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ABSTRACT: We investigate a new time domain approach to dynamic nuclear
polarization (DNP), the frequency-swept integrated solid effect (FS-ISE), utilizing a high
power, broadband 94 GHz (3.35 T) pulse EPR spectrometer. The bandwidth of the
spectrometer enabled measurement of the DNP Zeeman frequency/field profile that
revealed two dominant polarization mechanisms, the expected ISE, and a recently
observed mechanism, the stretched solid effect (S2E). At 94 GHz, despite the limitations
in the microwave chirp pulse length (10 μs) and the repetition rate (2 kHz), we obtained
signal enhancements up to ∼70 for the S2E and ∼50 for the ISE. The results successfully
demonstrate the viability of the FS-ISE and S2E DNP at a frequency 10 times higher
than previous studies. Our results also suggest that these approaches are candidates for
implementation at higher magnetic fields.

In a series of recent publications,1−7 we explored time
domain or pulsed dynamic nuclear polarization (DNP)

experiments with the ultimate goal of enhancing the sensitivity
of experiments in the rapidly expanding area of high field, DNP
enhanced, magic angle spinning (MAS) NMR.8−20 In
particular, the primary motivation for developing time domain
DNP is to circumvent the inverse field dependence of the signal
enhancement observed with continuous-wave (CW) methods
such as the solid and cross effects which scale as ω0

−n where
n ∼ 2.21,22 The challenge in performing these experiments is in
generating and coherently controlling high power, high
frequency microwave pulses. For example, the NOVEL
experiment,23,24 which is one of the most promising pulsed
DNP experiments demonstrated to date, requires Rabi fields
that match the condition ω1S = ω0I, where ω1S and ω0I are the
electron Rabi and nuclear Larmor frequencies, respectively.
Thus, at high magnetic fields used in contemporary MAS NMR
experiments, it is necessary to employ high microwave powers
to generate large electron Rabi frequencies. In order to
circumvent this challenge, we initially performed experiments
at 0.35 T that demonstrated the utility of an alternative
approach to performing pulsed DNP, the frequency-swept
version7 of the integrated solid effect24 (FS-ISE) and off-
resonance NOVEL.5 The advantage of these approaches is that
the requisite electron Rabi frequency is much lower than that
required to meet the NOVEL condition.
In the experiments described here, which explore the FS-ISE

at 94 GHz/3.35 T, the ratio between the electron Rabi

frequency and the 1H Larmor frequency ω1S/ω0I was
maintained constant at 30%, corresponding to less than 10%
of the microwave power level required for NOVEL experi-
ments. Our results at this frequency/field, which is a factor of
10 higher frequency than all other published pulsed DNP
experiments, suggest that the FS-ISE is an excellent candidate
for pulsed DNP at high fields. In addition, we have confirmed
the presence of a recently observed mechanism, the stretched
solid effect (S2E), and provide a qualitative explanation for its
origin. Finally, we have simulated the DNP field profile
corresponding to both the FS-ISE and the S2E.
Shown in Figure 1a is the echo detected EPR spectrum

together with the solid effect (SE) DNP frequency profile. The
experiments were performed on a sample consisting of 10 mM
trityl-OX063 doped into a glycerol-d8/D2O/H2O (60/30/10
volume ratio) glassy matrix at 80 K. The EPR spectrum exhibits
a nearly Gaussian line shape but reveals a small anisotropy in
the g-tensor of trityl-OX063. Using a train of microwave pulses
at constant frequency, we recorded the DNP enhancement
profile by incrementing the microwave frequency. This is
essentially the SE DNP operating in pulsed mode, and the
DNP enhancement profile consists of positive and negative
peaks displaced from the EPR spectrum by the Larmor
frequency of 1H21,25 at ω0S ± ω0I, where ω0S and ω0I are the
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electron and 1H Larmor frequencies, respectively. It is worth
noting that the broad bandwidth of the spectrometer facilitates
quick and automated acquisition of the enhancement profile by
stepping the microwave frequency at constant B0, thus
circumventing the need to adjust RF tuning/matching at each
nuclear Larmor frequency.
Shown in Figure 1b is the DNP frequency profile obtained

