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a b s t r a c t

We described a versatile spectrometer designed for the study of dynamic nuclear polarization (DNP) at
low temperatures and high fields. The instrument functions both as an NMR spectrometer operating at
212 MHz (1H frequency) with DNP capabilities, and as a pulsed-EPR operating at 140 GHz. A coiled
TE011 resonator acts as both an NMR coil and microwave resonator, and a double balanced (1H, 13C) radio
frequency circuit greatly stabilizes the NMR performance. A new 140 GHz microwave bridge has also
been developed, which utilizes a four-phase network and ELDOR channel at 8.75 GHz, that is then mul-
tiplied and mixed to obtain 140 GHz microwave pulses with an output power of 120 mW. Nutation fre-
quencies obtained are as follows: 6 MHz on S = 1/2 electron spins, 100 kHz on 1H, and 50 kHz on 13C. We
demonstrate basic EPR, ELDOR, ENDOR, and DNP experiments here. Our solid effect DNP results demon-
strate an enhancement of 144 and sensitivity gain of 310 using OX063 trityl at 80 K and an enhancement
of 157 and maximum sensitivity gain of 234 using Gd-DOTA at 20 K, which is significantly better perfor-
mance than previously reported at high fields (P3 T).

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Dynamic nuclear polarization (DNP) is a method of enhancing
signals in nuclear magnetic resonance (NMR) experiments, by
transferring the large spin-polarization of paramagnetic electrons
to the surrounding nuclear spins [1–5]. The DNP phenomenon
was initially postulated and demonstrated in the 1950s [6,7], but
because DNP efficiency scales unfavorably with increases in the
magnetic field, it had not seen much use at high fields (P3 T) until
recently. However, when the gyrotron was introduced as a means
of providing high microwave field strengths, high field DNP in
combination with magic angle spinning (MAS) became a viable
experiment [8–10]. Biradical polarizing agents have further con-
tributed to the efficiency of cross-effect DNP at high magnetic
fields [11–13]. Our recent experiments have shown that the solid
effect can also be efficient at high field [14,15] and can be per-
formed with high-spin paramagnetic metal centers [16]. With
these advances, DNP has seen a variety of applications in solid-
state NMR [17–21], and additional advances in liquid-state DNP
[22,23] and dissolution DNP [24–26] have also expanded the scope
of DNP applications.

Although much work has been done to understand the DNP
mechanism, a complete model of the process is only possible with
the characterization of the electron and the nuclear spins, in
ll rights reserved.
addition to accurate measurement of experimental parameters.
This requires measurement of electron and nuclear spin-lattice
(T1) and spin–spin (T2) relaxation times, the electron nutation fre-
quency, and the EPR lineshape. It can also be very useful to know
the frequency or field dependence of both the nuclear polarization
enhancement, and the electron polarization depletion.

Additionally, there has been interest in developing pulsed-DNP
techniques, including polarization transfers performed in the rotat-
ing frame, and experiments that increase the excitation bandwidth.
The dressed-state solid effect (DSSE) and nuclear spin-orientation
via electron spin locking (NOVEL) both eliminate the unfavorable
field dependence of laboratory-frame DNP techniques such as cross
effect and solid effect, by using electron spin-locking to perform
transfers in the rotating frame [27,28]. However, calibration of
parameters to optimize both NOVEL and DSSE require measure-
ment of the electron nutation frequency, and can benefit from indi-
rect measurement of DNP via electron detection. However, to
determine the effectiveness of each method for enhancing bulk nu-
clear polarization, one must use direct observation via NMR detec-
tion. Another approach to improving DNP efficiency via pulsed
methods exchanges continuous wave (cw) microwave irradiation
for short, strong pulses as a means of increasing the bandwidth
of a DNP experiment without increasing average power [29,30].

A pulsed-EPR spectrometer integrated with an NMR spectrom-
eter is the ideal instrument for in-depth studies of DNP mecha-
nisms and implementation of pulsed-DNP: EPR detection
capabilities allow characterization of the paramagnetic electrons
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including measurement of the EPR spectrum as well as T1 and T2 of
the electron. Also, direct measurement of the electron nutation fre-
quency during DNP experiments is only possible with EPR detec-
tion. Multiple EPR channels with different relative phases allow
for spin locking of the electrons, which is required for DSSE and
NOVEL. A frequency-sweepable electron–electron double reso-
nance (ELDOR) channel can allow for indirect measurement of
DNP conditions, and provide additional flexibility when perform-
ing DNP experiments. Finally, the NMR spectrometer allows direct
measurement of the nuclear T1, the DNP buildup time (TB), and the
nuclear enhancement (e1); the knowledge of those parameters is
essential to DNP studies.

