ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of Magnetic Resonance 187 (2007) 242-250

JMR

Journal of
Magnetic Resonance

www.elsevier.com/locate/jmr

Low temperature probe for dynamic nuclear polarization
and multiple-pulse solid-state NMR

HyungJoon Cho *!, Jonathan Baugh °, Colm A. Ryan °, David G. Cory ?,
Chandrasekhar Ramanathan **

& Department of Nuclear Science and Engineering, Massachusetts Institute of Technology, Cambridge MA 02139, USA
> Institute for Quantum Computing, University of Waterloo, Waterloo, Ont., Canada, N2L 3Gl

Received 8 January 2007; revised 4 April 2007
Available online 30 April 2007

Abstract

Here, we describe the design and performance characteristics of a low temperature probe for dynamic nuclear polarization (DNP)
experiments, which is compatible with demanding multiple-pulse experiments. The competing goals of a high-Q microwave cavity to
achieve large DNP enhancements and a high efficiency NMR circuit for multiple-pulse control lead to inevitable engineering tradeofs.
We have designed two probes—one with a single-resonance RF circuit and a horn-mirror cavity configuration for the microwaves and a
second with a double-resonance RF circuit and a double-horn cavity configuration. The advantage of the design is that the sample is in
vacuum, the RF circuits are locally tuned, and the microwave resonator has a large internal volume that is compatible with the use of RF

and gradient coils.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

NMR approaches to quantum information processing
(QIP) have received much attention over the last decade.
Liquid state NMR studies have explored the limits to con-
trolling small quantum systems, and enabled the systematic
study of open quantum systems. Solid-state NMR QIP
approaches allow us to obtain control over a larger Hilbert
space [1-6], and hold promise for the study of many body
dynamics [7-11] and quantum simulations. Moreover, in
the solid-state, the spins can be highly polarized by
dynamic nuclear polarization techniques. The increased
polarization allows an exploration of systems with a larger
number of qubits, and also allows preparation of the sys-
tem close to a pure state.
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A number of solid-state NMR QIP experiments have
recently been published [12-15], demonstrating that the
coherent control necessary for QIP can be implemented
in single crystal solids at room temperature. The next step
is to take advantage of the high polarizations that are
accessible in the solid-state. In order to reach high polari-
zation via dynamic nuclear polarization (DNP) it is neces-
sary to irradiate the system with microwaves, and to cool
the sample down to liquid helium temperatures. The chal-
lenge here is to engineer the NMR probe so that these can
be achieved without sacrificing high-fidelity control of the
spins. In this paper we describe the design and performance
characteristics of a low temperature probe for dynamic
nuclear polarization experiments, which is also compatible
with demanding multiple-pulse experiments.

Historically, DNP investigations have concentrated on
two main areas: increased detection sensitivity of rare
spins; and the creation of spin-polarized targets. The
groups of Wind and Yannoni have explored a number of
microwave resonator designs including horn-reflector [16],


mailto:sekhar@mit.edu

HyungJoon Cho et al. | Journal of Magnetic Resonance 187 (2007) 242-250

Fabry—Perot [17], and cylindrical resonators [18] for DNP
signal enhancement at room temperature. At lower temper-
atures Griffin and co-workers have implemented a novel
design in which the cylindrical walls of a high-Q microwave
cavity formed the RF coil for the NMR [19]. At even lower
temperatures, the highest absolute polarizations reported
were obtained using CW techniques in a multimode cavity
in a dilution refrigerator [20].

The probe discussed here is designed for a top-loading
continuous flow cryostat (spectrostatCF, Oxford Instru-
ments) that fits in the bore of a 2.35 T superconducting
magnet (89 mm bore diameter). The design specifications
comply with the dimensional and functional aspects of this
particular cryostat, but could easily be adapted to many
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other cryostats used in low temperature NMR applica-
tions. This field corresponds to an electron Larmor fre-
quency of 66 GHz for g=2. It is possible to obtain
relatively inexpensive solid-state microwave sources with
up to a Watt of power at this frequency. Fig. 1 shows a
three-dimensional solid model of the main section of the
probehead, as well as a cut-away view identifying the differ-
ent components.

