echo intensity. The time axis of the seven-pulse DEER experiment
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Fig. 9 (A) Positions of the echo crossings in a seven-pulse DEER exper-
iment with the following inter-pulse delays 7, = 1.9us, 7, = 2.1us, 13 =
2.2us and 1, = 200ns. 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
(PEj2r3, 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 conven-
tions used for the four- and five-pulse experiments and the direction of
movement for crossing echoes is indicated by arrows.

is given by fpggr = 71 + T + 73 — 1] — 1, — 13 for delays as indicated
in Fig. 1. The maximum dipolar evolution time for this sequence
corresponds to Ty + T, + 73 — 1] o —f» — 130, Where 11 g and 13 o refer
to the initial values for the corresponding delays.

The seven pulses give 3V~! = 729 coherence transfer path-
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ways 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 win-
dow. In addition to the crossing echoes, several standing echoes
partially or completely overlap with the desired refocused echo
PE,r3r4 at 2(7; + 7» + 73) and have to be removed by phase cy-
cling.

The positions of the echoes during a seven-pulse DEER exper-
iment performed with inter-pulse delays 7, = 1.9 us, 7, = 2.1us
and 13 = 2.2 s are shown in Fig. 9 A along with the correspond-
ing DEER trace recorded without phase cycling. The apparent os-
cillation with a maximum at about 2 us is due to the contribution
of the additional population transfer pathways. Distortions due
to crossing echoes can clearly be identified around 1.7 us and in
the range from about 3.5 us to 5.0 us. Oscillations in the quadra-
ture part of the signal indicate the presence of additional arte-
facts around time zero and in the initial part of the trace, where
artefacts can introduce large errors in distance distributions de-
termined by Tikhonov regularization. Echo transients recorded
at different times during the DEER experiment show several rel-
atively strong echoes induced by the coherent pump pulses (see
Fig. 9 B). The primary echoes PE,,» and PE,» formed by pairs
of pump pulses, could be clearly identified and cross the detected
echo at around pggr = %(171 —T)+ 13—t and fpggr = 7| + T3.
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 dis-
tortions were considered (see Table 2). The 32-step phase cy-
cle x[x]xp (%) (%p) (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 rpggr = 77 for similar 7, 7, and 73
values and the other at tpggr = 0 (see SI section 4.2 for more
information). The DEER trace recorded using this phase cycle
is shown in the top panel of Fig. 9 A. 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)xpXpX, is shown
for comparison and still contains the artefact at about 1.7 us. This
phase cycle is therefore not sufficient. All of the moving echoes
crossing the detection window during a seven-pulse DEER exper-
iment with 0 < tpggr < 71 + 72 + 73 — 11,0 — t» — 139 are removed in
the 128-step phase cycle [xx][xp]x[xpxp](%). A 256-step phase
cycle, xx[%p] [x]xp [%p][x], would be required to remove all of the
moving echoes. Amongst the phase cycles only involving the ob-
server pulses, the 128-step phase cycle [x][x]xp[x]xpxp(x) only
leaves two crossing echoes, and the full 256-step phase cycle
[x][x]xp[x]xpxp[x] removes all of the crossing echoes.

