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Abstract 
 

Dynamic nuclear polarization (DNP) is an invaluable tool for increasing the sensitivity of 
magic angle spinning (MAS) nuclear magnetic resonance (NMR) experiments. Historically, one 
of the primary drawbacks of DNP has been limited spectral resolution. The resolution of DNP 
spectra can be substantially improved via data acquisition at higher magnetic fields as well as faster 
MAS and increased experiment dimensions. However, achieving the maximum possible 
sensitivity and resolution in MAS DNP experiments is significantly limited by the equipment that 
is currently available. In this thesis I discuss new designs and fabrication methods for constructing 
instrumentation for DNP and MAS NMR with an emphasis on designing and fabricating 
equipment to enable ultra-fast MAS DNP experiments.  

This thesis covers several topics including 3D printing stators for MAS experiments, the 
design of a balanced transmission line DNP probe for 17O experiments, the design of a helium 
recirculation system, and the fabrication of CVD diamond rotors for MAS DNP experiments. 
These projects are intended to increase the capabilities of MAS DNP equipment, leading to 
improved spectral sensitivity and resolution. The balanced transmission line probe design is 
compatible with a helium recirculation system and includes a new 1 mm stator design that should 
achieve MAS frequencies greater than 80 kHz at 100 K. At these spinning frequencies it will be 
possible to perform 1H-detected DNP experiments that will not only provide access to an additional 
set of biological structural information, but also significantly improve the sensitivity of 
experiments over traditional 13C detection. The development of diamond MAS rotors is expected 
to increase the sensitivity and resolution of MAS DNP experiments even further via higher DNP 
enhancements and faster MAS. 

Additional studies are presented on the amyloidogenic peptide GNNQQNY, which is used 
as a model system for 17O bound water studies and amyloid polymorphism. The aforementioned 
equipment will be used to perform 1H-detected HON experiments on GNNQQNY to directly probe 
the hydrogen bonds present in the system. These studies will serve as a framework for future 
multidimensional 17O studies on complex biological systems. 
  
Thesis Supervisor: Robert G. Griffin 
Title: Arthur Amos Noyes Professor of Chemistry 
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1 Introduction 

1.1 Nuclear Magnetic Resonance  

1.1.1 Historical Overview of NMR 

Nuclear magnetic resonance (NMR) is a physical phenomenon that arises due to the 

interactions of a nuclear magnetic moment with an external magnetic field. The first experimental 

observation of this phenomenon was recorded by Isidor Rabi in 1938.1 Using a modified version 

of the Stern-Gerlach experiment,2 Rabi noticed a change in the orientation of the nuclear magnetic 

moment of Li atoms when a molecular beam of LiCl was subjected to an oscillating magnetic field. 

This change in orientation occurred when the oscillating magnetic field was applied perpendicular 

to a strong, constant magnetic field and was only observed when the frequency of the applied 

radiofrequency (RF) field approached the Larmor frequency of the Li atoms. Thus, the 

reorientation of the nucleus’ magnetic moment occurred when the applied RF field was in 

resonance with the Larmor frequency of the nucleus. Using this method, Rabi was able to measure 

the magnetic moments of Li isotopes to a remarkable degree of accuracy.3, 4 For his landmark 

discovery, Rabi received the Nobel Prize in Physics in 1944.  

Rabi’s work was soon followed by Felix Bloch and Edward Purcell, who in 1946 

independently published the first NMR studies on condensed matter systems. Bloch was the first 

to observe an NMR signal in a liquid sample when he successfully recorded a 1H signal on a sample 

of water.5 Slightly earlier, Purcell performed the first solid-state NMR experiment when he 

observed a 1H resonance in a sample of paraffin.6 An interesting aspect of these two experiments 

is the different methods by which Bloch and Purcell detected the 1H resonances. In Bloch’s 

experiment, a receiver coil was used to measure the nuclear induction from the water sample after 
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RF irradiation at the 1H Larmor frequency. In Purcell’s experiment, he observed a sharp increase 

in the RF absorption of a resonator cavity when the 1H Larmor frequency of the paraffin wax 

matched the resonant frequency of the cavity (~30 MHz). While both methods observe the 

interactions of 1H nuclei with an external magnetic field, Bloch’s observations follow a more 

classical description of NMR, while Purcell’s observations are more indicative of a quantum 

mechanical observation. In 1952 Bloch and Purcell jointly shared the Nobel Prize in Physics for 

their efforts. 

Prior to 1949, NMR experiments were performed using continuous wave methods. In 

continuous wave NMR (CW-NMR) experiments, the resonance condition is met by either 1) 

holding the RF field constant and sweeping the external magnetic field until the Larmor frequency 

of the given nucleus matches that of the constant RF field or 2) by holding the external magnetic 

field constant and sweeping the RF field until it matches the Larmor frequency of the given 

nucleus. In either case, this can be a slow process, and the resulting spectra often suffer from poor 

signal-to-noise. Modern NMR experiments utilize short RF pulses rather than continuous 

irradiation. In 1949 Erwin Hahn was the first to perform pulsed NMR experiments and to report 

the observation of a free-induction decay (FID).7 Hahn quickly followed up this work by 

performing the first multiple pulse NMR experiment, discovering that a spin echo could be 

produced by applying a refocusing pulse after the initial excitation pulse.8 These discoveries 

provided the building blocks for the pulsed NMR experiments that are used today. 

Perhaps one of the most influential contributors to modern NMR is Richard Ernst. While 

working at Varian Associates in the 1960s, Ernst and Weston Anderson developed Fourier 

transform NMR (FT-NMR).9 Rather than sweeping over a range of frequencies as would occur in 

CW-NMR, Ernst and Anderson utilized short, intense RF pulses to excite the entire NMR spectrum 
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at once. By using a computer to apply a Fourier transform to the resulting FID, Ernst and Anderson 

were able to acquire a full NMR spectrum in a fraction of the time of CW-NMR methods. The 

development of FT-NMR also allowed for more scans to be taken, which greatly increased the 

signal-to-noise of the NMR spectra. For his efforts Ernst was awarded the Nobel Prize in chemistry 

in 1991. 

While Purcell may have been the first to perform solid-state NMR experiments, John 

Waugh was instrumental in transforming solid-state NMR into the high-resolution technique we 

know of today. While at MIT, Waugh and co-workers pioneered numerous techniques that would 

serve as the foundation for modern solid-state NMR experiments. Perhaps Waugh’s most famous 

contribution to the field of magnetic resonance was the development of average Hamiltonian 

theory (AHT).10 AHT is a form of time-dependent perturbation theory that can be used to evaluate 

time-dependent Hamiltonians for cases where the time dependence is periodic. This is especially 

useful for NMR methods such as magic angle spinning MAS, where the Hamiltonians exhibit a 

cyclical time dependence over the course of a given rotor period. 

Over many decades, AHT has served as an indispensable tool for developing numerous 

NMR pulse sequences. In 1968, Waugh, Huber, and Haeberlen developed the famous homonuclear 

decoupling sequence WAHUHA, which they used to suppress the homonuclear dipolar couplings 

in a sample of CaF2.11 This was one of the first established techniques for obtaining high-resolution 

spectra in solid-state NMR. Utilizing the concepts from AHT, many other decoupling and 

recoupling sequences were also developed. This includes sequences such as REDOR,12 MREV-

8,13 and TPPM decoupling14 among countless others.15, 16 

Waugh’s influence does not extend to just AHT. In 1972, Pines, Gibby, and Waugh 

published a technique known as cross-polarization (CP).17 CP is able to transfer the high spin 
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polarization of high-g nuclei, such as 1H, to lower-g nuclei such as 13C or 15N. Using CP, the 

sensitivity of low-g detected NMR experiments can be improved substantially. Furthermore, the 

acquisition time of these experiments can be reduced significantly by taking advantage of the 

shorter T1 relaxation time of 1H compared to many lower-g nuclei. The CP pulse sequence was a 

groundbreaking development in the field of solid-state NMR and serves as a building block for 

many solid-state NMR pulse sequences today. 

1.1.2 Background & Theory 

NMR is an extremely powerful tool for studying the structure and dynamics of chemical 

systems. This section is provides a brief overview of the aspects of NMR that are most relevant 

for the topics discussed in this thesis. For a more comprehensive background on NMR techniques 

and theory, the reader is referred to other literature.18-20 

1.1.2.1 The Zeeman Hamiltonian 

For nuclei with non-zero spin (I¹0), there is a magnetic moment, µ, associated with the 

nucleus that is given by  

 𝜇 = 𝛾𝐼 1.1 

where I is the nuclear spin and g is the gyromagnetic ratio of the nucleus. In the absence of an 

external magnetic field, a nuclear state with spin I has 2I+1 degenerate energy levels. When nuclei 

with non-zero spin are placed in an external magnetic field, those energy levels are no longer 

degenerate and undergo Zeeman splitting. An example of Zeeman splitting for spin-1/2 nuclei is 

seen in Figure 1.1. In an external magnetic field, these nuclei will also process about the magnetic 

field at a frequency, w0, given by 

 𝜔& = 𝛾𝐵& 1.2 
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where B0 is the strength of the external magnetic field.  

The Zeeman Hamiltonian, 𝐻), is defined as  

 𝐻) = −𝛾ℏ𝐼,𝑧𝐵0 
1.3 

where ℏ is Planck’s constant and 𝐼,/ is the z-component of the spin angular momentum operator. 

The eigenfunctions of 𝐻) and 𝐼,/ are |I,mñ, where m is the spin quantum and can take on 2I+1 values: 

I, I-1, I-2,…,-I. Applying the operator 𝐼,/ to the eigenfunction |I,mñ returns the eigenvalue m 

 𝐼,/|𝐼,𝑚⟩ = 𝑚|𝐼,𝑚⟩ 1.4 

where m is the spin quantum number. Therefore, the energy, EI,m, of a given quantum state is given 

by 

 𝐻)|𝐼,𝑚⟩ = −𝛾ℏ𝐵0𝑚|𝐼,𝑚⟩ 
1.5 

where  

 𝐸5,6 = −𝛾ℏ𝐵0𝑚. 1.6 

We can see that the energy difference between two energy states for the spin-1/2 case is thus 

 Δ𝐸 = 𝛾ℏ𝐵0 = 	ℏ𝜔. 1.7 
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Figure 1.1: Energy level diagram for Zeeman splitting in a magnetic field for spin-1/2 nuclei. 

The population difference between two energy levels is given by the Boltzmann factor  

 𝑁;</>
𝑁?</>

= 	 𝑒(Δ𝐸 𝑘𝐵𝑇⁄ ) 1.8 

where N-1/2 is the number of spins in the -1/2 state, N+1/2 is the number of spins in the +1/2 state, 

kB is the Boltzmann constant, and T is temperature. The polarization of the system is given by 

 𝑃 =
𝑁?</> − 𝑁;</>
𝑁?</> + 𝑁;</>

= 	 tanhL
𝛾ℏ𝐵0
2𝑘𝐵𝑇

N 1.9 

In the high temperature limit this can be approximated as 

 𝑃 =
𝛾ℏ𝐵0
2𝑘𝐵𝑇

 1.10 

At room temperature the excess of spins in the low energy state amounts to a few spins per million. 

Therein lies one of the biggest limitations with NMR: sensitivity.  

1.1.2.2 The Chemical Shift Interaction 

The electrons surrounding nuclei can react with an external magnetic field to produce a 

secondary field in the vicinity of the nucleus. This interaction is known as the chemical shielding 

interaction and causes a shift in the resonance frequency of the nucleus. The chemical shielding 
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interaction can give rise to chemical shift anisotropy (CSA) in solid-state NMR spectra. The 

chemical shielding Hamiltonian is given by 

 𝐻)OP = −𝛾ℏ𝐼, ∙ 𝜎 ∙ 𝐵0 
1.11 

where s is the chemical shielding tenor, given by 

 𝜎 = S
𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧
𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧
𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

V 1.12 

The chemical shift tensor can be expressed with respect to a principle axis frame (PAF) such that 

the chemical shielding tensor is diagonalized. In the PAF, the isotropic chemical shielding value 

siso, anisotropy D, and asymmetry h are given as 

 𝜎WPX =
1
3 [𝜎𝑥𝑥

𝑃𝐴𝐹 + 𝜎𝑦𝑦𝑃𝐴𝐹 + 𝜎𝑧𝑧𝑃𝐴𝐹^	
 

1.13 

 Δ = 𝜎𝑧𝑧𝑃𝐴𝐹 − 𝜎WPX	
 

1.14 

 𝜂 = [𝜎``abc + 𝜎ddabc^ 𝜎//abc⁄  1.15 

1.1.2.3 The Dipolar Interaction 

The dipolar interaction takes place between the magnetic moments of two different nuclear 

spins. The Hamiltonian describing the dipole coupling between two spins, I and S, is given by 

 𝐻) = −e
𝜇0
4𝜋
h 𝛾𝐼𝛾𝑆ℏj

𝐼 ∙ 𝑆
𝑑3

− 3
(𝐼 ∙ 𝑟)(𝑆 ∙ 𝑟)

𝑑5
n 1.16 

where µ0 is the permeability constant, r is the vector between the spin pair, and d is the distance 

between the pair. Expressing the Hamiltonian in spherical coordinates, the dipolar Hamiltonian 

can be rewritten as 

 𝐻) = −e
𝜇0
4𝜋
h
𝛾𝐼𝛾𝑆ℏ
𝑑3

[𝐴 + 𝐵 + 𝐶 + 𝐷 + 𝐸 + 𝐹] 1.17 

where 

 

𝐴 = 𝐼,/𝑆,/(3𝑐𝑜𝑠>𝜃 − 1) 
 

𝐵 = −
1
4
w𝐼,?𝑆,; + 𝐼,;𝑆,?x(3𝑐𝑜𝑠>𝜃 − 1) 

 

1.18 
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𝐶 = −
3
2
w𝐼,/𝑆,? + 𝐼,?𝑆,/x sin𝜃 cos 𝜃𝑒;W∅ 

 

𝐷 = −
3
2
w𝐼,/𝑆,; + 𝐼,;𝑆,/x sin𝜃 cos 𝜃𝑒?W∅ 

 

𝐸 = −
3
4
w𝐼,?𝑆,?x sin> 𝜃𝑒;>W∅ 

 

𝐹 = −
3
4
w𝐼,;𝑆,;x sin> 𝜃𝑒?>W∅ 

 
and I± and S± represent the raising and lowering operators for spins I and S. Using the secular 

approximation, we find that terms A and B are dominant. Therefore, the dipolar interaction 

Hamiltonian for homonuclear and heteronuclear couplings is given by  

 𝐻)~X6X = − e
𝜇0
4𝜋
h
𝛾𝐼𝛾𝑆ℏ
𝑑3

(3𝑐𝑜𝑠>𝜃 − 1) �𝐼,/𝑆,/ −
1
2
[𝐼,̀ 𝑆,` + 𝐼,d𝑆,d^� 

1.19 

   

 𝐻)~����X = − e
𝜇0
4𝜋
h
𝛾𝐼𝛾𝑆ℏ
𝑑3

(3𝑐𝑜𝑠>𝜃 − 1)𝐼,/𝑆,/ 1.20 

respectively. Dipolar couplings are especially important for MAS NMR, as precise measurement 

of the dipolar couplings can be used to obtain accurate distance constraints.   

1.1.3 Magic Angle Spinning NMR 

In solution NMR experiments, anisotropic interactions such as chemical shifts and dipolar 

couplings are isotropically averaged due to rapid molecular tumbling of the molecules in solution. 

While this significantly improves the sensitivity and resolution of the resulting NMR spectra, the 

structural information that is contained in these anisotropies may be lost. A further drawback of 

solution NMR is that larger protein systems become more difficult to study due to slower tumbling 

rates.  

