ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of Magnetic Resonance 185 (2007) 270-282

JMR

Journal of
Magnetic Resonance

www.elsevier.com/locate/jmr

Dynamic phase shifts in nanoscale distance measurements
by double electron electron resonance (DEER) ™

Michael K. Bowman **, Alexander G. Maryasov °

& Structural Biology and Microimaging, Battelle Northwest, Richland, WA 99354, USA
° Institute of Chemical Kinetics and Combustion, Siberian Branch of the Russian Academy of Sciences, Novosibirsk 630090, Russia

Received 28 October 2006; revised 8 December 2006
Available online 22 December 2006

Abstract

The off-resonant pump pulse used in double electron electron resonance (DEER) measurements produces dynamic phase shifts that
are explained here by simple analytic and vector descriptions of the full range of signal behaviors observed during DEER measurements,
including: large phase shifts in the signal; changes in the position and shape of the detected echo; and changes in the signal intensity. The
dynamic phase shifts depend on the width, amplitude and offset frequency of the pump pulse. Isolated radicals as well as pairs or clusters
of dipolar-coupled radicals have the same dynamic phase shift that is independent of pump pulse delay in a typical measurement. A
method of calibrating both the pump pulse offset frequency and the pump pulse field strength is outlined. A vector model is presented
that explains the dynamic phase shifts in terms of precessing magnetization that is either spin locked or precessing about the effective
pump field during the pump pulse. Implications of the dynamic phase shifts are discussed as they relate to setting up, calibrating and

interpreting the results of DEER measurements.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The measurement of nanoscale distances in the range of
2-8 or more nanometers between free radicals or other
paramagnetic centers has become practical using a tech-
nique known as double electron electron resonance (DEER)
or pulsed electron electron double resonance (PELDOR)
[1-4]. The method involves the measurement of the frequen-
cy shift in one free radical caused by the change in the
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magnetic dipolar interaction when a second free radical is
perturbed by a ‘pump’ pulse of a different microwave fre-
quency. The signal is detected as an electron spin echo,
which has the advantage of refocusing and eliminating stat-
ic, inhomogeneous broadening while revealing only dynam-
ic events resulting from the ‘pump’ microwave pulse.

It is widely assumed that the pump pulse width, frequen-
¢y, and intensity can be readily adjusted so that the pump
pulse has no direct effect on the observed echo signal and
has only an indirect effect mediated by the dipolar coupling
to a second free radical more in ‘resonance’ with the pump
pulse frequency. This is clearly not the case. It has long
been known both in magnetic resonance and in quantum
optics that off-resonance fields do affect both the frequency
and phase of all spectral lines. We find that these off-reso-
nant field effects are easily observed under typical condi-
tions for DEER measurements and provide a convenient
method for calibrating the frequency and the amplitude
of the pump field.
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In 1940, Bloch and Siegert examined the effect of the
counter-rotating circularly polarized component of the lin-
early polarized field on a magnetic resonance spectrum [5].
They considered the frequency, w,, which is the negative of
the Larmor frequency, i.e., w; = —wy = —yBy. They found
that the magnetic resonance lines were shifted to higher
field by B;/4B,, an amount “‘which however in all practical
cases is negligibly small” [5]. Fifteen years later Ramsey
described the more general case of fields at arbitrary fre-
quencies [6]. He reached two important conclusions that
are very relevant for DEER: (1) the shift in the line position
becomes quite large for a nearly resonant field and (2) the
off-resonant field is effective even as a short pulse applied
during the excitation or the measurement of the magnetic
resonance signal. The effect of off-resonant fields has been
considered in many contexts and under many different
names, for instance, as spin decoupling in NMR; as
dynamic Stark splitting or light shift in quantum optics
[7]; as transient Bloch-Siegert phases or shifts in ENDOR
[8], NMR [9] and multiquantum magnetic resonance [10];
and as dressed states in dynamic nuclear polarization
[11]. Most treatments have sought limiting expressions
for the size of the shift in an experimental context far from
that of DEER and none describes the full range of effects
from off-resonant fields that we observe in DEER
measurements.

We have developed simple analytic and vector descrip-
tions of the dynamic phase shifts caused by the off-resonant
field that do describe the full range of signal behaviors
observed during DEER measurements, including: large
phase shifts in the signal; changes in the position and shape
of the detected echo; and changes in the intensity. These are
dynamic effects that originate during the pump pulse but
persist through the observation of the EPR signal. These
effects provide a simple means of calibrating the frequency
and the amplitude of the pumping field while setting up a
DEER measurement that may prove particularly useful
in high-frequency EPR DEER measurements. The effect
of the pumping field on the detected spins can be confused
with the desired DEER response and must be considered
while setting up and interpreting DEER measurements.

We start by calculating the effect of an off-resonant
microwave pulse in a typical DEER measurement. The cal-
culations are then compared to experimental signals from
isolated free radicals. The calibration of the DEER pump-
ing frequency and amplitude is described and a simple vec-
tor model is presented.

2. Results
2.1. Effect of off-resonant fields

We first consider a set of isolated, non-interacting elec-
tron spins and focus on an EPR transition between a single
pair of levels. We assume that the transition as well as the
pumping and observation EPR frequencies are well sepa-
rated from all other transitions so that the spins can be

treated as an effective S = 1/2 system. Later, we briefly con-
sider interacting spins and multiple level systems. We con-
sider oscillating microwave fields that are separated in time
as did Ramsey [6], but we focus on the sample magnetiza-
tion rather than the eigenfunctions. We make no approxi-
mations concerning the magnitudes of the fields. We
ignore the counter-rotating components of the fields that
are the source of the classic Bloch—Siegert shift [5] because
they have such large resonance offsets that their effect on
the signal is negligible compared to other terms.