In summary, in the multi-pulse DEER experiments, the most sig-
nificant distortions are caused by primary echoes formed by two
pump pulses, which are characterized by intensities comparable
to those of the detected refocused echo. These distortions were
found to be most severe for the reverse five-pulse DEER experi-
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ment. In case of both versions of the five-pulse DEER experiment,
however, an eight-step phase cycle, or a 16-step phase cycle in-
cluding pump pulse phase cycling in case of increased overlap of
the pulse excitation profiles, efficiently removes the correspond-
ing echo crossing artefacts. In the seven-pulse DEER experiment,
a 32-step phase cycle involving changes in the phases of both ob-
server and pump pulses was found to be required to remove echo
crossing artefacts in the absence of significant excitation band-
width 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 shap-
ing 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 pa-
per, we have analysed the effects of coherent observer and pump
pulses in the standard and in multi-pump-pulse DEER experi-
ments. 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 neg-
ligible under these conditions. These results highlight the impor-
tance of considering off-resonant effects in multi-frequency exper-
iments, both in the case of coherent pulses at fixed frequencies 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 identi-
fied in the DEER traces. The introduced distortions can be se-
vere 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 misinterpretation. This
was shown to be possible through phase cycling. The negligi-
ble intensity of echoes refocused by pulses at different frequen-
cies allows the use of phase cycles with fewer steps compared
to phase cycles that would be required to suppress all of the co-
herence 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 effects of coherent pump pulses
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in the standard four-pulse and the novel multi-pump-pulse DEER
experiments performed on nitroxide-labelled proteins can there-
fore 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 demonstrates
that all of the signals, including those due to off-resonant ef-
fects, 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 spec-
trometers. The inclusion of the instrument transfer functions for
both the excitation and detection paths of the spectrometer 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 exper-
iments through optimization of analytical pulse shapes and the
design of optimal control pulses. 1317

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 reference '3, 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 com-
puter. 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-3.5GHz, 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 CISO80120F) protect the bridge
from reflections. The pulses from the AWG channel are therefore
coherent with the pulses on the internal pulse forming channels
(SPFU, Stripline Pulse Forming Unit) of the spectrometer. The
additional pulse channel was installed in parallel to the internal
SPFU channels and follows the same signal routing pathway to

AWG trigger

'
+ X-band
'
1 source
'
'

'
to amplifier/ [
o
Q-band upconversion 1 ! !
'
'

SPFU . .
E580 bridge 1

PatternJet 1
________________________________________ i RREREE

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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the resonator. The AWG channel is triggered from the +(y) chan-
nel 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 v, to the AWG signals) by apply-
ing a DC offset to the I and Q channels of the AWG following a
procedure similar to the one reported in reference 4.

The measurements were performed with an overcoupled di-
electric resonator (Bruker EN5107D2, Q-factor of ca. 300-400)
at 50K 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 excita-
tion and detection paths is required. The spectrometer transfer
function was therefore determined following the procedure de-
scribed in reference!®. The resulting transfer function can be
used to derive the resonator impulse response affecting both ex-
citation and signal detection. Further details can be found in the
SI. 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 de-
tails and plots of the experimental frequency response functions
can be found in the SI. 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
Trip8beore (truncated tetratricopeptide repeat-containing Rab8b-
interacting protein, residues 223-303). The EPR samples were
prepared as described in reference3°.

Four-pulse DEER data were recorded with the pulse sequence
%obs — T — Tobs — 11 — Tpump — (T1 + T2 — 1) — Tops — T (see Fig. 1)
with observer pulse lengths ¢, , = 32ns and #; = 64 ns and delay
times 7; = 400 ns and 7, = 2.3 us. The pump pulse position was
varied in 10ns increments. The time axis of the experiment is
tpeEr =t — 7. The pump pulse was either a 64 ns monochromatic
rectangular pulse at a frequency of Vpump = Vops+70MHz or a
200 ns sech/tanh pulse centred at Vpump = Vops+75 MHz and with

the following amplitude and frequency modulation functions: 16
By (t) = B"®*sech (Bt) 2
v(t) = %BWmtanh(Bt) 3)

where BI"** is the maximum B, field, j is a truncation parameter,
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BW.. is the pulse bandwidth for tanh (f¢) (the pulse sweeps over
the range +BW../2) and ¢ is defined in the range from —z,/2 to
+1p/2. The phase modulation function ¢ () is obtained as the
integral of the frequency modulation function
1 BWe

o) = 57108 [cosh (B1)] 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([) =B (t)eZHi[(j)(t)JrAv] (5)

where Av is the offset with respect to the observer frequency.