In contrast to solution NMR, in solid-state NMR, isotropic averaging is accomplished via 

a technique known as magic angle spinning (MAS). For an interaction tensor at an angle q, the 

average of the term (3cos2q-1) over time is shown to be 
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 〈3𝑐𝑜𝑠>𝜃 − 1〉 =
1
2
(3𝑐𝑜𝑠>𝜃� − 1)(3𝑐𝑜𝑠>𝛽 − 1) 

1.21 

where qR is angle between the axis of rotation and the magnetic field and b is the angle between 

the principle z-axis of the tensor and the axis of rotation. When qR is set to 54.74°, otherwise 

known as the “magic angle”, the term (3cos2q-1) equals zero. Thus, assuming the sample is being 

spun fast enough, magic angle spinning offers the ability to average these anisotropic terms to 

zero. 

1.1.3.1 MAS & Quadrupoles 

Approximately 74% of NMR-active nuclei, including 17O, are quadrupolar nuclei (I > 1/2). 

While spin-1/2 nuclei have a spherical charge distribution surrounding the nucleus, quadrupolar 

nuclei have an asymmetrical charge distribution. This asymmetrical charge distribution gives rise 

to a nuclear quadrupole moment that can interact with electric field gradients (EFG). The 

quadrupole interaction affects the nuclear spin energy levels of the system and can lead to 

substantial broadening of NMR line shapes. 

The Hamiltonian for the quadrupolar interaction is given by  

 𝐻)� =
𝑒𝑄

2𝐼(2𝐼 − 1)ℏ
𝐼 ∙ 𝑉 ∙ 𝐼	

 

1.22 

where e is the proton charge, Q is the electric quadrupole moment, and V is the EFG tensor given 

as 

 𝑉 = �
𝑉 ` 𝑉 d 𝑉 /
𝑉d` 𝑉dd 𝑉d/
𝑉/` 𝑉/d 𝑉//

� 1.23 

The quadrupole coupling constant is defined as 

 𝐶� =
𝑒𝑄𝑉𝑧𝑧
ℎ

	
 

1.24 

and the asymmetry of the interaction is given as 
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 𝜂� =
[𝑉𝑥𝑥 − 𝑉𝑦𝑦^

𝑉𝑧𝑧
	

 

1.25 

Although the quadrupole coupling constant may be on the order of tens of kHz to MHz, it is 

generally still much smaller than the Zeeman interaction. The Hamiltonian for the quadrupolar 

interaction can thus be treated as a perturbation of the Zeeman Hamiltonian. An energy diagram 

showing the change in energy levels due to the first and second order quadrupole interaction can 

be seen in Figure 1.2. 

 
Figure 1.2: Energy level diagram of a spin-3/2 system with first and second-order quadrupole 
coupling. 

The first-order quadrupole interaction has a second-rank tensor that can be averaged to zero 

under MAS. In contrast, the second-order quadrupole interaction has both second and fourth rank 
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tensors, so the second-order quadrupole interaction is only partially averaged by MAS. The fact 

that the second-order quadrupole interaction is only partially averaged my MAS is problematic, as 

this interaction can be a significant source of line broadening. The second-order quadrupole 

interaction has a B0-1 dependence, meaning that one of the most straightforward means of reducing 

this broadening is to perform quadrupole NMR experiments at high fields.  

For cases in which the second-order quadrupolar broadening is large, there are methods for 

obtaining high resolution spectra. One experiment that yields high resolution quadrupole spectra 

is the MQMAS experiment, a 2D experiment in which the isotropic and anisotropic contributions 

to the line shape can be displayed in separate dimensions.21 This experiment has been shown to 

yield high-resolution spectra in the isotropic dimension.22 Other experiments such as the STMAS 

experiment have also been shown to yield high resolution spectra of quadrupolar nuclei, however, 

the STMAS experiment is far more sensitive to offsets in the magic angle and spinning 

frequency.23, 24 

1.2  Dynamic Nuclear Polarization 

1.2.1 Introduction 

The primary limitation of NMR compared to other spectroscopic techniques is its 

inherently low sensitivity. One method for significantly improving the sensitivity of NMR 

experiments is Dynamic Nuclear Polarization (DNP). The concept of DNP was first proposed by 

Albert Overhauser in 1953, who suggested that nuclei could be polarized by saturating the electron 

paramagnetic resonance (EPR) transitions of nearby electrons.25 At the time, this effect was 

proposed to be applicable only to metals. Later that same year, Overhauser’s theory was 

experimentally verified by Thomas Carver and Charles Slichter, who observed an approximately 
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100-fold signal enhancement of lithium metal suspended in glycerin.26 A short time later, Carver 

and Slichter reported observing a 1H DNP enhancement on a sample of Na+ in liquid NH3.27 

DNP is able to substantially increase the nuclear polarization of an NMR sample by 

transferring spin polarization from unpaired electrons to the nuclei of interest. In theory, the 

resulting enhancement (e) is proportional to the gyromagnetic ratios of the unpaired electron (γe) 

and the nuclei of interest (γn). Correspondingly, the savings in acquisition time scales as e2. A plot 

of the relative polarization of electrons and common NMR nuclei as a function of temperature can 

be seen in Figure 1.3. In practice, the actual enhancement is dependent on several additional 

parameters, including the strength of the static magnetic field, the available microwave power, the 

unpaired electron concentration, and the electron (T1e) and nuclear (T1n) relaxation times. These 

parameters can be affected by factors such as instrumentation and sample preparation, which will 

be discussed in the following sections. 
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Figure 1.3: Polarization plot of electrons and common NMR nuclei a function of temperature. In this 
plot the external magnetic field strength is w0H/2p = 1GHz. Polarization transfer most commonly 
occurs between electrons and 1H, which has a maximum theoretical enhancement of 658. 

1.2.2 DNP Mechanisms 

The transfer of polarization from electrons to nuclei can be accomplished via several 

different DNP mechanisms. The dominant DNP mechanism is determined by many different 

factors, including the inhomogeneous width (D) of the EPR spectrum, the homogenous EPR 

linewidth (d), and the nuclear Larmor frequency (w0). DNP mechanisms can be broken into two 

categories: continuous-wave DNP and time domain DNP. The DNP mechanisms discussed in this 

chapter concern continuous-wave DNP mechanisms.  
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1.2.2.1 Solid Effect 

The solid effect (SE) was the first reported DNP mechanism for insulating solids.28-30 This 

DNP mechanism is applicable for polarizing agents where d,D<w0. The SE is a two-spin DNP 

mechanism between an electron spin and a hyperfine-coupled nucleus. Nuclear polarization is 

achieved by microwave irradiation at either the zero quantum (ZQ) or double quantum (DQ) 

transitions. These “forbidden transitions” become partially allowed due to mixing of the nuclear 

spin states, however, they generally require higher microwave power levels to achieve appreciable 

polarization transfer.31 As a result of the state mixing, the SE scales with 𝐵&;> making it less 

efficient at higher magnetic fields. The energy level diagram that describes SE polarization transfer 

can be seen in Figure 1.4.   

 
Figure 1.4: Four-level energy diagram describing polarization transfer via the solid effect. 
Microwave irradiation at the DQ transition frequency results in positive DNP enhancements, while 
irradiation at the ZQ transition frequency results in negative DNP enhancements. 
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1.2.2.2 Cross Effect 

The cross effect (CE) was first discovered by Kessinkh et. al. in 196332 and was further 

investigated a short time later by Hwang and Hill.33 Unlike the SE, the CE is a three-spin DNP 

mechanism in which two dipolar-coupled electrons are hyperfine coupled to a nucleus. The CE 

condition is met when d<w0<D and can be described by an eight-level energy diagram as seen in 

Figure 1.5. To transfer polarization to a given nucleus via the CE, microwave irradiation occurs at 

the EPR transition of one of the dipolar-coupled electrons. This causes an excitation in the second 

dipolar-coupled electron spin via a DQ or ZQ transition. If |𝜔�< − 𝜔�>| = 𝜔& a third transition 

can occur where the hyperfine-coupled nuclear spin is then excited as well. Due to broadening of 

the EPR spectrum at higher fields, the CE scales as 𝐵&;<, which indicates that it scales more 

favorably than the SE with respect to increasing magnetic fields. A more detailed analysis of the 

CE mechanism can be found in other literature.34, 35 



 29 

 
Figure 1.5: Eight-level energy diagrams describing CE polarization mechanism. Blue and green 
dashed lines represent EPR transitions for e1 and e2, respectively. Solid red lines indicate NMR 
transitions, and solid black lines indicate CE transitions. The determination of whether the resulting 
DNP enhancement is positive or negative depends on whether the EPR transition of e1 or e2 is 
saturated. 

1.2.2.3 Overhauser Effect 

Historically, it was believed that the Overhauser effect (OE) was only seen in systems with 

mobile electrons such as metals and liquids.26, 27 However, the OE has recently been observed for 

the case of insulating solids as well.36 Like the SE, the OE is a two-spin DNP mechanism. 

Hyperpolarization via the OE is not achieved by microwave irradiation at the DQ or ZQ transitions 

but rather by DQ and ZQ relaxation mechanisms. Microwave irradiation in OE experiments takes 

place at the single-quantum (SQ) transition frequency and thus is capable of being saturated at 

much lower power levels than the SE. The sign and magnitude of the resulting enhancement is 

determined by the difference in the DQ and ZQ relaxation rates. Unlike the SE and CE, OE 

enhancements in insulating solids appear to increase with respect to increasing magnetic field, 

perhaps making it the DNP mechanism of choice for high-field experiments.  
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Figure 1.6: Overhauser effect energy level diagram. Electron and nuclear SQ transitions are 
indicated in red. DQ and ZQ transitions are indicated in blue. 

1.2.3 Solvents & Polarizing Agents 

DNP solvents typically form a glassy matrix that serves as both a cryoprotectant for the 

sample as well as a means to homogenously distribute the radical throughout the sample. The exact 

matrix used depends on the solubility of the sample and radical. Standard solvents for DNP include 

“DNP juice” (d8-glycerol/D2O/H2O, 60/30/10 v/v/v), d8-DMSO/D2O/H2O, tetrachloroethane 

(TCE)/methanol, and ortho-terphenyl (OTP) among others. Typically, a significant portion of the 

DNP matrix is deuterated to better facilitate spin diffusion between 1H in the solvent and the 

sample of interest.  

As mentioned previously, the dominant DNP mechanism is dependent on the 

inhomogeneous width of the EPR spectrum, D, as well as the homogenous EPR linewidth, d. For 

the SE and OE, the radical linewidth must be d,D<w0 while the CE requires that d<w0<D. To date 

the only radicals that have shown an OE in insulating solids are the narrow-line radicals BDPA 

and SA-BDPA. SA-BDPA is advantageously water-soluble, however it appears to give lower OE 
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enhancements than BDPA.36 For CE DNP experiments, bis-nitroxide radicals are commonly used. 

To facilitate matching of the CE condition, radicals such as TOTAPOL37 and AMUPol38 contain 

a chemical linker used to optimize the g-tensor orientation of the electron radicals for CE DNP. 

Commonly used DNP radicals can be seen in Figure 1.7. 

 

Figure 1.7: Common DNP radicals. (a) Narrow-line radicals Trityl and BDPA. (b) Bis-nitroxide 
radicals TOTAPOL and bTbk. Reprinted with permission.39 

1.2.4 DNP Instrumentation 

There are four essential pieces of instrumentation for MAS DNP: a microwave source for 

irradiating electrons, a low-loss waveguide to transmit microwaves from the source to the sample, 

a cryogenic setup to cool the sample, and a MAS DNP probe to perform NMR experiments. Each 

of these components plays a unique but critical role in determining the efficiency of DNP 

experiments.  

1.2.4.1 Microwave Sources 

When performing DNP experiments, it is important to use a microwave source with the 

capabilities necessary to achieve the required results. Generally, microwave sources for DNP can 
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be divided into two classes: solid-state devices and vacuum electronic devices (VEDs). The latter 

class includes devices such as gyrotrons, klystrons and traveling-wave tubes (TWT), which are 

some of the more commonly used microwave sources for DNP experiments. VEDs can be further 

divided into fast-wave (gyrotrons) or slow-wave (klystrons, TWT) structures depending on 

whether the phase velocity of the electromagnetic wave is faster or slower than the speed of light. 

These microwave sources vary significantly in terms of their available frequency output, power 

output, cost, and operational lifetime. A summary of the various microwave sources available for 

DNP can be seen in Figure 1.8.40 

 
Figure 1.8: Power vs. frequency plot for various VED and solid-state devices. Reprinted with 
permission.40 

The most commonly used microwave source for DNP is gyrotrons. Gyrotrons offer 

significant advantages over their slow-wave counterparts including higher microwave power 

output and longer operational lifetimes. Furthermore, gyrotrons remain the optimal choice for 

performing DNP experiments at high magnetic fields (>10 T). The development of gyrotrons for 

DNP was pioneered by Griffin, Temkin, and co-workers in the 1990s with the development of a 

Fig. 3. RF vacuum electronic and solid-state devices—current state of technology for single device
performance.

to 25 kW have been made for industrial heating [25]–[27].
One noteworthy trend beginning in the 1980’s was the de-
velopment of a line of rugged, miniaturized magnetrons de-
signed for refined RF performance and enhanced frequency
and/or pulse stability [28]. The introduction of samarium
cobalt magnets and associated engineering modifications
improved the specific power density of these magnetrons
by more than twenty-fold relative to the technology of the
late 1970’s. To cite one product of this activity, a 15 cm
magnetron was developed at X-band capable of generating
a peak power of 240 W at a duty of 3.3%, corresponding
to a specific power density of 0.12 W (avg.)/gm.

B. CFA
The virtues of high efficiency, small size, and relatively

low-voltage operation make the CFA attractive for light-
weight transportable and airborne systems. The operating
principles are those of the magnetron with the exception
that an input signal is applied to the anode slow-wave
circuit where, in the presence of the azimuthally rotating
electron stream, it experiences amplification through most
of one rotation before it is extracted into an output wave-
guide. Emitting cathode (“sole”) CFA’s typically provide
relatively low gain, 8–15 dB, over a moderate bandwidth,
10–15%, with high efficiency, 35–60%, and exhibit noise
levels of from 45 to 55 dBc/MHz. The current state
of technology for the CFA in terms of average power
with frequency is shown in Fig. 3 along with that of
other vacuum and solid-state devices. For the most part,
the performance in Fig. 3 corresponds to that of initial
prototypes, not production devices.
The classic problems of low gain and high noise have

been the focus of CFA efforts during the past decade.
With the cathode-driven CFA [29], [30], an innovative

technique was used to inject the RF drive signal onto a
cathodic slow-wave circuit, thereby dramatically enhancing
the performance of a reentrant-beam backward-wave CFA.
High gain and reduced spurious noise performance were
observed in a 1.25-MW S-band CFA incorporating strapped
bar lines of matched dispersion on both anode and cathode.
In contrast to typical high-power CFA gains and signal-
to-noise ratios, this device achieved a 30-dB gain across
the full 12% bandwidth, with a noise level below 75
dBc/MHz, as measured by industry standard tests. When
operated at full power with an applied voltage of 30 kV,
the CFA exhibited an efficiency of 69%.