The prototypical DEER measurement [12]is made using
the spin echo double resonance (SEDOR) pulse sequence
illustrated in Fig. 1. The initial spin magnetization M. is
converted by one or more microwave pulses at an ‘observa-
tion’ frequency w, into precessing magnetization M, and
M,. After some time, a pump pulse at a frequency of
wg — A4 is applied followed later by another pulse at wy.
The difference between the frequencies of the ‘observation’
and pump pulse is 4. The magnetization evolves until it
rephases to form the spin echo which is the detected signal.
In the simplest sequences, the positions of the observation
frequency pulses are fixed in time while the position of the
pump pulse is swept within the first precession period. In
the DEER measurement, the purpose of the pump pulse
is to cause an electron spin flip in a radical that has a small
dipolar coupling to an observed spin. This shifts the preces-
sion frequency of the observed spin by the dipolar interac-
tion, modulating the amplitude of the observed spin echo
and allowing measurement of the dipolar interaction.

For calculating the dynamic phase shifts, we find it con-
venient to use a rotating frame at the pump frequency but
with the x and y axes referenced initially to the microwave
fields at wq. The pump and observe frequencies are incoher-
ent with each other, so that there is no specific phase

.
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Fig. 1. Pulse sequences for three pulse DEER, upper, and four pulse
DEER, lower. The ‘observe’ microwave pulses are indicated by diagonal
hatching to distinguish them from the ‘pump’ pulse at a different
frequency. The approximate location of the detected echo signal is
indicated by the triangle.
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relation between the pump field B, and our chosen rotating
frame. We will call the angle between them f. The effective
field in this rotating frame for an observed spin is given by
the vector Qur = (VB cos(f), yBa sin(f), 4 + 6) during the
pump pulse and (0, 0, 4 + §) when no pulses are present.
The resonance offset of the spin packet from the ‘observa-
tion’ frequency, wg, is 6. The magnetization following a
pump pulse with duration 7 is

M(t) = M(0) cos(Qurt) + 9—2“ (M(0) - Quir) (1 — cos(Qurt))

L OMO) G o) (1)
Qeff

where Q. = |§eff\. The only spins that contribute to the
detected electron spin echo are ones which have precessing
magnetization both before and after the pump pulse. This
fact greatly simplifies our calculations by limiting the num-
ber and type of coherence pathways that must be
considered.

At the start of the pump pulse, an arbitrary spin packet
will have a phase, a, relative to the rotating frame that
depends on ¢ and the time delay before the pump pulse.
Strictly speaking, M(0) = (cos(a),sin(x),0) but we can
take M(0) = (1,0,0) without loss of generality because
the phase, o, is refocused during the formation of the
detected electron spin echo. The dependence of the
observed signal on the random phase, f, between M (0)
and Q. in Eq. (1) is eliminated by signal averaging over
the course of a measurement. This is fortunate for two rea-
sons. (1) It means that the averaged effect of the pump field
is independent of the position of the pump pulse in the pre-
cession period of the DEER measurement, so that the
dynamic phase shift does not vary as the position of the
pump pulse is changed during a DEER measurement. (2)
It avoids the need to keep track of «, 5, and the offset fre-
quencies. Consequently, we can use the simplest model of a
DEER sequence with only two pulses at w, and with the
pump pulse immediately following the first w,y pulse and
obtain results that are valid for the four-pulse and even
more elaborate DEER pulse sequences. At the end of the
pump pulse, the parts of Eq. (1) that contribute to the
detected signal, after averaging over all possible values of
p, reduce to

M, (tp) = Mx(tp) + Wy(tp)

VB + (2(4+0)" + B3 ) cos [zp (4+0) + yzBﬁ}

2((A +0)* + 7235)

(4 + ) sin {rp (4+0) + yng}

+1

(A4 +0)° + y2B>
(2)

This magnetization precesses at a rate corresponding to the
operator exp[if(4 + 0)S.] until the second observation fre-

quency pulse and then to the operator exp[—i#(4 + §)S.]
until an echo forms and the signal is detected. The effect
of the pump pulse is easily seen by calculating the preces-
sion to the nominal center of the echo and then taking
the ratio of the magnetization with and without the pump
pulse:

<

+(tp) e in(4+9) _ M+(tp)efnp(4+5)

Mg =
T ML(0)

— g itp(4+9) <A -+ Bcos [tp (4+6)" + Yng}

+iCsin [tp (4+8) + y2B§D (3)

where 4 = v?B3/{2Q%:}, B=1— A4, and C=(4+ 3)/Qen
Eq. (3) can be expanded into

. . B-C
Mye = Aexp [—ity(4+ 8)] + —5—
. B+ C
X exp [—ity(4 + 6 + Qur)| + %
X exp [—ity(4 + 0 — Qurr)] (4)

There are three distinct terms with different amplitudes and
different dependences on the experimental parameters. The
first term, with coefficient A, represents a phase shift in the
signal. The term in the exponential of 7,4 is independent of
resonance offset of the spin packet (4) and produces an
overall phase shift in the echo that depends on the differ-
ence, 4, between microwave frequencies. The term 7,0 is
a linear phase shift proportional to the resonance offset
of the spin packet. Such a linear phase shift produces a
shift in the position of the echo peak, that is, the time when
the phases of all spin packets refocus. The time shift in the
echo maximum is simply 7, with the echo appearing sooner
than in the absence of the pump pulse. Thus, the first term
produces an echo advanced in time by the 7, and phase
shifted by 7,4. The inhomogeneous broadening ¢ is effec-
tively turned off during the pump pulse for the first term
in Eq. (4) so that it dephases only for a time ~7 — t,,, rather
than for .

The second and third terms are similar, but the phase
shifts include Q.g, the effective field during the pump pulse.
If the pump amplitude is small compared to its frequency
offset, then Q.4 ~ 4 + 6 and the second term produces an
echo with roughly twice the phase shift and advanced by
~2t, while the third term produces an echo that is not
greatly shifted in either time or phase. On the other hand,
when the offset is small compared to the pump field,
Qe ~ vB,, both echoes are advanced in time by #, and in
addition to a phase shift of 7,4, the amplitudes are modu-
lated by cos*(1/2 Qcfitp). The amplitudes and frequencies (in
the exponential) of all three terms continue smoothly
through 4 4+ 6 = 0 with curves 1 in Fig. 2 continuing as 1
while 2 and 3 interchange. The frequencies w are positive
or negative as required by the terms in the exponentials
of Eq. (4). The same dynamic phase shift effects occur when
the pump pulse lies between the second observation
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Fig. 2. The frequencies, A, and the amplitudes, B, of the three terms in Eq.
(4), see text. The red curves correspond to ¢ = 0, while the green and black
curves correspond to 6 = £0.1 yB,, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this paper.)

frequency pulse and the echo, except that the phase shifts
have opposite sign and the echoes are delayed rather than
advanced in time.

