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Abstract

We present the design and construction of a cryogen free, dual electron paramagnetic resonance (EPR) and nuclear magnetic reso-
nance (NMR) probe for novel dynamic nuclear polarization (DNP) experiments and concurrent “in situ” analysis of DNP mecha-
nisms. We focus on the probe design that meets the balance between EPR, NMR, and low temperature performance, while main-
taining a high degree of versatility: allowing multi-nuclear NMR detection as well as broadband DNP/EPR excitation/detection.
To accomplish high NMR/EPR performance, we implement a novel inductively coupled double resonance NMR circuit (1H-13C)
in a solid state probe operating at cryogenic temperatures. The components of the circuit were custom built to provide maximum
NMR performance, and the physical layout of this circuit was numerically optimized via magnetic field simulations to allow max-
imum microwave transmission to the sample for optimal EPR performance. Furthermore this probe is based around a cryogen
free gas exchange cryostat and has been designed to allow unlimited experiment times down to 8.5 Kelvin with minimal cost. The
affordability of EPR/DNP experiment is an extremely important aspect for broader impact with magnetic resonance measurements.
The purpose of this article is to provide as complete information as we have available for others with interest in building a dual
DNP/EPR instrument based around a cryogen-free cryostat.
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1. Introduction

Over the past few decades Dynamic Nuclear Polarization
(DNP) has revolutionized solid state Nuclear Magnetic Reso-
nance (ssNMR) for applications in material and biosolid char-
acterization.1–3 The success of DNP relies on boosting the in-
herently low spin polarization of nuclei in a magnetic field by
orders of magnitude. DNP works by transferring polarization
from suitable unpaired electron sources (of a polarizing agent–
PA) to adjacent NMR nuclei of interest via the irradiation of
electron paramagnetic (EPR) transitions that either alters the
electron spin polarization of electron spins coupled to the nu-
clear spins or drives simultaneous electron-nuclear spin tran-
sitions. This process can theoretically lead to 660 fold signal
enhancements for protons, and even more for other nuclei. The
massive boost in NMR signal induced by DNP provides a mul-
titude of benefits including but not limited to: studies of low
natural abundance nuclei without expensive enrichment; short-
ened experimental times by factors of hundreds of thousands;
and selective surface studies of dilute species.4–8

However, DNP has yet to reach its full potential due to in-
complete knowledge of the electron-nuclear spin system, fur-
ther aggravated by DNP’s decreasing efficiency at high fields
over 14 Tesla.9,10 Hence, DNP studies can be critically en-
hanced with diagnostic tools to evaluate the spectral and spin
dynamics of both the nuclei and electrons in the sample system
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under DNP conditions. It has been shown that electron spin
lattice relaxation time (T1e), the g anisotropy, electron-electron
couplings, electron spectral diffusion and nuclear spin diffusion
all play critical roles in tuning the DNP efficiency.11,12 Stud-
ies often evaluate these parameters with pulsed EPR at X or Q
band, i.e. lower magnetic fields, but many of the relevant EPR
parameters are either field dependent or difficult to resolve at
lower magnetic fields. Thus, an accurate assessment of DNP
parameters requires dual NMR and EPR detection capabilities
under DNP conditions to characterize spin dynamical proper-
ties of samples containing the same PA concentration and sol-
vent, subjected to the same microwave irradiation power, cryo-
genic temperature and magnetic field. To fulfill these require-
ments a dual EPR/DNP probe with simultaneous pulsed EPR
and NMR capabilities are needed.

While dual EPR/DNP probes would be critical tools for DNP
studies, only a handful of such diagnostic instruments exist.
Some currently existing cryogenic high field (> 3T ) EPR/DNP
probes include a dissolution DNP system from Kockenberger
et. al at 3.35T,13,14, the Griffin group at 5T,15 the Goldfarb
group at 3.35T16, and the Han lab at 7T17. An important bot-
tleneck is the lack of commercial availability of dual EPR/NMR
probes and spectrometers, as well as the limited availability of
high field EPR hardware components including solid state mi-
crowave (µw) sources, amplifiers and receiver systems sensitive
enough to detect EPR signal. Most commercial DNP systems
are powered by a gyrotron due to the need of high power in
the 10s of watts range. However, it is non-trivial to achieve
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quick pulsing/gating and phase cycling of the radiation using
a high power µw source.18 In theory, any DNP probe can be
adapted for EPR detection. However, the probe should be si-
multaneously optimized for NMR radio frequency (RF) receive
and transmit and µw receive and transmit, as well as for mini-
mized µw reflection at the EPR frequency. Most DNP (in par-
ticular MAS) probes are only optimized for transmitting a sin-
gle polarization of µw irradiation, which limits their applicabil-
ity for the highly sensitive induction mode EPR detection (i.e
detection of µw emission with orthogonal polarization to the
excitation).19 However, even in a static DNP setup, it is non-
trivial to achieve optimal NMR and pulse EPR detection with
high fidelity at high magnetic fields.

2. Methods: Design Considerations

In this paper we will outline design considerations for the
construction and performance of a dual EPR/DNP instrument
and probe, designed to work with a solid state µw source gen-
erating moderate power (10s to 100s of mW) and at cryogenic
temperatures down to liquid helium temperatures. The design
of the probe is focused around simultaneously optimizing three
main aspects: 1) efficient cooling of the sample to cryogenic
temperatures; 2) robust, sensitive and versatile NMR circuit for
receive and transmit; and 3) efficient µw transmission and re-
flection for optimal EPR (and by extension DNP) performance.

2.1. Thermal Design Considerations

Temperature performance is critical for the operation of a
DNP/EPR probe. Typically, lower temperatures will yield
larger Boltzmann polarization, more impressive DNP enhance-
ments,1 and offer access to slower dynamics that permit DNP
and cross polarization transfer to methyl groups (which freely
rotate at typical DNP temperatures of ∼100K).20–24 Further-
more, MAS using cold nitrogen gas is limited in the achievable
spinning frequency, while cold helium gas has fluid dynami-
cal properties similar to air and hence can be used to achieve
much higher MAS frequencies.23,25–28 Hence, performing DNP
at temperatures lower than liquid nitrogen (77K) is of great in-
terest to the magnetic resonance community. To achieve these
temperatures, the right choice of cryostat must be made, fol-
lowed by adequate thermal design of the probe. Practical fac-
tors must be also considered when deciding on the design of a
cryostat, including cost, cooling time, freeze quench (i.e rapid
cooling) capability, and available space.

There are a variety of cryostat designs used for DNP/EPR
spectrometers; but they can be roughly broken down into 3
categories: closed cycle cryostats, bath cryostats, and contin-
uous flow crysotats.29–32 Bath cryostats are essentially a spe-
cialized dewar containing liquid helium or nitrogen in which
the sample or cold finger is placed. The sample is cooled by
thermal contact with the cyrogenic liquid or cold finger. These
cryostats can hold very low temperatures (∼ 4K) for long exper-
imental times, and can cool large sample volumes (such as the
coils of superconducting magnets). However, these cryostats

are not optimal for achieving thermal cycling or variable tem-
peratures, but have nonetheless been used effectively in disso-
lution DNP setups.33,34 Continuous flow cryostats use the latent
heat of vaporization from boiling helium to cool a cold finger,
and subsequently the sample. The boiling helium is constantly
replaced from an external dewar (hence continuous flow), while
the boiled off helium is allowed to escape the cryostat. This
method consumes the most cryogens, but can easily reach a
wide range of temperatures of > 4K − 300K, and can be ther-
mally cycled quickly and easily. Additionally, these cryostats
become more efficient for small sample volumes such as those
used in DNP. Many high field EPR/DNP probes have used this
style of cryostat effectively (such as the Oxford Spectrostat or
Janis SuperTrans),13,15,16,35–37 including the cryostat that was
previously used in the Han lab to achieve dual EPR and DNP
transmit and receive.38 Closed cycle cryostats use a mechan-
ical compressor to cool a cold finger to cryogenic tempera-
tures. This cold finger can subsequently cool a sample chamber
via thermal contact with an exchange gas or can cool a sup-
ply of helium gas which can then flow over the sample cham-
ber. These cryostats have much less overall cooling power, and
tend to cool down much more slowly when compared to bath
or continuous flow cryostats. Therefore they require more care-
ful thermal design of the DNP/EPR probe to reach their mini-
mum and desired temperatures. The benefit of these cryostats
is that they can readily achieve temperatures below ∼4K, con-
tinuously and without the need for continuous replenishing of
the cryogens. This makes them ideal for long experiment times
or experiment runs requiring multiple samples. These cryostats
are becoming more popular due to the rising cost of liquid he-
lium, and a number of NMR/DNP/EPR systems exist that rely
on such cryostats.23,33,39–41 We should note that there exists an-
other type of cryostat known as a ”stinger” system, which com-
bines a closed cycle helium system with a bath or continuous
flow cryostat. In these systems the helium evaporates from a
bath or a flow cryostat and is recaptured and re-condensed.

