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A spectrometer specifically designed for systematic studies of the spin dynamics underlying Dynamic
Nuclear Polarization (DNP) in solids at low temperatures is described. The spectrometer functions as a
fully operational NMR spectrometer (144 MHz) and pulse EPR spectrometer (95 GHz) with a microwave
(MW) power of up to 300 mW at the sample position, generating a MW B1 field as high as 800 KHz. The
combined NMR/EPR probe comprises of an open-structure horn-reflector configuration that functions as
a low Q EPR cavity and an RF coil that can accommodate a 30–50 ll sample tube. The performance of the
spectrometer is demonstrated through some basic pulsed EPR experiments, such as echo-detected EPR,
saturation recovery and nutation measurements, that enable quantification of the actual intensity of
MW irradiation at the position of the sample. In addition, DNP enhanced NMR signals of samples contain-
ing TEMPO and trityl are followed as a function of the MW frequency. Buildup curves of the nuclear polar-
ization are recorded as a function of the microwave irradiation time period at different temperatures and
for different MW powers.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

In the past few years Dynamic Nuclear Polarization (DNP) has
become a highly attractive method for enhancing the sensitivity
of NMR and MRI signals at commonly used high magnetic fields.
The DNP phenomenon has been known since the discovery of the
Overhauser effect [1,2] in the early 1950’s, and has been discussed
and applied extensively as described in numerous reviews (a partial
list of Refs. [3–6]). DNP is most efficient at relatively low magnetic
fields and therefore the rapid increase in the magnetic field strength
used in modern NMR has lead to a decline in the applications and
interest in DNP. However, Griffin and co-workers have consistently
shown, starting at the early 1990s, that by increasing the micro-
wave (MW) power DNP can be highly efficient for magic angle spin-
ning (MAS) high field NMR at low temperatures [6–12]. These
studies together with the introduction of dissolution-DNP by
Golman and co-workers [13–15], have stimulated a renewed inter-
est in DNP and numerous new applications of DNP to solid-state
and liquid state NMR and MRI have started to emerge. Following
these developments, commercial DNP systems have been designed
for dissolution-DNP (Hypersense, Oxford Inc.) and for solid state
MAS DNP NMR applications (Avance III, Bruker Inc.). Besides these
ll rights reserved.
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commercial spectrometers a number of research groups have
developed different variations of homebuilt DNP systems [16–21].
Most of these DNP systems are NMR application oriented and are
therefore designed with a minimal flexibility for performing EPR
measurements necessary for optimization of the DNP process.

The DNP process in solids involves a transfer of spin polariza-
tion from highly polarized electrons to adjacent nuclei. This is typ-
ically done by MW irradiation of a frozen glass forming solution
which includes free radicals that serve as electron-spin polarizers.
Molecules with target nuclei for polarization are dissolved in the
solvents and irradiation around the EPR spectrum of the radicals
can result in an enhancement of the NMR signal of these target
nuclei. A number of mechanisms have been distinguished that
explain the enhancement in solid DNP, namely the Solid Effect
(SE) [4,22,23], the Cross Effect (CE) [24,25], and Thermal Mixing
(TM) [3,26,27], involving hyperfine interactions of nuclear spins
to one, two or more coupled electron spins, respectively. These
mechanisms have been used over the years to interpret experi-
mental results [3,5,28,29]. However, there is still a need to extend
the theoretical descriptions enabling quantitative predictions, par-
ticularly at high fields, and to facilitate the design of new DNP
experiments.

The complexity of the polarization enhancement processes can
be attributed to the large number of physical parameters which af-
fect the final nuclear signal intensities. These include experimental
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parameters that can be controlled such as the MW irradiation fre-
quency, the MW power, the temperature, the concentration of the
free radicals and the type of glass forming solvent. In addition,
intrinsic sample parameters such as electron and nuclear spins
relaxation times and the strength of the electron–nuclear hyper-
fine and electron–electron dipolar interactions have also a strong
influence on the nuclear enhancement. The development and con-
firmation of any theoretical model, taking into account all these as-
pects, requires systematic experimental studies that can follow the
influence of these parameters on the NMR signal enhancement.
This would require a highly flexible DNP spectrometer with
extended EPR and NMR capabilities including EPR and NMR
detection.