Although 7, is kept constant in a DEER measurement, it
is useful to consider what would happen if ¢, were varied.
Instead of considering the phase shift wf,, we examine
the frequency w, which is the rate of change of phase.
The frequencies of the three terms in Eq. (4) are plotted
as a function of the pump frequency offset 4 in Fig. 2a.
The first, or ‘A’, term indicated in the figure by the set of
curves 1, depends on —(4 + §), the sum of the pump offset
and the offset of the spin packet from the observation fre-
quency. The two flanking lines for curve 1 for
0= +0.1yB, show that the frequency for the first term
is equal to 4 + 6 for all values of A4/yB,, producing a shift
in the peak of the spin echo for the first term by exactly ¢,.
For broad lines, the integral of the contribution from the
first term in Eq. (4) to the echo evolves at exactly 4. This
part of the signal provides a convenient experimental mea-
sure of 4. The amplitude of this signal is shown in Fig. 2b
as the set of curves 1. For very large 4, the amplitude falls
off as y?B3/ A” but gives a measurable signal at the frequen-
cy 4 for typical DEER measurements.

The second and third terms in Eq. (4) evolve at frequen-
cies of —(4+ J 4 Q.q), respectively, curves 2 and 3 in

Fig. 2a. The dependence of the second frequency on ¢ is
nearly linear, between 16 and 20, producing a shift in the
echo ranging between 7, and 2f,. This second term can
be difficult to observe because its normalized amplitude
falls off as y*B3/ 84* and is only 2% of the total signal when
vB, = 4. The amplitude of the third term, on the other
hand, approaches 1 — y?B3/A* for large 4 while its frequen-
cy approaches y2B3/(24) and its echo is only slightly shift-
ed in time by y2B3/4%t,.

If echoes corresponding to the three terms in Eq. (4) are
measured using a fairly broad integrator gate as ¢, is pro-
gressively increased, the measured signal will arise largely
from those spin packets with 6 ~ 0, as illustrated in the
Appendix. Thus, yB; is readily obtained from the difference
in frequencies measured for the first and third terms using

|A - (A + Qeff)| = Qe

v (5)
Qeff — A" = ’YBQ

or from the second and third terms using

V(A + Qo) (4 — Qugr)| = ¥B> (6)

and can be used to adjust the pulse width and amplitude
for DEER measurements.

Echoes corresponding to the three terms in Eq. (4) are
often resolved for f, larger than the width of the unper-
turbed spin echo which is roughly #',, the width of the w,
pulses. However, in the typical DEER measurement, ¢, is
comparable to or smaller than ¢/, so that the three terms
in Eq. (4) are unresolved. Because they are modulated at
different frequencies by the dynamic phase shifts, the sig-
nals from the three terms interfere with each other, result-
ing in a signal that not only has a net phase shift, but also
has reduced intensity. This effect is illustrated in Fig. 3,
where the magnitude as well as the real and imaginary
parts of the echo are plotted for 7, < t; with yByt, = .
It is obvious from the two quadrature components of the
signal that significant dynamic phase shifts occur even for
large offsets, A. The total echo magnitude is reduced except
when |4/yB,| = vV4n — 1 for n any integer greater than
zero with yB,f, =m. Analogous phase and amplitude
changes occur for any value of #,, and the corresponding
magnitude maxima are located at |4/yB,| =
\/4n — yB>t,/n. The echo signal disappears for 4 =0 in
Fig. 3 because the phase, f8, of the pumping field relative
to the field at wy is random so that the pump pulse with
vBt, = m randomizes the phase of all magnetization that
otherwise would form the spin echo signal.

2.2. Spin echo shapes

The two quadrature components of the electron spin
echo from vy-irradiated sugar at room temperature (with
A/yB, = (2r 61.2 MHz)/(2r 55.3 MHz) = 1.12 as calculat-
ed from the parameters measured below) are shown in
Fig. 4 for several different pumping pulse widths. The echo
clearly splits as predicted into three echoes, each with a
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Fig. 3. The amplitudes of the real and imaginary quadrature components
(red and green, respectively) and the magnitude (black) of the detected
DEER echo as a function of the normalized offset frequency, 4, for
YB,t, = m and 6 = 0, assuming that the three components of the echo are
unresolved. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)

1
0 t,=0ns { E
A 10 ns

50 ns : ;
3 92 ns //\
4 ] 126 ns m

-400 -300 -200 -100 0 100
Time/ns

Normalized Signal Amplitude
N

Fig. 4. The detected DEER echo from y-irradiated sugar measured for
various values of 7, at room temperature using a three pulse DEER
sequence with 4/(2n) = 61.2 MHz and yB,/(2r) = 55.3 MHz. The blue ad
red traces are the real and imaginary components of the quadrature echo
signal. For large values of f, the echo is resolved into the three
components, with different phase dependences, described by Eq. (4). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)

different phase, appearing at times separated by approxi-
mately 7,. These are taken from the 2D plot in Fig. 5 where
the positions of the three echoes and the frequencies at
which their phases evolve are clearly seen.

There is a series of alternating positive and negative
bands running at a 45° angle across Fig. 5. This is the signal
from the first term in Eq. (4) and its amplitude is modulat-
ed by 4/2n=61.3MHz as 1, increases. Its intensity
increases noticeably with increasing #,, because the effective
‘r’” for this spin echo is decreased by ~¢, and the echo has
decreasingly less time to decay as ¢, increases.