2.1.1. Thermal Design of Probe
In most cases, cryostats are purchased commercially (of-

ten custom commissioned), leaving the user or developer with
the need to come up with a thermal design for the DNP/EPR
probe. The thermal design of the probe is crucial for opti-
mizing the temperature performance that relies on minimizing
heat exchange with the ambient environment. The two domi-
nant mechanisms of unwanted heating are thermal conduction
along temperature gradients in the probe, and blackbody radi-
ation emitted and absorbed from non-reflective surfaces of the
probe or cryostat.42

Thermal conduction is dictated by the shape and materials
that compose the probe. Heat transfer can be minimized by con-
structing the probe out of low thermal conductivity materials
such as fluoropolymers (e.g. PTFE,KEL-F), G-10 fiberglass,
carbon fiber or stainless steel; instead of high thermal conduc-
tivity materials such as copper and aluminum. The thermal
conductivity of some cryogenic materials is shown in section
1.1 of the SI. Furthermore, material shapes with a higher cross
section (across a thermal gradient) will conduct more heat, and
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thus thin structures are preferred. These materials must also
maintain structural stability at cryogenic temperatures (i.e not
become too brittle) and have matched coefficients of thermal
expansion to avoid structural failure, while the structure of the
probe must be strong enough to support its own weight. Fur-
thermore, material selection and shape must be balanced with
other requirements for the probe such as RF and µw transmis-
sion. The RF transmission lines must be conductive enough to
efficiently transmit RF, which means constructing them out of
highly (electrically) conductive materials such as copper and/or
making them thicker, which directly contradicts the design for
minimizing thermal conduction. The µw waveguide must also
be made out of a conductive material and be wide enough to
support the desired µw transmission mode (i.e the hybrid HE11
mode for efficient coupling to a free space gaussian beam). Un-
fortunately, good electrical conductors are also generally good
thermal conductors. However, the conductivity and geometri-
cal requirements of the waveguide can be relaxed by plating a
thin layer of electrically conductive material on a less thermally
conductive material such as stainless steel. At the desired high
RF and µw frequencies, the skin effect makes a thin conduc-
tive layer (∼ 20µm for 300MHz) sufficient for maximum RF
transmission and electrical conductivity. Besides thermal con-
duction through solid material, gas filled cryostats must con-
tend with undesired heat transfer through the helium gas present
in the cryostat. This effect can be mitigated by confining the
cooled helium gas to a small area containing the cold finger and
sample, e.g. by adding baffles that restrict gas flow.

Thermal radiation is another mechanism of heat transfer that
can be crucial in achieving ultra-low temperature DNP/EPR op-
eration. This mechanism occurs because surfaces emit and ab-
sorb electromagnetic radiation based on their temperature (i.e
black body radiation). Thus, care must be taken to reduce ra-
diation absorbed by cold parts of the probe, such as the RF
probehead. One way to reduce the emission and absorbance of
radiation is to construct the probe from reflective, low emission
materials, such as polished metals. Another method is to phys-
ically block/absorb radiation from the source before it reaches
colder parts of the probe. This can be accomplished through
radiation shields such as baffles or multilayer insulation. No-
tably, materials at a lower temperature emit far less radiation,
and thus radiation shields which are cooled to lower tempera-
tures perform better.

2.2. RF Performance Design
RF performance stability dictates the usefulness of the probe

for both NMR and DNP applications, but is perhaps the most
difficult part to design due to space constraints imposed by the
cooling setup and the µw waveguide. There are a myriad of fac-
tors that determine NMR performance, stability and applicabil-
ity including B0 homogeneity, B1 homogeneity, RF Power han-
dling, nutation frequency, sample filling factor, circuit filling
factor, Q factor, isolation, tuning range and tuning mechanism.
A comprehensive review of all the factors that go into designing
an ideal NMR RF probe is beyond the scope of this paper and
can be found elsewhere.43–46 However in short, the two main
measures of performance for a solid state NMR probehead are

a strong RF B1 field (i.e nutation) and large signal to noise ratio
(s/n). In general, the B1 has the following dependence:44

B1 ∝
√

PRMS ηCFF QT , (1)

where PRMS is the RMS power (in watts) delivered to the cir-
cuit, ηCFF is the circuit filling factor (i.e the percent of RF en-
ergy that is stored in the sample coil and QT is the (unmatched)
quality factor (see SI section 2.2). The QT is related to the resis-
tance of the circuit components, where a higher Q means less
RF energy lost to heat. The probehead factors that affect s/n
are:44

s/n ∝
√
ηCFFηS QT , (2)

where ηS is the sample filling factor which is the fraction of
the magnetic field generated by the sample coil that intersects
with the sample. Thus to maximize NMR performance, PRMS ,
ηCFF , QT and ηS must be considered in the RF design, along
with other practical factors, such as the ease of tuning/matching
and the tuning bandwidth.

2.2.1. RF Circuit Design
A variety of RF circuits (both double and single resonance)

have been used for cryogenic solid state DNP applications in-
cluding transmission line circuits,15,16,47,48 and cryogenically
tuned circuits,17,23,35,49. The choice of circuit design will im-
pact ηCFF , PRMS , QT , and the practical utility of the probe.

Transmission line circuits have the tuning and matching ele-
ments of the RF circuit far from the sample outside the cryostat.
These circuits connect to the NMR sample coil via coaxial lines
that are pruned to a specified length (generally a multiple of
λ/2) that provides the necessary distributed capacitance and in-
ductance to give resonance at a specified frequency, while still
being the correct length to reach the sample from outside the
cryostat.32,50 Fine tuning and matching capacitors are placed
outside the cryostat/magnet, and are connected to the sample
coil via the coaxial lines. These circuits have higher power
handling (allowing higher PRMS ) due to the high power han-
dling of coaxial cables and large externally mounted variable
capacitors. Furthermore the variable capacitors are placed out-
side the cryostat at room temperature, making adjustments eas-
ier, freeing up precious space in the cryostat, and allowing the
use of non-cryogenics rated, variable, capacitors. However, the
reliance on frequency-specific length of the transmission line
means that the tuning bandwidth is often limited to a single nu-
clei per channel. Furthermore, transmission line circuits can
have lower Q and ηCFF due to the use of long (slightly lossy)
transmission lines as resonant components, while larger diame-
ter (higher Q) transmission lines can conduct more heat into the
probe.32,51

Cryogenically tuned circuits23,29,35 are generally based on
discrete lumped element inductors and capacitors rather than
transmission lines (not to be confused with cryogenically
cooled circuits which are still external to the cryostat52). These
circuits have all the tuning and matching elements inside the
cryostat near the sample. These probes have the advantage of
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achieving a wide tuning range (depending on the variable ca-
pacitors used), higher Q due to cryogenic cooling of the res-
onant circuit elements52, and a higher ηCFF because energy is
not stored in the inductance of the coaxial lines. However, the
discrete tuning elements take up a large amount of space in the
cryostat, mechanical tuning of capacitors can become challeng-
ing at cryogenic temperatures (although commercial capacitors
exist which can handle cryogenic conditions), and the helium
atmosphere in the cryostat causes capacitors to be more prone
to arcing at high RF power (though this problem is partially
mitigated at low temperatures).32,53

Matching the circuit to the input impedance of the RF signal
is another design aspect that must be considered. This match-
ing can either be done capacitively or inductively. To date,
most solid state cryogenic NMR and DNP probes have used
capacitive coupling.23,35,49 We have previously suggested that
an inductively matched circuit can provide benefits over capac-
itive matching for cryogenic DNP NMR.54 Inductively matched
probes are inherently balanced without additional components,
which eliminates ground loops, reduces dielectric losses be-
tween the resonant circuit and ground, and reduces noise inter-
ference from outside sources.55,56 Furthermore, it has recently
been shown that inductive matching can offer higher ηCFF for
multi resonant probes.57

2.2.2. Circuit Components
Once a circuit layout is chosen the next step is to choose the

components necessary to physically build the circuit, including
the capacitors and inductors.

Capacitors are a crucial component to any NMR probe, as
the ability to tune and match are essential for maximizing B1
and s/n at a desired frequency. For a solid-state NMR probe,
the most important factor for these capacitors are their power
handling (which determines the maximum PRMS ).45 Other ma-
jor concerns include the mechanical and electrical robustness
of the variable capacitors under thermal cycling between room
temperature and liquid helium temperatures, and the physical
size (with larger capacitors having larger parasitic inductance).
Most probes use a combination of fixed capacitors and variable
capacitors. Fixed capacitors can be made to have favourable
mechanical properties (i.e robustness and small size) and elec-
trical properties (i.e high voltage handling and low resistance),
but dont provide the flexibility to make the small adjustments
to tuning and matching necessary for resonant probes, which
necessitates the incorporation of variable capacitors.