A significant challenge in building a flexible DNP spectrometer
with both EPR and NMR detection is finding a correct tradeoff be-
tween its EPR and NMR specifications. For an efficient transfer of
the available MW power to the sample, transmission of the MW
irradiation into a cylindrical cavity is the preferred setup [30]. In
addition, the RF irradiation for nuclear spin manipulations and
NMR detection needs to be transferred to an RF coil containing
the sample. An elegant solution for combining 140 GHz EPR and
NMR irradiation to the sample was previously suggested by Griffin
and co-workers, who used the strip of the RF coil as the walls of the
MW cavity [31]. This design exhibiting a quality factor Q of a few
hundred for the MW cavity as well as a good tuning profile for
the RF, was used to demonstrate proton DNP enhancement of up
to 400 obtained via 1H–13C cross polarization [26]. Their setup in-
cludes a field sweep apparatus which enables field dependent
acquisition of DNP spectra. In this type of configuration the size
of the sample is restricted due to the cavity and contains typically
only a few micro-liters. Yanoni and co-workers [32] demonstrated
the use of an open structure high-Q Fabry–Perot resonator with an
RF coil in the open space of the resonator. This probe design is in
practice only appropriate for lower MW frequencies (up to
40 GHz), where the dimensions of the resonator are large enough
to situate a RF coil. Granwehr and Köckenberger [33] have recently
reported on a 95 GHz DNP spectrometer with a probe structure
with a very low Q with longitudinal EPR detection. Their setup
was used for cross relaxation measurements by electron–electron
double resonance (ELDOR) and saturation recovery EPR measure-
ments. However, as they pointed out, this setup is appropriate
mainly for temperatures of 1–2 K, where the electron spin-lattice
relaxation time is on the order of a second.

Here we report the design and performance of a flexible DNP
spectrometer operating at 95 GHz/144 MHz with both EPR and
NMR capabilities targeted at studying the basic low temperature
solid DNP mechanisms and developing new DNP methodologies.
Our choice of frequency was driven by the availability of high qual-
ity MW components and, more importantly, solid state MW ampli-
fiers with relatively high output powers and affordable prices. This
of course was also compatible with our interests in spin physics
mechanistic studies, and not in high sensitivity and high resolution
NMR applications. Our system employs a low-Q resonator includ-
ing a horn and a movable reflector, based on the design of Wind
et al. [34]. This design leaves ample space for locating the RF coil
and sample holder. This enables us to perform basic pulsed EPR
measurements, such as electron spin nutation and relaxation
experiments, and to acquire NMR signals from 30 to 50 ll samples.
2. The experimental setup

2.1. The DNP spectrometer

Here we present a full description of the design of our DNP
spectrometer. The MW bridge of our setup is similar to the one re-
ported recently by Goldfarb and co-workers for their 95 GHz
pulsed EPR spectrometer [35]. It is a homemade MW bridge built
from commercially available 95 GHz components. The MW source
is a computer controlled synthesizer operating at 7.3 GHz with a
bandwidth of ±0.1 GHz (Herley, CTI XS-7311). Its MW output is
fed into a X13 multiplier (ELVA Inc.) with a bandwidth
of ±0.5 GHz resulting in an operation frequency of 94.9 GHz ±
0.5 GHz. The output of the multiplier passes through a digital
phase modulator (0/180) and a fast remote controlled PIN-switch
in order to generate phase-controlled pulses. These pulses are fur-
ther pre-amplified and fed into a voltage-controlled variable PIN
attenuator for power adjustment. The MW is then fed into a gated
23 dB solid-state amplifier (Quinstar Inc.) with a saturated power
output (Ps) of 1 W and the out coming MW is sent to the circulator.
The maximum power measured at the output of the circulator is
�600 mW which at the bottom of the waveguide, just before the
sample, is reduced to �300 mW.