C. Klystron
Like the magnetron, klystron development began prior

to World War II [31]. The limited power available with
these early klystrons relegated them to use as receiver
tubes during the war. Following the war, however, a
strong national interest in high-energy particle accelerator
development had a dramatic impact on klystron technol-
ogy. Beginning in 1948, the klystron effort at Stanford
University targeted a pulsed, 15–30-MW S-band device.
The 24-MW narrowband amplifier that resulted advanced
the peak-power capability of klystrons a thousandfold [32].
This effort provided a baseline technology having a 40-year
relevance to the linear accelerator (LINAC) community
and gave the radar community access to an efficient,
high-power, high-gain amplifier that significantly changed
subsequent radar architectures [33].
The klystron, unlike the magnetron and CFA, is a linear-

beam device (i.e., the electron flow is parallel with the
confining magnetic field). In its simplest embodiment, the
klystron consists of an electron gun that injects an energetic
electron beam along the axis of an evacuated cylindrically
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140 GHz gyrotron operating at 5 T.41 Since then, the frequency output of gyrotrons for DNP has 

increased substantially, with commercial gyrotrons now available at 593 GHz.42    

The primary components of a gyrotron include an electron gun, superconducting magnet, 

open cavity waveguide, mode converter with mirrors, optical window, and a collector. Gyrotrons 

operate based on the phenomenon of electron cyclotron resonance. The frequency of the cyclotron 

resonance is given by  

 𝜔O =
𝑒𝐵&
𝑚&𝛾

 1.26 

where e is the electron charge B0 is the main magnetic field, m0 is the rest mass of the electron, 

and 𝛾 = 1 √𝑣> − 𝑐>⁄  is a relativistic correction factor. An electron gun used to generate an annular 

electron beam is accelerated through a vacuum by a high-voltage source. The electrons pass 

through an interaction cavity where their cyclotron resonance generates coherent microwave 

radiation at the designated gyrotron frequency. The microwave radiation is converted from a TEmn 

mode to a Gaussian mode by a quasi-optical mode converter before exiting the gyrotron through 

an optical window. The spent electron beam is then dumped into a collector. A schematic of a 

gyrotron can be seen in Figure 1.9.43 
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Figure 1.9: Schematic of a gyrotron. Reprinted with permission.43 

 Klystron and solid-state sources are lower cost alternatives to gyrotrons. Unlike gyrotrons, 

these microwave sources do not require superconducting magnets for operation, which makes them 

more economical and reduces space constraints. The limitation of these devices is the lower power 

output, particularly at higher magnetic fields. Due to power limitations, the range of frequencies 

that klystrons and solid-state diodes are able to achieve is limited to the sub-THz region (<300 

GHz). Nevertheless, with proper microwave coupling designs, klystrons and solid-state diodes 

have been able to achieve enhancements greater than 100 on DNP samples.44, 45  

1.2.4.2 Waveguides 

To prevent interference between the NMR magnet and microwave source, metallic 

waveguides are typically used to transfer microwave radiation from the source to the probe.46 In 

order to maximize power transfer to the sample, power losses along the length of the waveguide 

must be kept to a minimum. This can be accomplished via overmoded corrugated waveguides as 

seen in Figure 1.10. The dimensions of the corrugated waveguide can be optimized to minimize 

power losses. This occurs when the corrugation groove depth is d » l/4, the period of the grooves 
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Fig. 7. diagram of the gyrotron interaction.

Fig. 8. Schematic drawing of a gyrotron.

Following the discovery of the electron cyclotron maser
or gyrotron, it was quickly recognized that high frequency
coherent radiation could be achieved at very high frequencies
using high magnetic fields. By 1965, in a 5 T magnet, Bott [92]
had achieved a power level of 1 Watt at 140 GHz at the funda-
mental and10 mW at 280 GHz at the second harmonic

. In 1968, Hirshfield [93] generated a power level of 100
mW at frequencies up to 414 GHz and a power level of W
at 615 GHz, using high field copper Bitter magnets available
at MIT’s Magnet Laboratory. These early results showed the
promise of the electron cyclotron maser to generate terahertz
coherent radiation. Much higher power levels were achieved
with gyrotrons developed at the Institute of Applied Physics in
Nizhny Novgorod, Russia. The gyrotron is able to operate at
high output power and high efficiency by utilizing high power
electron beams, which are generated by magnetron injection
guns (MIG guns) and are transmitted through open resonators
near cutoff. A very impressive gyrotron reported in 1974 by
Zaytsev et al. [94] achieved an output power of 1.5 kW at a
frequency of 326 GHz in CW operation.

Fig. 8 illustrates the key elements of a modern gyrotron. The
electron beam is generated by a MIG. The beam passes through
a compressed magnetic field (low to high) from the cathode
to the resonator cavity which is designed to support a reso-
nant mode with a frequency slightly above the resonant fre-
quency. The conservation of the electron’s magnetic moment
imparts high transverse velocity to the beam electrons in the
cavity where these electrons radiate coherently at the cyclotron
frequency or its harmonics. In most modern gyrotrons, the radi-
ation generated in the cavity is transformed into a Gaussian-like

Fig. 9. Power levels achieved by pulsed, second harmonic gyrotrons. Results
below 400 GHz are from Notake et al. [104] and above 400 GHz from Spira-
Hakkarainen et al. [96].

beam by a quasi-optical system consisting of an internal
mode converter and a set of mirrors with specially contoured
surfaces. The spent electron beam travels to a collector, which
can be depressed to a negative voltage to increase the efficiency
[10].

A. High Power THz Gyrotrons Using CW Magnets

Gyrotrons operating at high power levels are useful for
plasma heating, plasma diagnostics, materials processing, radar
and communications. High power gyrotrons can achieve an
efficiency exceeding 30% without potential depression at the
collector and 50% with collector voltage depression. High
power gyrotrons for plasma heating have been developed at
frequencies somewhat below the THz band. Most present day
plasma devices operate at magnetic fields of less than 6 T,
so that heating at the fundamental cyclotron frequency in the
plasma requires a gyrotron in the 110–170 GHz range. How-
ever, future plasma devices may operate at higher magnetic
fields, possibly above 10 T. If the plasma density is high, so
that the plasma frequency exceeds the cyclotron frequency in
the plasma, then heating at the second harmonic of the plasma
cyclotron frequency would be required. This would possibly
push the required gyrotron frequency up into the THz range,
possibly up to 500–600 GHz. Motivated by the need for higher
frequencies for plasma heating, experiments were carried out
by Grimm et al. [102] at MIT to test megawatt power level
operation of gyrotrons using very high order cavity modes,
such as the mode. Results were obtained with short
pulses, about three microseconds, but under design conditions,
including ohmic loss, appropriate for later development as
a CW oscillator. Power levels obtained included 890 kW at
292 GHz and 270 kW at 302 GHz [95].

To achieve higher frequencies, going well into the THz band,
it is useful to combine the use of a high magnetic field with
operation at cyclotron harmonics of the gyrotron. This strategy
was used by Spira–Hakkarainen et al. [96] at magnetic fields of
up to 12 T and more recently by Notake et al. [97] at magnetic
fields of up to 8 T. In both cases, operation was at the second
harmonic of the cyclotron frequency with pulse lengths on the
microsecond time scale. A summary of the results achieved in
these two experiments is given in Fig. 9. Such gyrotrons may be
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is p » l/3, and the groove width is w < p/2.47 Ohmic losses in these corrugated waveguides are 

generally less than 0.1 dB/m. Changes in the direction of propagation along the waveguide is 

achieved via metallic miter bends. Most power loss that occurs in waveguides is typically due to 

power losses at the miter bends and misalignment of the waveguide. 

 
Figure 1.10: Schematic of corrugated waveguide. (Left) Corrugated waveguide parameters. (Right) 
Picture of tap used to make corrugations in waveguide. Reprinted with permission.47 

Due to space constraints in the probe, at a certain point, the diameter of the overmoded 

waveguide must be reduced in order to propagate along the small waveguide in the probe. This 

can be accomplished via a waveguide taper.48, 49 While parabolic waveguide tapers may result in 

lower power loss,50 due to ease of fabrication linear tapers are generally preferred. For a linear 

waveguide taper of length L, power losses in the waveguide taper are minimized when  

 𝐿 ≈ 3.198
𝑟<𝑟>
𝜆

 1.27 

where r1 is the reduced waveguide diameter, r2 is the larger waveguide diameter, and l is the 

wavelength of the radiation.51 

1.2.4.3 Cryogenics  

DNP works best when the electron EPR transitions can be saturated. For this reason, DNP 

experiments are generally performed at low temperatures (20-180 K) to maximize the T1 relaxation 

of electron spin transitions. Low temperature MAS DNP experiments are generally performed 
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assembly of many short sections of waveguide. To avoid these machining
considerations, creating corrugations with stacked rings has been attempted
[3]. Alternatively, tapping a single helical groove is more cost effective for
making long sections of corrugated waveguide.

In this paper, we review the design of low-loss corrugated waveguides
in Section 2; Section 3 derives the ohmic losses in corrugated waveguides;
Section 4 describes simulations for the calculation of ohmic losses with non-
ideal groove shapes; Section 5 describes the fabrication of helically-tapped
corrugated waveguide; Section 6 presents ohmic loss measurements performed
on corrugated waveguide; Section 7 is the summary and conclusions.

2 High-power low-loss corrugated metallic THz transmission lines

Figure 1 shows a schematic of a corrugated metallic waveguide with rectangu-
lar grooves. The radius a is much larger than a wavelength λ. The corrugations
are optimized when the groove depth d ≈ λ/4, period p ≈ λ/3 and groove
width w < p/2. The corrugation tooth thickness is denoted by t = p − w. The
radial coordinate r extends from the center line of the waveguide and the
groove coordinate ξ originates from the base of the groove well. The axial
coordinate z is parallel to the centerline.

The modes in a corrugated waveguide have been developed [23], with the
lowest order mode being the HE11 hybrid mode. The transverse electric field
profile near the optimized groove depth d ≈ λ/4 is given by:

Emn (r, φ) = (χmn/a) Jm (χmnr/a) cos(mφ) (1)

where (r, φ) are the radial and angular coordinates and χmn is the nth zero of
the mth order Bessel function Jm. For the HE11 mode m = 0, n = 1 and χ01 ≈
2.405. This expression is valid when the corrugation depth is approximately
one quarter wavelength and the radius a is much larger than the wavelength.
For perfect excitation of the HE11 mode in the transmission line, the overall
transmission line loss is expected to be dominated by losses at right angle
bends, called miter bends, and by tilts and offsets in the fabrication and
alignment of the waveguide components. The loss in a miter bend originates

Fig. 1 Illustration of a
corrugated metallic
waveguide which is optimized
with a radius a ≫ λ, groove
depth d ≈ λ/4, period
p ≈ λ/3 and groove width
w < p/2.

r

a

dw

pt

z

a = guide radius 
d = groove depth 
p = groove period
w = groove width
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grooves show similar levels of ohmic losses, with the triangular shape resulting
in the largest increase of attenuation.

5 Fabrication of helically-tapped transmission line components

As the frequency of the waves on the transmission line moves further
into the THz regime, fabrication of individual corrugations becomes more
difficult and expensive, requiring special tools and dedicated setups [18],
but could be performed with relative ease using a helical tap. However,
the groove shape in a helically-tapped waveguide does not produce the
ideal rectangular groove shape and could result in increased ohmic losses.
The simulations discussed in the previous section indicate that there are
acceptable non-rectangular groove shapes which a helical tap is capable of
tapping. To test this approach, a 4.5 m long transmission line optimized for
operation at 330 GHz was constructed from fifteen 19 mm ID 30 cm long
brass tubing sections tapped with an 80 grooves per inch (3.15/mm) tap.
Brass was chosen as the waveguide material due to its hardness for fine
machining and good conductivity. The tap thread before and after machin-
ing and the resulting corrugations were examined under magnification as
shown in Fig. 7a. The corrugations mirror the shape of the cutting thread
looking approximately trapezoidal and with the cut groove narrower than
the wall between. The depth of the cutting thread wore down about 10%
over the course of fabrication. Images of the grooves indicate d = 0.227 mm,
p = 0.318 mm and t = p/2. The trapezoidal groove shape in Fig. 7a corre-
sponds to the trapezoidal groove shown in Fig. 6a and simulated in Fig. 6b.
Polarization rotation, which is a concern for helically-grooved waveguide,
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Fig. 7 (a) Photos of the 330 GHz tap and waveguide cross sections. Chips from cutting are present
on the second tap tooth from left. (b) Theoretical prediction of power loss due to axial offset (black
line) and tilts (dashed and dashed/dotted lines) at waveguide junctions for the 19 mm diameter
330 GHz corrugated waveguide.
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using either nitrogen or helium gas. Although helium gas is required to perform MAS DNP 

experiments below 77 K, nitrogen gas is generally preferred due to the high costs associated with 

helium spinning. For a more detailed overview of helium MAS please see Chapter 5. 

A general setup for MAS at cryogenic temperatures is seen in Figure 1.11. Compressed air 

is first passed through a series of filters to remove compressor contaminants such as oil. Next, the 

air is passed through a dryer to remove any water vapor from the air. This is important, as excess 

water vapor may freeze at low temperatures, resulting in ice blocks in the cooling components of 

the system. A nitrogen generator is then used to generate >99% purity nitrogen gas. The removal 

of oxygen is particularly important, as its condensation point (~90 K) is within the temperature 

range of DNP experiments. Condensed oxygen in the system is a significant safety hazard, 

particularly when dealing with high voltage components in the probe that may be prone to arcing.  

Once the nitrogen is purified, it is routed through a MAS control unit before proceeding to 

a set of Polycold refrigerators where it is cooled to 150-180 K. From there the gas is passed through 

a triple-can heat exchanger52, 53 where it is further cooled to temperatures as low as 77 K before 

being transferred to the probe for MAS. The gas can then be exhausted from the probe via a 

vacuum-jacketed exhaust line. From the Polycolds onwards, all gas transfer lines are vacuum-

jacketed to minimize heat loss to their surroundings. 
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Figure 1.11: Schematic of a DNP setup with a nitrogen generator. First, room temperature air from 
a compressor is passed through a series of filters and dryers to remove dirt and moisture. The dry 
air is then sent to a nitrogen generator where pure (>99%) nitrogen gas is generated. From there, the 
purified nitrogen gas is sent to a pressure regulation unit before flowing through a pre-cooling 
refrigerator (optional) and heat exchanger to cool down to low temperatures before entering the 
probe. 

1.2.4.4 MAS DNP Probes 

The first DNP experiments to incorporate magic angle spinning were performed by Wind 

et. al.54 Since then MAS DNP probe technology has developed substantially.55-57 Generally, MAS 

DNP probes all have the same basic components: a stator for spinning the sample, cryogenic gas 

lines for cooling the probe and sample, and a waveguide for delivering microwaves to the sample. 

These components are normally housed within a low temperature oven to minimize heat loss to 

the surroundings and keep the sample cold. For MAS DNP probes, the waveguide is usually 

terminated by a miter bend at the supplementary angle (125.26°) of the magic angle. To ensure 

that the DNP sample forms a uniform glass, cryogenic sample exchangers are typically used for 

inserting and ejecting the sample.58 The section of the DNP probe that is inserted into the bore of 

the magnet is generally housed within a vacuum-jacketed cryostat.59 A schematic of a MAS DNP 
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probe and its components can be seen in Figure 1.12. For a more detailed overview of MAS DNP 

probes see Chapter 4. 

 
Figure 1.12: Schematic of DNP probe with cryostat. Reprinted with permission.58 

1.3 Thesis Overview 
 

This thesis focuses primarily on new developments in instrumentation for DNP and MAS 

NMR with emphasis on construction of novel equipment for ultra-fast MAS DNP. 

Chapter 2 discusses applications of additive manufacturing technology for fabricating 3D 

printed components for MAS experiments. In particular, we demonstrate that a combination of 

ceramic and plastic 3D printing can be used to fabricate robust MAS stators and drive caps. We 

show that the performance of these stators and drive caps is comparable to commercial systems 

and that they can be manufactured at a fraction of the cost. 