2. RF design

There is a wealth of experience in low temperature
NMR [21-23]. There are two main challenges in the low
temperature design of the tuned RF probe:
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Fig. 1. Probe assembly: (A) cut-away view; and (B) three-dimensional CAD drawing.
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e Maintaining the ability to tune and match the resonant
circuit at low temperature.

e Ensuring that the sample remains at the desired operat-
ing temperature during the experiment.

As the probe is cooled down, the resonance invariably
shifts due to contraction of the probe materials, and the
Q increases as the coil resistance is reduced. It is therefore
necessary to re-tune and match the circuit once the operat-
ing temperature has been established. It is difficult to oper-
ate variable capacitors at low temperature as they have a
tendency to seize if they have not been thoroughly cleaned.
Although a simple approach to circuit tunability is to
locate the tuning and matching elements outside the cryo-
stat at room temperature, this entails a substantial loss of
efficiency since a lossy transmission line becomes part of
the resonant circuit [24-26]. An alternative approach that
requires no tuning parts uses a large diameter coaxial line
to reduce the losses [27]. However, space constraints and
the need to reduce thermal losses up the coax limit the
applicability of this solution, especially if multiple RF
channels are needed. Our approach is to keep the tuning
and matching capacitors at low temperature in close prox-
imity to the sample coil.

The next challenge is to cool the sample itself down to
the desired temperature. If the sample is in direct contact
with the helium gas or liquid, the only requirement is that
the sample temperature equilibrate to the bath. However, a
tuned circuit in a gaseous “*He environment at low temper-
ature is known to be susceptible to electric breakdown even
at modest power levels. Although this may not be trouble-
some for a one-pulse experiment, high duty-cycle excita-
tions such as spin-locking or multiple-pulse irradiation
are likely to cause breakdown. The alternative is to locate
the tuning circuit and RF coil, and usually the sample in
a vacuum can evacuated to ~107 torr. The sample is then
mounted on a sapphire rod that is heat sunk at the other
end to a copper plate. In this configuration we have found
it difficult to cool the sample below about 6 K. The chal-
lenges are twofold. First we need to find a material that
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HyungJoon Cho et al. | Journal of Magnetic Resonance 187 (2007) 242-250

has high thermal conductivity as well as good dielectric
properties at these temperatures. We used sapphire, which
is a very good thermal conductor at low temperatures,
though the conductivity peaks around 30 K and drops
sharply below that [28]. Secondly we need to be able to
place the sample in good thermal contact with this mate-
rial. In our experiments, the quartz tube containing the fro-
zen TEMPO solution was attached to the sapphire rod with
Dow Corning vacuum grease.

An alternative solution is to seal the tuning circuit and
the coil in a vacuum space, while the sample is immersed
in helium. While this design permits both high RF powers
and low sample temperatures, the tradeoff is a significantly
smaller filling factor, resulting in lower B; fields compro-
mising the resultant control [22,29].

2.1. RF transmission

In order to minimize conductive heat losses down the
coaxial cables, we used UT-141C-SS semi-rigid coaxial
cable (Micro-Coax), which has a silver-plated copper inner
conductor and a stainless steel outer conductor with a
PTFE dielectric. A series of brass baffles were used to min-
imize radiative losses to the room temperature flange. We
have built two versions of the probe, a single-resonance
probe tuned to protons, and a double-resonance probe
tuned to protons and carbon. The standard circuit config-
urations used are shown in Fig. 2. We used standard tune-
up sequences to calibrate the probes for multiple-pulse
experiments. In order to minimize phase transients, we
reduced the Q of the circuits used. In the single-resonance
probe we overcoupled the circuit, and in the double-reso-
nance probe we added a 1.2 Q metal oxide resistor, yielding
a Q of around 25.

A 3 mm diameter solenoidal RF coil was used in both
probes, a 7-turn coil in the single-resonance circuit and a
9-turn coil in the double-resonance circuit. The wire was
slightly flattened and then wound with a non-uniform pitch
so as to optimize RF inhomogeneity [30]. The free-standing
RF coil was supported by the leads as shown in Fig. 1.