Another prominent band runs nearly vertically and cor-
responds to the third term in Eq. (4). Its initial amplitude is
quite large, as expected from Fig. 2b at 4/yB, = 1.12, but

200

=1

) ©

- =3
100
0

-300 -200 -100 0
Echo Shift/ns

Fig. 5. Two-dimensional, time-domain spectrum showing echo intensity
as a function of pump pulse width. Same conditions as Fig. 4.

diminishes as 7, increases. The distribution of B, along
the length of the sample in the resonator causes this decay
and also produces some curvature in the bands at large #,.
The intensity of this echo is modulated at a frequency of
—21.2 MHz when the quadrature signal channel is taken
into consideration. This frequency corresponds to 4 —Q.q,
giving Q.4/2n = 82.5 MHz and a calculated value of yB,/2n
= 55.3 MHz. The echo from the second term in Eq. (4)
is also visible as a weak signal shifted by somewhat less than
2t,in Figs. 4 and 5. Its intensity is modulated at 143.8 MHz
which agrees with the value calculated for 4 + Q..

2.3. Variation with A

The observed spin echo showed similar behavior for
other values of 4 and B,. For large 4 and £, the echo split
into three well-resolved peaks separated by 7, as in Fig. 4.
For small 4, the peaks were not resolved and the entire
echo was advanced by f,. The frequencies modulating the
echo intensity are easily measured by either summing (pro-
jecting) the 2D time-domain signals in Fig. 5 onto the 7,
axis or by integrating the signal over a window comparable
to the horizontal axis of Fig. 5, followed by Fourier trans-
formation. If the two quadrature channels of data are
retained, the positive and negative frequencies correspond-
ing to terms in Eq. (4) appear. The frequencies and fields
strengths measured over a range of 4 are summarized in
Table 1. There is a discrepancy of ~2% between the ‘set’
and ‘measured’ values of |4| that is an instrumental artifact
discussed in the Appendix.

The observed frequencies are in quantitative agreement
with Eq. (4). The maximum yB, occurs for 4 =0, the
nominal resonant frequency of the split ring resonator.
Both the peak value of yB, and its variation with 4 depend
strongly on the amount of over-coupling of the resonator.
Pumping fields are quite useful for DEER even beyond
A/2m = 4120 MHz in the strongly over-coupled resonator
used here, Fig. 6.
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Table 1
Pump fields measured from dynamic phase shifts
A/2m Set A2n Term 1 (Qeg+ 4)/2n Term 2 (=Qeg + 4)/2n Term 3 Q.n/2m vB,/2n
120.0 122.3 —6.4 128.7 40.1
100.0 101.9 -10.9 112.8 48.4
80.0 81.5 —16.2 97.7 53.9
60.0 61.2 151.9 -27.6 88.8 64.3
40.0 40.8 133.8 —51.1 91.9 82.3
20.0 20.4 —88.6 109.0 107.1
0.0 0.0 108.8 —108.4 108.6 108.6
-20.0 -20.3 65.1 —105.8 85.4 83.0
—40.0 —40.6 29.8 —112.1 70.4 57.5
-50.0 -50.8 20.0 —122.4 70.8 49.3
—60.0 —61.1 13.8 —137.0 74.9 433
—80.0 —81.4 8.9 90.3 39.1
—100.0 —101.8 5.1 106.9 32.6
—120.0 —122.1 2.4 124.5 24.3

The frequencies measured as 1, is incremented are assigned to terms in Eq. (4). 4/2r as set by the spectrometer software is reported in the first column. Q.
and yB, are derived using Eq. (5) using Term 2 or Term 3 with the smallest magnitude. yB, derived from Eq. (6) differed by less than 1%. Data were
measured at 344 mT with wy/2n =9627.3 MHz. The observing pulse lengths were 8 and 16 ns separated by 600 ns using the MPFU channels and
correspond to turning angles of 7/2 and =, respectively. The pump pulse was placed 40 ns after the first observe pulse with 7, incremented in 2 ns steps at
the maximum power from an SPFU channel. Each quadrature signal channel was integrated over a 500 ns window ending just after the spin echo in the
absence of a pump pulse. The integral as a function of 7, was apodized with a half-sine-bell and zero-filled to 8 K followed by complex Fourier
Transformation. The frequencies of peaks in the absolute value spectrum are reported and have not been multiplied by 0.982 to correct for the effects of

capacitive loading described in the Appendix.
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Fig. 6. The effective field, Q.g, (open circles) and the microwave pump
field, yB,, (inverted triangles) derived using Eq. (5) are plotted versus 4,
the offset between the pump and observing frequencies. Data were
measured at 344 mT with wy/2r = 9627.3 MHz. The observing pulse
lengths were 8 and 16 ns separated by 600 ns using the MPFU channels
and correspond to turning angles of n/2 and m, respectively. Maximum
pump pulse power was used with attenuator settings of 0 dB starting 40 ns
after the first observe pulse and 7, was incremented in 2 ns steps. The
echoes in each quadrature signal channel were integrated over a 500 ns
window ending just after the spin echo in the absence of a pump pulse. The
integral as a function of #, was apodized with a half-sine-bell and the 256
points zero-filled to 8 K followed by complex Fourier Transformation.
The derived field strengths have not been multiplied by 0.982 to correct for
the effects of capacitive loading described in the Appendix.

2.4. A vector model

The effect of an off-resonant pumping pulse on the
detected spin echo signal in the context of a DEER mea-
surement can be explained by a simple vector model.

Fig. 7a shows the rotating frame at the pumping frequency
o — A following the first microwave pulse at wq just prior
to the pump pulse. Purely for convenience, we now take the
X and Y axes in the rotating frame to be defined by the B,
field. The green arrow in the XY plane is the magnetization
of an arbitrary spin packet which we will follow. The red
arrow directed along the Z-axis is the local effective field
experienced by that spin packet in the rotating frame,
A+ 6. The spin packet magnetization has no consistent
phase relationship to the rotating coordinate system
because it was prepared with an w, pulse that is not coher-
ent with the pump field. The spin packet can be oriented
anywhere in the XY plane as represented by the yellow
disk, so we will arbitrarily choose the phase of the green
arrow to simplify discussion. When a large pump field is
applied along the X-axis of the rotating frame, the effective
field is tilted to some position in the XZ plane, Fig. 7b, at
an angle determined by 4 + 6 and yB,. Spin packets with
different 6 will have effective fields with different magni-
tudes and direction. The spin packet magnetization pre-
cesses in the cone shown in yellow around the new
effective field. At this point, it is convenient to split the spin
packet magnetization in Fig. 7b into a component parallel
and a component perpendicular to the effective field, shown
in Fig. 7c and d, respectively.