Fixed capacitors are generally commercially available non-
magnetic NPO/C0G ceramic chip capacitors with a capacitance
of around one to a few hundred picofarad (pF), a (DC) voltage
rating of up to a few kV, and a Q of a few hundred to a few
thousand. A more in-depth review of fixed capacitors for NMR
is available elsewhere.45

The selection of variable capacitors is more challenging as
they need to be variable within the desired range (often ∼ 1 -
10s or 100s of pF), and have a tuning mechanism that may not
be robust enough to survive hundreds to thousands of thermal
cycles between cryogenic and room temperatures. Commercial
capacitors exist that can handle cryogenic temperatures,49,58 but

they tend to be very large in size relative to the space avail-
able in the cryostat and costly. Our own experience with com-
mercially available variable capacitors has shown they can be
mechanically unreliable when subject to extreme temperatures
and thermal cycling for prolonged times; however other groups
have successfully built cryogenic probes using commercially
available variable capacitors from companies such as Voltron-
ics.29,32,59,60

RF Coils are the most important part of a typical NMR spec-
trometer as they generate the magnetic field necessary to in-
teract with the nuclear spins. Good NMR coils will have low
resistance/high Q (which affects the overall QT of the circuit),
high ηs along with low electric fields at the sample, and high
magnetic field homogeneity to achieve maximum s/n and high
B1. To date, non-spinning solid state DNP probes have made
use of solenoids,15,47,49 saddle (Helmholtz) coils,16,17,61,62 and
Alderman-Grant (AG) coils17. Traditionally, solid state NMR
probes use solenoids as sample coils due to their high Q and
high ηs.45 However, the axial nature of these coils mean µw’s
transmitted down the length of the magnet must pass through
the winding of the solenoid coil to reach the sample, which
can attenuate the incident µw power. Furthermore, the sam-
ple exchange mechanism of our probe requires the sample to
be removed vertically (parallel to B0) rather than horizontally.
This can be achieved with saddle coils that also provide good
magnetic field homogeneity, and hence have been used exten-
sively in DNP probes. AG coils show similar B1 homogeneity
to saddle coils, and are a type of slotted cylinder resonator that
is tuned with capacitors in series.63 The series tuning increases
the operating frequency of the coil readily to the 1H NMR fre-
quency range at high magnetic fields and reduces the overall
voltage across the coil, resulting in less dielectric loss and sam-
ple heating.55 However the low overall inductance of AG coils
leads to difficulty tuning to lower frequencies < 100 MHz, and
often decreased RF efficiency due to parasitic inductance.

The auxiliary coils are a necessary component to generate
multiple resonances in a multi-frequency tuned circuit. They
are also important components of the circuit as they can affect
Q and ηCFF . For most double resonant circuit designs, a higher
value of inductance for the auxiliary coil will result in a higher
H channel ηCFF and a lower X channel ηCFF . Good auxiliary
coils will have as high a Q as possible, as small parasitic capac-
itance as possible (high self resonant frequency), and be easy
to magnetically couple to (in the case of inductively coupled
circuits). Solenoids are a good choice because they provide the
highest Q for a given inductance, and are also fairly easy to
magnetically couple to. Additionally, care must be taken that
the lead lengths connecting the coil to other components are ac-
counted for when measuring the inductance of the coil, given
that long leads can add inductance, resulting in a different bal-
ance of ηCFF in the RF circuit than expected.

2.3. µw Design

The design to achieve optimal µw transmission is critical to
both the EPR and DNP performance of the probe. Maximum
µw power at the sample ensures large µw B1 which contributes
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to enhanced DNP performance, especially at higher tempera-
tures where faster T1e relaxation counteracts µw-driven satura-
tion or simultaneous electron-nuclear spin transitions. Further-
more, maximizing the µw power transmitted to and from the
sample enhances the EPR signal to noise ratio (s/n).

Strategies to maximize the µw power in the probe itself (dis-
counting µw sources, quasi optics, ect. outside the probe) can
be broken down into 2 parts: to optimize µw transmission
through the probe to the sample and to optimize the µw proper-
ties of the sample holder. These two aspects will be discussed
next.

2.3.1. µw Transmission
At high frequencies transmission lines become very lossy

due to the skin depth effect. Thus traditional methods of 2 con-
ductor electromagnetic propagation using coaxial lines become
extremely inefficient for long transmission distances, such as
the length of the EPR/DNP probe (spanning∼1 m). In EPR
probes, coaxial lines for µw transmission are only used up to
Q band (∼45 GHz). Most EPR and DNP spectrometers rely on
waveguides for µw transmission. Low field (X and Q band)
and early high field (≥ W band) systems relied on metallic
rectangular waveguides to transmit µw’s in the fundamental
TE10 mode. However, the dimensions of these waveguides is
on the order of the wavelength of the desired frequency, and
thus become very small at high fields/frequencies. Addition-
ally, the decrease in waveguide size paired with the skin ef-
fect leads to more losses in the wall of the waveguide (although
not as much as in coaxial lines).64 This problem was overcome
when the Freed group developed the first quasi-optical high
field EPR probe operating at 250 GHz.65 This probe relied on a
µw beam propagating in free space (in a fundamental gaussian
TEM00 mode) instead of confining the beam inside a conven-
tional single mode waveguide. This design has the advantage
of no conductor losses, and can achieve a transmission loss of
∼1.5dB/m at 250GHz, which is much less than the loss with tra-
ditional rectangular (TE/TM mode) waveguides. However for
long transmission distances at high frequency, this approach re-
quires refocusing of the gaussian beam using components that
are either large (mirrors) and/or are lossy/reflective (teflon di-
electric lenses). Additionally it requires precise alignment of
optics, and the beam cannot be turned or tapered without ad-
ditional large, precise quasi optical components (mirrors and
lenses), which can be problematic in the limited space of a
dual DNP/EPR probe/cryostat. Corrugated waveguides were
first introduced in EPR probes by Smith et. al to achieve op-
timal coupling through the cryostat to the sample with min-
imal losses of <0.01dB/m at 200 GHz,66 and were later im-
plemented in gyrotron-based DNP systems by Woskov et. al
(∼0.3dB/m loss at 250 GHz).67 These oversized, cylindrical
waveguides support the hybrid HE11 mode which is very sim-
ilar to the fundamental Gaussian TEM00 mode, which allows
low loss transmission (due to minimal current on the metallic
walls), as well as good coupling to Gaussian beams such as
those propagated through quasi optics, and can thus be easily
paired with a quasi optical detection/pulse forming stage. Ad-
ditionally, these waveguides generally require a smaller diame-

ter than quasi-optics and can be tapered to focus µw power on
a small sample volume. These advantages have led corrugated
waveguides to become the de-facto standard for µw transmis-
sion in high field DNP and EPR probes. However, corrugated
waveguides are often one of the most expensive components
of the EPR probe as they require a complex manufacturing
process. Recently, evidence has been presented that cheaper,
smooth walled, cylindrical waveguides could also be effective
for DNP µw transmission,49,68 but losses associated with mode
conversion make them non-ideal for EPR detection.

2.3.2. µw Properties of Sample Holder
An equally important aspect of µw design for a high field

EPR/DNP probe is the sample holder. The sample holder must
have favourable µw and RF properties to allow both types of
irradiation to effectively transmit to the sample.

Many EPR probes have the sample inside a µw resonator to
increase the µw B − 1 field experienced by the sample. How-
ever, these resonant structures must be compatible with con-
current RF penetration to the sample for NMR detection. To
date, a number of DNP resonators have been introduced, in-
cluding single mode TE01 resonators,69 fabry-perot (FP) type
resonators,70,71 and a newly introduced photonic bandgap res-
onator.61 Most single mode cavities for DNP follow the design
of Weis et. al,69 which uses a flat helical coil as the main body
of the resonator and as the NMR coil. The dimensions of single
mode cavities must be on the order of the wavelength of the de-
sired frequency, and hence at higher frequencies the dimensions
become smaller and much harder to machine to tolerance. This
small size also leads to low sample volumes, which can reduce
both the EPR and NMR sensitivity (3nL at 260 GHz)72. Addi-
tionally, the skin depth effect paired with the small size creates
resistive losses in the sample cup, leading to a lower quality
factor ”Q” (analogous to the NMR circuit Q). The single mode
design also does not allow for induction mode EPR detection
(only reflection mode), which can result in lower s/n.73

Fabry Perot (FP) type resonators are essentially two reflec-
tors spaced at a distance from each other such that a standing
wave forms between them at a certain frequency. FP’s can be
larger than the wavelength, and have already been shown to
work for solution state DNP setups at 260 GHz,70, and a low
Q standing wave structure has been used for cryogenic solid
state DNP/EPR experiments at 140 GHz16. However, FP res-
onators have ”nodes” of alternative magnetic and electric fields,
and thus care must be taken such that the sample is only in the
magnetic field node to avoid sample heating, and to maximize
µw B1 homogeneity. Therefore the sample volume is often still
very small, with the maximum reported so far of 90 nL at 260
GHz.74

Recently a resonator based on a 1D photonic band gap struc-
ture has been developed by Nevzorov et. al.61 This resonator
consists of an alternating stack of dielectric disks between two
reflective surfaces. Here, a standing wave pattern is formed
similar as in a traditional FP resonator, except that the sample
can be placed in each node (i.e between each disk) which al-
lows for larger sample volumes, demonstrated with the use of
2.5µL of samples by Nevzorov and coworkers.
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With all resonators, sample volumes remain small, and the
precise mechanisms needed to tune the resonators often present
a problem, especially when space inside the magnet bore is at
a premium. Additionally, precise mechanical tuning at cryo-
genic temperatures, while possible, presents a costly design
challenge. Furthermore, high Q cavities have an inherently nar-
row bandwidth, and thus need to be re-tuned for each µw fre-
quency, which renders frequency swept experiments very chal-
lenging. To perform multi-frequency experiments such as EL-
DOR, the Q of the resonator must be somehow reduced to give
an appropriate bandwidth or a double resonant structure must
be designed.