Several high field DNP spectrometers equipped with EPR detec-
tion capabilities have been recently described in the literature.
Vega, Goldfarb and coworkers have developed an EPR/DNP system
operating at 95 GHz and have recently shown DNP enhancements
and also double resonance experiments detecting DNP via EPR
observation [31,32]. Prisner and coworkers demonstrated liquid-
state DNP, also using an EPR/DNP system [22,33], and Köckenber-
ger and coworkers have also implemented an EPR setup for use in
conjunction with a dissolution DNP experiment [34]. Han and
coworkers demonstrated initial results with a 200 GHz EPR/DNP
spectrometer [35]. Finally, the HIPER EPR system developed by
Smith and coworkers is designed around a �1 kW extended inter-
action klystron (EIK), and has been used to show DNP enhance-
ments via pulsed cross effect [30].

We describe a 140 GHz/212 MHz EPR/DNP spectrometer de-
signed for the study of DNP mechanisms. Our system is unique
in its flexibility for performing EPR and DNP experiments in the so-
lid-state, and shows outstanding performance in obtaining DNP
enhancements in a static sample. Preliminary results show EPR, EL-
DOR, and electron-nuclear double resonance (ENDOR) data, and
also DNP enhancements observed via NMR. We obtain an enhance-
ment of 144 and sensitivity gain of 310 under solid effect condi-
tions using OX063 trityl, where the microwave field strength is
critical to performance. We also report temperature dependent
enhancements using Gd-DOTA as a polarizing agent, and obtain a
maximum enhancement of 157 and maximum sensitivity gain of
234 at 20 K. These represent the highest enhancements to date re-
ported using 1H solid effect at high fields (P3 T).
2. Instrument design

The 140 GHz EPR/212 MHz NMR can be grouped into five sub-
systems: the magnet and field control, temperature control, the
EPR spectrometer, the NMR spectrometer, and the DNP probe. Of
these systems, the EPR spectrometer and the DNP probe have
undergone major changes that will be described in detail here, in
addition to a description of the spectrometer control. We briefly
describe the magnet and field control, temperature control, and
NMR spectrometer before detailing the novel components of the
spectrometer.

The 140 GHz EPR/212 MHz NMR spectrometer utilizes a Mag-
nex 5 T/130 mm bore magnet with a ±0.4 T superconducting sweep
coil. An NMR probe containing a small water sample resides just
below the sample space in the magnet. A Resonance Research
field-mapping unit (FMU), which is a one-channel NMR spectrom-
eter, is used to measure the 1H resonance frequency of the water
sample. This is used to determine the magnetic field. The field is
then swept to the desired position, as described in detail by Maly
et al. [36]. An Oxford SpectrostatCF cryostat and ITC502 temperature
controller allow precise temperature regulation down to 1.4 K. A 2-
channel RNMR Cambridge Instruments console (courtesy of D.J.
Ruben) allows flexible radio frequency (RF) pulse creation and
NMR detection.
2.1. EPR spectrometer: 140 GHz EPR bridge

We have built a five-channel (four phases and one sweepable
ELDOR channel) EPR bridge operating at 140 GHz with 120 mW
of output power. The EPR bridge can be broken into three major
sections as shown in Fig. 1: microwave pulse generation (red),
which includes the five channel network, signal down-mixing
(blue), and quadrature detection (green). We describe each section,
and also discuss phase-locking of the three sections, which is
essential for EPR signal detection. Also, the specific parts used in
the construction of the EPR bridge are provided in Supplementary
information (SI).

Frequency generation uses a Virginia Diodes Inc. active multi-
plier chain (AMC), which requires either pulsed or cw input at
34.5–35.5 GHz and multiplies that input frequency by 4 to give
120 mW of power at 138–142 GHz. Therefore we generate phase-
controlled pulses at 35 GHz to feed into the AMC. Microwaves
are generated at 8.75 GHz via multiplication of a 2.1875 GHz
source by 4. The microwave power at 8.75 GHz is split three ways:
half is directed into the five-channel network where microwave
pulses are generated, a quarter is fed into a �3 multiplier giving
26.25 GHz and the last quarter is used as a reference frequency
for quadrature detection. Pulses from the output of the five-chan-
nel network and cw microwaves from the �3 multiplier are mixed
together, providing pulses at 35 GHz that can be fed into the AMC.
We have designed the generation of microwave pulses at 35 GHz to
minimize phase error. In our configuration, the phase error at
35 GHz is the same as the phase error at 8.75 GHz, because the
mixing step (26.25 + 8.75 GHz) does not introduce any new error.
Although it would be simpler to create pulses at 8.75 GHz and
use a �4 multiplier to create 35 GHz pulses, this would introduce
a phase error at 35 GHz that is four times larger than the error at
8.75 GHz.