Chapter 3 describes experiments on the amyloidogenic peptide GNNQQNY. GNNQQNY 

is a short seven-residue peptide found in the prion-forming domain of the protein Sup35. The 

GNNQQNY system is unique in that it can form both amyloid fibrils and amyloid-like 

microcrystals. Due to its favorable DNP properties, GNNQQNY microcrystals are of great interest 

for performing 17O DNP studies of bound water. Likewise, GNNQQNY amyloid fibrils display 
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polymorphism with a high degree of reproducibility. This makes the GNNQQNY system an ideal 

model system for studying amyloid polymorphism.   

Chapter 4 gives a detailed overview of the design of a balanced transmission line DNP 

probe for 17O NMR studies. This probe is designed to be equipped with a 1 mm stator and is 

compatible with a helium recirculation system. Using helium gas, we anticipate that this probe will 

spin MAS rotors at frequencies ³ 80 kHz, allowing performance 1H-detected DNP experiments on 

biological samples.  

Chapter 5 provides a detailed overview of the design of a helium recirculation system for 

MAS DNP experiments. The helium recirculation system will be used to spin MAS rotors at 

frequencies up to three times what is achievable using nitrogen gas as the spinning medium. 

Furthermore, the cryogenic properties of helium gas will result in improved sensitivity in MAS 

DNP experiments. The chapter gives and in-depth analysis of the components needed to construct 

a helium recirculation system.  

Chapter 6 discusses the fabrication of diamond MAS rotors for ultra-fast MAS and DNP 

experiments. A detailed analysis of the benefits of diamond rotor for MAS DNP as well as a 

thorough description of the machining apparatus and parameters are provided. The chapter also 

shows initial MAS tests with diamond rotors.  
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2 3D Printing MAS Stators & Drive Caps 

This chapter is adapted from a manuscript by Daniel Banks, Brian Michael, Natalie Golota and 
Robert Griffin. (In prep) 
 

2.1 Abstract  

3D printing has evolved into an invaluable tool for rapid and cost-effective production of 

intricate parts. We employed 3D printing and other rapid prototyping methods to fabricate 3.2 mm 

MAS stators and drive caps for use in solid-state NMR experiments. These components can be 

fabricated with the assistance of computer-aided design (CAD) software and at a fraction of the 

cost of commercial parts. Additionally, we show that the performance of these 3D printed stators 

and drive caps is comparable to commercially available systems and that they have significant 

advantages over their machined counterparts. 

2.2 Introduction  

Solid-state magic-angle spinning (MAS) nuclear magnetic resonance (NMR) is a powerful 

method for studying a diverse range of chemical systems including biomolecules,60-63 polymers,64 

and inorganic materials.65-67 In solution NMR experiments, anisotropic interactions such as 

chemical shift anisotropies and dipolar couplings are isotropically averaged via rapid molecular 

tumbling in solution, leading to sharp lines and highly resolved spectra.  In solid samples, isotropic 

averaging is achieved by rotating the sample rapidly about an axis oriented at the magic angle 

(54.74°) relative to the external magnetic field.68, 69 This rotation is typically generated by packing 

the sample in a cylindrical rotor and pneumatically spinning it in a stator oriented at the magic 

angle.  
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The spinning stability of a rotor can play a critical role in MAS NMR experiments. Many 

MAS NMR pulse sequences require rotor-synchronized RF pulses,12, 70, 71 making them sensitive 

to fluctuations in the sample rotation frequency. Furthermore, significant instability at high 

spinning frequencies can result in catastrophic rotor failure, otherwise known as a “rotor crash”. 

The destruction from a rotor crash often results in irreparable damage to the rotor and sample while 

also causing significant damage to the MAS stator. In order to mitigate the damage and wear that 

may occur to MAS stators, it is advantageous to fabricate stator components from robust materials 

such as high-strength plastics or ceramics; however, the fabrications costs associated with these 

materials can be prohibitively expensive.  

One possible solution to reduce the overall cost of fabricating MAS stators is to utilize 

additive manufacturing methods. Additive manufacturing, also known as 3D printing, has become 

an increasingly popular method for simple, rapid, and low-cost fabrication of parts. Additionally, 

the nature of additive manufacturing enables fabrication of parts with more complex shapes than 

traditional subtractive manufacturing methods such as machining can achieve. As such, 3D 

printing has become more prevalent for producing probe components in both solution and MAS 

NMR. Examples of this include stators for MAS spheres,72, 73 dissolvable coil inserts,74 and 

cryogenic sample exchangers58 among others.75, 76 

In this article, we demonstrate how 3D printing may be used to produce low-cost MAS 

stators for use in NMR experiments. While high-strength ceramics such as zirconia are commonly 

used for manufacturing MAS rotors, the difficulty and high costs associated with machining large 

zirconia parts make it less attractive for fabricating MAS stators. We utilize zirconia 3D printing, 

supplemented by machining, to produce high-strength zirconia stators in a cost-efficient manner. 

Zirconia is an ideal choice for 3D printing MAS stators given that: 1) zirconia is one of the few 
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ceramics readily capable of being 3D printed, 2) its high strength significantly decreases structural 

damage to the stator in the event of a rotor crash, and 3) unlike most of its plastic counterparts, 

zirconia stator components are not at risk of carbon tracking from electrical arcing. Where 

practical, we supplement our 3D printed zirconia stators with plastic 3D printed components to 

further reduce the production cost compared to traditional machining methods. Furthermore, we 

find that 3D printing drive caps can reduce the cost to consumers by nearly an order of magnitude 

relative to commercial prices while maintaining comparable spinning performance. This article 

focuses on the design and fabrication of a 3.2 mm MAS system. 

2.3 Methods 

2.3.1 Stator Design & Fabrication 

 
The 3.2 mm MAS stator and rotor assemblies (Figure 2.1) were designed using Autodesk 

Inventor. The body of the MAS stator (Figure 2.1h) was 3D printed from zirconia by 3DCeram 

Sinto (Limoges, FR) while all ceramic machining for the MAS stator components and rotors was 

completed by O’Keefe Ceramics (Woodland Park, US). The alignment of the stator’s radial air 

bearings requires a total indicated runout (TIR) on the order of less than 10 microns between the 

set to achieve optimal spinning. Additionally, the diameter of the radial air bearing air holes is 

small (0.25 mm) relative to the tolerances that can be achieved with ceramic 3D printing (±0.1 

mm). For these reasons, the radial air bearings for the MAS assembly were machined out of 

zirconia rather than printed. To further satisfy the TIR constraint for the radial air bearings, the 

counterbores for the radial bearings were also machined rather than incorporated into the design 

of the 3D printed stator body.  
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Most plastic components of the MAS assembly, including the gas inlet bushings (Figure 

2.1g), coil block (Figure 2.1i), bottom plate (Figure 2.1j), and fiber optic block (Figure 2.1n) were 

3D printed in-house using clear resin on a Formlabs (Somerville, US) Form 3 printer at a resolution 

setting of 25 microns. The Form 3 printer was not capable of producing the drive caps (Figure 

2.1a) and drive plate (Figure 2.1d) due to the very fine detail required by these components. 

Therefore, they were 3D printed out of microfine green resin by Protolabs (Maple Plain, MN) 

instead.  

 
Figure 2.1: Exploded view of the 3.2 mm MAS stator assembly. The components of the stator 
assembly are: (a) drive cap, (b) MAS rotor, (c) brass nut, (d) drive plate, (e) radial bearing, (f) 
threaded rod, (g) gas inlet bushing, (h) stator body, (i) coil block, (j) bottom plate, (k) axial bearing 
plate cap, (l) axial bearing plate, (m) Bernoulli valve, and (n) fiber optic block. 
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The axial bearing plate cap (Figure 2.1k) and the Bernoulli valve (Figure 2.1m) were CNC 

machined out of 360 brass by 3DHubs (Amsterdam, NL). The axial bearing plate (Figure 2.1l) was 

machined from 260 brass by Protolabs and required some additional in-house machining, including 

machining the exit hole for the axial bearing gas. The cap for the axial bearing plate was sealed to 

the plate with epoxy. During assembly of all the stator components, a precision gauge pin was used 

to assist with alignment of the bearings, drive plate, and RF coil. A thin coating of epoxy was used 

to adhere the drive plate, bottom plate, and gas inlet bushings to the zirconia stator in order to 

create a hermetic seal at these interfaces. For stator repairs, disassembly is simple, usually 

requiring only a 30-60 minute soak in acetone or other epoxy dissolving solvent to remove the 

damaged piece.  

2.3.2 Stator & Rotor Testing Setup 

A dedicated station was constructed for testing the 3.2 mm MAS system without the risk 

of damaging other probe components. Using the test station, the position of the Bernoulli valve in 

the axial bearing plate was manually adjusted via an iterative process. The purpose of the Bernoulli 

valve is to regulate air flow to the axial bearing plate, which simultaneously levitates the rotor on 

a bed of air and generates a Bernoulli effect at its base to prevent the rotor from ejecting from the 

stator.  

Two separate but functionally identical stators were independently used to test spinning 

and experimental performance. The first stator was mounted on the test station (Figure 2.2a,b) and 

was used to perform spin tests to observe the long-term stability of the MAS stator and drive caps. 

For all spin tests, the rotor was fully packed with finely ground KBr powder and equipped with a 

3D printed drive cap. Seven different drive caps were spin tested for a period of at least one week 

over a range of spinning frequencies. Since the primary objective of these tests was to determine 
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how robust the stator and drive caps were over an extended period of time, the choice was made 

to perform these tests in the absence of an RF coil. Spinning regulation was performed using a 

Bruker (Billerica, MA) MAS I spin controller, and spinning data was recorded using a custom 

Python program designed to record the spinning frequency approximately once per second.  

 
Figure 2.2: (a) Top and (b) front view of assembled stator and rotor on home-built spinning test 
station. (c) Assembled stator mounted on a triple-resonance 1H/13C/15N NMR probe. 

The second stator was retrofitted to a w0H/2π = 500 MHz 1H/13C/15N triple-resonance NMR 

probe (Figure 2.2c)77 to measure the performance of the stator during MAS NMR experiments. A 

series of 2D 13C-13C correlation spectra were recorded on a sample of U-13C/15N aspartic acid, 

demonstrating sufficient system stability over the duration of the experiments. Spinning regulation 

for the probe-mounted stator was controlled with a Bruker MAS I controller.  



 46 

2.4 Results & Discussion 

Additive manufacturing is a convenient, quick, and low-cost method that enables both 

rapid in-house replacement of damaged stator components following rotor crash events as well as 

customization of MAS stator assemblies for specific laboratory needs. During testing of our 3D 

printed parts, we found that our MAS stators and drive caps proved to be durable and comparable 

to commercially available components. A summary of the performance of the 3D printed drive 

caps can be found in Table 2.1. For every drive cap tested, the standard deviation in the spinning 

frequency was observed to be less than 2 Hz. Furthermore, the stability of the tested drive caps 

was remarkably consistent over the entire set. For a batch of 20 3D printed drive caps, the cost per 

drive cap was ~$20, making them very affordable for most NMR researchers.  

Table 2.1: Summary of 3D Printed Drive Cap Performance 

 Experimental performance of the 3D printed stator components and drive tips was verified 

during acquisition of a 2D 13C-13C Dipolar-Assisted Rotational Resonance (DARR)78 spectrum 

recorded on a sample of U-13C/15N aspartic acid as seen in Figure 2.3. Notably, magnetic field 

Drive Cap Test Duration nr (Hz) µ (Hz)a s (Hz) 

1 3 Months 15000 15000.03 1.6979 

2 1 Week 18000 18000.04 1.4907 

3 1 Week 18000 18000.03 1.5258 

4 1 Week 18000 18000.05 1.4575 

5 1 Week 20000 20000.02 1.6818 

6 1 Week 20000 20000.02 1.4662 

7 1 Month 20000 20000.04 1.6379 

a Mean MAS frequency values are reported to first non-zero digit. 
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homogeneity was preserved in the presence of previously mentioned stator components, as 

evidenced by observable peak splitting from J-couplings.  

While prices will vary depending on quantity and design, a conservative estimate of the 

total production cost for a few MAS stators is less than $2,500 per stator. This number does not 

include the capital costs of purchasing a 3D printer, however user access to quality 3D printers has 

become more prevalent, especially at academic research institutions. Due to the small size of the 

parts, the cost associated with 3D printing stator components on the Form 3 printer was negligible. 

An estimate of the total cost to machine all the brass components as well as 3D print the drive plate 

and zirconia stator body is less than $1,000. Therefore, the largest cost associated with fabricating 

these stators is the unavoidable machining costs for the zirconia bearings and bearing counterbores. 
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Figure 2.3: 2D 13C-13C DARR (tmix = 100 ms) spectrum of U-13C,15N aspartic acid recorded at w0H/2p 
= 500 MHz and wr/2p = 20 kHz ± 5 Hz. The DARR spectrum was recorded in two separate blocks of 
8 scans per FID and the spectra were added for a total of 16 scans per FID. The total experimental 
time was ~27 hrs.  Spectrum was referenced to the downfield peak of adamantane relative to DSS. 
Prime (¢) and double prime (¢¢) notation in peak labels indicates peak splitting due to J-couplings. 

2.5 Conclusions 

We have developed novel methods for fabricating 3D printed MAS stators and 

demonstrated that the performance of these stators is reproducibly comparable to commercially 

available stator systems. These methods are a reliable and inexpensive approach for researchers to 

produce components for MAS NMR probes. As additive manufacturing technology continues to 

develop, the range of NMR components that can be 3D printed will continue to expand and may 

provide researchers with the opportunity to explore new designs for MAS components that were 
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previously considered impractical. Future additive manufacturing studies include scaling these 

methods for smaller rotor systems and observing the performance of these stators under harsher 

experimental conditions such as the cryogenic temperatures used in dynamic nuclear polarization 

experiments.  
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3 Bound Water & Polymorphism Studies on the 
Amyloid-Forming Peptide GNNQQNY 

 

3.1 Abstract  
 

GNNQQNY, a seven residue peptide found in the prion-forming domain of the protein 

Sup35, is an ideal model system for the study of amyloid polymorphism. Its short size allows for 

excellent sensitivity and resolution in MAS NMR experiments, and by varying the aggregation 

conditions, the peptide can be directed to reproducibly form amyloid-like fibrils or microcrystals. 

In this chapter, we discuss procedures for synthesizing U-13C,15N GNNQQNY microcrystals and 

fibrils and present preliminary NMR data on both systems. These studies hew a foundation for 

future insight into interactions and interfaces in critical and complex biological systems.  

3.2 Introduction & Motivation 

3.2.1 17O Experiments on Bound Water  

Water plays a key role in numerous biological processes including protein folding and 

dynamics, but it remains difficult to study via NMR. This can be attributed to the fact that 17O is a 

quadrupolar nucleus with low natural abundance (~0.037%) and a low gyromagnetic ratio 

(0.14gH). Recent work has shown that high-resolution structural information can be obtained on 

17O water in both organic and inorganic crystals.22, 79, 80 An example of this can be seen in Figure 

3.1 in which an MQMAS experiment was used to resolve all four water sites in a crystal of 

lanthanum magnesium nitrate hydrate (LMN).22 Although tremendous progress has been made in 

the development of techniques for studying 17O in bound water, a measured effort has not yet been 

made to extend these techniques to larger peptide systems.  
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Figure 3.1: 17O MQMAS spectra of LMN recorded at (left) 35.2 T and (right) 18.8 T. All four water 
sites in the LMN crystal can be clearly resolved. Reprinted with permission.22 

3.2.2 Amyloids & Polymorphism 

Amyloid fibrils have been linked to a range of debilitating diseases including Alzheimer’s 

disease,81, 82 Parkinson’s disease,83, 84 and dialysis-related amyloidosis85, 86 among others. 