Double resonance coil circuit

H : Variable capacitor (Sapphire-plunger assembly)

1 RF:C

-~

—AMM— : Q-spoiling resistor

% : RF coil

Fig. 2. Circuit schematics for the single- and double-resonance probes.
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2.2. Tuning and matching

Fig. 3 shows a schematic diagram of the variable capacitor
assembly. In order to achieve variable tuning and matching
at low temperatures, we designed coaxial cylindrical capaci-
tors using copper-plated sapphire tubes (7.8 mm OD,
4.8 mm ID, 14 mm in length) with a piston mechanism to
obtain a capacitance range of 1-12 pF. The wall thickness
of the sapphire dielectric is 1.5 mm, giving us a breakdown
voltage of at least 25 kV. The capacitance range is obtained
using C = enR?//d ~ 101 pF (using R; = 4.8 mm (ID of the
sapphire tube), d = 1.5 mm (wall thickness of the tube),
and where /is the depth of the plunger in cm). The thickness
of the copper plating is 50 pm, which is more than five times
the skin depth of ~7 um for copper at 100 MHz. We used a
bellows mechanism (beryllium copper bellows, Mini-flex
Corporation) to couple the room temperature rotary motion
of the tuning rods to linear motion of the piston inside the
low temperature vacuum can. A retaining ring (Rotor Clip,
Inc.) was mounted inside the adapter on top of the bellows
so that the bellows can be either extended or contracted by
rotating a screw. Tuning rods made of G-10 extended to
the room temperature flange at the top of the cryostat, where
they passed through a set of Goddard quick-connect valves
(Rego Products).

2.3. Sample cooling and orientation

To ease sample insertion and positioning, we machined
a tapered conical seal (copper or brass) that doubles as a
sample mount. Dow Corning silicone grease applied to
the seal was found to be effective from room temperature
to below 4 K. The advantage of using this approach is that
one can easily change samples without opening a flange,
and the (single crystal) sample orientation can be systemat-
ically varied by rotating the conical seal with respect to the
vacuum can wall. A dial was inscribed onto the wall of the
vacuum can to facilitate reproducible sample orientation.
The conical seal also acts as a pressure release valve for
the vacuum can, in the event of helium getting trapped
inside the can. Fig. 4 shows a diagram of this conical seal.
The sapphire rod attached to the conical seal extends to the
center of the RF coil and the sample is mounted on the end
of this sapphire rod. Clearly, efficient cooling of the sample
by thermal contact is a critical issue for our vacuum can
approach. Special care must be taken to ensure good ther-
mal contact between the sample and the sapphire, and
between the sapphire and the conical seal into which it is
inserted. The external side of the conical seal makes contact
with the gaseous *He environment providing a cooling
pathway for the sample.

A REF circuit assembly B Copper plated sapphire capacitor
?f/? S © }( ID :4.8 mm %
‘ Screw mounting disk |
R ‘ ‘ ‘ ‘ Bottom shaded (Imm):
| = R
,,,,,,,,, - B Copper plated :
Pinned<.. |- QT =T Mechanical solder
L L Pinned connection to the
== circuit
Aon 4
(o) :
\ Plunger : Inner
Top of the vaccum can conductor
of capacitor
Top shaded (10mm):
Copper plated:
uter conductor
of capacitor
A ~a—] C < | m B
Capacitor mounting disk >‘
" =F L e
F<. . : OD :7.8 mm

% :

\1 000w /> N v

Legends

: Conducting plug (electrical ground) for a matching capacitor,
: Insulating plug (G-10) for a tuning capacitor,

: Contact springs,

: Tuning capacitor, E: Matching capacitor,

: Plunger, inner conductor for capacitor, O : Bellows,

: Retaining rings for screws, R : Screw cap, S : Screws

[=RR-Nol-—l-g

Fig. 3. (A) Schematic diagram of the variable capacitor assembly showing the copper-plated sapphire capacitors and the bellows arrangement that permits
low temperature tuning inside the vacuum can. Rotary motion outside the can is converted to linear motion inside the can. (B) Detail of a single copper-

plated sapphire capacitor.
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Fig. 4. (A) Side view of the wall of the vacuum can, showing the location where the conical seal sits, as well as the angular markings used to orient the

sample. (B) Front and side views of the conical seal.

3. Microwave design

Microwave irradiation of the sample was achieved using
microwave horns. A horn-mirror configuration was used in
the single-resonance probe, and the double-horn configura-
tion [31,32] was used with the double-resonance probe
(Fig. 5). Although horn arrangements do not have particu-
larly good microwave quality factors (Q ~ 10-100), they
provide ample space to accommodate extra components
such as RF and gradient coils. In addition they do not need
any additional impedance matching arrangement. In the
double-horn arrangement, the distance between the two
horns was set equal to one wavelength of the microwave
source so that the 34/4 point (shown in Fig. 5) would have
a minimum of the E-field on the horn surface. This allowed
us to drill holes in the walls of the horn at this location, and
pass the leads of the RF coil through the holes, without dis-
torting the microwave mode structure. The shorter leads
allow for greater RF efficiency.