The MW signal from the sample, after passing the circulator and
a 95 GHz mixer (Quinstar Inc.), is fed to a DC video amplifier and
then detected. A band-pass filter (BPF) with a frequency range of
95 ± 0.5 GHz is situated before the mixer and is the component
with the narrowest frequency bandwidth in the MW bridge, still
significantly broader than most DNP spectrometers. Unlike the
Goldfarb bridge [30], we have at this stage implemented only a sin-
gle MW channel. The bridge is controlled by a standard PC through
the use of a Pulseblaster (SpinCore Inc.) PCI card with a temporal
resolution of 5 ns. The card provides 21 TTL output channels en-
abling the control of the different components of the bridge. For
signal detection a high speed PCI digitizer (Agilent Inc. U1070a)
with a sampling rate of 400 Msamples/s is used. The Specman4EPR
[36] software is used to control the position, duration, phase and
amplitude of the MW pulses and the EPR signal acquisition.

For the excitation and detection of the NMR signals a commer-
cial Apollo Windows-based console (Tecmag Inc., Houston Texas)
with two RF channels operating between 2 and 500 MHz is
used. This console is externally triggered by the EPR pulse pro-
grammer. RF transmitters, 800 W or 400 W, with a bandwidth of
10–310 MHz, (Dressler Inc.) are used to amplify the RF pulses com-
ing from the Apollo system.

2.2. The combined NMR–EPR probe

A liquid helium cryostat (STVP-NMR Janis Inc.) with an adjust-
able temperature ranging between 2.5 K and 80 K was fitted into
the bore of a 200 MHz Bruker NMR magnet with an inner diameter
of 89 mm. The magnetic field was reset to �3.35 T, corresponding
to a free radical EPR resonance frequency of �94.9 GHz and a pro-
ton Larmor frequency of �144.1 MHz.

The probe setup, which is inserted into the cryostat, is similar to
the design used in the W-band pulse EPR spectrometer at the
Weizmann Institute [37] and consists of two parts. The inner part
remains inside the cryostat and consists of a waveguide connecting
the MW bridge to the MW horn-antenna sitting at the bottom of
the cryostat (see below). An oversized waveguide of a length of
about 1 m is used to reduce MW power losses. The losses from
the output of the circulator to the entrance of the horn were mea-
sured to be 3–4 dB resulting in a maximal power of �300 mW at
the horn. The other part of the probe, consists of the RF coil with
a sample holder and the EPR reflector tuning mechanism. It can
easily be removed from the cryostat for the replacement of sam-
ples while keeping the cryostat at low temperatures. The bottom
part of the combined probe is shown in Fig. 1a. The horn-reflector
setup is employed for MW excitation and detection. An aluminum
rectangular homemade horn-antenna was used with inner dimen-
sions similar to the standard gain antennas manufactured by Quin-
star Inc. (Fig. 1b). The original Quinstar horn was not appropriate



Fig. 1. (a) A photograph of the bottom part of the NMR–EPR probe. The positions
both of the sample holder and the mirror can be controlled from outside the
cryostat. (b) Sketches of the horn, showing a center cut from two perpendicular
directions. (c) A photograph of the homemade sweep coil used for measuring the
echo-detected EPR line.

Fig. 2. A typical EPR echo from the TEMPO sample including the reflected MW
pulses that leaked through the protect-switch (10 K).
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because it contained magnetic material, affecting the homogeneity
of the B0 field and thus broadening the NMR lines. For the mirror a
flat aluminum disc of 16 mm diameter was used. The distance be-
tween the mirror and the horn can be adjusted between 6 mm and
12 mm by moving the reflector from the outside of the cryostat.
The RF coil is wrapped on a Teflon cylinder positioned in the gap
between the horn and the mirror, which is also used to hold the
sample. The position of this cylinder is adjustable as well.

The sample temperature is controlled via the temperature con-
troller of the cryostat. An additional sensor is positioned on the
waveguide insert 5–10 mm above the position of the sample.
Experiments are performed only after stabilization of this sensor
and the cryostat sensor (±0.1 K) with a temperature gradient be-
tween the two sensors not greater than 1 K at low temperatures.
Heating of a few tenths of a degree were measured on the top sen-
sor during MW irradiation.