However, at very high fields where µw sources can often only
provide milliwatts of power, or for samples containing lossy
(µw attenuating) materials such as liquid water,73 resonators
may be the best choice to permit efficient EPR detection, as
well as new and efficient methods to perform time-domain mod-
ulated DNP experiments such as TOP-DNP.75

An alternative approach is to use a non-resonant sample
holder, which allow the use of a much larger sample volume
(e.g. >10 µL at 200 GHz)17,76,77 and the entire frequency band-
width of the source, but at the cost of µw power. In this de-
sign, the µw field propagates through a sample holder (ideally)
without standing waves or mode conversion. In the case of a
corrugated waveguide, the µw beam is launched at the sam-
ple as a nearly gaussian beam. With a non-resonant EPR/DNP
probehead, the goal is to guide the µw radiation to and from
the sample with as little loss as possible, and without sacrific-
ing NMR performance. Even for the design of a non-resonane
sample holder, the geometry and materials of the sample holder
are critical. Due to diffraction of the µw beam outside the
waveguide,78 the sample should be placed inside, or as close
to the waveguide as possible, and reconcile this with an RF
coil design that does not sacrifice RF performance. Alterna-
tively, waveguide extensions can be used to guide the µw’s to
the sample positioned outside the waveguide.17 Here, the sam-
ple diameter should not be much smaller than the waveguide
aperture to maximize the µw filling factor. Furthermore, the
sample geometry should be as thin as possible in the dimension
parallel to the direction of the µw beam propagation– prefer-
ably no more than a quarter wavelength thick to avoid effects
of B1 in-homogeneity throughout the sample. However these
considerations, again, restrict sample volume and can cause a
reduction in NMR filling factor and B1 field for typical NMR
coil geometries.

For optimal µw transmission to the sample from the waveg-
uide, the path of the µw should not contain high dielectric con-
stant or conductive materials that could reflect µw’s before they
reach the sample. Similarly, materials with high loss tangent
should not be placed near the µw path to reduce dielectric loss
to heat. Materials such as PTFE (teflon), PFA, and Kel-F are
excellent choices due to their suitability at cryogenic tempera-
tures, low dielectric constant and loss tangents, and lack of pro-
tons (allowing 1H NMR detection).79 To further enhance the µw
power at the sample, a mirror can be placed opposite at the bot-
tom of the sample cup, causing the µw radiation to pass through
the sample twice, theoretically doubling the µw power.16,17,77

3. Results: Design and Performance of Dual DNP/EPR
Probe

The design of the Han lab probe described here made every
effort to incorporate what we determined were the optimal de-
sign choices described in the previous section.

3.1. Thermal Design

3.1.1. Cryostat
The Han lab chose a close cycle cryostat to replace the pre-

viously used continuous flow cryostat for the dual DNP/EPR
probe as the economically most sustainable solution. A new
DNP/EPR probe was designed and built from scratch to fit into
a close cycle cryostat custom designed by Janis (described be-
low), replacing the continuous flow cryostat (Janis STVP-200-
NMR) and DNP/EPR probe design used for DNP studies until
2019.38,54,80–94 The Han lab close cycle cryostat consists of a
Sumimoto CKW-21 helium compressor paired with a Janis cus-
tom SHI-500T-5 Gifford-McMahon (GM) cold head. The cryo-
stat consists of a cold finger surrounded by a radiation shield,
which is maintained in a vacuum jacket as shown in Fig. 1a-b.
The copper cold finger located at the bottom of the cryostat is
cooled by the cold head positioned below, which is powered by
the helium compressor (Fig. 1c). The cold finger is in (conduc-
tive) thermal contact with the sample chamber, which is filled
with helium gas and holds the sample cooled by gas conduc-
tion between the cooled inner bore and the sample. The cryo-
stat is pressurized at 0.5 psi using an external helium tank, a
pressure sensor, and a solenoid valve, electronically controlled
by an Arduino microcontroller. This cryostat can reach an un-
loaded temperature of 4.2K (without a probe inserted).

3.1.2. Probe
Our dual DNP/EPR probe is built to minimize heat exchange

between the ambient environment and the probehead containing
the sample. To achieve that, the structural frame is constructed
of a perforated thin cylinder of 316 stainless steel (316-SS),
supported by disks made from soldered together FR-4 printed
circuit boards (PCBs) that act as baffles to block gas conduc-
tion (Fig. 2a). The FR-4 PCBs are soldered to an aluminum
PCB polished on one side to reduce thermal radiation. Pol-
ishing both sides could improve thermal performance and can
be incorporated in the future. The waveguide (held within the
aforementioned structural frame) is constructed of German sil-
ver, and the waveguide taper is made of gold plated copper to
minimize interference with B0 homogeneity around the sample
from the German silver (which can be slightly magnetic due to
its nickel content).95 Notably, the waveguide presents a large,
thermally conductive cross section that will facilitate unwanted
heat transfer. As a waveguide material, stainless steel would
be a poor choice due to residual magnetism resulting from the
machining process even for non-magnetic variants, while tita-
nium would be a poor choice due to the cost of the material and
difficulties machining it. German silver has similar thermal ex-
pansion to stainless steel and similar thermal conductivity to ti-
tanium, without the downsides of each choice, while reasonably
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Figure 1: A) Cross section CAD model of the Janis Cryostat described in this
paper. B) Zoomed in picture showing the concentric tubes used to form the
radiation shield and vacuum jacket. C) Picture of the helium compressor used
to power the cryocooler.

priced. A cross section of a probe baffle with all feedthroughs
is shown in Fig. 2b.

The sample is held at the bottom of the waveguide by a ”J
arm” structure consisting of a 0.25” tube running the length
of the probe, cross-connected to a sample mounting piece, as
shown in a zoomed out photo, in Fig. 2c. The bottom 12” of
the ”J arm” nearest the sample cup is built from copper, while
the upper part (∼24”) is built from 316-SS. The use of copper
is to reduce any B0 inhomogeneities that may be induced from
the slightly magnetic 316-SS material near the sample, while
the 316-SS reduces heat transfer along the thermally conduc-
tive copper to the sample.

The sample temperature is measured via a Lakeshore Cernox
”SD” package negative temperature coefficient sensor mounted
on the sample holder via an aluminum PCB (to facilitate ther-
mal contact with the sample) as shown in Fig. 2c, and con-
nected to a Lakeshore 350 temperature controller via wires fed
through the J arm. Variable temperature is achieved by the addi-
tion of a 100 Ohm metal foil resistor to the PCB as a heater (Fig.
2c), which is fed current and controlled with a PID loop by a
Lakeshore 350 temperature controller. The loaded, pre-cooled
cryostat with the probe can reach a minimum sample tempera-
ture of 8.5 K after about 6 hours of cooling, as shown in Fig.
2d. Currently no sample exchange mechanism is in place and
the entire probe must be taken out of the cryostat to switch sam-
ples. However, the crysotat can be left running while the probe
is taken out to avoid fully warming the cryostat. Sample/probe
exchange with a running cryostat can be achieved within 1 or 2
hours, depending on the exact operating temperature.

Additionally, a sweep coil is placed around the cryostat, in-
side the magnet, to enable field swept EPR and DNP experi-
ments. Further information about the sweep coil is available in
section 1.2 of the SI.

3.1.3. Improvements in Thermal Performance
The cryo-free cryostat can reach 4.2K without a probe, but

only 8.5K at the sample with the probe inserted. This means
modifications to the probe can allow achieving a lower sam-
ple temperature. The lowest temperature of the probe is mostly
limited by the conduction of heat down the length of the corru-
gated waveguide. Hence, the thermal performance can be im-
proved by adding a thermal break to the waveguide (i.e cutting
a section of the waveguide out and leaving an air gap), which
should have minimal implications to the µw performance.96

This can help reduce the largest contribution to thermal con-
duction in the probe. Furthermore, the waveguide could be con-
structed from thermally less conductive material than German
silver (e.g. stainless steel or titanium) and plated with gold to
maintain surface conductivity. Finally, proper multi-layer in-
sulation consisting of foam layers interspersed with reflective
foil sheets can be implemented along the length of the probe to
further block helium gas flow, and so reduce thermal radiation
effects.