Fig. 6 shows reflected power versus the relative distance
of the mirror from the horn at 66 GHz microwave fre-
quency, and similar data for the double-horn geometry
(gap between the two horns is set to 4.5 mm, one wave-
length at 66 GHz) as a function of a sliding shorting plug
that is placed within the neck of the end horn. In the
horn-mirror geometry, a loss of microwave power is
observed as the gap between the horn and the mirror
increases. The double-horn setup has a significantly higher
quality factor (Q ~ 100) and shows reduced loss compared
to the horn-mirror setup.

To effectively map out the H field profile in the horn-
mirror system, we performed HFSS (High Frequency

Structure Simulator, AnSoft) simulations with the different
horn configurations. Fig. 7 shows the simulated H field
profiles with the horn-mirror and double-horn geometries
and a 66 GHz microwave source. We found that the
horn-mirror and double-horn configurations have 4.5 dB
and 7 dB gains in H field strength, respectively, compared
to a single horn.

3.1. Experimental setup

Fig. 8 shows a schematic of the experimental setup and
the estimated insertion losses of the different components.
We used a standard fundamental mode (TE;) rectangular
WR-15 waveguide to transmit the microwaves from the
source to the cavity. The source used was a backshort-
tuned Gunn oscillator (Millitech, LLC) with an attached
isolator. Its center frequency is 66.2 + 0.1 GHz with
mechanical tuning ability of +£2.0 GHz. The available out-
put power of this Gunn oscillator is 40-65 mW. We also
performed experiments with two other sources, a 60 mW
Gunn diode source from Millitech, LLC with a mechanical
tuning range of +1.5 GHz, and a 1 W source from Quin-
star Technologies. The 1 W source was obtained by power
combining the output of two impatt diode sources that are
injection-locked with a Gunn to reduce phase noise. To
connect the probe assembly and microwave source while
maintaining vacuum inside the probe assembly, we used a
bulkhead flange unit (Aerowave, Inc.) as a vacuum window
on the top of low temperature NMR probe with mica and
rubber O-ring seals. A mica window serves as a vacuum
feed-through for microwave and has low insertion losses.
To reduce microwave losses while maintaining thermal iso-
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Fig. 5. (A) The horn-mirror arrangement showing the use of a bellows arrangement to move the mirror and tune the cavity from outside the vacuum can.
(B) The double-horn arrangement showing the use of a shorting plug inserted into the second horn, that permits tuning. A pair of holes are placed in the
upper horn, at a location where the E-field is minimum in order to minimize field distortions. Using these holes for the leads of the RF coil, minimizes the
length and inductance of the leads, increasing coil efficiency.
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Fig. 7. HFSS simulations showing the H field profiles in (A) the double-horn and (B) the horn-mirror cavity configurations.

lation between the sample area and the waveguide, a 4” sec-
tion of stainless steel waveguide was brazed into a 40” long
coin-silver waveguide. The stainless steel section acts as a
heat switch limiting conduction up the waveguide. The
total loss of microwave power was ~10.6 dB, resulting in
~5mW output microwave power at the horn input. We
do not always need to have the directional coupler in place,
so we can save the 1.43 dB loss associated there.

In the single-resonance probe, the proton n/2 pulse was
1 pus with using a 300 W Bruker BLAX amplifier with
0 dBm input power. For the double-resonance probe, the
measured 7/2 pulses were 2 ps on both proton and carbon

Gunn diode

channels, using 300 W Bruker amplifiers on both channels,
with 0 dBm input power.

4. Experimental results

DNP experiments were performed at 4 K and 2.35T
(100 MHz 'H, 25 MHz 3C), using a BRUKER Avance
spectrometer and the home-built probes. A sample of
40 mM 4-amino-TEMPO radical (4-amino-2,2,6,6-tetram-
ethylpiperidine 1-oxyl) in a 60/40 glycerol/water solution
was used to test DNP. At this field strength and concentra-
tion, DNP is mediated by cross-relaxation between electron
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Fig. 8. A schematic drawing of the experimental setup. Estimated losses of microwave power due to waveguide sections and microwave elements are

indicated in dB.