A homemade magnetic field sweep coil was added to the probe
as implemented recently on the W-band pulse EPR spectrometer at
the Weizmann Institute [38]. In our setup this coil is used to record
echo detection (ED) EPR spectra of the radicals. Measuring an EPR
spectrum using a field sweep is preferred over frequency depen-
dent measurements, because the phase of the echo varies with fre-
quency and a computer controlled phase correction is currently not
possible due to the absence of quadrature detection capabilities.
Optimization of the phase of the detected echo at each frequency
can be done manually by a phase shifter positioned at the entrance
to the mixer. The copper wire solenoid coil is mounted on the
waveguide insert (see Fig. 1c) and is connected to a manually con-
trolled DC current supply with a range of ±10A, providing a field
sweep range of ±18 mT. The frequency of the proton NMR signal
was used to calibrate the field. Thus the ED-EPR spectra are mea-
sured at a constant frequency while varying current in the coil.
At high currents some heating, of 1–5 K, is detected at the top tem-
perature sensor close to the sample. This temperature change was
corrected by readjusting the temperature at the bottom sensor for
different currents so that the top sensor maintains a constant tem-
perature throughout the measurement. The solenoid was only used
for the ED-EPR spectrum measurements. All frequency dependent
DNP enhancement experiments were obtained by varying the
MW frequency.

For all NMR data shown here a single frequency RF tuning-
matching circuit was used. A Helmholtz RF coil wrapped around
the two edges of the Teflon sample holder (Fig. 1a) enables a uni-
form penetration of the MW irradiation to the sample located in
the space between the wires of the coil. The tunable capacitors of
the RF circuit are located at the top of the cryostat and are con-
nected to the coil via a solid coaxial cable. At the proton frequency
the length of a 90� pulse is �3 ls and the ratio between the re-
flected and forward RF intensity of the RF circuit is about 20.

3. Results and discussion

In this section we show some of the features of the DNP
spectrometer, especially in terms of EPR capabilities as well as
DNP induced NMR enhancement measurements. Two samples
were used for demonstrating the performance of this spectrometer
(i) 15 mM trityl radical (OX063, GE Healthcare, AS) dissolved in
60:40(weight) DMSO/H20 and (ii) 40 mM 4-Hydroxy-TEMPO dis-
solved in 60:40(weight) DMSO/H20. DMSO was used to obtain
glassy samples at low temperatures for a homogeneous distribu-
tion of the radicals. Solutions of �30 ll were inserted into a short-
ened 4 mm glass NMR tube, degassed and sealed.

3.1. EPR measurements

ED-EPR signals were detected using a a � s � a � s -echo se-
quence. The flip angle a of the MW pulses was much smaller than
90� due to the relatively low power at the sample, and in order not
to exceed the electron phase-memory time. The actual length of
the pulses was optimized by maximizing the echo amplitude and
was in the order of 200–400 ns and the echo delay times s were
chosen in the range of 300–800 ns. Echo signals were acquired
by the digitizer and stored after typically 100–200 accumulations.
Fig. 2 presents a typical echo profile preceded by the microwave
pulses that leak through the protect-switch. For measuring the
transmitted B1 MW field at the sample, a standard nutation type
sequence was used which includes an initial MW pulse with vari-
able length, sp, followed by an echo detection sequence. Repetition
times of 10–100 ms were used between echo detections, depend-
ing on the temperature. The oscillation of the echo amplitude
determines the nutation frequency m1 and thus the MW field
strength B1 = m1/ce. Nutation results from the TEMPO sample at
30 K are shown in Fig. 3a with an oscillation of �1.2 ls compatible
with a power of �830 KHz. The decay of the oscillations is due to
the electron phase-memory time Tm, which for this sample due
to the high radical concentration is �300 ns (data not shown).
Longer decay times can be found for the trityl sample as shown
in Fig. 3b for two different power settings, yielding m1 values of
�350 KHz and �220 KHz. For low powers where the nutation is



Fig. 3. (a) Nutation measurements on the TEMPO sample (30 K) yielding �830 KHz.
(b) Nutation measurements on the trityl sample for different powers (40 K) yielding
350 and 220 KHz. (c) Saturation recovery curves of the TEMPO sample measured at
different temperatures.