using chirp microwave pulses of 5 μs pulse length applied at a
1 kHz repetition rate. During the chirp pulse, the microwave

frequency was swept from (ωc − (1/2)Δω)/2π to (ωc + (1/
2)Δω)/2π, where ωc/2π is the center frequency and Δω/2π is
the sweep width (SW). The SW of the chirp pulses was Δω/2π
= ± 300 MHz, where the ± signs correspond to sweeping the
frequency up/down from 150 MHz below/above to 150 MHz
above/below with respect to the center frequency, respectively.
The width of ±300 MHz was chosen based on the constraint
that |Δω| > 2ω0I is required to excite the ISE. The DNP profile
was obtained by incrementing the center frequency ωc of the
chirp, and reveals two enhancement mechanisms: the intrinsic
ISE and the stretched solid effect (S2E). The ISE mechanism is
dominant when the microwaves are on resonance with the EPR
line of trityl, whereas the S2E is broadened and displaced away
from the SE shown in Figure 1a.
Figure 2 provides a semiquantative explanation for the three

DNP mechanisms observed in the experimental data of Figure
1. Using monochromatic, off resonant microwave irradiation
with an appropriate offset Ω to excite either the double
quantum (DQ) or zero quantum (ZQ) transition results in the
positive or negative SE, respectively (Figure 2a). Saturation of
these transitions can also be achieved with chirped microwave
pulses. In this case, a chirp with a SW of Δω will excite the DQ
or ZQ transition as long as the distance from its center
frequency to the corresponding transition is smaller than
Δω/2. This explains the broadening of the S2E (Figures 1b)
compared to the SE (Figures 1a). Furthermore, for Δω > ω0I,
there exists a range of the center frequencies such that the chirp
excites the EPR transition and then either the DQ or ZQ
transition (but not both the DQ and ZQ). Excitation at the
EPR transition in this case reduces the electron spin
polarization, and thus attenuates or even eliminates the DNP
enhancement. This explains the enhancement curve going to
approximately zero at 94.1 GHz (red curve), and 93.9 GHz
(blue curve) of Figures 1b. Correspondingly, the broadening of
the S2E peaks toward the center (EPR transition) is attenuated
as opposed to broadening in the opposite direction. The latter
is evident in the displacement by exactly Δω/2 of the edges of
the S2E compared to that of the SE (Figures 1b and 2b). This
also explains the displacement of the peaks of the S2E. At Δω <
ω0I, Hovav et al.

26 showed that the S2E is broadened equally in
both directions, thus there is no displacement. In all cases,
displacement of the edges provides a direct measurement of the
SW. On the other hand, the correlation between the
displacement of the S2E peaks and the sweep width is more
complicated.
The ISE dominates the enhancement process when the

center microwave frequency is near the EPR transition and the
SW is sufficiently broad to cover both the DQ and ZQ
transitions (Figure 2c). Enhancements obtained at these
transitions would have canceled one another if it were not
for the electron spin inversion at the EPR transition.
Furthermore, the sign of the ISE enhancement changes with
the direction of the sweep, as opposed to the S2E. Note that the
sign of the ISE enhancement depends on whether the DQ or
the ZQ transition is the first to be excited during the chirp: in
particular, a chirp from low to high frequency (positive SW in
our convention) would excite the DQ transition first, then the
ZQ transition (Figure 1a) with an electron spin inversion in
between, giving rise to positive enhancement. By contrast,
similar to the SE, the S2E relies on saturation of just one of the
forbidden transitions, thus the direction of the chirp is
irrelevant.