3.2. RF Design
The design aspects of the RF circuit and components were

chosen to optimize the B1 and detection sensitivity of both the
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Figure 2: (a) Picture of probe without NMR circuit. The top of the probe is at
room temperature while the bottom of the probe is at the lowest temperature.
(b) Picture of FR-4/aluminum probe baffle with labeled feedthroughs: 1) G-10
tuning rods, 2) 0.085” 316-SS Coaxial cables, 3) 1/8” holes for future use, 4)
J arm cutout, 5) waveguide.(c) J arm piece with PCB containing temperature
sensor and heater. (d) Probe cooldown time when the cyrostat is already at the
minimum temperature.

Figure 3: Layout of the inductively coupled double resonance circuit. The
”inner” resonant portion of the circuit consists of the Sample Coil, the tuning
capacitors ”H Tune” and ”X Tune”, and the Auxiliary Inductors necessary to
generate multiple resonances. The matching portion of the circuit consists of
the matching capacitors ”H match” and ”X match” as well as the coupling in-
ductors. The RF energy is fed into the matching portion of the circuit which
transforms the 50 ohm impedance of the RF pulse to the impedance of the res-
onant portion of the circuit through the inductively coupled coils.

NMR and EPR spins.

3.2.1. RF Circuit Design
Our DNP probe design relies on a cryogenically tuned circuit

by inductive matching. The basic principle of our cryogenically
tuned, inductively coupled, rf circuit is schematically shown in
Fig. 3. The design is based on the principle developed by Zens
et. al57. Here, the ”inner” resonant section of the circuit uses a
doubly resonant 3 inductor ”ladder” configuration, with the RF
energy for each channel inductively coupled into the resonant
portion through two equivalent auxiliary inductors as shown in
Fig. 3. Matching is achieved by adjusting the series and paral-
lel capacitance of the outer matching coupling inductors. This
circuit provides all the advantages of a balanced, inductively
coupled, circuit that also has a high inherent ηCFF due to the
minimal number of discrete inductors used (the 2 auxiliary in-
ductors shown are equivalent and only count as 1). Addition-
ally, the design requirements (QT , power handling, etc.) of the
matching sections (i.e coupling inductors and matching capaci-
tors) can be relaxed as they are not part of the resonant circuit.

3.2.2. Capacitors
The fixed capacitors used in our probe are commercially

available nonmagnetic Knowles Syfer 1111 package chip ca-
pacitors with a nominal DC voltage rating of 2kV (e.g. Digikey
part number 1608-1268-1-ND). For the resonant portions of the
circuit made up by tuning capacitance, 3 of these capacitors are
used in series to increase the voltage handling (shown in Fig.
6a).

The variable capacitors used in our probe are mechanical ca-
pacitors, home-built from copper and zirconia to mitigate rel-
atively frequent breaking and avoid the high cost of the com-
mercially available variable capacitors, and to achieve the de-
sired tuning and matching range. These capacitors work by ac-
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tuating a copper piston (via a G10 tuning rod) in and out of
the zirconia tube, which is itself wrapped in copper foil. The
G10 rods are actuated via a simple screw mechanism located
towards the top of the probe. The copper piston acts as one
plate of the capacitor, while the copper foil cylinder acts as the
other, with the cylindrical zirconia tube serving as the dielectric
in between. The design for this variable capacitor illustrated in
Fig. 4(a)-(c). A zirconia dielectric, which is a ceramic, was
chosen to achieve good mechanical properties (i.e high fracture
resistance) at low temperature, a high dielectric constant (al-
lowing the capacitor to be smaller), a large dielectric strength
(allowing larger PRMS ), and a fairly well matched coefficient
of thermal expansion to copper (of which the foil and piston is
made of) which prevents jamming of the capacitor.97 Many ca-
pacitors use sapphire or alumina as the dielectric material due
to their lower loss tangent, but in our experience the Q of the
capacitor is larger compared to that of the inductors, such that it
has a minimal effect on the overall Q of the circuit. Even using
slightly more lossy zirconia as the dielectric has only a small
effect (i.e > 10%), while zirconia is a much stronger material
that is less prone to breaking.

One major issue we encountered with this capacitor design is
arcing/partial discharge on the surface of the inner copper pis-
ton into the slight air gap that exists between the inner copper
piston and the zirconia dielectric. Simulations show that for a
simplified 3 plate capacitor design, the electric field density will
always be greatest across a (low dielectric constant) air gap, as
illustrated in Fig. 4 (d) and (e). This air gap always exists to
some degree due to manufacturing tolerances that allow the in-
ner piston to move vertically to adjust the capacitance. Since
air has a much lower dielectric constant than zirconia, most of
the electric field generated between the inner copper piston and
outer copper foil is concentrated in the air gap, which also has a
much lower breakdown voltage (especially when filled with he-
lium). Furthermore the electric field in the air gap will always
be strongest near the surface of the metal conductor. To solve
this problem we used an 0.01” thick FEP heat shrink around the
inner piston. This heat shrink creates a tighter fit around the in-
ner piston. We demonstrated that this design adjustment largely
eliminates the air gap on the surface of the piston. The highest
electric field is thus concentrated in the FEP layer which has a
much higher dielectric strength than air or helium. One draw-
back of this FEP layer is a smaller capacitance range, since the
FEP layer is much thicker than any air gap that would otherwise
exist, and it has a much lower dielectric constant than zirconia.

The overall construction of the tuning capacitor is shown in
Fig 4a-c. Fig 4b-c shows the X channel capacitor that has a
maximum capacitance range of 1-6pF, can handle ∼1000 volts
peak to peak at 300 MHz without arcing (in ambient atmo-
sphere at room temperature), and has a Q >> 300 (measurement
methods shown in sections 2.2 and 2.3 of the SI). The observed
breakdown occurs across the gap between the two outer pieces
of copper foil, and thus the capacitance range can be traded
for increased power handling by making the outer copper foil
pieces shorter and further apart. This was done for the H chan-
nel capacitor (as shown in section 2.4 of the SI) where the ca-
pacitor plates are also horizontally arranged to provide shorter

Figure 4: (a) Schematic of the capacitor construction. (b) Rendering of the
X channel tuning capacitors used. (c) Cross section of the X channel tuning
capacitor. (d) Simplified 3 plate capacitor with high dielectric constant ceramic
material (i.e zirconia) between the plates, and an air gap around the central
plate. The two ends of the capacitor connected to an outside circuit are indicated
by + and -. (e) Simulation result showing the relative electric field density on
a cutout of the simplified 3 plate capacitor. The electric field of the capacitor is
concentrated in the air gap.

lead lengths to the sample coil, and so yield a ∼1100 Vpp power
handling on the X channel at higher frequency.

The matching capacitors are similarly constructed using a
zirconia tube, copper piston and copper foil, however no FEP
heat shrink was used and one end of the capacitor is directly
grounded (as shown in section 2.5 of the SI). This is because
the matching capacitors do not need to handle high voltages
unlike the tuning capacitors, as they are not part of the reso-
nant circuit; but, a larger capacitance range still can extend the
tuning/matching range of the circuit.

These homebuilt variable capacitors are much cheaper than
commercial capacitors (the major cost is the Zirconia dielectric
tubes), are mechanically much more robust to resist repeated
thermal cycling between liquid helium and room temperature,
and are customized to suit our specific needs in terms cryogenic
operation, RF tuning range and RF voltage handling.

3.2.3. Inductors
We chose a 4 turn saddle coil for NMR signal detection to

allow for axial µw irradiation and to achieve a (relatively) high
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inductance (compared to an alderman grant coil) necessary to
double tune our RF circuit to the correct frequencies (∼300
MHz and 74 MHz for the H and C channel, respectively), and
to ensure high RF efficiency. The coil is constructed from ver-
tical copper rods (1mm/18 AWG wire) connected by horizontal
copper wire to form the saddle coil as shown in Fig. 5a-c. The
coil diameter is 9.5mm, the window angle is 110◦ (although any
angle over 90◦ is sufficient)98, and the window height is 7mm.
The vertical wires are supported by holes machined into 2 PTFE
rings (Fig. 5a) which are mounted around a 7mm OD zirconia
support tube. Copper foil guard rings (shown in the cutout of
Fig. 5c) are placed inside the zirconia tube to focus the RF field
onto the sample, as well as prevent excess µw scattering, as will
be discussed later.

The coil parameters were measured by resonating the coil at
the desired frequency (300 MHz for H and 74 MHz for X nu-
clei) using a chip capacitor across the coil leads (not within the
RF circuit) and coupling the coil to a VNA (vector network ana-
lyzer) using a pickup loop. The coil was found to have an induc-
tance of 125nH, and a measured QT of 205 at 74 MHz and 275
at 300 MHz, respectively (as shown in Fig. 5d). The z axis ho-
mogeneity of the coil was determined from ball shift measure-
ments (see section 2.6 of the SI) using a 1/8” aluminum ball.99

The ball shift profile is shown in Fig. 5e, showing that the ho-
mogeneous B1 region of the coil spans about a 3mm height, as
shaded in red. This measurement suggests that a fairly good RF
homogeneity (less than 10% variation in amplitude along the
z axis) for the H and X channel in the sample, as long as the
sample height is not taller than 3 mm.