Generally, amyloid fibrils have similar structural characteristics including a “cross-b” pattern that 

is observable in X-ray fiber diffraction studies. This cross-b pattern indicates an inter-strand 

spacing of 4.7 Å between the strands of b-sheets along the fibril axis and a 10 Å inter-sheet distance 

between the  b-sheets in a protofilament. Amyloid fibrils are typically composed of several 

protofilaments and are resistant to degradation. Because amyloid fibrils are heterogeneous and 

insoluble, techniques such as MAS NMR and cryogenic electron microscopy (Cryo-EM) are best 

suited for their study. 

Despite the similar characteristics that amyloid fibrils share, structural polymorphism is 

present in numerous amyloid fibril systems.87, 88 Generally, polymorphism in amyloid fibrils can 

occur at three different levels. First, the substructure of the protofilament may vary between 

different polymorphs. Second, the number of individual protofilaments present in the mature fibril 

could impact the structure of the fibril. Finally, the arrangement of individual protofilaments may 
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also affect the structure of the fibril. Determining structural differences between fibril polymorphs 

is vital, as even small structural variations can greatly impact the effectiveness of drugs and other 

therapeutic agents used to treat the underlying diseases associated with these amyloids.  

3.2.3 Overview of GNNQQNY 

GNNQQNY is short peptide fragment located in the prion-forming domain of the protein 

Sup35. A unique aspect of GNNQQNY is that, despite its short length, it is able to form fibril 

structures that exhibit similar characteristics to amyloid fibrils including a cross-b diffraction 

pattern, binding of Congo red, and excellent structural stability. Additionally, Nelson et. al. 

demonstrated that under the right conditions GNNQQNNY can form amyloid-like microcrystals.89 

X-ray diffraction data reveal that these microcrystals exhibit a parallel, in-register b-sheet 

conformation along the entire length of the elongated crystal. Between the b-sheets are alternating 

wet and dry interfaces that are defined by the presence or absence of water molecules.  

MAS NMR has been used to study the structure of both the microcrystals and fibrils.90-92 

An interesting finding of MAS NMR studies of GNNQQNY amyloid fibrils is the apparent 

presence of three distinct polymorphs. This is indicated in Figure 3.2, as the cross peaks of the 

crystal 2D spectra split into three separate sets of cross peaks in the fibril spectra. Integration of 

the 2D cross peaks reveals that the polymorphs appear to be present in an approximately 1:1:1 

ratio, and the formation of these fibrils has been shown to be reproducible. The observation of 

three distinct sets of chemical shifts implies that there are also three unique structures for the 

amyloid fibrils.   
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Figure 3.2: 2D 13C-15N spectra of various [U-13C,15N-GNNQ]QNY morphologies. (a) Monoclinic 
crystals, (b) orthorhombic crystals, (c) 100%-labeled amyloid fibrils at 20 mg/ml and (d) 25%-labeled 
amyloid fibrils at 25 mg/ml. Spectra were recorded at (a) w0H/2p = 500 MHz and (c-d) w0H/2p = 700 
MHz, respectively. Reprinted with permission.90 

DNP experiments have also been performed on both the GNNQQNY microcrystals and 

amyloid fibrils.93, 94 GNNQQNY crystals are a model system for DNP experiments for a variety 

reasons. First, the crystals are extremely stable and difficult to dissolve, so the GNNQQNY 

microcrystals can therefore be easily dispersed in most DNP matrices including DNP juice. 

Second, GNNQQNY is a relatively rigid system. There are very few functional groups that 

undergo motion (i.e. methyl hopping) that could lead to fast relaxation in GNNQQNY 

microcrystals and thus decreased DNP enhancements. This is especially true for the monoclinic 

crystals, where the tyrosine ring remains rigid, compared to the orthorhombic crystals, where the 

ring undergoes flipping. Finally, the water pores of the microcrystals are too small for most radicals 

to penetrate. This limits paramagnetic broadening to the nuclei present near the surface of the 

crystal and significantly improves the resolution of DNP spectra. Furthermore, high DNP 

enhancements are still achievable via 1H-1H spin diffusion between nuclei on the surface of the 

crystal and those in the bulk.  
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3.2.4 Motivation for Current Study 

This chapter focuses on the use of GNNQQNY as a model system for the study of bound 

water in biological systems and polymorphism in amyloid fibrils. The unit cell structure of 

monoclinic GNNQQNY crystals is seen in Figure 3.3. From X-ray diffraction data, it is known 

that there are seven chemically distinct bound water sites in the monoclinic crystal structure.89 

Based on previous work by Keeler et. al.,22 adding additional dimensions to MAS experiments 

such as MQMAS may enable the resolution of all seven water molecules in the crystal structure. 

The inefficiency of MQMAS experiments coupled with the low sensitivity of 17O and the need for 

higher-dimensional experiments requires gains in sensitivity that can only be achieved with novel 

DNP techniques. The excellent sensitivity and resolution observed on GNNQQNY crystals under 

DNP conditions make this system an ideal candidate for method development. The techniques 

developed on GNNQQNY will serve as a foundation for future high-resolution 17O-13C, 17O-15N, 

and 17O-1H correlation experiments on more complex biological systems. 

 
Figure 3.3: Unit cell of monoclinic GNNQQNY crystals. There are seven chemically distinct water 
molecules in the crystal structure. Structure taken from Protein Data Bank (PDB ID:1YJP).89 
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Given the impact that amyloid polymorphism has on the development of drugs and other 

therapeutic agents, gaining a better understanding the structural differences between amyloid 

polymorphs is of vital importance. Polymorphism is often observed in NMR spectra, but it is often 

difficult to determine how observed spectroscopic differences translate to structural differences in 

polymorphs. The study of polymorphism in most amyloid fibril systems is additionally challenging 

due to the variability in observed polymorphs from sample to sample, and  poor resolution and 

sensitivity in polymorphic systems makes spectral analysis an onerous task.  

Using GNNQQNY as a model system for studying polymorphism in amyloid fibrils 

circumvents several of these challenges. GNNQQNY is a small peptide and thus has excellent 

sensitivity in MAS NMR experiments; the formation of three distinct fibril forms can be observed 

in approximately equal ratios, and the formation of these three forms is highly reproducible; and 

despite the degeneracy in the peptide sequence, the GNNQQNY polymorphs have excellent 

resolution in the nitrogen dimension, making it easier to assign and analyze NMR spectra. While 

it was previously cost-prohibitive to synthesize U-13C,15N GNNQQNY, using a uniformly labeled 

sample, it is now possible to perform a full structure calculation of the three GNNQQNY fibril 

forms. This calculation can then be used to gain insight into polymorphism in other amyloid fibril 

systems as well.  

3.3 Methods 
 

3.3.1 GNNQQNY Expression via Recombinant Methods 

Initial explorations into synthesizing U-13C,15N GNNQQNY via peptide synthesis were 

discouraging. Most peptide synthesis companies required a five times molar excess of the amino 

acids that were to be coupled via solid-phase peptide synthesis. For U-13C,15N labeled amino acids 

with protecting groups, this amount of starting material is prohibitively expensive given the overall 
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yield of the synthesis after purification. Instead, attempts were made to express U-13C,15N 

GNNQQNY recombinantly.  

A convenient way to recombinantly express and purify proteins is via a fusion partner. In 

this case, a mutant version of the autoproteolytic protein Npro was used as a fusion partner for 

synthesis of U-13C,15N GNNQQNY. The mutant of the Npro protein used in this case is known as 

the EDDIE mutant.95, 96 One of the benefits of the Npro fusion partner is that when it refolds, it 

cleaves itself from the peptide of interest and generates peptides with authentic N-termini.  An 

example of this can be seen in Figure 3.4. The amino acid sequence for GNNQQNY with the 

Npro(EDDIE) fusion partner is: 

MELNHFELLY KTSKQKPVGV EEPVYDTAGR PLFGNPSEVH PQSTLKLPHD 50 

RGEDDIETTL RDLPRKGDCR SGNHLGPVSG IYIKPGPVYY QDYTGPVYHR 100 

APLEFFDETQ FEETTKRIGR VTGSDGKLYH IYVEVDGEIL LKQAKRGTPR 150 

TLKWTRNTTN CPLWVTSCGN NNQQNY 176   

Cleavage of the Npro(EDDIE) fusion partner and GNNQQNY occurs between Cys168 and Gly169. 
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Figure 3.4: Schematic representation of GNNQQNY cleavage from Npro fusion partner. 

A vector containing the gene for the Npro(EDDIE) fusion protein with GNNQQNY was 

inserted into a plasmid of E. coli BL21(DE3) cells. This plasmid also contained a gene for 

ampicillin resistance. For the purpose of troubleshooting the synthesis all materials used for protein 

expression were natural abundance. A pre-culture of the E. coli cells was grown overnight in 

Lysogeny broth (LB) containing ampicillin. The pre-culture was then divided evenly among 6 

larger, 1 L flasks containing LB and ampicillin for the main growth. Both the pre-culture and main 

culture were grown in autoclaved flasks using an incubator shaker at 37°C. At an OD600 of 0.6-

0.8, the cells were induced with 1 mM IPTG to begin protein production. The cells were harvested 

after a period of 3-4 hours. 

The inclusion bodies were purified by repeated sonication in a buffer containing Triton-

X100 followed by centrifugation. The Npro(EDDIE) protein was then prepped and purified via 

FPLC using anion-exchange columns. The eluted protein was centrifugally concentrated and then 

Npro(EDDIE) GNNQQNY

Refolding &
Cleavage

Cys168 Gly169

Npro(EDDIE) GNNQQNY
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diluted dropwise by a factor of 1:20 in an appropriate refolding buffer. By concentrating the protein 

prior to refolding, the volume of the refolding buffer can be significantly decreased. The refolding 

buffer consisted of 1M Tris-HCl, 500 mM NaCl, 1 mM EDTA, and 3 mM DTT at pH 8.5. 

Confirmation of the GNNQQNY cleavage was performed via SDS-PAGE analysis. 

The refolding buffer containing the cleaved GNNQQNY as well as the Npro(EDDIE) was 

then concentrated in a rotary evaporator and prepped for dialysis to decrease the concentration of 

buffer components in solution. After a few rounds of dialysis, the Npro(EDDIE) and GNNQQNY 

were lyophilized and prepped for RP-HPLC purification. During dialysis, there appeared to be 

signs of protein aggregation, as white clumps formed within the dialysis tubing. In order to perform 

RP-HPLC, a suitable solvent needed to be identified that would both dissolve aggregated 

GNNQQNY and be compatible with HPLC purification. The solubility of lyophilized GNNQQNY 

was tested for a variety of solvents. A summary of these results is seen in Table 3.1. 

Table 3.1: Summary of GNNQQNY Solvents 

Solvent Soluble? Notes 

10 M NaOH Yes - 

Water Yes 
Dissolves under high heat. Recrystallizes 

upon cooling down. 

DMSO No - 

DMSO & Triethylamine (TEA) or 

DMSO & Trimethylamine (TMA) 
Yes Dissolves at pH ~9-10 at room temperature. 

DMSO & TFA Yes Dissolves at pH = 4 at room temperature. 

Acetonitrile & TFA Yes 
Appeared to dissolve at room temperature 

after a few hours. 

Although suitable solvents for HPLC capable of dissolving GNNQQNY were successfully 

identified, purification of the recombinant GNNQQNY via HPLC was unsuccessful. Several 

analytical HPLC runs were performed in which the lyophilized recombinant material was 
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compared to a GNNQQNY standard, and in each case, elution of the standard was clearly 

observable while elution of GNNQQNY from the recombinant material was undetectable. At this 

time, it is unclear why HPLC purification remains ineffective.  

3.3.2 Peptide Synthesis of GNNQQNY  

Because of the poor purification results with the Npro(EDDIE) fusion tag, the use of solid-

phase peptide synthesis was revisited. For natural abundance GNNQQNY material, Genscript 

(Piscataway, US) was able to synthesize large quantity (~1 g) batches at reasonable costs. For U-

13C,15N GNNQQNY material, a synthesis was attempted using a smaller quantity of U-13C,15N 

protected amino acids. Using a manual coupling procedure and solvents such as NMP rather than 

DMF, the coupling yields were greatly improved. Solid-phase peptide synthesis of U-13C,15N 

GNNQQNY was performed on a 0.1 mmol scale. The manual coupling method required only a 

two-fold excess (0.2 mmol) of all amino acids except tyrosine, which required only 0.1 mmol of 

pre-loaded resin. Typically, a yield of 30-40 mg of U-13C,15N GNNQQNY was achieved after final 

HPLC purification.  

3.3.3 Crystallization Procedure 

GNNQQNY will form crystals at concentrations below 10 mg/ml. Provided that the 

concentration remains below 10 mg/ml, the only effect that concentration appears to have on the 

formation of crystals is the speed at which crystallization takes place. The procedure used to 

produce monoclinic crystals of GNNQQNY is straightforward and similar to procedures laid out 

in previous work.90 First, high-purity (>98%), lyophilized GNNQQNY is dissolved in hot (>90°C) 

Milli-Q water at the desired concentration. Once the peptide is fully dissolved, it is drawn into a 

small volume syringe and then rapidly filtered through a £0.22 µm syringe filter to assist with 

removal of fibrilization sources. Due to the high concentration of peptide in solution, back pressure 
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would often build up in the syringe during filtration of the sample. This would occasionally result 

in leakage of the sample through the syringe plunger. This issue was eliminated by switching to a 

gas-tight syringe. Volume loss due to retention by the syringe filter was accounted for by adding 

water to achieve to the original solution volume. 

After filtration, the peptide solution was chilled in a refrigerator at 4°C for a period of at 

least 24 hours to allow the sample to crystallize. The solution can be seeded with a dilute 

concentration of monoclinic GNNQQNY crystals to reduce crystallization time and promote the 

formation of the desired crystal form. At concentrations close to 10 mg/ml, the formation of 

crystals was often observable within a few hours. 

3.3.4 Fibrillization Procedure 

Excluding the filtration step, the procedure for synthesizing GNNQQNY fibrils is nearly 

identical to the procedure used to form GNNQQNY crystals. To produce GNNQQNY fibrils, the 

lyophilized peptide was dissolved at very high concentrations (³25 mg/ml) in hot (>90°C) Milli-

Q water. Once the peptide appeared to dissolve fully, the solution was placed in a refrigerator at 

4°C overnight. Formation of fibrils is rapid, due at least in part to the high solution concentration. 

The resulting solution after fibrilization was viscous with a gel-like appearance. Given the 

difficulty in dissolving the peptide at such high concentrations, it was common to also observe the 

formation of a few very small crystals as well. The formation of crystals in the fibril solution could 

be reduced by seeding the solution with a small amount of pre-made fibril solution.  

3.3.5 Distillation Apparatus for Recovery of 17O Water 

Many methods for the 17O-labeling of biomolecules require the use of 17O-enriched water 

as a precursor.97 Because of the many challenges associated with synthesizing 17O-enriched water, 
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such labeling procedures can be exorbitantly expensive and difficult to scale. As an example, the 

cost of 90%-17O water from Cambridge Isotope Laboratories (Andover, US) is $1,700/ml. The 

concentration limits for formation of GNNQQNY crystals require the concentration to be kept 

below 10 mg/ml, so producing ~30 mg of GNNQQNY crystals containing 17O-enriched water 

would cost >$5,000. It is therefore highly advantageous to recover 17O water after GNNQQNY 

crystallization so that it can be reused for subsequent crystallizations. 

To recover 17O-enriched water after crystallization, the distillation apparatus depicted in  

Figure 3.5 was constructed. After producing GNNQQNY crystals, the crystals may be spun down 

in a centrifuge, and the excess water can be drawn off. This water contains GNNQQNY that was 

unable to crystallize as well as small GNNQQNY crystals that were not fully spun down by the 

centrifuge. In order to make a pure solution of GNNQQNY crystals, both the peptide and solvent 

must also have high purity. Therefore, in order to reuse the 17O-enriched water for additional 

crystallizations, the water had to be purified to a high level by the distillation apparatus. 
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Figure 3.5: (Left) Schematic representation of water distillation apparatus. (Right) Picture of water 
distillation apparatus. 