Figure 1. (a) Echo-detected EPR spectrum and SE enhancement
profile (at incremented constant microwave frequencies). (b) ISE and
S2E enhancement profile with frequency sweep widths of +300 MHz
(red) and −300 MHz (blue). Data were taken on a sample of glycerol-
d8/D2O/H2O (60/30/10 volume ratio) doped with 10 mM trityl-
OX063 at 80K. The average microwave γB1/2π was ∼40 MHz. The
pulse length was 5 μs, and repetition rate was 1 kHz. Note that the
edges of the profile in (b) are displaced by exactly half the sweep width
(150 MHz vs 300 MHz). The maximum enhancements for the ISE
and S2E were ∼50 and 70, respectively, and were limited by the
maximum in the contact time and the repetition rate (Figure 3). (c)
Simulated DNP profiles using chirp microwave pulses with +300 MHz
(red circles) and −300 MHz (blue squares) of sweep width.
Simulations were performed for 3.35 T field, 3 μs microwave pulse
length, 1 kHz repetition rate, and ω1S/2π = 40 MHz. The time step
was 0.1 ns during which the Hamiltonian is treated as time
independent.
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The qualitative explanation of the field profiles in Figure 1
and pulse experiments in Figure 2 is further supported by
quantum mechanical simulations using an in-house software
package written in C++ (Figure 1c). Details of the
implementation of this software package will be described
elsewhere. Briefly, simulations were performed in the electron
rotating frame of a 2-spin system consisting of a single electron
and proton. Note that, in this frame, the Hamiltonian
representing a chirp pulse is still time dependent, necessitating
calculation of the propagator in a piecewise manner as
described by Hovav et al.26 The chirp pulses with SW of
±300 MHz were divided in time steps of 0.1 ns (30,000 steps
for a 3 μs pulse). Calculations were performed in Liouville
space to conveniently include the effect of relaxation via the
superoperator formalism.27,28 Although not completely quanti-
tative, the simulations confirm the coexistence of ISE and S2E
in DNP experiments using chirp microwave pulses. Further-
more, important features of the DNP profiles were reproduced
such as the broadening of the S2E, the shifting of the S2E peaks,

and the existence of valleys in the profiles around 94.1 and 93.9
GHz. Overall, our simulations and experimental data are in
excellent agreement.
As shown in Figure 3a, we did not observe any ISE

enhancement when the sweep width is below ∼250 MHz
(±125 MHz about the EPR transition), because it is not
sufficient to excite both the DQ and ZQ transitions of the SE
frequency profile (Figure 1a) within the chirp bandwidth. The
enhancement is optimized at a sweep width between 350 and
400 MHz. This is consistent with the fact that the sweep needs
to cover the entire SE frequency profile in Figure 1a, which
spans both the DQ and ZQ transitions that are separated by
286 MHz (2 ·ω0I/2π), as well as the full width of the EPR
spectrum (δ ∼ 80 MHz). A broader sweep width attenuates the
enhancement, probably because only the middle section of the
pulse corresponding to a SW of ∼350 MHz gives rise to DNP.
This effectively shortens the pulse length. For instance, a 7 μs
pulse with SW of ∼500 MHz would be roughly equivalent to a
∼5 μs pulse with SW of 350 MHz.

Figure 2. (a) Microwave irradiation at a fixed frequency leads to a positive SE if the offset is ω ω ωΩ = − − ≈ −I S I0
2

1
2

0 (DQ transition) or
negative SE if Ω ≈ +ω0I (ZQ transition). That relationship can be written as Ω2 + ω1S

2 = ω0I
2 and conveniently described by a semicircle of radius

ω0I.
24 (b) The DQ or ZQ transition can also be excited by a chirp microwave pulse with sweep width Δω provided that the center frequency is in the

range of ± Δω/2 about the DQ or ZQ transitions, resulting in the broadening of the S2E profile. When the center frequency is between the DQ or
ZQ transitions, it is possible that the chirp will excite the EPR transition and either the DQ or ZQ transition, but not both. In such a situation,
enhancement at the DQ or ZQ transition can be significantly reduced due to the saturation of the electron polarization at EPR transition; the
resultant quenching leads to the appearance of shifts in the S2E peak positions. (c) Chirp pulses with a center frequency near the EPR transition, and
sweep width Δω satisfying Δω > 2ω0I lead to the ISE. A positive chirp (from low to high frequency) excites the DQ then the ZQ transition; the
enhancements add in this case because of the electron spin inversion in between.