HyungJoon Cho et al. | Journal of Magnetic Resonance 187 (2007) 242-250 249

40

30+ ° ° °

20 ¢

Gain
(=)
L3

40 . . . . .
66.48 6636 6625 66.13 66.02 6590

Microwave freq.(GHz)

65.79  65.67

3

—— microwaves off (x20)
microwaves on

2.5

0.5
ol
05 . . . . .
100 50 0 -50 -100
kHz

Fig. 9. (A) DNP enhancement of glycerol/water doped with 40 mM TEMPO as a function of microwave frequency, as obtained with a horn-mirror
configuration. DNP is mediated by cross-relaxation between spin packets in the inhomogeneously broadened ESR line of TEMPO [33]. (B) DNP
enhancement of 38 for the same system obtained with the double-horn configuration.

spins in the inhomogeneously broadened ESR line [33].
The sample volume was ~2 mm?®. The 40 mM TEMPO
solution is prepared by dissolving 0.05g of 4-amino-
TEMPO with a solution of 4.38 ml glycerol and 2.92 ml
water. Fig. 9 shows the DNP enhancement obtained with
the two probes. It is seen that experimentally the two cav-
ities yield almost the same enhancement. This enhancement
corresponds to a proton polarization of about 1.7%. With
the double-resonance probe we were able to transfer this
enhanced proton polarization to the carbon spins using
Hartmann-Hahn cross-polarization. Fig. 10 shows the car-
bon signal enhancement following cross-polarization from
the protons at 100 K and 6 K without DNP, and with DNP
at 6 K.

Fig. 11 shows the proton spectra of the frozen gycerol/
water solution obtained using a one-pulse experiment and

6 K + DNP

r 2 scans
6 K

r 2 scans

100 K

F 30 scans

-150 -100 -50 0 50 100 150
Frequency (kHz)

Intensity (arb. units)

Fig. 10. '3C spectrum of the frozen gycerol/water solution, showing the
signal enhancement following proton DNP and cross-polarization from
the protons to the carbon.

an MREV-8 sequence [34]. It is seen that the single
70 kHz line seen in the one-pulse experiment is narrowed
significantly and is about a kilohertz wide in the MREV-
8 spectrum. The residual linewidth is most likely dominated
by the proton CSA. Protons in ice are known to have an
axially symmetric CSA (oy=15+2ppm, o, =-19%
2 ppm) [35]. The zero frequency peak in the MREV-8
spectrum corresponds to a residual spin-locking signal. In
running the multiple-pulse experiments, the probe was ini-
tially tuned up at room temperature using a liquid sample,
and the characteristic tuning curve of the probe measured.
Following cool down to liquid helium temperatures, the

1 pulse proton spectrum

MREV-8 proton spectrum

"

L
80 60 40 20 0 -20 -40 -60 -80
kHz

Fig. 11. One-pulse proton spectrum of the frozen glycerol/water solution,
and a spectrum obtained with an MREV-8 sequence applied at a cryostat
temperature of 4.2 K (sample temperature about 6 K). The inset shows the
MREV-8 data expanded. The peak centered at 1.5 kHz corresponds to the
water/glycerol signal, while the zero frequency peak is a residual spin-
locking signal.
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probe was re-tuned to try and match the measured room
temperature characteristics.

We have shown that these probes can be used success-
fully to dynamically polarize the nuclear spins, and to
implement both cross-polarization and multiple-pulse tech-
niques. Additional modifications are possible to improve
microwave performance, in particular by using overmoded
waveguide to minimize losses during transmission to the
cavity. Thermal losses could be minimized by using gold-
plated stainless-steel waveguide. The sample in vacuum
design ultimately limits the base sample temperatures
achievable. We were able to reach a temperature of approx-
imately 6 K. It is possible to lower this a little by improving
the design, but as the thermal conductivity of sapphire
drops sharply around 4 K, this design is unlikely to be use-
ful at lower temperatures. At lower temperatures, a sample
in helium design ensures that the sample reaches base tem-
perature. If the RF electronics is maintained in liquid
helium, arcing is prevented, and we are once again able
to run high duty-cycle multiple-pulse experiments.
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