Table 1
Relaxation times obtained from exponential fits of the EPR saturation recovery
measurements yielding T1e and TSD. The 1H nuclear spin-lattice relaxation times were
obtained from a saturation recovery experiment without MW. The DNP buildup were
measured with our full MW power except for the power dependent measurements at
10 K which were done with the given values.

T1e (ms) TSD (ms) T1n (sec) buildup (sec)

6 K 108 0.3 117 75
10 K 6 0.1 64 39 (800 KHz)
10 K – – – 65 (225 KHz)
10 K – – – 65 (150 KHz)
20 K 3.5 0.2 23 18
30 K 2 0.2 13 11.5
40 K 1 0.1 8 8.5
50 K 0.5 0.05 6 7.5
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not discernible due to the oscillation decay the power is calculated
from a calibration chart based on power measurements at the out-
put of the bridge.

Fig. 3c shows results of saturation recovery measurements on
the TEMPO sample at different temperatures measured at the max-
imum echo intensity (at B0 = 3.385 T). A saturation pulse of 50 ms
was followed by a varying delay sd before an echo signal was de-
tected. Here a repetition time of 60 ms was used. The recovery
curves are characterized by two rate constants (see Table 1); the
slow one corresponds to the electron spin-lattice relaxation time
T1e, while the fast one is due to spectral diffusion TSD. T1e and TSD

values for different temperatures are listed in Table 1.
The ED-EPR spectra (10 K) of the TEMPO and trityl samples ob-

tained using the homemade sweep coil, are shown on the top panel
of Fig. 4. The trityl spectrum shows a singlet, with a FWHM of
�30 MHz a bit narrower than earlier reports in the literature
[39]. The line shape of the spectrum of the TEMPO sample, how-
ever, is different from the classical powder pattern of nitroxides.
In this spectrum the relative intensities of singularities corre-
sponding to the Azz features, as well as that of gxx are enhanced
compared to that of gyy that is weak. This change is a consequence
of the rather large concentration and long echo delay of s = 800 ns,
which is longer than Tm. We attribute this severe distortion of the
intensity profile of the ED-EPR to the anisotropy of the phase-
memory time originating from spectral diffusion processes. Similar
phenomena have been attributed to molecular librations occurring
at low temperatures, leading to distortions of the powder pattern
with increasing s [40]. We have verified this experimentally and
indeed the higher the concentration, the larger is the lineshape
dependence on s (data not shown).
3.2. NMR and DNP measurements

For the initial characterization of our DNP system we restricted
ourselves to DNP-NMR measurements of protons. To simplify
quantification, all measurements were performed without signal
averaging. When necessary, the DNP enhanced proton signals were
attenuated so as to stay inside the dynamic range of the analog-to-
digital converter (ADC). The NMR signal intensities were obtained
by measuring the echo intensity after a 900

x � s� 900
x=y -echo se-

quence, with s = 23 ls and a pulse length of 3 ls, following the
MW irradiation. The phase of the second pulse did not influence
the polarization enhancement measurements. At each MW fre-
quency a pre-saturation RF pulse of an intensity of 100 KHz was
applied. This was followed by MW irradiation and proton echo sig-
nals were acquired immediately after the MW.