Figure 3. (a) ISE DNP enhancement as a function of the SW at different contact times of 3, 5, and 7 μs. Essentially no enhancement was obtained at
a SW below 225 MHz because it is not broad enough to hit both the DQ and ZQ transitions, separated by twice the 1H Larmor frequency (2 × 143
MHz) (Figure 1a). The optimum SW was ∼350 MHz, which is enough to cover the entire SE field profile obtained with SW = 0 (Figure 1a). The
enhancement decreases at broader SW. (b) Enhancement as a function of the contact time at a SW of 300 MHz. The enhancements obtained at both
the ISE (center frequency of 94 GHz) and the S2E+ (center frequency of 93.775 GHz) positions exhibit linear relationships and are far from
saturation. (c) ISE enhancement as a function of repetition rate. The enhancement is still growing at the fastest repetition, which is currently limited
by the power handling capability of isolators employed in the spectrometer.
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Figure 3b,c illustrates the growth of the enhancement with
increasing pulse length and repetition rate. At the longest pulse
length and highest repetition rate, the enhancement is still not
optimized at this microwave field strength. Nevertheless, we
obtained enhancements of up to 70 for the S2E and 50 for the
ISE. The enhancements could be larger given more power or
longer pulse lengths and higher repetition rates. The pulse
lengths and repetition rates are currently limited by power
handling limitations of isolators employed in the spectrometer
(in principle, the EIK is capable of delivering an order of
magnitude increase in average power). Despite operating below
the optimum conditions, the enhancements obtained at 3.35 T
are only about 2 to 4 times lower compared to the results at
lower fields.
To fully employ the advantages of pulsed DNP, in particular

the FS-ISE, requires high microwave fields ideally at or near the
NOVEL condition. In our study, the microwave B1 is ∼30% of
the 1H Larmor frequency and we found that, at this power
level, the contact time needs to be quite long (Figure 3b). For
DNP, one is not concerned with the dead time associated with
the detection of EPR signals. Thus, a microwave cavity with a
reasonable Q-factor could be employed to produce stronger
Rabi fields that are closer to the NOVEL condition. However,
the Q-factor cannot be too high because of the requirement of a
broadband excitation for the FS-ISE sequence. Note that the
sweep width is > 2ω0I, thus the Q of the cavity should not be
much larger than ≈ω

ω
330

2
S

I

0

0
. In fact, a Q-factor of just 10 is

needed in the present case to reach the NOVEL condition, and
future work will explore this possibility.
In summary, we have demonstrated the performance of

pulsed DNP at the highest microwave frequency (94 GHz) and
field strength possible at the present time (40 MHz or 30% of

the Larmor frequency of 1H). At this power level, the contact
time for the FS-ISE sequence is long. Thus, the enhancements
that we observed are limited by the microwave pulse length (10
μs) as well as the repetition rate (2 kHz). Nevertheless,
enhancements up to 70 and 50 were obtained with the S2E and
FS-ISE, respectively. It is highly possible that these enhance-
ments could become comparable to the results obtained at
lower fields (9.5 and 34 GHz) with further refinement of the
instrumentation. Our findings mark a major step toward pulsed
DNP at high frequency and help guide further effort and
strategy to perform these experiments at higher fields (>5 T).

■ EXPERIMENTAL METHODS
Experiments at 3.35 T (94 GHz/143 MHz electron and 1H
Larmor frequency, respectively) were performed at the
National High Magnetic Field Laboratory (Tallahassee, Florida,
USA). In particular, we employed the state-of-the-art high
power pulsed EPR (HiPER) spectrometer with 1 kW of
microwave power.32,33 The microwave pulses were modulated
at 7.833 GHz and converted to 94 GHz by a 12-fold frequency
multiplier chain. At 94 GHz, the spectrometer can operate in
either CW mode with ∼200 mW of power, or pulsed mode
with 1 kW of peak power. In the pulsed mode of operation, the
microwave power was amplified by an extended interaction
klystron (EIK) amplifier with 60 dB of gain and a 1 GHz
bandwidth.32,33 For EPR detection an induction scheme is
employed. The transmission and duplexing of the microwaves
is achieved via a quasi-optical bridge. Isolation of the inductive
mode EPR signal of interest is achieved by virtue of its
detection in the orthogonal polarization with respect to the
returning excitation pulse, which is coupled to the sample via a
corrugated waveguide starting out at 50 mm inner diameter
(ID) and tapering down to 3 mm ID. The sample holder is