For the circuit described in this paper, the auxiliary coils are
two-turn solenoid coils with an ID of 7mm wound from 14
AWG wire (shown in Fig. 6c below). These coils have an in-
ductance of 51.5 nH when the lead lengths are included, and a
QT of 410. The coupling inductors used to couple to the auxil-
iary coils are two- and three-turn (for H and X channel respec-
tively) 7mm ID solenoid coils wound from 18 AWG copper
wire. These coils are aligned axially with the auxiliary coils to
achieve the desired magnetic coupling. The exact inductance,
Q, and the coupling factor k (i.e the overlap of magnetic flux
from the matching and auxiliary inductors) does not necessarily
need to be tightly controlled as they minimally affect the circuit
performance. A higher k and larger inductance will generally
make the circuit easier to match (especially at lower frequen-
cies), but caution must be taken not to increase k too much, as
this will be deleterious to the RF efficiency and Q. If optimal
matching can be achieved (>25 dB return loss) a lower k and
inductance value can be used that will slightly increase the cir-
cuit performance (as less magnetic energy will be stored in the
coupling inductors). For lower frequencies and lower coupling
factors, the coupling inductors can be made resonant near the
desired tuning frequency (i.e 74 MHz for the X channel) by
placing a capacitor across the coupling inductor (as shown in
Fig. 3) to facilitate matching.57

3.2.4. RF Circuit Construction
The RF circuit constructed from the capacitors and induc-

tors are shown in Fig. 6. The exact circuit diagram with each

discrete component used and their value is shown in Fig. 6a
(for a circuit dually tuned to 1H and 13C). The circuit compo-
nents are supported by grounded aluminum plates and standoffs
as shown in Fig. 6b, and can be divided into two parts which
are separated by the aluminum plates. The upper ”deck” con-
tains the matching circuitry, coaxial cable feeds, and auxiliary
coils; and the lower deck contains the sample coil and tuning
capacitors. Most of the coaxial cable consists of a 0.085” 316-
SS coaxial cable with a silver plated beryllium copper center
conductor, but the bottom 5” length feeding the RF circuit is
made of a 0.141” copper coaxial cable to minimize disturbance
to the B0 homogeneity by the slightly magnetic 316-SS mate-
rial. All leads that connect the discrete RF circuit components
are made of 14 AWG copper wire with occasional application
of FEP heat shrink to prevent shorting components together or
to ground, and are soldered with a 60/40 tin-lead solder. The
distance between the coupling inductors and tuning inductors
is about 4mm, but can be adjusted by hand to get k between
the coupling inductors and the auxiliary inductors into the cor-
rect range to match the circuit. Most of the capacitance for the
H channel is placed directly across the coil leads in the form
of three 12 pF chip capacitors in series, as shown in Fig. 6a.
This improves ηCFF , as most of the H channel current travels
directly through the chip capacitors and not through the leads
to the variable capacitor, which have inductance and can reduce
the overall circuit efficiency, ηCFF . The X channel tuning ca-
pacitor is brought into the correct range by the addition of three
33 pF capacitors in series (Fig. 6a). For both the H and X
channel the chip capacitors are placed in series to extend their
voltage handling to be equal or better than the variable capaci-
tor. Pictures of the constructed circuit are shown in Fig. 6b-c.
Here the saddle coil, home-built capacitors, and auxiliary coils
are visible.

The performance of this circuit is shown in table 1. The QT

for the circuit is 281 and 170 for the H and X channels respec-
tively. These are not very impressive numbers in comparison
to a commercial solid-state NMR probe, but the lower Q val-
ues can be mostly attributed to the small size and construction
of the sample-holding saddle coil (which itself has a similar Q
as shown in Fig. 5d). The max power handling of the circuit
is 150 W for the H Channel and 125 W for the X Channel,
which is mostly determined by the power handling of the vari-
able capacitors. The ηCFF was measured experimentally using
ball shifts (described in section 2.6 of the SI), which yielded
a H channel ηCFF of 32.9% and an X channel ηCFF of 63.3%.
The ηCFF balance between these channels was deliberately opti-
mized through the design of the auxiliary coils to maximize the
X channel detection sensitivity after cross-polarization (CP).
The total observed ηCFF of 96% is high, which is achieved ow-
ing to minimal parasitic and unnecessary inductance in the cir-
cuit design. At 125 W input power, the B1 was measured to
be 50 kHz (corresponding to a 5 µs 90◦ pulse) for the H chan-
nel and 31.25 kHz (corresponding to a 8 µs 90◦ pulse) for the
X channel, respectively at room temperature. Additionally, the
tuning range of the X channel in the shown configuration is 69-
81 MHz, which gives access to 55Mn, 79Br, 13C, 27Al, 51V , 23Na
and 63Cu nuclei. This performance is low compared to most
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Figure 5: (a) Top down schematic of the PTFE Support rings used to form the saddle coil. (b) Rendering of the 4 turn saddle coil with PTFE rings, zirconia support
tube, and copper foil guards. The coil is formed by inserting vertical copper wires into the holes in the PTFE rings and cross connecting them by soldering horizontal
lengths of copper wire. (c) Cutout of coil showing copper foil guard rings. (d) Coil inductance and QT at different frequencies. (e) Ball shift measurement at 74
MHz (X) and 300 MHz (H). The window height is indicated by the black dashed lines, and sample region is shaded in red.

Figure 6: (a) Schematic of inductively coupled (H-X) double resonance circuit with all discrete component values shown. (b) Picture of the constructed circuit
attached to the waveguide taper with components indicated.
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Channel QT Max Power ηCFF B1 (125 W)
1H 281 150 W 32.9% 50 kHz
13C 170 125 W 63.3% 31.25 kHz

Table 1: Performance and parameters of the inductively coupled double reso-
nance NMR circuit.

solid-state NMR probes using solenoid coils (as is the case for
most MAS systems), but is excellent for saddle coil-based sys-
tems, especially considering the large diameter of the saddle
coil.

3.2.5. Improvements to RF Design
While the RF circuit performs well, and care has been taken

to optimize most aspects of the circuit, there is room for im-
provement, mainly through modifications of the sample coil. If
the coil could be wound from a single wire (instead being sol-
dered together), the Q and ηs would be higher. Additionally a
flat coil made from foil could increase the ηs over that wound
by round wire used here. Guard rings outside the coil could be
placed to focus the B1 field more into the sample and further
increase the ηs. The variable capacitor geometry could also be
changed to provide a shorter path for the RF current, hence in-
crease ηCFF by reducing parasitic inductance.

3.3. µw Design

3.3.1. µw Transmission
The µw transmission starts with a gaussian beam from a

source that is guided through a quasi-optical table, then bent
downwards and fed into a corrugated waveguide that is built
into the probe placed within a vertical 7 Tesla magnet, as de-
scribed in a previous paper.17 The top of the waveguide is vac-
uum sealed with an epoxy sealed rexolite window. The µw
transmission down the probe is achieved via a 12.7mm ID cor-
rugated waveguide (Bridge12 Inc) constructed from nickel sil-
ver (i.e German silver). The end of this corrugated waveguide
is connected to a gold plated waveguide taper whose ID tran-
sitions from 12.7 mm to 5.5mm ID to focus the µw’s onto the
sample, as shown in Fig. 7(a-d).

3.3.2. Sample Cup Construction
The sample holder for our dual EPR/DNP probe is con-

structed of a 3/16” OD, 1/8” ID PFA tube with 1/8” PTFE rod
inserts to hold the sample in place, as well as an aluminum in-
sert that acts as a mirror, as shown in Fig. 7(c)-(d). The bottom
of the PFA tube is threaded to enable mounting the sample to
the ”J arm”. The sample volume can be altered by adjusting
the length of the PTFE inserts/plugs such that the sample is sit-
uated within the homogeneous region of the NMR coil, which
allows a maximum sample volume of ∼30µL. The advantage
of this design is that all parts are readily and cheaply commer-
cially available, and the sample holder is easily assembled, so
that re-use of sample cups is not necessary. Samples can be
simply saved in the sample cup for later use, if needed.

3.3.3. Sample Cup Optimization

Although the sample cup is made from commercially avail-
able parts, the geometry was carefully designed to ensure max-
imum transfer of µw power to the sample. The PFA/PTFE sam-
ple cup itself acts as a dielectric waveguide, which was inspired
by the work of Zilm et. al (Private communication, Kurt Zilm,
Anne Carroll). Here, the µw’s are confined in the PTFE struc-
ture due to the higher dielectric constant of PTFE compared to
free space. Additionally, PTFE/PFA has a low enough dielec-
tric constant to not cause too much reflection off the surface
of the sample cup. The geometry of this PFA/PTFE waveg-
uide was optimized using finite difference time domain (FDTD)
techniques using the CST Studio software. Selected geometric
features that were optimized, in feedback with FDTD simula-
tions, are shown in Fig. 8a, as well as the SI Fig. S7.