The component parallel (or antiparallel) to the effective
field has no net force acting on it in the rotating frame, so it
is stationary or ‘spin-locked’, Fig. 7c, except for its slow
decay at a rate of 1/77,. At the end of the pump pulse,
the effective field returns to the Z axis and the spin-locked
magnetization precesses in a cone around it. The projection
of the magnetization onto the XY plane, Fig. 7e, helps form
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Fig. 7. A vector model to explain the origin of the echoes and frequencies found in the DEER echo. See text for detailed description.

the detected spin echo signal, but the projection along the
Z axis does not. This spin locked signal is the first term
in Eq. (4) and undergoes no motion that depends on the
magnitude of the effective field.

The perpendicular component precesses at a rate of Qg
in the plane perpendicular to the effective field and tilted
with respect to the XY plane, Fig. 7d. The magnetization
traces out the tilted yellow circle. When the pump pulse
ends and the effective field returns to the Z-axis, the circle
is projected back onto the XY plane as an ellipse with the
major axis along Y and the minor axis along X. Only the
magnetization in an ellipse on the XY plane, shown in pink
in Fig. 7f, contributes to the detected spin echo; the magne-
tization that ends up parallel to the Z-axis does not. The
pink ellipse merely indicates the intensity of the magnetiza-
tion that is initially mapped back onto the XY plane. Each
magnetization vector precesses in a circle, for instance the
one drawn in green traces out the green circle. The larger
and smaller vectors which would appear along the Y and
X axes, respectively, trace out the larger and smaller light
blue circles. The spin echo signal from this perpendicular
component of the magnetization forms the second and
third terms in Eq. (4).

But how does magnetization precessing at the single rate
of Q. around the effective field during the pump pulse pro-
duce two signals with distinctly different dependences on
t,? It is quite clear that the magnetization rotates at one
rate and in one direction around the effective field in

Fig. 7d. Yet, before detection, it is projected back onto
the ellipse in Fig. 7f and, as 7, increases, the magnetization
varies from a large projection along the Y-axis to a smaller
projection along the X-axis and back along Y. The projec-
tion from the tilted plane produces an amplitude modula-
tion, in effect, elliptical polarization in the XY plane. The
periodic variation in the amount of magnetization that gets
projected onto the XY plane can be represented as the sum
of two counter-rotating components at +Q.4 but with dif-
ferent amplitudes. These two counter-rotating components
then combine with the rotating frame at 4 to produce a sig-
nal with the two distinct time dependences, 4 + Q. of the
second and third terms in Eq. (4).

3. Discussion
3.1. Impact of dynamic phase shifts on DEER measurements

The dynamic phase shifts described here affect DEER
measurements in several ways. The most obvious way is
the phase shift of the echo. If the spectrometer is tuned with
the pump pulse turned off, for instance to record the field
swept spectrum, it is necessary to readjust the phase of
the receiver or the signal for DEER measurements, which
can be problematic with the weak signals at the large values
of 7 or T required for measurement of long distances. We
prefer to record both quadrature channels and phase the
spectrum during analysis. The dynamic phase shift is the
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same for the modulated DEER signal and for the constant
background from isolated radicals or radicals whose part-
ners are not excited as discussed in the next section. Thus
the magnitude of the total signal should be maximized by
adjustment of the phase of the receiver or by a zero order
phase adjustment of both quadrature components of the
signal if phase cycling has been used for baseline correc-
tion. Misadjustment of the phase does not alter the fre-
quencies in the DEER modulation nor the relative
amplitude of the modulation relative to the unmodulated
background, and consequently will not change the mea-
sured dipolar interaction or distance between radicals.
Yet, poor phasing will decrease the amplitude of the signal
relative to the noise and produce greater uncertainty in
measured distances or increased measurement times.

Optimization of the pump pulse is also affected. The
dynamic phase shift depends on B,, 7, and 4, so that it is
not a simple matter to set the pump pulse for an optimal
DEER measurement. It is not sufficient to adjust the pump
pulse for minimum echo intensity and assume that the echo
reduction is caused by the DEER response. The echo
amplitude minimum can arise from the dynamic phase shift
and not from achieving an optimal pump pulse of
vBst, = m. For measurements of distances in pairs of radi-
cals, the pump pulse amplitude merely affects the amplitude
of the DEER modulation by affecting the fraction, known
as p, of radicals affected by the pump pulse. Since the frac-
tion, p, does not enter into the distance analysis, the major
reason for optimizing the pump pulse in measurements on
monodisperse pairs of radicals is to maximize sensitivity.
However, the fraction, p, is an important parameter in
more complicated systems with distributions of distances
or in clusters of radicals. The ability to accurately control
p by controlling the pump field strength is vital to the cor-
rect analysis of the data.

Two common methods of adjusting the pump pulse are
to use a strong biradical standard sample or to optimize the
spin echo signal measured at the pump frequency. The
former method involves changing samples and is impracti-
cal for resonators that are strongly perturbed by the sample
or have inconvenient sample loading procedures. The later
method requires shifting the spectrometer observe frequen-
cy, wp, to approximately the pump frequency. Then the
pump pulse is optimized for some sequence of pulses
involving both frequencies so that the resulting signal
depends on both amplitudes but only on the phase of the
pulses at wy. Some groups use a m(wy — 4) — 7/2(wg) —
m(wg) (inversion-recovery) sequence and adjust for maxi-
mum inversion of the echo by the n(wy — 4) pulse. We have
used a w/2(wo— A4) — ©/2(wy — A) — ©/2(we) (stimulated
echo) sequence and optimized the stimulated echo signal
with the pulses attenuated by an extra 6 dB. Obviously this
approach does not work if the frequency source and receiv-
er for wy cannot be readily adjusted.

The dynamic phase shift provides a new method for set-
ting pump conditions. Under typical conditions for DEER
of spin labeled proteins, the frequencies corresponding to

signals 1 and 3 of Fig. 2 are easily measured and the value
of B, calculated from Eq. (5) (or (6)). The optimal #, =
n/yB, can then be set and measurements made without
the need to change samples or shift wq. If capacitive load-
ing of the pulse programmer channels, as described in the
Appendix, is substantial, a common calibration factor
determined independently or from the known value of A
can be used to correct both 4 and B».