Figure 4. (a,b) Modulation of the microwave pulses at 94 GHz. In panel a, the pulses are first formed and modulated at 7.833 GHz by up-conversion
mixing with signals from a 2-channel AWG using an IQ mixer operating at the LO frequency in 2−18 GHz range. The frequency was then multiplied
by 12 to reach 94 GHz, followed by amplification by an EIK to obtained ∼1 kW output power at 94 GHz. The average γB1/2π was ∼40 MHz. (c)
An example of a chirp microwave pulse used in the ISE experiment. The sweep width was 250 MHz as seen in the corresponding power spectrum in
panel d. The waveform at 94 GHz was recorded upon down mixing with a reference signal at 92.2 GHz.
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situated inside a customized (see below) 3 mm ID German
silver waveguide. We note that this instrumentation does not
currently employ a resonanator (i.e., Q ∼ 1) in order to permit
broadband excitation and short dead times needed for pulsed
EPR experiments.
For NMR excitation and detection, the 3 mm ID waveguide

was wrapped with a saddle coil (6 turns, 6 mm in diameter, 10
mm in length). The inductance of the coil was ∼400 nH. The
coil was electrically isolated from the German silver waveguide
by a thin Macor sleeve (∼1 mm thick). The standard metallic
waveguide surrounding the sample holder effectively shields the
RF field generated by the NMR coil. Therefore, this waveguide
was modified by introducing slots by electrical discharge
machining (EDM), similar to the structure used by Burghaus et
al.34 A ceramic capacitor of 2.7 pF (NP0 700 series from ATC)
was soldered in parallel to the NMR coil. The resulting LC
circuit (operating at 80 K) was connected to external tuning
and matching capacitors (operating at room temperature) via a
pair of semirigid coaxial cables to allow convenient adjustment
of the RF resonance from outside the magnet.
Chirp modulation of the microwave frequency was achieved

by a 2-channel arbitrary waveform generator (AWG) model
DAx22000-8 M (Chase Scientific, Langley, WA 98260) with 2.5
GSa/s, 12-bit vertical resolution, and 8 MSa of memory per
channel. The waveform from the AWG was mixed with the
carrier frequency of 7.833 GHz using an IQ mixer (model
MLIQ0218 from Marki Microwave) as shown in Figure 4a. The
IQ mixing scheme allows for up-conversion of the carrier
frequency by the AWG signals, generating exclusively the sum
of the two frequencies. Frequency modulated pulses at 94 GHz
were then obtained by a 12-fold frequency multiplier chain.
Figure 4c features a typical chirp waveform at the input to the
extended interaction klystron (EIK) amplifier that was down
converted from 94 to 1.8 GHz for detection. Relatively minor
imperfections in the waveform are believed to originate from
modulation distortions arising in the x12 up-conversion
scheme. However, one may ultimately expect a more uniform
power spectrum than the one shown in Figure 4d at the output
of the EIK due to saturation compression.
Besides the scheme shown in Figure 4a, it is also possible to

perform the modulation directly at 94 GHz (Figure 4b) by
mixing the 1.8 GHz AWG signal directly with a carrier
frequency at 92.2 GHz. The output would include both the
sum (94 GHz) and the difference (90.4 GHz) in this case. The
low frequency component can be eliminated by a bandpass
filter, an approach utilized by Guy et al.29 This method of
directly mixing the modulated waveform has the advantage of
broader dynamic range and smaller error. However, the use of a
frequency multiplier is more cost-effective in the present case.
Furthermore, such a scheme is easier to implement at higher
frequencies.30,31 Direct modulation in the regime >200 GHz is
not currently possible due to the paucity of microwave mixers
and filters.
The T1 of proton in the sample (glycerol-d8/D2O/H2O 60/

30/10 doped with 10 mM trityl-OX063) was 96 s at 80 K
without microwave irradiation. Microwave irradiation at
appropriate frequencies not only induces DNP but also
shortens the buildup time TB. For instance, at the ISE
condition that gave an enhancement of 50, the TB was 72 s.
Due to the difference between T1 and TB, the enhancements
were measured at 3T1 recovery time to ensure that both the
DNP-enhanced and the Boltzmann signals reach their
saturations. The value of n in Figure 2 is calculated accordingly.

For example, during 3T1 (∼300 s), the microwave pulse
sequence was typically repeated at 1 kHz repetition rate, thus n
= 300 × 1000 = 300 000.
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