The distillation apparatus seen in Figure 3.5 consisted of a pear-shaped flask attached to a 

miniature still purchased from Ace Glass (Vineland, US). The flask contained the drawn off water 

following centrifugation of the GNNQQNY crystals. The flask was placed in a heating mantle and 

wrapped in glass wool to thermally insulate it from the rest of the still. The heating mantle was 

heated to ~100°C to slowly evaporate the water in the flask. Condensation of the water in the still 

was accomplished using a bath of dry ice and acetone. Throughout the distillation, dry ice was 

added in regular intervals to keep the still at low temperature. A balloon was added to the top of 

the still to minimize evaporation of distilled water as well as the exchange of 17O-enriched water 

with water vapor in the atmosphere. 

The best distillation results were achieved by taking a “low and slow” approach. The lower 

the temperature was kept during distillation, the purer the recovered water was at the end. Towards 
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the end of the distillation, a butane torch was used to gradually heat the still’s stem to evaporate 

any remaining water. Additional crystallization attempts using the distilled water demonstrated 

that the recovered water was of high enough purity to successfully produce additional GNNQQNY 

crystals without the need to purchase additional 17O-enriched water. 

3.3.6 NMR Experiments 

A suite of NMR experiments was performed on both monoclinic GNNQQNY crystals and 

fibrils. The procedure for synthesizing monoclinic GNNQQNY crystals and GNNQQNY fibrils 

can be found in Sections 3.3.3 and 3.3.4, respectively. All room temperature samples were packed 

into Bruker 3.2 mm rotors using an SW-60 ultracentrifuge rotor and custom centrifugal packing 

tool. DNP samples were packed in 3.2 mm RevNMR rotors using a tabletop centrifuge. Prior to 

packing, the DNP samples were resuspended in a mixture of DNP juice (60/30/10 v/v/v, glycerol-

d8/D2O/H2O) with 10 mM AMUPol.  

3.4 Results & Discussion 

3.4.1 Monoclinic Crystals 

Before crystallizing uniformly labeled samples, confirmation was required that the 

GNNQQNY crystals were the correct form and that the resolution was comparable to previously 

obtained crystals.90 A natural abundance 13C spectrum of GNNQQNY crystals was recorded and 

compared to previously recorded natural abundance spectra of monoclinic and orthorhombic 

crystals. Figure 3.2 reveals that the recorded 1D 13C spectrum overlays directly with a previous 

monoclinic natural abundance spectrum. Furthermore, no indications of orthorhombic crystals 

were present in the spectra, confirming that the GNNQQNY crystals were not only the correct 

form, but also of high purity. 
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Figure 3.6: 13C spectrum of GNNQQNY microcrystals recorded at w0H/2p = 900 MHz (green) overlaid 
with (a) monoclinic and (b) orthorhombic 13C spectra (black). Figure modified from reference.90  

After confirming that the correct form of the GNNQQNY crystals was obtainable, three 

successive batches of U-13C,15N monoclinic crystals were synthesized. Due to a faulty power 

supply and MAS controller, batch one and two were unintentionally frozen during a MAS 

experiment. While the crystals were observed to be highly robust against heating, they were 

destroyed when frozen. The power supply and MAS controller were repaired, but as an additional 

precaution against freezing, batch three was resuspended in DNP juice without any radical. The 

DNP juice was intended to act as a cryoprotectant for the crystals as well as serve as a room 

temperature comparison for future DNP samples.   

Something peculiar was observed in the 1D 13C spectrum of batch three. While batch one 

and two produced seemingly identical spectra, batch three differed. A comparison of the 1D 13C 

spectra is seen in Figure 3.7. Differences in batch three compared to the previous batches can 

clearly be seen at 170 ppm and the region between 35 and 45 ppm. The peak at 170 ppm 

corresponds to the glycine CO peak, while the region between 35 and 45 ppm corresponds to the 

glycine Ca peak as well as the Cb peaks for all residues except glutamine. These differences in 

the 1D 13C spectra  imply that the addition of DNP juice to the crystals had an effect on their 

structure. 
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Figure 3.7: 1D 13C spectra of different U-13C,15N GNNQQNY microcrystal batches. 

Given the interesting effects that the addition of DNP juice appeared to have on the sample, 

DNP spectra of the crystals were recorded. A sample of U-13C,15N GNNQQNY crystals were 

packed into a rotor with DNP juice and 10 mM AMUPol. At a field of w0H/2p = 500 MHz, an 

enhancement of  e = 110 at 90 K was obtained. Furthermore, the resolution obtained on the DNP 

sample was comparable to the resolution obtained at room temperature at the same field. This 

confirms that excellent sensitivity and resolution can be achieved on GNNQQNY crystals using 

DNP. A 1D 13C DNP spectrum can be seen in Figure 3.8. 
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Figure 3.8: 13C DNP spectrum of U-13C,15N GNNQQNY microcrystals recorded at w0H/2p = 500 MHz.  
The measured DNP enhancement was e = 110 at 90 K and nr = 8 kHz. 

Curiously, despite resuspension of the sample in DNP juice, the changes in the 1D 13C 

spectra previously observed between the different batches at room temperature were not observed 

for this DNP experiment. There are two potential explanations for this. First, it is possible that 

DNP juice has no effect on the structure of the crystals, and batch three was altered by another 

external factor. Alternatively, it is also possible that DNP juice does alter the crystal structure but 

over a longer time scale. To avoid degradation of the radical, the DNP sample was rapidly packed 

using a centrifuge and then kept frozen at all times other than the insertion and ejection the rotor 

into the stator. It is conceivable that, as long as the sample is kept frozen, changes in the structure 
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of the crystal from the addition of DNP juice can be avoided. Further analysis will be needed to 

confirm this hypothesis.  

Additional 2D spectra were recorded on batch three of the uniformly labeled crystals. One-

bond RFDR71 and ZF-TEDOR98 spectra can be seen in Figure 3.9 and Figure 3.10, respectively. 

The sensitivity and resolution of the experiments were excellent. With aggressive processing, J-

couplings could be resolved in the carbonyl region, indicating that the crystals are well-ordered 

and of high purity. Using previous assignments as a guide, preliminary assignments were 

performed for virtually all cross peaks in the spectra. Complete tables of assignments can be seen 

in Table 3.2 and Table 3.3. 3D NCOCX and NCACX spectra are required to unambiguously 

confirm the assignments.  

 
Figure 3.9: RFDR spectrum (tmix = 1.73 ms) of U-13C,15N GNNQQNY microcrystals recorded at 
w0H/2p = 700 MHz, T = 280 K, and nr = 18.5 kHz. 
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Figure 3.10: TEDOR spectrum (tmix = 1.73 ms) of U-13C,15N GNNQQNY microcrystals recorded at 
w0H/2p = 700 MHz, T = 280 K, and nr = 18.5 kHz. 

Table 3.2: GNNQQNY Monoclinic Crystal 13C Assignments 

 Ca Cb Cg Cd Cd¢ Ce Ce¢ Cx C 
G7 42.93        170.16 
N8 54.04 40.59 176.26      173.38 
N9 53.61 44.08 175.10      172.83 
Q10 54.69 32.46 34.54 179.58     174.44 
Q11 54.16 34.79 36.12 179.06     173.01 
N12 52.10 41.86 176.59      172.59 
Y13 60.56 39.14 128.40 134.4 133.3 117.97 117.55 156.22 182.92 

          
Table 3.3: GNNQQNY Monoclinic Crystal 15N Assignments 

 N Nd Ne 
G7 124.5   
N8 118.9 118.1  
N9 120.9 115.6  

Q10 128.4  113.6 
Q11 125.5  113.2 
N12 124.4 117.5  
Y13 128.5   

 

3.4.2 Amyloid Fibrils 

Given the reduced sensitivity of the fibril samples and the high cost of synthesis, a 20%-

dilute U-13C,15N fibril sample was synthesized to confirm the presence of multiple fibril forms 

before synthesizing a 100%-labeled fibril sample. Resolution of the different GNNQQNY fibril 

forms occurs primarily in the nitrogen dimension. For this reason, a one-bond ZF-TEDOR 

spectrum was recorded to determine the fibril forms present. Based on the ZF-TEDOR spectrum, 
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there appear to be at least three fibril forms present in the sample, and early observations indicate 

that there may be a fourth. The cross peaks around 170 ppm in the carbon dimension are indicative 

of glycine carbonyl peaks. The apparent peak at ~111.5 ppm in the nitrogen dimension indicates 

that a fourth fibril form may be present. A fourth fibril form has been observed previously, but its 

sensitivity was often too weak to perform any in-depth studies.90 Further analysis on a 100%-

labeled fibril sample may be need to definitively confirm the presence of this fourth form. 

 
Figure 3.11: TEDOR spectrum (tmix = 1.73 ms) of 20%-U-13C,15N GNNQQNY fibrils recorded at 
w0H/2p = 700 MHz, T = 280 K, and nr = 18.5 kHz. 

3.5 Future Work 
 

Additional work must performed to achieve full structure calculations on both the 

GNNQQNY crystals and fibrils. In addition to confirming the assignments, the torsion angle 

constraints as well as distance constraints must be obtained. Due to the small size of the peptide, 

accurate distance constraints are especially important. To obtain these constraints, experiments 

such as 3D ZF-TEDOR,98 FS-REDOR99 and rotational resonance (R2W)100 experiments may be 

used. The fibril samples may also benefit from DNP, as higher-dimensional experiments may help 

resolve overlapping cross peaks.  
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17O experiments will require crystallization of U-13C,15N GNNQQNY in 17O water, 

followed by washing with non-17O labeled water in preparation for DNP. Based on our previous 

findings regarding DNP juice, it may be essential to keep the sample frozen at all times to avoid 

alterations in the crystal structure. It would be beneficial to perform an experiment that tracks any 

potential changes in the crystal structure as a function of time to determine whether DNP juice has 

a perturbing effect on the structure. This is especially critical for 17O experiments, as exchange of 

bound 17O water with the surrounding solvent would result in losses in signal intensity.  
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4 Design of Balanced Transmission Line Probe for 17O 
DNP Experiments 

 

4.1 Abstract  
 

Oxygen and hydrogen are ubiquitous in biomolecules, yet they remain challenging to study 

via MAS NMR. The ability to directly probe hydrogen bonds via 1H-17O distance measurements 

could provide access to improved, previously unattainable biological structure data, and the ability 

to perform 1H-detected DNP experiments on 17O samples would be instrumental in achieving such 

measurements. This chapter outlines the design of a balanced transmission line DNP probe capable 

of studying 17O biomolecules. The probe is designed to be equipped with a 1 mm MAS stator and 

is compatible with a helium recirculation system which should be able to achieve MAS frequencies 

>80 kHz at 100 K. An in-depth description of the probe design is provided. 

4.2 Introduction & Motivation 
 

Oxygen is one of the most common elements found in biomolecules yet remains somewhat 

challenging to observe via MAS NMR for several reasons. First, 17O has a nuclear quadrupole 

moment which leads to substantial quadrupolar line broadening and poor spectral resolution. This 

broadening can be attenuated at high-magnetic fields which reduce the second-order nuclear 

quadrupole interaction.101, 102 Additionally, 17O has low natural abundance (0.037%) and a low 

gyromagnetic ratio (0.14gH) which results in low NMR sensitivity. Despite these limitations, the 

chemical shift range of 17O is large (>1000 ppm overall, ~400 ppm for biomolecules) and there is 

a wealth of structural information that be obtained by studying the quadrupolar interaction.103, 104 

Unlike 17O, 1H-detection results in very high NMR sensitivity. This can be attributed to the 

high gyromagnetic ratio of 1H as well as its high natural abundance (99.99%). However, like 17O, 
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1H-detected spectra can result in broad linewidths and poor resolution. This a result of a limited 

chemical shift range and strong 1H-1H homonuclear dipolar couplings that are difficult to average 

out without fast MAS. The resolution of 1H detected spectra can be improved by deuterating the 

sample; however, this can be expensive and will reduce the overall sensitivity of the experiment.105, 

106 

Fundamentally, some of the most interesting biological interactions take place between 

hydrogen and oxygen. For example, hydrogen bonding plays a critical role in the structure of 

biomolecules. This is especially true for water, which is perhaps the most critical molecule for 

sustaining life. Figure 4.1 is an example of how water and hydrogen bonding plays a role in the 

structure of proteins and other biomolecules. Having methodology to directly probe these 

interactions and obtain useful information from them would be invaluable for studying the 

structure and function of numerous biological systems, but advancements in instrumentation and 

equipment are needed to make this possible.  

 
Figure 4.1: Schematic representation of hydrogen bonding in a protein system.  
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4.3 Overview of Balanced Transmissions Line Probe Designs 
 

There are generally two types of RF circuits utilized in NMR probes: locally-tuned circuits 

and remotely-tuned circuits. In locally-tuned RF circuits, the tuning and matching components are 

located in close proximity to the RF coil. Probes with locally tuned circuits are advantageous due 

to their lightweight and compact circuits, but are less capable of handling high power loads than 

probes with remotely-tuned circuits. This is because the tuning and matching elements are located 

near the RF coil, in the bore of the magnet where space constraints are tighter than outside the 

bore. Smaller RF elements with lower power handling capabilities are typically used due to these 

space constraints. For DNP applications, having the tuning and matching elements located in close 

proximity to the coil has both advantages and disadvantages. The ability to cool the RF components 

reduces the thermal noise in the system and improves signal-to-noise, but when these electronics 

are cooled, their properties may change, making it more difficult to tune and isolate the probe. 

In remotely-tuned circuits, the tuning and matching RF elements are located further away 

from the RF coil, typically outside the bore of the magnet. As a result, larger, more robust 

components may be used. This is particularly useful for solid-state NMR probes where the required 

RF power levels are substantially higher than in solution NMR probes. Transmission line circuits 

are an example of a remotely-tuned circuit. This section provides an overview of transmission line 

probe theory and introduces the concept of a balanced, stepped transmission line probe. 

4.3.1 Transmission Line Theory 

A transmission line in its simplest form is a pair of conductors separated by a dielectric 

material. Fundamentally, the function of a transmission line is to transmit a signal from one point 

to another with minimal reflection and loss in power. Transmission lines have a characteristic 

impedance (Z0) which is defined by the ratio of the voltage and current of a wave propagating 
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through the line and is dependent on the geometry of the line. The most commonly encountered 

transmission line geometry in NMR probes is a coaxial line, which consists of two concentric 

conductors. The characteristic impedance of a coaxial transmission line is given by 

 𝑍& =
138 log(𝑑 𝐷⁄ )

√𝜀�
 4.1 

where d is the outer diameter of the inner conductor, D is the inner diameter of the outer conductor, 

and er is the dielectric constant of the insulation between the two conductors.  

An important feature of transmission lines is their ability to act as impedance transformers. 

The input impedance for a lossless transmission line is given by  

 𝑍W� = 𝑍&
𝑍� + 𝑗𝑍& tan(𝛽𝑙)
𝑍& + 𝑗𝑍� tan(𝛽𝑙)

 4.2 

where Zin is the input impedance of the transmission line, ZL is the load impedance on the opposite 

end of the transmission line, Z0 is the characteristic impedance of the line, l is the length of the 

transmission line, and b is the propagation constant, defined as b=2p/l where l is the wavelength 

of the propagating wave. For a given load impedance, the input impedance of the transmission line 

can be adjusted simply by varying the length of the line. The impedance transformation properties 

of transmission lines are extremely useful for matching the impedance of a given load to the 

impedance of a given source. For a more detailed review of transmission line theory, the reader is 

referred to other literature.107 

4.3.2 Balanced Transmission Line Probes 

The DNP probe described in this chapter utilizes a balanced transmission line design that 

builds upon the work of previously published designs.77, 108 The probe circuit consists of two 

sections: the “top probe” and “bottom probe”. This balanced circuit design has many advantages 

with respect to improved probe performance and isolations. Fundamentally, by balancing the RF 

circuit in the probe, a common impedance node is generated at the center of the RF coil for all the 
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NMR frequencies in the circuit. The impedance node in the center of the coil maximizes the 

voltage difference across the coil and by extension also maximizes the current in the coil. The 

advantage of this is two-fold. First, balancing the RF coil leads to better homogeneity across the 

coil, which is especially important at high magnetic fields (³500 MHz). Second, maximizing the 

voltage difference across the coil not only leads to more efficient power excitation, it also reduces 

the probability that arcing will occur to grounded components in the system. 