The five-channel network consists of four phases and one swee-
pable ELDOR channel. Microwaves (8.75 GHz) are fed into the four
channels, where they are first attenuated, and then phase shifted to
the appropriate phase (usually 0�, 90�, 180�, 270�). One may also
use the channels for pulses with different power levels in the same
experiment. Finally, pulses are generated using a double-balanced
mixer (Marki M1-0412), by feeding an attenuated transistor–tran-
sistor logic (TTL) pulse from a pulse programmer into the interme-
diate frequency port of the mixer. We use mixers to create a very
fast, but inexpensive microwave switch as previously shown by
Bolton et al. [37]. On its own, a mixer makes a very poor micro-
wave switch, because of high insertion loss and poor on/off con-
trast. However, when the output of the switching mixer after up-
conversion is fed into a multiplier, as done with the AMC in our
system, the nonlinear behavior of the multiplier increases the on/
off contrast and filters weaker spurious frequencies from the up
converter. In fact, it is possible to generate sub-nanosecond pulses
with this method. Although not yet implemented, this EPR bridge
is designed to drive a gyro-traveling-wave-tube-amplifier with
40 dB gain, making very short pulses necessary to produce p/2
pulses with the high microwave powers that would be available
[38,39]. One should note that because the �4 multiplier only cuts
off microwave power if the power is below some threshold, when
one channel is activated, power from the other channels will leak
through the multiplier. This is remedied because the channels
are paired with 180� phase shift between them. As a result, equal
power leakage is canceled for the four phases.

The ELDOR channel of the five-channel network is a voltage con-
trolled oscillator (VCO) operating between 8.25 GHz and 9.25 GHz,
to give a 4 GHz sweep range when multiplied to 140 GHz. Like the
other channels of the five-channel network, this channel is first fed
into an attenuator, and gated with a mixer. As mentioned above,
when one of the other channels is activated, this will allow the



Fig. 1. 140 GHz EPR bridge design. Schematic for generation of pulses at 140 GHz and detection of EPR signal. Microwave pulses are generated at 8.75 GHz (8.25–9.25 GHz for
ELDOR channel), and multiplied and mixed to 140 GHz for 120 mW pulses. Signal is referenced to 131.25 GHz, and detected using a heterodyne quadrature detector operating
at 8.75 GHz which down-converts signal for detection. Red indicates the pulse generation, blue indicates the down-mixing source, and green indicates the quadrature
detection. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ELDOR channel to leak through. Since there is no channel with
opposite phase of the ELDOR channel, we must use a standard
microwave switch in addition to the mixer on this channel to avoid
power leakage when other channels are in use. Short pulses can still
be achieved by opening the microwave switch before the mixer, as
long as no other channel is activated during that period.

Down-mixing of the EPR signal to 8.75 GHz is achieved with a
biasable mixer (Millitech MXB-08) that mixes the EPR signal at
140 GHz with a reference frequency of 131.25 GHz. This allows
for heterodyne quadrature detection at 8.75 GHz. In the reference
arm, multiplying the 2.1875 GHz source by 5 generates micro-
waves at 10.9375 GHz. Microwaves (131.25 GHz) are subsequently
generated from a �12 AMC (Millitech AMC-08), which is fed into
the biasable mixer.

Output from the mixer is amplified and fed into the quadrature
detection. The EPR signal is split and enters two mixers. The refer-
ence signal for the two mixers is obtained by taking cw 8.75 GHz
microwaves from the �4 multiplier in the pulse generation arm.
This is routed through a variable phase shifter, and then a 90�-hy-
brid power splitter. The 90� phase shift between the two mixers al-
lows one to obtain the real and imaginary signals from the two
mixers. The output from the mixers is amplified, and finally the
down-mixed signal enters an oscilloscope.

The phase of the EPR signal will be random if the reference fre-
quencies of the pulse generation, down-mixing, and quadrature
arms are not phase-locked. Therefore phase-locking is essential,
and is achieved by generating all reference frequencies from the
same source. In our case, this is the 2.1875 GHz source. The pulse
generation and quadrature arms both require 8.75 GHz input, which
is generated by �4 multiplication of the source. The down-mixing
arm then requires 2.1875 GHz input, which is obtained directly
from the source. Therefore, the total multiplication factor for each
bridge of the arm is as follows: 64 � 2.1875 GHz for the pulse
generation arm, 60 � 2.1875 GHz for the down-mixing arm, and
4 � 2.1875 GHz for the quadrature arm. One may note that a sim-
pler scheme would be to use an 8.75 GHz source and factors of 16,
15, and 1, respectively. However, this would require a�5 multiplier
operating with at least 43.75 GHz output frequency. The limited
availability of such multipliers made it simpler to start at lower fre-
quency, and use a �5 multiplier with 10.9375 GHz output.