In these simulations the µw power was measured as a func-
tion of the various geometric features, with a typical simula-
tion result/setup shown in Fig. 8b. Here, a cross section of the
RMS B1 field amplitude in the sample cup/waveguide extension
is shown for a frequency of 194 GHz. The simulation model
shown here includes the corrugated waveguide, PFA/PTFE
waveguide extension, sample, and support tube. The µw out-
put of the corrugated waveguide was simulated using a T E11 to
HE11 mode converter structure with the same output ID as the
actual waveguide.100 For simplicity, the waveguide was simu-
lated as a perfect electrical conductor. The PFA/PTFE waveg-
uide extension/sample cup was modeled as a solid PTFE rod
(dielectric constant ε = 2.1), and the sample was simulated as a
puck of frozen DNP Juice (ε = 3.5).101 This model does not in-
clude the aluminum mirror as this feature greatly increases the
simulation time and makes interpretation of the results more
complicated.

It is qualitatively apparent that most of the µw power is con-
fined to within the PFA/PTFE waveguide extension volume,
and is not radiating away from the sample. Thus, most of the
µw power will intersect the sample and yield higher B1, which
is useful for EPR and DNP performance.

The final sample cup geometry used in our probe was op-
timized using calculations of the percent B1 field to sample
(shown in Fig. 8c-f), with the select geometrical dimension
indicated by the dashed lines. Fig. 8c shows the results of the
waveguide taper extension diameter (labeled as ”diameter of
sample cup” in Fig. 8a) on the effective ”filling factor”. Here,
the filling factor is measured as the % of µw power that passes
through the upper face of the sample (more information is avail-
able in section 3.1 of the SI). Fig. 8c shows that for larger di-
ameters, the % of µw power that gets to the sample decrease
from almost 80% for a 3mm diameter to ∼30% for a 10mm di-
ameter taper. This effect can be qualitatively seen in the SI Fig.
S10. Taken all together, we chose a 3/16” (4.76mm) waveg-
uide extension diameter (dashed line on Fig. 8c) to achieve
an optimal filling factor while maintaining a reasonable sample
diameter/volume. Additionally, confining the µws to a smaller
volume makes the sample thinner, allowing a thinner NMR coil,
which can give a higher NMR B1.

Fig. 8d shows the effect of the gap between the waveguide
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Figure 7: (a) µw pathway to sample. (b) Picture of waveguide taper, sample cup, and J arm without RF circuit. (c) Picture of sample cup. (d) Schematic of sample
cup.

extension and the RF coil support tube. This parameter affects
the diameter of the sample cup and/or the inner diameter of the
coil support sleeve. The gap can be seen as the white space
between the grey coil support sleeve and the blue sample cup
labeled as ”gap between sample cup and coil support sleeve” in
Fig. 8a (and in the SI Fig. S7). From the simulation results
we can see that larger gaps will yield higher µw filling factors,
with a 0mm gap (no gap) giving ∼28% filling factor and a 2mm
gap giving ∼80% filling factor. If this gap is too small the µws
in the waveguide extension will couple to the tube and be scat-
tered away from the sample. This concept is illustrated in the SI
Fig. S11. However if the gap is too large, then the NMR filling
factor will decrease as the NMR coil will have a larger diameter
than necessary (either the sample cup is thinner or the RF coil
is larger in diameter). Noteably, the gap has to exceed a thresh-
hold value optimal for filling factor. The dashed line indicates
the gap chosen for our probe geometry, which is ∼1.2mm.

Fig. 8e shows how the waveguide extension length affects
µw power to the sample. This determines how long the waveg-
uide extension can be before µw’s scatter out of the PFA/PTFE
structure. It is important that the waveguide extension is long
enough so that the metallic corrugated waveguide taper does
not interfere with the NMR coil, but short enough that most of
the µw power reaches the sample. The results suggest that the
waveguide extension is very efficient at transmitting µw power,
even at longer distances exceeding 10 mm. For our probe we
chose length of ∼9.5mm, which separates the NMR coil suf-
ficiently from the corrugated waveguide, while not sacrificing
any µw filling factor.

Last, but not least, Fig. 8f shows the dependence of µw fill-
ing factor on the position of PTFE waveguide extension relative
to the waveguide (i.e the ”sample cup distance from waveg-
uide” as shown in Fig. 8a, and SI Fig. S7). Here a negative
distance corresponds to the PTFE waveguide extension being
placed partially inside the corrugated waveguide, and a posi-
tive distance corresponds to a gap between the output of the
corrugated waveguide and the PTFE waveguide extension. The
simulations show that in general, a larger gap results in less µw
coupling between the corrugated waveguide and PTFE waveg-
uide extension. However, the results also suggest that placing
the PTFE extension inside the waveguide does not necessarily
provide better coupling, but also does not diminish the coupling
by much. These results are further illustrated in the SI Fig. S13.
Thus we decided to position the PTFE extension directly at the
output (0mm distance) of the corrugated waveguide for most
situations.

4. Results: Dual DNP/EPR Experiments

4.0.1. µw performance of the DNP/EPR probe
To test the EPR performance of the sample holder, the EPR

nutation frequency was measured. This is a good measure of
performance because equations (1) and (2) hold for EPR and
NMR signal, where higher µw B1 translates to higher s/n. The
nutation experiment was performed using a solid echo pulse
sequence where the echo pulses are varied in length (as shown
in Fig. 9a). Here, using a 90◦ pulse length should result in the
highest detected EPR signal.
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Figure 8: (a) Schematic of sample cup/waveguide extension simulation. (b) Cross section of the RMS µw B1 field in the sample cup. (c) Average µw B1 field and
filling factor (i.e the percent of µw power that passes through the sample) as a function of the waveguide extension/sample cup diameter. (d) µw filling factor as a
function of the gap between the waveguide extension and NMR coil support tube. (e) µw filling factor as a function of how long the waveguide extension is. (f)
µw filling factor as a function of sample cup distance from waveguide. Negative numbers correspond to the top of the PTFE waveguide extension being inserted
into the corrugated waveguide. For (c-f) the chosen geometry used in our probe is indicated with a dashed black line. Additionally each parametric simulation was
carried out with all other geometric features held constant at the values indicated.

With the current optimization, our dual DNP/EPR probe
yields a µw B1 of approximately 500 kHz (corresponding to
a 90◦ pulse length of 500 ns), as measured with 0.5% BDPA
in polystyrene (data shown in Fig. 9a-b) using a 450 mW µw
source. This B1 for EPR detection is comparable to values re-
ported previously from our lab.17 Notably this value is just an
average– because the sample dimensions (3mm for this sample)
are larger than a quarter of the µw wavelength (∼ 0.385mm at
194 GHz) there will be large variations in B1 field across the
diameter of the sample (uneven µw power distribution across
the sample can be seen in Fig. 8b). Typically, the detection sen-
sitivity for EPR in a typical configuration allows us to readily
measure radical concentrations at or above 0.1 mM, depending
on the EPR linewidth and relaxation time.

To verify the validity of the simulated µw performance, the
B1 for different configurations of the sample cup/waveguide ex-
tension was measured, as shown in Fig. 9d-h. The optimal con-
figuration for EPR is to place the sample cup inside the waveg-
uide, as illustrated in Fig. 9d. This ensures that minimal µw
power is lost to scattering and yields a 90◦ pulse time of 700
ns with a 120 mW µw source. However, for dual NMR/EPR
detection, the sample cannot be placed inside the solid metal
waveguide because this prevents NMR detection. Fig. 9e shows
a geometry closest to that used in our probe (shown in Fig. 7)
including a length of 9mm and a 0.8mm gap between the outer
tube and waveguide extension, which gives a 90◦ pulse of 1000
ns. The effect of lengthening the waveguide extension to 15mm

is illustrated in Fig. 9f. This geometry yields an only slightly
longer 90◦ pulse of 1050 ns compared to that in Fig. 9e, sug-
gesting that the waveguide extension can be fairly long without
losing too much µw power. This concept was demonstrated in
the simulated results shown in Fig. 8e. Fig. 9g illustrates a sce-
nario where the gap between the waveguide extension and coil
support tube is eliminated, or equivalently, where the waveg-
uide extension has a larger diameter (3/8” in this case) than the
sample diameter. Here, the 90◦ pulse length doubles to 2000
ns (i.e a much lower B1), which indicates that the predictions
arising from the simulated results shown in Figs. 9c and 9d are
correct, and that smaller waveguide diameters help focus the µw
power to the sample. Fig. 9h shows a configuration in which
the top of the waveguide extension is inserted 6mm into the
corrugated waveguide. Here we notice a slight increase in the
B1 field (950 ns 90◦ pulse). This suggests that the µw couples
into the waveguide more effectively, supporting the simulated
predictions in Fig. 8f.