 In addition to the impedance node generated in the RF coil, a unique aspect of this probe 

design is its use of impedance nodes to achieve isolation between individual channels in the circuit. 

Typically, probe isolations are achieved via the implementation of lossy LC traps. It is 

advantageous to instead use transmissions lines for isolation purposes, as this will result in lower 

power losses in the system. At the impedance nodes in the bottom probe circuit, a common 

impedance minimum is generated at every NMR frequency in the circuit. This impedance node is 

located at the center of a transmission line junction in the bottom probe. Isolation of the channels 

is achieved by choosing a length of transmission line for each channel that can properly match the 

impedance node at the junction to the input impedance (typically 50 W) of the probe at one of the 

NMR frequencies, while at the same time generating a much higher impedance at the other 

frequencies in the circuit. In this sense, each channel has a very narrow range of frequencies 

capable of propagating along that specific path. A generic schematic of the probe circuit can be 

seen in Figure 4.2. The impedance nodes in the circuit are represented by black dots (•) in the 

diagram. 
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Figure 4.2: Circuit schematic of a balanced transmission line probe. Reprinted with permission.77 

4.3.3 Impedance Matching with Stepped Transmission Line 

Using a stepped transmission line, it is possible to perform impedance matching over a 

broad range of frequencies. The theory outlined in Section 4.3.1 can be extended to transmission 

lines without a uniform characteristic impedance over the entire length of the line. Figure 4.3 

shows an example of a stepped transmission line in which the characteristic impedance changes as 

the wave propagates along the line. Equation 4.2 can be modified for a stepped transmission line 

such that the input impedance at any segment along the line is given by 
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 𝑍W?< = 𝑍&,W
𝑍W + 𝑗𝑍&,W tan(𝛽𝑙)
𝑍&,W + 𝑗𝑍W tan(𝛽𝑙)

 4.3 

where i is an index representing a specific segment of the stepped transmission line. This is 

extremely useful in the balanced probe design, as for a given set of frequencies, there exists a 

stepped transmission line design that will transform impedances at the load to an impedance 

minimum at the node of the four-way tee. Rather than requiring three separate lines, all the NMR 

frequencies in the circuit can instead propagate along a single stepped transmission line. 

 
Figure 4.3: Example of stepped transmission line design. (a) Stepped transmission line in which the 
characteristic impedance varies along the length of the line. (b) Polar plot representing use of a 
stepped transmission line to impedance match a load. Reprinted with permission.109 

4.4 DNP Probe Design 
 

Using the concepts from balanced transmission line probe theory, a balanced transmission 

line DNP probe was designed to operate at a magnetic field of w0H/2p = 700 MHz. The probe is 

designed with a triple-resonance circuit and will be used to perform 1H-detected 17O experiments. 
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In this section, a detailed overview of the probe design is provided. All probe parts were 

manufactured via a combination of 3DHubs (Amsterdam, NL), MIT’s Central Machine shop, and 

in-house fabrication.  

4.4.1 Top Probe 

4.4.1.1 Sample Chamber 
 

The sample chamber houses the MAS stator among many other components. One of the 

challenging aspects of designing DNP probes is space constraints. The sample chamber must house 

many different components, all within a diameter of 2.35”. This chamber must include space for 

two transmission lines, four gas lines, two capacitor arrays, two tubes for fiber optics and 

temperature sensors, the stator and its supports, a waveguide, magic angle adjust, and eject horn. 

Squeezing all of these components into such a small space requires a very carefully laid out design. 

Furthermore, because of the balanced probe design, the sample chamber ideally should be designed 

to be as symmetric as possible. Drawings of the sample chamber can be seen in Figure 4.4. All of 

the sample chamber components are housed in a low-temperature copper oven.  
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Figure 4.4: Diagram of cryogenic sample chamber. 

The sample chamber contains a 1 mm stator, which is discussed in further detail in Section 

4.6. On top of the stator assembly sits an eject horn, which is used to guide the rotor in and out of 

the stator during insertion and ejection of the sample. On the back of the stator is a Venturi piece 

designed to seal the back of the stator so a small vacuum can be pulled. To create a tight seal and 

allow for magic angle adjustment of the stator, the Venturi piece should be epoxied to the back of 

the stator. The eject horn, Venturi piece, and stator legs were all designed to be fabricated via 3D 

printing. This provided more flexibility when designing these components, particularly with the 

stator legs. The Venturi piece has space to include a cryogenic hall sensor, which can be used for 

accurate magic angle adjustments for sensitive quadrupole experiments such as STMAS. 
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The vertical waveguide is composed of copper with an inner diameter of 6.5 mm. At 460 

GHz, the inner diameter of the waveguide is approximately ten times the wavelength of the 

microwave radiation. This should help minimize power losses in the waveguide assembly. To 

machine the waveguide corrugations, a custom tap was ordered that closely follows the 

recommended corrugation dimensions discussed in Section 1.2.4.2. The waveguide is capped with 

a TPX or PTFE lens that focuses the microwave beam from 6.5 mm down to < 2 mm so that it can 

propagate inside the waveguide of the coil block. To improve the machinability of the corrugated 

waveguide, the waveguide assembly was machined in short sections (£ 3 in.) and soldered 

together. 

The sample chamber is designed to allow different stator modules to be swapped in and 

out. Figure 4.5 depicts the stator module removed from the probe. Because of this modular design, 

a single probe can be used for many different kinds of experiments. For example, if more sample 

volume is required, the 1 mm stator module could be swapped out for a larger stator module such 

as a 3.2 mm module. The only additional change required during the stator swap is the insertion 

of a new stepped inner conductor, which would properly impedance match the balancing 

impedances of the stator module to an impedance node. In this sense, each stator module used on 

the probe will have its own unique stepped inner conductor. 
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Figure 4.5: Diagram of a (right) stator module that has been removed from the (left) top probe.  

4.4.1.2 Probe Box 
 

The probe box contains the majority of the components for the Venturi pump system. The 

Venturi line is responsible for pulling a small vacuum (-200 to -400 mbar) on the back of the 1 

mm stator in order to prevent rotor ejection. At helium DNP temperatures, the gas being pulled by 

the Venturi pump may be extremely cold (<50 K). To avoid ice buildup and destruction of sensitive 

probe components, several measures were taken. First, the Venturi vacuum line is vacuum-

jacketed down the length of the probe until the gas reaches the probe box. From there, the Venturi 

line is connected to a ~9 in. copper heating tube via stainless steel VCR fittings. The copper heating 

tube is wrapped in electrical heating tape followed by a layer or layers of high temperature 

insulation to prevent the probe box from overheating. After passing through the heating tube, the 
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gas proceeds through a three-way VCR ball valve before entering a Piab (Täby, SE) M10L Venturi 

pump. The three-way valve was implemented as a convenient way to eject the rotor. When the 

Venturi pump is not in use, the valve may be turned 90° to allow gas to be pushed through the 

Venturi line and onto the bottom of the rotor to eject the sample from the probe. 

The Venturi pump itself is housed within a cryostat. The cryostat consists of an inner and 

outer box with a layer of vacuum in between. The purpose of the cryostat is to insulate the Venturi 

pump and its components from the rest of the probe and to provide a way of recapturing the 

exhausted Venturi helium while avoiding leaks. A vacuum feedthrough tube in the cryostat allows 

electrical components such as temperature sensors and heating elements to be placed in the inner 

cryostat box. The inner cryostat box may contain a heating element to keep the Venturi pump 

warm in the event that the copper heating tube does not sufficiently warm the gas. This is to avoid 

damage to the plastic pump and rubber O-ring at low (< -20°C) temperatures. The inner and outer 

cryostat boxes are designed to be sealed with cryogenic epoxy, which can be removed in the event 

of required maintenance. 

In addition to the Venturi components, the probe box also holds the tapered waveguide. 

The tapered waveguide reduces the diameter of the Gaussian microwave beam from the 19 mm 

diameter gyrotron waveguide down to 6.5 mm so that the microwaves can be delivered up the bore 

of the magnet and to the sample. The length of the taper was determined by Equation 1.27. The 

corrugations in the tapered waveguide were made individually using a grooving tool. Due to 

limitations in the length of available grooving tools, the tapered waveguide was machined in four 

sections. To improve the machinability of the corrugations in the tapered waveguide, the 

waveguide was constructed from brass.  
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Figure 4.6: Diagram of probe box containing gas delivery lines, the venture cryostat, and the tapered 
waveguide. 

4.4.2 Bottom Probe 

The bottom probe contains the probe’s tuning, matching, and balancing elements. The 

tuning/matching and balancing capacitors are all contained in individual shielding boxes (one per 

tune/match and balancing channel) to prevent external RF interference. At the center of the bottom 
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probe is the four-way tee that serves as the junction point for each channel in the probe. The tee 

contains four branches: one leading to the sample chamber and three other branches for each of 

the frequencies in the triple-resonance circuit. The bottom probe was designed with flexibility in 

mind, evidenced by the grid of threaded holes. This grid allows for smaller movements of the RF 

shielding boxes, and by extension, finer adjustments of the transmission line lengths, thereby 

facilitating optimization of the tuning and isolations along each branch. A CAD drawing of the 

bottom probe can be seen in Figure 4.7. 

 
Figure 4.7: Diagram of bottom probe design. 
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4.4.3 Probe Cryostat 

The purpose of the probe’s cryostat is to insulate the low temperature sample chamber from 

the bore of the magnet. This piece of equipment is vital, as cryogenic cooling of the magnet bore 

may result in the magnet’s O-rings cracking, which could lead to a quench of the high-field magnet. 

The cryostat consists primarily of two bronze jackets with a vacuum layer in between. Bronze is 

an ideal choice for DNP cryostats, as it is non-magnetic and has low thermal conductivity. The 

bronze jackets are each 0.030” thick and have a vacuum layer of 0.046” between the inner and 

outer jacket. A stainless steel VCR vacuum port is included at the bottom of the cryostat so that 

the cryostat may be continuously pumped on while inside the magnet. To allow for insertion of 

the eject and exhaust line through the top of the cryostat, a G-10CR thermal break was used in 

combination with a Mini-Flex (Ventura, USA) BeCu bellow. The thermal break reduces heat 

transfer between the cold inner jacket and warm outer jacket, while the bellow helps reduce strain 

on the cryostat due to thermal contraction. A set of threads was included on the top of the cryostat 

to attach the eject and exhaust line to the cryostat. These threads are referred to as compression 

threads, as they help form a helium-tight indium seal at the top of the probe’s sample chamber 

(Section 4.4.5). 
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Figure 4.8: Diagram of the probe cryostat. (Left) Depiction of the full cryostat. (Middle) Cross-
sectional view of the cryostat. (Right) Detailed views of various areas of the cryostat, including the 
thermal break and pump out port. 
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4.4.4 Eject & Exhaust Lines 

The eject and exhaust lines are vacuum-jacketed lines that mate with the probe’s cryostat. 

The lower halves of the lines are made from brass, while the tops of the lines are made from 

stainless steel due to its lower thermal conductivity. The mating surface at the bottom of the lines 

is highly polished (£8 µin) so that it is compatible with helium sealing methods (Section 4.4.5). 

Each line contains a stainless steel bellow on the inner line to help reduce strain from thermal 

contraction during cooling. The exhaust line has a male bayonet at the top of the line that mates 

with a custom-built cryogenic shut off valve from Precision Cryogenics (Indianapolis, US). The 

eject line has a sample catcher at the top designed to insert and eject rotors under a helium 

atmosphere. For more details on the compatibility of the eject and exhaust lines with the helium 

recirculation system, please see Chapter 5. 

4.4.5 Helium-tight Sealing Methods 

In any application involving helium, proper sealing of the system can be challenging. As 

the smallest atom, helium is prone to high leak rates even through well-designed seals. Helium 

sealing for DNP probes is especially challenging, as the seals must remain helium-tight at 

cryogenic temperatures and ideally must be demountable in order to perform maintenance on the 

probe. Fortunately, there are a few potential solutions to create hermetic (“gas-tight”), 

demountable seals at cryogenic temperatures.110 

In the current DNP probe design, there are two regions which are particularly susceptible 

to helium leakage: the gas lines to the probe and the sample chamber. The former can be sealed 

with proper cryogenic equipment rated for helium applications. The Venturi gas line is sealed 

using a series of VCR fittings and adapters as well as cryogenic epoxy. In this probe design, the 

input gas lines for drive, bearing, and VT gas delivery include a vacuum-jacketed bayonet sealing 
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system developed by Precision Cryogenics. The sealing of helium using the bayonets is two-fold. 

First, the male and female bayonets form a metal-to-metal gas-tight seal that minimizes the leakage 

of helium even at cryogenic temperatures. Second, an O-ring is used to help align the bayonets as 

well as form a secondary seal to prevent leakage of any helium that may escape the metal-to-metal 

seal. The lines can be taken on and off via a sealing nut located on the male bayonet. A diagram 

of the bayonet seals can be seen in Figure 4.9.  

 
Figure 4.9: Diagram of Precision Cryogenics bayonet assembly. This assembly is used to prevent 
helium leaks at the gas input of the probe. 

Preventing helium leaks in the sample chamber is more complex. For parts of the sample 

chamber in which sealing can be semi-permanent, cryogenic epoxies with low helium diffusivity 

may be used.111 While more permanent than other options, epoxies generally can be removed with 

an extended soak in an organic solvent such as acetone. For preventing leaks from sample chamber 

components such as the gas line holes in the sample chamber base, applying a small amount of 

cryogenic epoxy around these lines should be sufficient for long-term cryogenic sealing.  
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There are a few methods for creating demountable, helium-tight seals at cryogenic 

temperatures, all of which are accompanied by their own respective challenges. The first, and 

perhaps most common, sealing method involves using indium metal.112, 113 Indium has a low 

melting point and is highly malleable even at cryogenic temperatures. Generally, indium gaskets 

function by crushing clean, high purity (³99.995%) indium between two pieces of metal. The 

indium is capable of filling in gaps in the metal surfaces and can form bonds with the metal to 

make a helium-tight seal. While indium seals can be formed on “as machined” surfaces, higher 

surface finishes (£32 µin.) generally are preferred for creating optimal seals. Additionally, the 

metal surfaces should be kept clean and free of dirt. 

For an indium O-ring, the groove for the indium wire should be sized such that the indium 

overfills the groove by ~10-20%. To properly crush the indium metal and ensure a good seal, the 

sealing flange should be designed in such a way that an even amount of pressure is distributed 

symmetrically around the O-ring groove. Consequently, the tight seals formed by indium metal 

make it difficult to remove the flange when necessary. For this reason, it is advisable to include a 

means to provide counterpressure to the flange to break the indium seal when needed. This can 

typically be achieved by leaving a few extra threaded holes through which a bolt can apply 

counterpressure to the flange and break the indium seal. 

Another common method for helium-sealing involves the use of PTFE or FEP O-rings. 