2.2. EPR spectrometer: control and detection

In order to have precise control over the EPR spectrometer, we
have implemented SpecMan4EPR with much help from B. Epel
[40]. SpecMan allows for simple integration of a variety of compo-
nents by providing drivers for many different components, and
provides a convenient software interface to allow for coordination
of all components. We have used an AWG1000 (Chase Scientific) as
a pulse programmer. The AWG is a 12-bit arbitrary waveform gen-
erator, which has the waveform generation itself replaced with 12
positive emitter–coupler logic (PECL) channels, which have a 1 ns
pulse resolution. The AWG triggers the five pulse channels (plus
an additional switch on the ELDOR channel), a protection switch
on the receiver, detection with an oscilloscope, and can also trigger
RNMR in order to initiate an NMR pulse sequence. SpecMan allows
the AWG1000 to initiate a pulse sequence on either an internal
trigger or an external trigger, so that it is possible to perform an
experiment on the EPR that begins concurrently with an NMR
experiment.

For detection, we use a WaveRunner 6200 (LeCroy) oscilloscope
that can detect frequencies up to 2 GHz, with a sampling rate of 10
Giga-samples per second. This is also interfaced with SpecMan, and
allows for a variety of detection modes, including acquisition of the
full waveform, Fourier transform of the waveform, and echo inte-
gration. Finally, a TCP/IP driver in SpecMan allows us to pass



Fig. 2. DNP probe design. (a) Full probe and removable circuit-box. (b) Coiled TE011

resonator that serves as both a microwave resonator and an RF coil. (c) Resonator
with microwave tuning plungers, sample space, microwave entry, and RF connec-
tions. Parts (b and c) partially adapted from Ref. [43].
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parameters to LabView programs, and the driver waits for a re-
sponse from the program confirming that the parameter has been
set. We use this to communicate with the field controller, to set the
ENDOR and ELDOR frequencies, and to set an attenuator which is
built into the 140 GHz AMC (the ELDOR VCO and AMC attenuator
both require voltage inputs, for which we communicate directly
with a 0–5 V digital to analog converter that is attached to the
VCO and AMC).

2.3. DNP probe

In order to perform efficient DNP experiments with low power
microwaves (120 mW), and have good radio frequency (RF) perfor-
mance, it is essential to have both a high-Q EPR resonator and an
efficient NMR circuit. We use a coiled TE011 cylindrical resonator
for this purpose, which was first proposed and used for 9 GHz EN-
DOR experiments [41,42], and later implemented at 140 GHz by
Weis et al. [43]. The coiled TE011 resonator, which is shown in
Fig. 2b, is a fundamental mode microwave resonator – therefore
having the full microwave field concentrated at a single node
and giving higher microwave field strengths and filling factors than
higher mode resonators (the field strengths will still depend on the
coupling and loss of the resonator). At the same time the sample is
situated around a node of the electric field component, reducing
dielectric losses and sample heating. Because the resonator is also
a solenoid shaped coil, it can also act as an RF resonator when at-
tached to a tuning circuit. The resonator typically accommodates
sample capillaries with .55 mm outer diameter and .40 mm inner
diameter, which can be filled with 2 mm of sample (�250 nL); lar-
ger capillaries may be used although the Q of the cavity will suffer.

The coiled TE011 resonator is critical to the performance of this
spectrometer, since it provides a very high Q, and therefore high
microwave field strengths using small amounts of microwave
power. However, inherent to a high Q is a narrow cavity band-
width. As a result, when the frequency is swept in an experiment,
the field strengths can vary across the frequency sweep. This can
potentially make ELDOR experiments over wide frequency ranges
considerably more difficult. Also, we will later see experiments
where the resonator is periodically retuned in a frequency-swept
DNP experiment, in order to circumvent the limitations of the high
Q cavity. It is possible to reduce the Q of the cavity for various
experiments. One may use a matching mechanism, in addition to
a tuning mechanism, although this is not currently implemented.
It is also possible to reduce Q by other methods, such as introduc-
tion of small pieces of metal or dielectric to the microwave cavity.
If either of these methods is used, however, the maximum field
strength available will be reduced.

Although this resonator has been in use in our lab for some
time, the RF circuit had inherent instability due to the proximity
of the center of the RF coil to the waveguide, as can be seen in
Fig. 2c where the waveguide meets the resonator iris. The wave-
guide must either be very close to the coil, essentially acting as a
capacitor, which makes it very prone to arcing, or the waveguide
must touch the coil, essentially grounding the coil and causing a
very inhomogeneous RF field. However, if the circuit is tuned so
that the center of the coil has the same electric potential as ground
(a virtual ground), then both arcing and RF inhomogeneity can be
prevented. This may be achieved with a balanced RF circuit [44].
Denysenkov and co-workers have demonstrated a one-channel
balanced, lumped-element circuit using the coiled TE011 resonator
at 400 MHz/260 GHz in a liquid-DNP probe [33]. We have taken a
similar approach. However, for a solid-state DNP probe, it is bene-
ficial to have both a 1H channel and a 13C channel so that one may
polarize 1H and transfer that polarization via cross-polarization to
13C where there is significantly less background signal [45]. Addi-
tionally, because the probe must operate at low temperature, a
transmission line circuit is used rather than a lumped-element cir-
cuit. For this purpose, we have designed a double balanced (1H,
13C) transmission line circuit to use in conjunction with the coiled
TE011 resonator.