Under typical DEER measurement conditions, the three
spin echoes are not resolved and interference between them
can also decrease signal amplitude and sensitivity. The
shortest inverting pump pulse usually does not give the
greatest sensitivity for DEER. Adjustment of 4 and
t, = 1/(yB>) can provide significant improvements in sensi-
tivity by achieving constructive rather than destructive
interference of the echoes. Numerical simulations show
the maximum signal magnitudes for DEER occurs for
t,A/(21)= 0.866 or 1.94 with yB,t, = m.

3.2. Applicability to interacting radicals

The focus of this paper so far has been the dynamic
phase shift in a two-level system appropriate for isolated
free radicals. Yet DEER measurements are usually made
on multi-level systems consisting of pairs or groups of
interacting radicals, each with numerous hyperfine split-
tings from nuclear spins. We now consider briefly how
the dynamic phase shifts affect multi-level systems of typi-
cal DEER measurements on interacting radicals using ear-
lier results by Ramsey [6]. A more complete treatment will
be the subject of a future paper. We first discuss a four-level
system appropriate to DEER measurements on spin-la-
beled proteins for 4 > yB, > wgi, and large inhomogeneous
broadening of the EPR spectrum, where wg;p, is the dipolar
splitting. Ramsey (in Eq. (21)) [6] calculated the frequency
shift for the dominant echo, 3, in this limit. There are a
total of four EPR-active transitions between the four states
of such a coupled radical pair. DEER measurements in this
limit detect both EPR transitions of one of the radicals
whose transitions are at a frequency ~wy. The other radical
in the pair has resonance frequencies centered at «’ which
is not necessarily equal to the pump frequency wy — 4.

The dipolar interaction splits the EPR line of the
observed radical into two lines with a static, dipolar shift
of +wgip/2 and —wgip/2. During the pump pulse, there
are additional shifts [6] for each line (in precession frequen-
cy resulting in an echo phase shift) caused by the pump
pulse of:

VB3 V’B;
24 + Wdip 4(60/ —wo+ 4+ (Udip/z)
~ VB
4o — g + A — wgip/2)
VB3 WaipY* B3

T 24+ ogp 2w — wy+ A4)* — Ogip
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and
VB3 V’B;
24 — wgp 4~ + wg — A+ 0gip/2)
- VB
4(7(0, + Wy — A — COdip/Z)
VB wap Y’ B

24 — ogip 2w —wy+ A)° — O (7b)

respectively, where the much smaller effects of the counter-
rotating circularly polarized components were ignored.
Because the dipolar splitting is not resolved in the EPR
spectrum for a typical DEER measurement, the measured
phase shift is just the average of Egs. (7a) and (7b). The
terms involving ' shift the dipolar split lines in equal
but opposite directions, leaving a net shift of y?>B3/(24),
which is exactly the shift for a two-level system in the limit
of large 4 for echo 3 in Eq. (4) above and in Eq. (12) of
Ramsey [6].

The second term on the right hand side of Eq. (7) is not val-
id when the pump frequency is close to the resonance frequen-
cy of the second radical. However, this is precisely the regime
that the theory for DEER and for heteronuclear decoupling
in NMR have been worked out in detail (see, for example,
Maryasov et al. [13,14] and Slichter Chapters 7.20 and 7.21
[15])). When the pump pulse excites the second radical, it
produces the well-known DEER modulation with the
frequency, wgip, in addition to the dynamic phase shift of
Eq. (4). If it does not excite the second radical, the pump pulse
produces only the dynamic phase shift of Egs. (4) and (7).

The average dynamic phase shift for the observed radi-
cal in the pair is the same as for an isolated radical, conse-
quently the DEER signal from a doubly spin labeled
protein will have the same optimal phase as for isolated
radicals. These same arguments are easily extended to arbi-
trary numbers of interacting radicals following Ramsey [6]
with the result that the dynamic phase shifts caused by the
additional radicals are largely self-canceling under typical
DEER measurements conditions according to Eq. (7) and
converge on the value for an isolated radical because wgjp,
averages to zero for typical distributions of distant radicals.
This conclusion is supported by the empirical observation
that measured dynamic phase shifts are consistent with cal-
culated values for frozen solutions of dilute free radicals,
for concentrated radicals in coal and y-irradiated sugar,
and for frozen solutions of doubly spin labeled biomole-
cules. For the very concentrated radicals in y-irradiated
sugar, we did observe additional frequencies that are sums
or differences of those in Eq. (4) in the type of spectra
shown in Fig. 5.

Energy levels can be split by hyperfine interactions with
nuclei. However, because of the large mismatch between
the pump frequency and the nuclear resonance or ENDOR
frequencies, electron nuclear interactions produce no sig-
nificant dynamic phase shift from microwave pulses in
the limit that the branching transitions necessary for

ESEEM are negligible. The presence of branching transi-
tions requires a more complicated approach that is beyond
the scope of this manuscript and potentially introduces
ENDOR or ESEEM frequencies into DEER spectra.

4. Conclusions

A strong microwave pulse changes the precession rate of
all precessing magnetization in a sample, causing a net shift
in the phase of any EPR signal derived from that magneti-
zation. In DEER measurements these dynamic phase shifts
caused by the pump pulse appear as: a net phase shift in the
detected echo; a shift in the location of the echo by as much
as twice the pump pulse width; and a change in the echo
shape appearing at the extreme as a splitting of the echo
into three echoes. The dynamic phase shifts are easily cal-
culated from the pump pulse width, the pump pulse field
and the pump pulse offset frequency, providing a means
to calibrate the pump pulse in DEER measurements. The
dynamic phase shifts make it problematic to optimize the
pump pulse for DEER by minimizing the amplitude of
the detected echo.

The dynamic phase shifts are the same for isolated radi-
cals as for pairs or clusters of dipolar coupled radicals and
do not vary as the pump pulse is moved within the interval
between pulses in the typical DEER measurement. The
same spectrometer phase setting is appropriate for DEER
measurements on isolated or interacting radicals as long
as the pumping pulse width, amplitude and offset frequency
remain constant. However, when the pump pulse is
removed, overlaps or is placed before the first observing fre-
quency pulse, the magnitude, position and phase of the echo
signal change abruptly and such signals cannot be used
directly to measure the ‘zero-time’ DEER modulation.