Fig. 4 shows the MW frequency dependent NMR signal
enhancement, referred to as the DNP spectrum, for the TEMPO
and trityl samples. For both samples the length of the MW irradi-
ation pulse was 60 s. The enhancement values were obtained by
dividing the DNP echo intensities by the thermal equilibrium echo
intensity. In the DNP spectrum of the trityl the enhancement is
rather low and the zero quantum and double quantum compo-
nents of the DNP spectrum are seperated from each other by twice
the proton Larmor frequency (Fig. 4b, bottom), as expected from
the SE mechanism and similar to earlier reports in the literature
[41]. At the bottom of Fig. 4a we show the DNP spectrum of the
TEMPO sample measured at 10 K. The broad spectral width of
the MW bridge allowed us to measure the full DNP spectra cover-
ing ±400 MHz without retuning of the probe. The DNP spectrum of
the TEMPO sample is more complicated, and has previously been
modeled based on the TM mechanism [25]. This result shows that
the DNP spectrum is broader than the EPR spectrum indicating a
contribution of the SE as well. This will be further discussed in a
future publication.



Fig. 4. (a) (top) ED-EPR spectrum of the TEMPO sample, and (bottom) the corresponding DNP spectrum (10 K). (b) The ED-EPR spectrum (top) and the corresponding DNP
spectrum (bottom) for the trityl sample (40 K). In both cases the frequency scale is relative to m = 95 GHz.
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Fig. 5a shows the proton signal enhancement (left scale) of the
TEMPO sample as a function of the length of a MW pulse with an
intensity of �830 kHz, measured at 10 and 30 K (full circles and
Fig. 5. Temporal dependence of the polarization buildup during DNP irradiation for
the TEMPO sample. (a) Dependence of the buildup time on temperature (open
circles (10 K) and squares (30 K), left scale). A saturation recovery experiment is
also shown (full circles (10 K) and squares (30 K), right scale) for each temperature
for comparing the two time constants. (b) Power dependence of buildup curves at
10 K for different MW powers (B1 = 800 KHz, 225 KHz, 150 KHz) showing that T1n is
only an upper limit for the polarization time.
squares). The results of proton spin-lattice relaxation measure-
ments (right scale) obtained by a saturation recovery sequence
(no MW irradiation) at the same temperatures are presented on
the same plot for comparison (open squares and circles). The fitted
values of the buildup time constant and T1n for different tempera-
tures are listed in Table 1. At 30 K the DNP polarization buildup
time is similar to T1n, as has been demonstrated by others (see
for example [16]). However, at 10 K the polarization buildup time
is clearly shorter than T1n.

The MW intensity (B1) dependence of the DNP buildup profile of
the TEMPO sample at 10 K is presented in Fig. 5b. The solid lines
are least square fits of the data to a single exponent and the values
obtained are listed in Table 1. For both of the low MW powers
(225 KHz and 150 KHz) the fits results in the same buildup time
of �65 s. This time constant is very close to the T1n value of
�64 s at 10 K, obtained by an exponential fit of a saturation recov-
ery experiment (not shown). At the high MW power (�800 KHz)
however the buildup time constant is much shorter than T1n. These
results could indicate that T1n is an upper limit to the buildup time
constants of the NMR signals. This type of observation was dis-
cussed in a recent study of the spin dynamics of model spin sys-
tems in the framework of SE-DNP [42,43]. This example
illustrates the type of combined EPR and DNP measurements that
can be carried out by the spectrometer and that in the future will
form the foundation for the development of the theoretical ap-
proach and its verification. A systematic description and discus-
sions of the experimental results obtained for different
experimental conditions will be published separately.
4. Summary and conclusions

In this work we have described and demonstrated through
some basic examples the construction and performance of our
DNP spectrometer working at a MW frequency of 95 GHz. The
main factors characterizing the system include its broad MW fre-
quency irradiation bandwidth, its large operational temperature
range, and its relatively high MW B1 field that can reach up to
830 KHz. Additionally, we demonstrated its flexibility to perform
pulse EPR experiments such as relaxation and nutation experi-
ments, and NMR experiments on the same sample without chang-
ing its external parameters. We demonstrated that we can monitor
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the different time constants of the DNP enhancement and the
enhancement profiles as a function of frequency, calibrated MW
intensity, temperature, and sample composition. All these parame-
ters influence the different types of DNP processes and the
spectrometer will enable us to quantify their influence experimen-
tally in an effort to extend our understanding of the DNP-assisted
polarization of the bulk nuclei in different samples.
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