The circuit design is shown in Fig. 3. For tuning and matching of
both channels, we use a parallel tune/series match configuration,
and additionally use a variable capacitor to ground on the opposite
side of each channel to allow for balancing of the circuit. For simple
tuning of the circuit, we make the total transmission line length on
each side of the 1H channel equal to the 1H wavelength. Conve-
niently, for a Teflon dielectric transmission line, this is �1 m, which
is approximately the length of the probe itself. However, the 13C
wavelength is �4 m in Teflon dielectric. Therefore, we add an addi-
tional 1 m of transmission line on each side of the circuit (inside
the circuit box), so that the total length on each side is equal to half
the 13C wavelength. This causes the circuit to behave as a lumped
element circuit, because half-integer wavelength transmission
lines act similarly to electrical shorts [46]. Isolation of the channels



Fig. 3. Circuit design for a double-balanced (1H, 13C) DNP probe. A balanced NMR probe is achieved by having symmetric circuitry between the tune and balance capacitors on
each channel, placing a voltage node at the center of the resonator coil. Polyflon variable capacitors are used. Transmission lines are 1 m in length with a Teflon dielectric
(1 m � k1H � k13C/4).
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is achieved using 1H traps on the 13C channel and 13C traps on the
1H channel.

The full probe is shown in Fig. 2a. We have used three metal
rods for support of the probe, with brass disks providing electrical
contact between the three rods, the waveguide, and the outer con-
ductor of the transmission line. This was necessary to establish a
good ground on the outside of the transmission line. Without the
use of the brass disks to connect the transmission line to the wave-
guide and support rods, there are significant standing waves on the
outer conductor of the transmission line. The presence of standing
waves significantly changes the behavior of the circuit– making it
highly unstable and also difficult to model using computer simula-
tion. Therefore, additional grounding is essential.

The upper halves of the support rods are made of stainless steel
in order to reduce heat conductivity at the top of the probe. How-
ever, even so-called non-magnetic stainless steel may become sig-
nificantly magnetic with extensive field cycling and thermocycling,
so the lower half of the rods are made of brass at the bottom.
Therefore, magnetization of the stainless steel will not affect the
magnetic field homogeneity at the sample. A fourth rod made of
G10 composite material can be rotated from outside the probe,
and is used to move one plunger in and out of the cavity for micro-
wave tuning. We also note that the tuning box seen in Fig. 2a is
connected to the probe via N-type elbow joints that can be discon-
nected from the probe itself. This allows one to easily remove the
top-loading probe from the magnet when changing samples. Also,
the use of different circuit boxes for different nuclei with the same
probe is possible.
2.4. Full system control

In Fig. 4, we show the full spectrometer configuration. The com-
puter labeled SpecMan controls the EPR. It is connected internally
to the pulse programmer, which in turn is connected to the EPR
bridge. USB connectors attach to a digital-to-analog converter that
provides voltages for the AMC attenuator and ELDOR VCO. The
WaveRunner oscilloscope and the FMU communicate via TCP/IP
with the SpecMan computer, all being connected to an Ethernet
network. Finally, the magnet power supply and a water probe
are connected to the FMU. The computer labeled RNMR is con-
nected to the RNMR console, which includes the pulse program-
mer, 1H and 13C channels, and the receiver. The RNMR console
connects to the probe (filters and directional couplers are not
shown in Fig. 4), and an active duplexer (Warner Harrison) sepa-
rates the RF pulses on the 13C channel from the 13C NMR signal.

For DNP experiments, it is necessary to synchronize the EPR and
NMR spectrometers. In our configuration, the computers that con-
trol the EPR and NMR do not communicate directly. Although
experiments are queued on separate computers, the experiments
can be coordinated with triggers between the AWG, which acts
as the EPR pulse programmer, and RNMR, which controls the
NMR pulse programmer. We show the full spectrometer configura-
tion in Fig. 4. Note that an external trigger for each pulse program-
mer is attached to a channel of the other pulse programmer. We
describe how this configuration may be used to execute pulsed-
DNP experiments, ENDOR experiments, and cw-DNP experiments
for which electron and nuclear polarization is observed
simultaneously.

In order to perform a pulsed-DNP experiment, one must exe-
cute the EPR pulse sequence repeatedly to achieve significant
buildup of nuclear polarization. Because the EPR sequence requires
precise (nanosecond) timing, it is necessary to use a high-resolu-
tion pulse-programmer such as the AWG that we use for the EPR.
However, the AWG does not have sufficient memory to store a sec-
onds-long buildup with nanosecond resolution. Therefore, we load
one or several instances of the pulse sequence onto the AWG, but
then use repeated triggering of the AWG via the RNMR pulse pro-
grammer to re-execute the sequence many times, allowing for an
extended, seconds long buildup period, with nanosecond resolu-
tion for the EPR pulses.