5. Experimental

All experimental measurements were made using a Bru-
ker EleXsys ES80 pulsed X-band EPR spectrometer with
integral ELDOR accessory using a Bruker 3 mm Split Ring
resonator at room temperature on a roughly 0.5 mm? of
v-irradiated sucrose in a capillary tube. The resonator
was strongly overcoupled to produce large pump fields at
large offsets and to allow use of intense pump pulses with
~m/2 observation pulses. Echoes were generated with the
observing frequency set at the resonance frequency of the
Split Ring resonator. A 16-step phase cycle was used for
most measurements: {x, —x, y, —y, X, —X, }, =), X, —X,
v, =y, x, —x, y, —y} for the first observation pulse,
{X, =X ), =V, =X X =) Y, ) T, X, =X ), Y, =X, X}
for the second observation pulse while the two quadrature
components of the signal were summed into the ¢ and b
channels of the receiver as: {a, —a, b, —b, a, —a, b, —b,
—a, a, —b, b, —a, a, —b, b} and {b, —b, —a, a, b, —b, —a,
a, —b, b, a, —a, —b, b, a, —a}, respectively. This sequence
incorporates CYCLOPS and is quite effective in eliminat-
ing image peaks in the Fourier Transforms.
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Spectra were processed using the Xepr software from
Bruker Biospin. Calculations and modeling were per-
formed with Mathematica versions 5.1 and 5.2 and plotted
using SigmaPlot 8.0.
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Appendix A. Instrumental considerations

Short electronic pulses are distorted by the impedance of
transmission lines in ways that can impact the quantitative
measurements described here. In particular, the capaci-
tance of the cables between the pulse programmer and
the microwave switches in the spectrometer decreases the
width for short pulses and may even cause extremely short
pulses to disappear. The ElexSys spectrometer used here is
quite good with respect to this capacitive loading, but not
completely immune. As a first approximation, the actual
pump pulse width, #,, is related to the pulse width, 7,
set by the PatternJet in the spectrometer used for these
measurements by

to + (1 + C)lpo tpo < 300 ns

~ (A.1)
to+C300 ns + ty  fpo > 300 ns

p

where 7, is an intercept (usually slightly negative) that de-
pends on the PatternJet calibration and C is a capacitive
loading correction factor for short pulse widths
(C~0.02-0.03 for the ElexSys system used here). For
short pulses, the actual pump pulse width increases faster
than the programmed pulse width. Thus, the frequencies
in Fig. 5 measured using the programmed pulse width as
the time base appear to be 2-3% larger than they really
are. The correction factor was measured experimentally
by capturing single transients of the DEER pulse with
the TM mode of the SpecJet transient recorder for different
programmed pulse widths and measuring the width of the
magnitude (or absolute value) of the quadrature transients.
The pump frequency offset was measured from the Fourier
Transform of the difference frequency (in the TM mode)
from a broad DEER pulse and agreed with the set 4 inde-
pendent of frequency offset.

If any of the ridges in Fig. 5 are Fourier Transformed
over a range of 7, <300ns to determine A or 4 £ Qg
the resulting frequencies are scaled by (1 + C) from Eq.

(A1) but are easily corrected if either C or the offset fre-
quency is known accurately.

A.1. Observation bandwidth in DEER

The analysis of DEER time-domain spectra requires
knowledge or assumptions concerning correlations
between the orientations of the two radicals involved
[14,16]. When there are correlations, as can easily happen
in spin-labeled proteins where the protein provides aniso-
tropic potentials for the labels, any orientation selection
in either the pumping or the observation makes the
DEER spectra depend on the measurement conditions
in both three- and four-pulse DEER. In the ideal case,
one would like very narrow pump and observe pulses so
that all orientations of the spin-labeled protein would
be excited. This would be combined with detection of a
single point at the center of the spin echo for maximum
detection bandwidth and no orientation selectivity in
the detection.

The dynamic phase shift forces some selectivity into the
detection under typical DEER measurement conditions
where ?, is less than the width of the echo and the three ech-
oes in Fig. 4 are not resolved. The signal consists of three
overlapping echoes centered at different times and with dif-
ferent phases, making it impossible to select a single opti-
mal measuring point. Representative frequency responses
for a few sets of conditions are illustrated in Fig. A.l.
The solid lines in Fig. A.la and b show the frequency
response of the two pulse echo with no dynamic phase
shifts for an 8 or 100 ns integration window accurately cen-
tered on the echo peak. The receiver phase is set so that the
response is entirely in the real (or black) channel and noth-
ing appears in the imaginary (or red) channel. The frequen-
cy response is quite broad and positive for the 8 ns
integration window of Fig. A.la and rather narrow and
predominantly positive for the 100ns window in
Fig. A.1b. In both cases, the response is an absolutely sym-
metric sin(x)/x or sinc function. These plots of frequency
response show only the response caused by the integrator
window and by the pump pulse but ignore the resonator
and amplifier bandwidth, and the finite excitation pulse
widths.