4.0.2. Improvements to µw Design
While substantial efforts have been made to optimize this

DNP probe for EPR detection, there are still more improve-
ments that can be made. PTFE is a good material for µw trans-
mission, but it still cause reflections due to its relatively high
dielectric constant compared to free space (2.1 vs 1). Thus with
the current waveguide extension, some µw will always be re-
flected off the interface between PTFE and air. This can poten-
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tially be reduced by adding specific geometric features to this
interface, such as using a hemispheric lens or adding an anti-
reflective coating to the PTFE probe elements. Furthermore,
the sample diameter can be increased, allowing the use of thin-
ner sample volumes (and higher µw B1). The position of the
mirror behind the sample also plays a role in the B1 amplitude
experienced by the sample, where careful simulations could re-
veal a more optimal position or mirror geometry (i.e a concave
instead of flat mirror). For some DNP and EPR experiments,
broadband µw performance is less important than achieving a
high B1 amplitude. In this case it may be beneficial to design
a FP resonator between the waveguide and the mirror, and to
tune the structure via precise actuation of the J arm, resulting
in a resonant structure that can provide a higher µw field to the
sample at the expense of µw bandwidth.

4.0.3. RF performance of the DNP/EPR probe
The performance of the dual DNP/EPR probe for dual NMR

and EPR detection was evaluated and summarized in Fig. 10.
The EPR/NMR pulse sequences used for each measurement
are shown in the inset of each figure panel. The measure-
ments were performed on a sample consisting of 20µL 40mM
4-Amino Tempo and 1M 13C enriched Glycine in ”DNP Juice”
(i.e 60/30/10 d-Glycerol/D2O/H2O) at 23K, and include an
echo-detected EPR field profile (Fig. 10a), an echo-detected
EPR frequency profile (Fig. 10b), an echo-detected pump-
probe ELDOR profile (Fig. 10c), and a 1H−13C Cross Polar-
ization (CP) DNP profile (Fig. 10d), plotted on the same µw
frequency axis for all plots (the field axis on Fig. 10a is scaled
to be equivalent to the frequency axis). This allows us to com-
pare the effect of electron spin density (field/frequency sweep)
and spin diffusion (ELDOR) on the shape of the DNP frequency
profile. We observe that the DNP frequency profile has a dis-
persive shape, which spans the EPR profile, indicating a cross
effect mechanism. These broadband µw measurements are pos-
sible because of the non-resonant sample holder design of this
dual DNP/EPR probe. This feature is critical in permitting EPR
frequency dependent measurements spanning a frequency tun-
ing range of 1 to 10 GHz. The ability to perform frequency
stepping is advantageous over field stepping because they can
span a greater range of EPR resonance compared to a room
temperature field coil (in our setup, our sweep coil can reach
+/-17mT or equivalently ∼1 GHz), and because such measure-
ments can be performed much faster than field swept measure-
ments (jumping of µw source frequency is much quicker than
changing field). Most importantly, the ability to generate and
detect at multiple µw frequencies simultaneously or in rapid
(µs to ms) succession is necessary to perform for two frequency
(EPR) pump-probe experiments, such as ELDOR. Furthermore,
µw frequency sweeping allows for the measurement of a DNP
profile without retuning the NMR probe for each field posi-
tion. However, our results also show that the shape of the fre-
quency sweep (Fig. 10b) is slightly distorted compared to the
field sweep (Fig. 10) due to interference from standing waves
present in the probe and the quasi-optical µw bridge. The stand-
ing waves mostly affect the shape of the EPR frequency profiles
or any experiment where the µw/EPR probe frequency is chang-

ing, while the shape of the ELDOR and DNP profiles are less
affected as there, the µw/EPR pump frequency is stepped, but
not the µw/EPR probe frequency.

Standing waves can be reduced by careful alignment of the
bridge/probe (especially ensuring that the microwave beam is
focused onto the waveguide of the probe and is not clipped),
but this issue will always be present in some capacity. Thus,
it is advantageous to be equipped with a field sweep coil, in
addition to having access to µw frequency tuning.

Next, measurements were performed of the same sample as
discussed at 23 K and 8.5 T, but this time using a narrow-line
radical sample consisting of 20µL of 40mM OXO-63 trityl in
DNP juice. A high concentration of trityl radicals have been
shown to be a promising class of DNP polarizing agents at high
field, while their underlying DNP mechanism is still subject of
current interest.88? Using our dual DNP/EPR probe, we mea-
sured an EPR field and frequency profile (Fig. 10e) that reveals
a distorted/split line-shape. This line-shape is most likely due to
clustering of the radicals, leading to a distribution of electron-
electron dipolar couplings.? In Fig. 10f the saturation recovery
of the trityl EPR resonance is measured at various frequencies
of the EPR spectrum (marked by dashed lines on Fig. 10e). The
saturation recovery curves clearly illustrate that there are differ-
ent components present in the EPR line that possess different T1
relaxation properties. For example, the saturation recovery pro-
file at 193.66 GHz (i.e in the ”dip” region of the EPR profile)
shows a much longer and distorted buildup curve, indicating
the presence of multiple relaxation components with multiple
T1e rates.

Further interpretation of these EPR properties of this radical
and their effect on DNP enhancements and properties require
additional experiments. However, even the simple EPR field
and frequency profiles, together with the EPR frequency/field
dependent relaxation measurements is characteristic of an in-
homogeneously broadened EPR line made up of heterogeneous
electron spin populations with distinct frequencies. Such in-
sight cannot be deduced from NMR-detected DNP experiments
or simulations. Hence, concurrent measurements of EPR and
DNP properties are key to the study of DNP mechanisms. Ad-
ditional experiments that can be readily carried out (not shown
here) include EPR Tm measurements, DNP buildup time profile
and DNP power profile measurements.

5. Conclusion

In this paper we have described the design principles and
construction of a dual EPR/DNP probe operating in a cryo-free
cryostat operating down to 8.5 K temperatures. This system
was constructed to simultaneously optimize stable operation at
cryogenic temperatures, and to achieve robust EPR and NMR
performance with as few compromises as possible. This was
achieved through careful design choices of NMR RF circuit
components and simulation of µw/EPR structures. This probe
was constructed with a focus on multi-frequency/broadband
EPR and NMR performance to enable a wide variety of experi-
ments on samples with a broad range of EPR and NMR proper-
ties, as demonstrated via select EPR and DNP results on typical
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Figure 9: (a) Solid echo pulse sequence used for nutation experiment. (b) Nutation curve for a 0.5% BDPA in polystyrene sample using a 450mW solid state source.
(c) Photo of the setup used to measure B1 as a function of sample geometry in (d-h). Concentric PFA tubes were used to hold the waveguide extension in place. This
is slightly different from the setup shown in Fig. 7 because the outer tube is PFA instead of Zirconia and has a larger OD, but should work to show proof of principle
for simulations in Fig. 8. (d) The optimal arrangement for EPR detection and B1 with the sample completely inside the waveguide. (e) Standard sample geometry
arrangement with relevant dimensions labeled. (f) Geometry with a longer waveguide extension. (g) Geometry with no gap between the waveguide extension and
a PFA sleeve– equivalent to a waveguide extension with a larger diameter. (h) Standard sample geometry with the waveguide extension inserted partially into the
waveguide. For (d-h) the B1 was measured with a 120mW source instead of the 450mW source used in (b).
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Figure 10: Left: EPR and DNP experiments on 4 amino tempo at 23K in DNP juice (60:30:10 d-glyercol, d2O, H2O). Inset are the pulse sequences used to acquire
the data. (a) Field swept echo detected EPR spectra. (b) Frequency swept echo detected EPR spectra. Here we can see the effect of standing waves compared to
the field swept spectra. (c) ELDOR profile. (d) 1H-13C CP DNP frequency profile with a 10s DNP buildup. Right: experiments on 40mM OXO-63 Trityl in DNP
Juice at 8.5K. (e) Field and frequency swept echo detected EPR spectra. (f) Saturation recovery electron spin lattice relaxation measurements at different points on
the EPR spectra.
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DNP radicals. Underlying the design principle was the critical
need to achieve affordable DNP/EPR operation under cryogenic
temperature to make these studies less resource-limited.

While much optimization has been carried out on this dual
EPR/DNP probe, there are still many ways this probe can be
improved in terms of temperature, EPR and NMR performance,
as suggested above. Furthermore, other practical improvements
can be made to make the probe more versatile and operable.
The ”J arm” structure described above could be used as a sam-
ple exchange mechanism in which the entire probe is pulled
from the cryostat for sample exchange without warming up the
cryostat. Optical fibers can be installed to allow optical irra-
diation (and perhaps some detection) capabilities to the probe
for Triplet DNP and other light-activated NMR, EPR or DNP
experiments.?
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trometer for dissolution DNP NMR spectroscopy, Physical Chemistry
Chemical Physics 12 (22) (2010) 5883–5892, ISSN 14639076.
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