External triggering of the RNMR pulse programmer allows for
simple setup of ENDOR experiments. ENDOR requires that an RF
pulse be inserted between microwave pulses. RNMR can in fact
be triggered both on rising and falling pulses, which allows us
to start and stop an RF pulse with the rising and falling edges of
a single trigger from the AWG. As a result, not only can the RF
pulse be initiated by the EPR spectrometer, but its length may also
be controlled without adjustment of parameters in the RNMR
software.

Finally, we may use external triggering of the AWG to measure
the electron polarization after a DNP experiment, as is shown in
Fig. 5, where both the electron polarization and the nuclear polar-
ization are measured together at the end of the experiment. In this
case, RNMR executes a DNP experiment, and at the conclusion of
the experiment, initiates cross polarization (CP) to measure the nu-
clear polarization, while simultaneously triggering a Hahn echo se-
quence to measure the electron polarization.



Fig. 4. Full schematic for the integration of the EPR and NMR spectrometer. Separate computers and pulse programmers (PP) control EPR and NMR spectrometers. The
computers are labeled SpecMan and RNMR respectively. SpecMan controls the ELDOR frequency, the microwave attenuator, the magnetic field, and the EPR pulse
programmer. RNMR controls RF pulse generation and NMR detection. Both pulse programmers can be externally triggered, allowing simple configuration of ENDOR and
pulsed-DNP experiments, as well as simultaneous EPR and NMR detection.

Fig. 5. Simultaneous EPR and NMR detection. Pulse sequence to perform DNP
transfer and detect e� and 1H (detected on 13C) polarizations after the DNP
polarization period. We use a CP transfer to 13C to measure the 1H polarization, and
use a Hahn echo to measure the e� polarization.
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3. Experimental results

To demonstrate the capabilities of our EPR/DNP spectrometer,
we will show the results of several typical EPR and DNP experi-
ments. First, we briefly discuss the MW and RF performance of
the instrument. 1H and 13C nutation frequencies were determined
by measuring transverse 13C magnetization via a CP experiment.
The 1H nutation frequency was measured by incrementing the
length of the initial flip pulse on the 1H channel before CP. In order
to measure the 13C nutation frequency, a pulse on the 13C channel
was applied immediately after the CP period. The pulse was shifted
90� in phase from the spin lock. Therefore, the length of the pulse
could be incremented in order to measure the 13C nutation fre-
quency. Finally, a Hahn echo was applied to the electrons, where
the initial pulse was incremented to obtain the e� nutation fre-
quency. The frequencies measured were 100 kHz on 1H, 50 kHz
on 13C, and 6 MHz on e�. The 6 MHz nutation frequency for elec-
trons is significantly higher than we have obtained previously
[43], and leads to excellent DNP performance, as we will show. SI
Fig. 1 shows the results from a nutation experiment using trityl.

In Fig. 6, we show several EPR experiments. Fig. 6a shows an
EPR spectrum of bTbtk-py (0.7 mM in 60:40 glycerol:D2O), a
water-soluble analog of the bTbk biradical [11,47]. This was ac-
quired with a Hahn echo, where the timing of the p/2–s–p pulse
sequence is 55–200–110 ns followed by detection via integration
of the Hahn echo. Six-hundred and forty-one field points were ac-
quired by repeating the pulse sequence 400 times at each field
point, using a 4 step phase cycle, with a repetition time of 5 ms.
The derivative spectrum in Fig. 6a was calculated with the Easy-
Spin fieldmod function, with modulation amplitude of 1 mT [48].
Note that we can use a short delay between pulses by phase cy-
cling in order to eliminate any ring-down or free-induction decay
that would otherwise interfere with acquisition of the Hahn echo.

In Fig. 6b, we show an ELDOR hole burning experiment on
40 mM trityl in 60:40 glycerol:D2O (a typical solid effect DNP



Fig. 6. EPR experiments. (a) Echo-detected spectrum of bTbtk-py, acquired with a
Hahn echo (pseudo-modulated spectrum calculated with EasySpin [48]). (b) ELDOR
hole-burning experiment on a sample of 40 mM trityl in 60:40 glycerol:D2O. The
external field and ELDOR frequency were swept together to keep the ELDOR
frequency on resonance with the center of the EPR spectrum. (c) Mims ENDOR of
BDPA in polystyrene, with p/2 = 45 ns and s = 200 ns.