The parameters f and BW., were set to 4/f, and 70 MHz
(i.e. the sech/tanh pulse sweeps over the range Vpump = Vobs+
75MHz + 35MHz), respectively. These pulse parameters were
determined using the optimization method described in ref-
erence20 (see SI for details).
sech/tanh pump pulses, the central pump frequency approxi-
mately matched the maximum of the nitroxide spectrum and was
set to about 20 MHz above the frequency of the centre of the res-
onator dip. Reference experiments were performed with a 64 ns
monochromatic rectangular pump pulse from the incoherent EL-
DOR channel of the Bruker spectrometer.

For both monochromatic and

Five-pulse DEER data were recorded with the pulse sequence
Fobs — (71 —12) = Mpump — t2 — Mobs — 11 — Mpump — (71 + T2 —11) —
Tohs — T2 for the forward version of the experiment (second pump
pulse before the second observer pulse) or with the sequence
%obs =T — Tobs — (T1 + T2 —11) — Tpump — 11 — Mobs — f2 — Mpump —
(T2 — 1) 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 t; = t, and the
time axis of the experiment corresponds to 7pggr = t| — t, Where
t; is the delay as indicated in Fig. 1. The five-pulse DEER exper-
iments were performed with observer pulse lengths ¢, /2 =40ns
and 77 = 80 ns and delay times 7y = 2.1 us and 7, = 2.4 us. 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; 4+ 7, was varied in 10ns incre-
ments.

Seven-pulse DEER experiments were performed with the pulse
sequence 7, — T1 — Mghs — 11 — Mpump — (T1 + T2 —11) — Mohs — 12 —
Tpump — (T2 + T3 —t2 —13) — Mpump — 13 — Mops — T3 (see Fig. 1). The
seven-pulse DEER experiments were performed with observer
pulse lengths 75/, = 40ns and 7 = 80ns and delay times 7, =
1.9us, » = 2.1us and 73 = 2.2us. The initial pump pulse de-
lays were set to t; g =t =130 = 200ns. The position of the first
pump pulse (r;) was incremented in 10 ns steps and the position
of the third pump pulse was simultaneously decremented in 10 ns
steps (73 incremented). The experiment time axis is obtained as
fDEER = T1 + T2 + T3 — 1] — 1 —t3 (with delays as labelled in Fig. 1)
and therefore At = 20 ns. The maximum of the DEER trace (zero-
time) occurs when 1y =13 = % (T1+m+13—1).
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The pump pulses in the five-pulse and seven-pulse DEER ex-
periments were 400 ns sech/tanh pulses with the parameters f3
and BW.. set to 6/f, and 35MHz, 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 multi-
ple 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. 421 In the four-pulse DEER experiment, on the
other hand, a reduced inversion efficiency over a larger band-
width can still lead to a more significant increase in modulation
depth. The pump pulse optimization was performed by measure-
ment of the experimental inversion profiles as a function of pulse
length, bandwidth and B parameter and using the method de-
scribed in reference 20 to optimize the frequency offset (see SI 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 evo-
lution 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. 10

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

Two- and three-pulse echo transients were recorded for differ-
ent combinations of 5 and 7 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 600ns was used for the two-pulse sequence and inter-pulse
delays of 600ns and 1800 ns were used for the three-pulse se-
quence. 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 = +70MHz). A total of 2!0 transients were averaged for
the two-pulse echoes and averaging over 2!7 transients was per-
formed for the three-pulse echoes.

5.3 Simulations

The echo simulations were performed with a custom Matlab pro-
gram 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 propaga-
tion using a time step of 1 ns.3¢ 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 sig-
nals with the resonator impulse response. The impulse response
function was derived as described in references 53¢ based on the
frequency response of the resonator measured through nutation
experiments (see section 5.1 and SI). The effect of the video am-
plifier on the echo signals was modelled by a digital filter based
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on the measured frequency response of the video amplifier (see
section 5.1 and SI) at the experimental video gain setting.
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