If the integrator window is delayed by 20 ns relative to
the echo, there is a considerable change in the frequency
response, especially for the narrow integrator windows.
The displayed response oscillates in both amplitude and
phase across the 200 MHz spectral window. For instance,
in Fig. A.la, electron spins in resonance (6 = 0) with the
observing frequency produce the maximum positive
response in the real channel (and zero in the imaginary
channel) whether or not the integrator window is centered.
However, off-resonant spins at §/(2n) = 25 MHz produce
nearly an equal but negative response with the off center
integrator window! As a result, if measurements are made
on an EPR spectrum which is more than 50 MHz wide,
the signal from the wings will be subtracted from the signal
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Fig. A.1. Frequency response (relative to the resonance condition at 6 = 0) for 3-pulse DEER measurements for various pump fields. Only the effect of the
DEER pump pulse and the integrator used in signal capture are considered. The effects of finite observing pulse amplitude and width, resonator Q, signal
propagation delays and video amplifier response are specifically excluded. The curves are calculated as the product of Eq. (4) and the Fourier Transform of
a square pulse representing the integrator acquisition window and normalized to the peak response in the absence of a pump pulse. The black and red
traces represent the real and imaginary components of the quadrature signal phased in the absence of a pump pulse. The solid lines show the response
calculated for the integrator window exactly centered on the peak of the electron spin echo while the dotted lines correspond to a delay of the integrator
window by 20 ns. The integrator window is 8 ns in plots a, c, e, and g but 100 ns in b, d, f, and h. The first pair, a and b show the response in the absence of
a pump pulse, while the other plots are for a pump pulse at 4/2r = 100 MHz with the width set to invert its resonant spins and yB,/(2r) of: 100 MHz,
t, = 5ns for ¢ and d; 50 MHz, f, = 10 ns for e and f; and 25 MHz, 1, =20 ns for g and h.
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at the center if the integrator window is incorrectly set by
20 ns. The impact of a poorly positioned integrator win-
dow is reduced for a wider integrator window, Fig. A.lb,
because a much narrower range of frequencies contribute
to the signal.

There are several noticeable changes when a strong
pump pulse at A/(2rx) = 100 MHz is applied for DEER
measurements, Fig. A.lc and d for yB,/(2r) = 100 MHz.
One striking change is that the response, for the centered
integrator window shown in the solid lines, has largely
shifted from the real channel to the imaginary channel
because of the dynamic phase shifts. This phase shift is a
weak function of frequency. The maximum response shifts
by ~25 MHz with the narrow integrator gate but for the
wide integrator window there is only a reduction in the
amplitude of the peak at 6 = 0. Another change is the lack
of any response at §/(2n) = —100 MHz which corresponds
to spins in resonance with the pump pulse. Their signal is
completely suppressed in Fig. A.lc-h because the pump
pulse was set precisely to yB»t, = .

When the pump field is decreased to 50 or 25 MHz,
Fig. A.le-h, these qualitative changes persist. The peak
in the frequency response moves toward 0=0 with some
recovery of intensity, while the hole in the response at
the pumping frequency becomes narrower. There are also
‘ripples’ in the signal phase which are even more evident
in the solid traces in Fig. A.1e and g. The ripples are a man-
ifestation of the splitting of the signal into three echoes, as
in Fig. 4, and make it impossible for a first-order phase cor-
rection of the echo signal to make the imaginary channel
vanish as in the solid traces of Fig. A.la and b, making
it difficult to reproducibly adjust the phase or correctly
position a narrow integrator gate for a broad EPR spec-
trum. However, the more limited frequency response
obtained with a broad integrator window does allow repro-
ducible adjustments but with the risk of appreciable com-
plications in analysis because of the increased orientation
selection.

The dynamic phase shifts and amplitude changes pro-
duced by the pump pulses in DEER have a definite impact
on both data collection and analysis. The use of narrow
integrator windows to minimize the potential for orienta-
tion selection in the measurement makes the positioning
of the integrator window over the echo rather critical.
Any mispositioning makes the phase of the signal, and
hence the amplitude and sign of any dipolar modulation
measured by DEER, vary across the measurement band-
width. In extreme cases, some parts of the dipolar Pake
pattern can become inverted, violating assumptions often
made in the analysis of DEER data. Capturing the entire
echo with a broad integration window is more reproducible
and gives signals that are easier to phase, but the greatly
reduced detection bandwidth comes with the potential for
strong orientation selectivity which also violates assump-
tions often made in the analysis of DEER data. Fortunate-
ly, DEER studies on SDSL proteins at X-band have been
remarkably free of complications from orientation selec-

tion so that the integrator window should not be a major
concern in this popular application of DEER.

A.2. Three-pulse DEER experiment

The three-pulse DEER experiment, Fig. 1, is performed
with two pulses at the observing frequency and one pump
pulse. With most spectrometer designs, the pump and
observing pulses are amplified in the same amplifier, a
TWT or solid state device, operating near saturation.
When the two pulses overlap in time, amplifier nonlineari-
ties greatly distort the amplitudes, phases and frequencies
of the pulses, preventing measurement of useful data dur-
ing an experimental deadtime roughly equal to the sum
of the pulse widths.

The situation is not much improved on spectrometers
that amplify the microwave pulses independently. It is pos-
sible to apply undistorted microwave pulses to the sample.
However, while the pulses overlap, the spins are subjected
to two oscillating fields and evolve non-linearly in that total
field in a way that is not the sum of their evolution in the
individual fields. Again there is a deadtime that is roughly
the sum of the pulse widths. The deadtime is theoretical
rather than experimental because there is not an appropri-
ate description of the spin dynamics for overlapping pulses
under typical DEER conditions. The missing data from
this deadtime can prevent detection of strong dipolar inter-
actions. One approach has been to extrapolate the data
back to zero deadtime and match it to the signal amplitude
with the pump pulse before both observing pulses. This
approach assumes that the echo signal with both observing
pulses following the pump pulse corresponds to the DEER
signal with no evolution time.

This expectation is clearly not met when dynamic phase
shifts are considered. When the pump pulse occurs before
the observing pulses, there is no dynamic phase shift. Yet
when present after the first observing pulse, the pump pulse
always produces a phase shift in the detected echo as
shown in Fig. 3. There is a discontinuity in the phase
(and usually the amplitude) of the signal as the pump pulse
and first observe pulse cross that makes correct phasing of
the signal problematic. In addition, the three echoes that
form the detected signal interfere destructively to some
extent and attenuate the echo signal except for certain com-
binations of pulse width, offset and B, as illustrated in the
black trace in Fig. 3 and then only if the pump field is uni-
form over the entire sample.

In addition to these dynamic phase shift effects, when
the pump pulse is placed before the first observe pulse,
the pump pulse may decrease the signal amplitude by
decreasing the initial M, as described by Eq. (1) with
M(0) = (0,0, 1). In short, there is generally a discontinuous
step in the detected echo signal as the pump and first
observe pulse cross. That step is not directly related to
the DEER signal within the deadtime of the three-pulse
DEER measurement and is not a reliable indication of
strong dipolar interactions.
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