Fig. 7. Solid effect DNP enhancement profile. DNP enhancement profile of 40 mM
trityl in 60:40 13C-glycerol:D2O that was obtained by sweeping the microwave
frequency rather than the magnetic field, which is fixed at 4993.5 mT. Note that the
EPR cavity was retuned at each frequency. The EPR spectrum shown above the
enhancement profile is a field-swept spectrum of 1 mM trityl in 60:40 glycerol:D2O.
Although the EPR spectrum was acquired with a field sweep, it is straightforward to
convert this to a frequency axis, which we have done in this figure.
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sample). We apply a saturating pulse to the center of the spectrum
with the ELDOR channel, wait 20 ls in order to eliminate any
residual coherence, and then apply a Hahn echo pulse sequence
(40–400–80 ns). The integrated intensity of the Hahn echo is re-
corded for each field position. In order to acquire this spectrum,
the magnetic field and ELDOR frequency are swept together so that
the ELDOR frequency remains on resonance with the center of the
trityl spectrum. The field and frequency were swept together from
4990 mT to 4998 mT and �101 MHz to +123 MHz (offset), respec-
tively, over 101 points. Two-hundred shots were taken at each
point, with a 4-step phase cycle. Note that after 5 ms, the trityl line
is almost fully saturated. This is an important observation: when
measuring the T1 of electrons in a highly concentrated sample,
such as is necessary for DNP, the recovery time is a composite of
electron–electron spin-diffusion, spectral diffusion, and electron
spin-lattice relaxation (T1). However, if it is possible to saturate
the full EPR spectrum, then the contribution from electron–elec-
tron spin diffusion and spectral diffusion is greatly diminished, giv-
ing an accurate measurement of the T1.

In Fig. 6c, we show a Mims ENDOR of BDPA doped in polysty-
rene [49]. The pulse sequence for Mims ENDOR is p/2–s–p/2–T–
p/2, which causes a stimulated echo at a time s after the final
p/2 pulse. However, during the period T, an RF p-pulse is applied
to the 1H channel, which affects the refocusing of the stimulated
echo. The timing of our sequence was 45 ns–200 ns–45 ns–
7.1 ls–45 ns, with a 7 ls RF pulse during the period T. The mag-
netic field was set to 4994.5 mT, putting the center of the BDPA
spectrum on resonant with the 140 GHz source. The RF frequency
was swept from 207.654 MHz to 217.654 MHz, with 181 frequency
points recorded. One-thousand and six-hundred shots were taken
at each point, using a 4-step phase cycle. By decreasing the match-
ing of the RF circuit so that the reflected power was similar across
the full 10 MHz sweep width, we were able to record the full EN-
DOR spectrum without any retuning of the circuit. Some optimiza-
tion of the tuning was required to obtain a symmetric ENDOR
spectrum. Note that it is possible to obtain a 5 ls p-pulse for nar-
rower frequency sweeps, since one may use better matching of the
RF circuit.

In Fig. 7, we show a frequency swept DNP enhancement profile
of 40 mM trityl in 60:40 13C-glycerol:D2O acquired at 80 K, where
we polarize 1H for 10 s and observe the enhancement via CP on 13C.
The frequency given is the offset from 140 GHz, which is on reso-
nance with the center of the EPR spectrum (B0 = 4993.5 mT). We
retune the microwave cavity at each frequency position to obtain
the optimal electron nutation frequency, and acquire 8 shots at
each frequency point. The frequency was swept from 139.7 GHz
to 140.3 GHz (�300 MHz to 300 MHz in Fig. 7), with 121 frequency
points recorded. DNP enhancements are observed at the DNP+ and
DNP� matching conditions. Note that at each matching condition,
the shape of the frequency profile is very similar to the trityl spec-
trum (Fig. 7, top). The maximum enhancement occurs at
�212 MHz (DNP+). In Fig. 8a, we acquire a spectrum at the maxi-
mum enhancement with (on) and without (off) microwave irradi-
ation. Both on and off signals were acquired with a 10 s recycle
delay, and the electron nutation frequency was �6 MHz for the



Fig. 8. Solid effect DNP sensitivity gain. (a) On signal versus off signal using trityl, scaled to the relative intensities for infinite recycle delay, giving an enhancement of 144 and
an overall sensitivity gain of 310. The off-signal has been multiplied by a factor 20 for improved visibility. (b) Buildup of nuclear polarization, with a time constant TB. (c)
Decay of nuclear polarization with a time constant of T1.

Fig. 9. Microwave field strength and temperature dependence of Gd-DOTA
enhancements. (a) Solid effect enhancements using Gd-DOTA at 20 K and 80 K as
a function of microwave field strength. (b) Buildup times (TB) at 20 K and 80 K as a
function of microwave field strength.
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on signal. The on signal is acquired with 32 shots, and the off signal
with 6464 shots. We also measure the DNP buildup time (TB) by
incrementing the polarization period, which is shown in Fig. 8b. Fi-
nally, the 1H T1 is measured by irradiating the sample for 10 s, fol-
lowed by a period without irradiation, during which 1H T1

relaxation occurs. This is shown in Fig. 8c.
If the on and off signals are compared directly, the on signal is

found to be 350 times larger than the off signal. However, both
on and off signal were acquired with a 10 s recycle delay, whereas
the recovery times of the on and off signal are different. The off sig-
nal recovers with the 1H T1 (21.7 s) and the on signal recovers with
the DNP buildup time (4.4 s); we must account for this difference
in recovery time. We do so by applying a scaling factor to the
intensity of each spectrum [14]. The scaling factor is given by
(1 � exp(�tRD/T))�1, where tRD is the recycle delay and T is the
recovery time for a particular experiment, in this case either TB

or T1. This gives the enhancement that would be obtained if both
on and off signals were performed with an infinite recycle delay.
Therefore, the enhancement obtained is e1 = 144. However, be-
cause the DNP buildup time is significantly shorter than the recov-
ery time without DNP, a significant amount of experimental time
can be saved and therefore we should also take this into account.
We may do so by calculating the DNP sensitivity gain, which is gi-
ven by e1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
T1=TB

p
. For our experiment, we obtain a sensitivity gain

of 310, which is comparable to enhancements obtained with the
cross effect [11,12,47].

In Fig. 9, we show 1H solid effect enhancements and buildup
times using a paramagnetic metal complex, which is a method that
was recently demonstrated under MAS-DNP conditions by Corzi-
lius [16]. 10 mM of Gd-DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) was dissolved in 60:40 (v/v) 13C-glyc-
erol:D2O. DNP was performed at 5022.5 mT, using a microwave
frequency of 139.786 GHz, satisfying the solid effect double-quan-
tum condition. Experiments were performed at both 20 K and 80 K.
At each of these temperatures, DNP enhancements and buildup
times were recorded for various microwave field strengths. Build-
up times were determined by varying the polarization time and fit-
ting the results to an exponential function, as was done for trityl in
Fig. 8. The polarization time was varied from 0.2 s to 32 s, using 16
points spaced logarithmically and 16 shots at each point; the re-
sults for the exponential fit are plotted in Fig. 9b. The nuclear T1s
at 20 K and 80 K were also determined to be 17.3 s at 20 K and
5.0 s at 80 K; the sample was polarized for 10 s, followed by a var-
iable delay and detection, and the signal decay was fitted to an
exponential. Finally, the enhancements were determined by com-
paring on and off signals at 20 K and 80 K. On signals were acquired
with 16 and 8 shots at 20 K and 80 K, respectively. Off signals were
acquired with 512 and 4480 shots at 20 K and 80 K respectively.
Both on and off signals were acquired using a 10 s recycle delay,
although the enhancements in Fig. 9a are scaled to account for dif-
ferences in recovery times, as was done to determine trityl
enhancements.

In Fig. 9, we see increases in enhancement as the microwave field
strength is increased, and also see decreases in the buildup time.
However, we note that at 20 K, for the highest field strength, the
enhancement begins to decrease again, which indicates we have
sufficient microwave field strength to begin to saturate the solid ef-
fect. We also point out that our maximum enhancements at 20 K
and 80 K, being 109 and 157, greatly exceed those recently reported
by our lab for MAS-DNP using Gd-DOTA [16]; this is a function of the
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much greater microwave field strengths available in our microwave
cavity. As with trityl, there is an additional sensitivity gain due to the
solid effect buildup time being shorter than the inherent nuclear T1,
in this case giving sensitivity gains of 223 and 135 for 20 K and 80 K,
respectively for the maximum enhancements. Note that the largest
sensitivity gain at 20 K is 234, corresponding to the maximum
microwave field strength, although the enhancement is slightly
lower at this point. The nutation frequencies seen in Fig. 9 are con-
siderably larger than those found elsewhere. For Gd(III) which is
S = 7/2, the nutation frequency is four times higher than what would
be obtained using a S = 1/2 polarizing agent [50].

4. Conclusions

We have presented significant improvements to EPR and DNP
instrumentation, leading to improvements in experimental flexi-
bility, RF stability, and DNP performance. A double-balanced,
transmission line probe design with a TE011 coiled resonator that
acts as both the NMR coil and EPR cavity was implemented. With
this design, we achieve high electron nutation frequencies and sta-
ble RF performance, which had previously been difficult to obtain
reliably due to arcing and RF inhomogeneities in a similar, but
unbalanced probe design. Also, we presented a novel design for a
five-channel, 120 mW, 140 GHz EPR bridge. With this system, we
have demonstrated highly efficient performance of EPR and DNP.
An enhancement of 144 and sensitivity gain of 310 for the 1H solid
effect using trityl far exceeds any previous solid effect experiments
at high field (P3 T) and liquid-nitrogen temperatures. An enhance-
ment of 157 at 20 K using Gd-DOTA is also a milestone for the solid
effect. With the integrated NMR and EPR spectrometers and supe-
rior DNP performance, we hope to achieve a better understanding
of various DNP processes and further improve DNP methods.
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