FEP has significant advantages over elastomeric O-rings at cryogenic temperatures. As 

elastomeric O-rings cool down, they begin to harden and lose their sealing properties, but FEP 

remains flexible down to temperatures close to that of liquid helium. The disadvantages of FEP O-

rings include their hardness, which makes it difficult to achieve quality seals, and their limited 

resistance to creep compared to elastomeric O-rings. The latter disadvantage can be reduced by 
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using spring-energized O-rings that improve creep resistance and reusability, while the former can 

be combated with very high surface finishes, typically < 8 µin. to achieve helium-tight seals for 

static applications. 

An example of the demountable cryogenic seals used in the sample chamber can be seen 

in Figure 4.10. Each potential area where helium leakage may occur is sealed by both an indium 

seal as well as a spring-reinforced FEP O-ring. While either of these sealing methods on their own 

should be enough to prevent helium leakage in the sample chamber, both were included as an extra 

precaution. For all surfaces in contact with the FEP O-rings, a minimum surface finish of 8 µin. 

was specified during manufacturing. For surface finishes where indium O-ring were to be used, a 

minimum surface finish of 16 µin. was specified. Although not pictured in Figure 4.10, the sample 

chamber was designed in such a way that the indium seals could be properly formed and removed. 

The indium seal between the insert/eject line and exhaust line with the copper oven can be formed 

and broken with a compression and decompression nut on each of the lines that screws into the top 

of the probe’s cryostat. The formation of the indium seal between the copper can and the top 

compression plate can be formed and broken by turning the locking ring clockwise and 

counterclockwise. The seal between the top compression plate and the sample chamber base can 

be formed and broken via a series of 4-40 and 2-56 bolts spaced around the sample chamber. 
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Figure 4.10: Diagram of cryogenic seal design in sample chamber. Each potential point for helium 
leakage is sealed with both an indium seal as well as a spring-reinforced FEP O-ring. 

4.5 Stepped Transmission Line Design 
 

At the heart of this balanced transmission line probe design is the stepped transmission 

line. The stepped transmission line is a critical feature, because it transforms the sample chamber 

impedances into an impedance node for every NMR frequency in the probe circuit. This is not a 

trivial task, particularly for NMR frequencies that are not well separated. The process of designing 

the stepped transmission line involves obtaining initial measurements on the sample scattering 
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parameters (S-parameters) followed by simulations of appropriate stepped transmission line 

designs.   

4.5.1 Type-N Adapter Design 

The type-N adapters are an indispensable tool for measuring the scattering parameters of 

the sample chamber. The adapters must be designed in such a way that their measurement of the 

S-parameters has a minimal effect on the S-parameters themselves. To do this, the type-N adapters 

should ideally behave as if they were 50 W coaxial cables. The adapters themselves feature a type-

N RF connector attached to a 50 W characteristic impedance transmission line. CAD drawings of 

a type-N adapter pair can be seen in Figure 4.11.  

 
Figure 4.11: Drawings of type-N adapter pair. (Top) type-N adapter pair as drawn in Autodesk 
Inventor. (Bottom) type-N adapter pair as modeled in HFSS. 
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ANSYS (Canonsburg, PA) HFSS simulations were run to ensure that the type-N adapters 

behaved like ideal 50 W coaxial cables over the entire range of frequencies in the circuit. The 

model for the simulations consisted of a pair of type-N adapters connected at their transmission 

line ends. The HFSS simulations modeled the adapter pair up to the reference planes for the type-

N connectors. Ideally, the reflections measured in the adapter pair should be minimized over all 

frequencies in the circuit. This can be modeled by assigning excitation ports at each end of the 

adapter pair and simulating the resulting S-parameters of the pair over the range of relevant 

frequencies. Geometrical optimization of the adapter pair can be performed in HFSS by sweeping 

parametrized dimensions in the adapter pair. In this case, the PTFE spacer offset (SO) and distance 

(L1) between the inner conductors and type-N connector were swept in order to minimize 

reflections. The results indicate that for all relevant frequencies in the circuit, the reflection of the 

type-N adapters should be -50 dB or better. A simulated frequency plot of the RF reflection for the 

type-N adapters can be seen in Figure 4.12. 
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Figure 4.12: Frequency plot modeling the RF reflection in the type-N adapters. 

4.5.2 Measuring Sample Chamber Impedances & De-embedding 

The sample chamber contains stray capacitances and inductances that make it difficult to 

model the S-parameters of the chamber. Instead, the type-N adapters can be used to measure the 

S-parameters directly. The electrical delay of the type-N adapters can be measured on a vector 

network analyzer (VNA) using the adapter pair model seen in Figure 4.11. Since the type-N 

adapters should behave as 50 W coaxial lines, the effects of the adapters on the measured scattering 

parameters can be removed with a simple port extension.  

When measuring the S-parameters of the sample chamber, de-embedding is a necessary 

step to remove the effects of the measuring devices on that of the device under test (DUT). In this 

case the DUT is the sample chamber of the probe and the measuring devices consist of uniform 50 

W transmission lines on the tuning/matching and balancing sides of the sample chamber as well as 

the type-N adapters. The general procedure for de-embedding S-parameter measurements of the 

sample chamber can be seen in Figure 4.13 and proceeds as follows. First, the S-parameters of the 

uniform 50 W transmission lines are measured using the type-N adapters. This step is completed 
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for both the tuning/matching and balancing transmission lines. Next, the 50 W transmission lines 

are connected to the sample chamber, and the S-parameters of the transmission line and sample 

chamber assembly are measured. During all measurements, the effects of the type-N adapters are 

removed using port extensions. Additionally, it should be noted that the transmission lines 

themselves extend into the sample chamber and must be partially included in the S-parameter 

measurement of the sample chamber. To accomplish this, the reference plane of the sample 

chamber should include a small length (~0.5”) of the transmission line. This effect on the S-

parameters of the transmission lines can be removed by applying an appropriate port extension to 

the transmission lines during measurement. The measured S-parameters can then be converted to 

T-parameters via the following transformation 
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Once the T-parameters have been calculated for the sample chamber and transmission line 

assembly, the T-parameters for the DUT can be calculated using the transformation 

 𝑇£¤¥ = 𝑇b;<𝑇6𝑇¦;< 4.5 

where TDUT are the T-parameters for the DUT, Tm are the measured T-parameters for the entire 

sample chamber assembly including transmission lines, and TA and TB are the T-parameters for 

each of the 50 W transmission lines. The S-parameters of the sample chamber can then be 

calculated using the transformation  
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Figure 4.13: Schematic representation of de-embedding procedure. 

Once the sample chamber S-parameters are known, the input and output impedances of the 

sample chamber can be determined using circuit simulation software. Input and output impedances 

must be complex conjugates of each other to achieve an impedance node at the center of the coil. 

There are two such conditions that can be used to achieve this: one that produces a current 

maximum in the center of the coil and one that produces a voltage maximum. For our purposes, 

the simulation software should be used to find the condition that produces the former.  

4.5.3 Simulations of Stepped Transmission Line 

Once the sample chamber balancing impedances are known, a stepped transmission line 

must be designed that will transform the impedance at the sample chamber to a common 

impedance node at the junction of the four-way tee. This can be accomplished by simulating the 

stepped transmission line and changing the transmission line parameters manually, but this is a 

SA SBSDUT

TA TBTDUT
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very time-consuming process. Instead, a MATLAB script was written to calculate multiple stepped 

transmission line designs that could achieve this impedance transformation. The MATLAB code 

utilizes the theory described in Section 4.3.3 to design a random set of stepped transmission lines 

that meet specified constraints. The MATLAB code for these calculations can be found in Section 

4.9.  

Accurate impedances are necessary for the MATLAB script to function. To test the 

MATLAB code, impedance measurements from previous literature were used.77 The MATLAB 

script outputs a table of values for the length of each transmission line segment, the characteristic 

impedance of each segment, and the overall input impedance at each frequency. The stepped 

transmission lines determined by the MATLAB code were simulated in AWR to check for 

accuracy. Figure 4.14 shows a circuit simulation performed in AWR for a given stepped 

transmission line design. From the simulation, it is clear that the sample chamber impedance is 

transformed to a short at the input of the stepped transmission line. The final step before fabrication 

of a stepped transmission line is an HFSS analysis of the line to determine whether there are any 

problematic areas where high voltage may build up and arcing may occur.  
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Figure 4.14: AWR circuit simulation of stepped transmission line. 

4.6 1 mm MAS Stator  
 

To perform 1H-detected DNP experiments, the DNP probe must be equipped with a stator 

that can achieve the fast MAS frequencies necessary for high resolution 1H-detection. Currently, 

both 1.3 mm and 0.7 mm DNP probes are commercially available. At 100 K, with nitrogen as the 

spinning medium, these probes can achieve MAS frequencies of 40 kHz and 65 kHz 

respectively.56, 57 At these spinning frequencies, it is difficult to perform 1H-detected experiments 

without requiring high levels of deuteration. Ideally, for 1H-detected experiments on biological 

samples, the MAS frequency should be as high as possible. However, even MAS frequencies as 

low as 80 kHz can substantially affect the quality of multi-dimensional 1H-detected NMR spectra. 

An example of this can be seen in Figure 4.15.114 

Zin = 0 ohms
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Figure 4.15: 2D NMR resolution comparison of 1H-detected spectra recorded at 80 kHz and 50 kHz 
MAS. Reprinted with permission.114 

Using helium as the spinning medium, MAS rotors should be able to achieve MAS 

frequencies at 100 K that, at a minimum, are comparable to room temperature spinning frequencies 

when nitrogen gas is the driving fluid. For 1.3 mm and 0.7 mm rotors, this would translate to MAS 

frequencies of approximately 67 kHz and 110 kHz at 100 K, respectively. Presently, there are no 

systems in the literature that utilize helium gas to spin rotors smaller than 3.2 mm. Spinning 

frequencies as high as 25 kHz have been achieved for 3.2 mm rotors at 90 K, however this is well 

below the threshold for 1H-detection experiments.115 Given these limitations, the decision was 

made to develop a 1 mm stator system that would be capable of performing 1H-detection 

experiments at cryogenic temperatures. 

4.6.1 1 mm Stator Design 

Although 0.7 mm MAS probes are typically considered to be the state-of-the-art 1H-

detection systems, they have practical limitations with respect to fabrication. Due to their size, 
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components for 0.7 mm MAS systems are extremely difficult to machine and are far more fragile 

than larger rotor systems. Rotors and bearings in particular are very difficult to fabricate out of 

zirconia at these sizes, and rotor crashes are more common for 0.7 mm MAS systems compared to 

larger rotor systems. Consequently, rather than attempting to fabricate 0.7 mm stators, it was 

decided to design a 1 mm stator system that would be more robust and easily machined. It is 

anticipated that this stator system should be capable of reaching MAS frequencies of 80-90 kHz 

at room temperature. A previously fabricated 1.3 mm spinning system was used as a base model 

for designing the 1 mm stator system. CAD drawings of the 1 mm stator can be seen in Figure 

4.16. 

 
Figure 4.16: Diagram of 1 mm stator system. Images on the right represent cross-sectional view of 
the stator. 
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The stator’s coil block is designed to deliver microwaves to the rotor via a smooth metallic 

waveguide in the front of the coil block. This design is similar to previous methods developed for 

1.3 mm stator systems.116 The coil block features a smooth, thin layer of metal that acts as a small 

waveguide to improve microwave coupling to the sample. The metallic waveguide may consist of 

a tube, foil, or even electroplated metal provided that the thickness of the metallic layer is 

appreciably thicker than the skin depth at the required microwave frequency. Another benefit of 

this coil block design is that it enables two microwave passes through the rotor. After the 

microwaves’ initial pass through the rotor, a metallic mirror on the back of the coil block reflects 

and refocuses the microwaves back to the center of the sample to improve overall microwave 

absorption. Delivery of cooling gas to the sample can be accomplished via a hole in the side of the 

coil block. A CAD drawing of the coil block assembly can be seen in Figure 4.17. 

 
Figure 4.17: CAD drawing of 1 mm coil block assembly. 

To improve the filling factor in the 1 mm system, the thickness of the coil block was 

maintained from the previous 1.3 mm system. In this way, the RF coil could be made longer, 

allowing for larger gaps between coil turns and a larger percentage of the rotor’s sample volume 

to be captured within the volume of the coil. This was made possible by decreasing the thickness 
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of the bearings to 1.25 mm to accommodate the extra space. Three holes in the back of the stator 

can be used for any combination of items including exhaust, temperature sensors, and fiber optics 

for optical irradiation of the sample.  

4.6.2 1 mm Rotor Design 

The custom-designed 1 mm rotor was devised with reliability and machinability in mind.  

For a given rotor diameter, rotors with thicker walls and shorter lengths are capable of faster 

spinning. However, short, thick-walled rotors are capable of holding less sample, which decreases 

the sensitivity of the experiment. Therefore, a compromise must be made between maximizing the 

sensitivity of the experiment and maximizing the performance and reliability of the system. To 

obtain preliminary results, the rotor was designed to maximize the latter. For an in-depth review 

on rotor dynamics, see Section 6.2.2. 

The inner diameter, outer diameter, and length of the rotor are 0.6 mm, 1 mm, and 6.3 mm 

respectively. The stem of the drive and end caps are both 1.2 mm in length, which gives the rotor 

an active sample volume of ~1.10 µL (~1.8x active sample volume of a 0.7 mm rotor). The stems 

on the drive and end caps are slightly oversized (OD = 0.605 mm) and contain grooves to create a 

tight fit and improve sealing of the rotor during spinning. A CAD drawing of the 1 mm rotor can 

be seen in Figure 4.18. 
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Figure 4.18: (Left) CAD drawings of 1 mm rotor design. (Right) MAS plot showing the theoretical 
maximum achievable spinning frequencies for an indestructible 1 mm rotor using helium and 
nitrogen gas as the spinning medium. 

4.6.3 Fluid Dynamic Simulations 

To verify that MAS frequencies >80 kHz would be achievable in the 1 mm stator system, 

computational fluid dynamic (CFD) simulations were performed. All simulations were performed 

in SOLIDWORKS Flow Simulation. For a thorough review of fluid dynamics in MAS systems, 

the reader is referred to other literature.117 Two primary investigations were performed with these 

simulations. The first was to confirm that the flow of fluid in the turbine region was smooth and 

that no turbulent regions were observed. The second was to check if fluid flow in the turbine region 

exceeded the speed of sound in the fluid (Ma > 1). 
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Similar simulation parameters that have been used in prior fluid dynamic simulations were 

employed.117 The rotation frequency of the rotor was set to 90 kHz. The flow type model was set 

to laminar and turbulent with nitrogen gas as the system fluid. The walls of the system were 

considered to be adiabatic, and the temperature of the system was set to 293.2 K. The mass inlet 

flow rate of the gas was set to 5 x 10-4 kg/s, and the pressure at the top and bottom outlets of the 

turbine region were set to 1 atm. The results of the simulations can be seen in Figure 4.19.  

 
Figure 4.19: CFD simulation results for the custom-designed 1 mm rotor spinning at 90 kHz. 

The CFD simulations for the 1 mm rotor spinning at 90 kHz revealed promising results. 

Based on the simulations, fluid flow in the turbine region appears to be smooth, and no pockets of 

instability can be observed. MAS > 90 kHz may therefore be achievable with a properly designed, 

sufficiently strong rotor. Additionally, at the mass flow rate and spinning frequency used in the 

simulation, the speed of the fluid in the turbine region remains subsonic. These results indicate 

that the 1 mm rotor should spin comfortably at MAS frequencies between 80-90 kHz.  
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4.7 Conclusions & Future Work 
 

In this chapter, a novel design for a fast-spinning MAS DNP probe was presented. This 

probe is designed to be compatible with a helium recirculation system and should be capable of 

spinning samples stably at MAS > 80 kHz. Further improvements to the system could be made to 

take advantage of the properties of helium, such as the addition of a cryostat along the VT line to 

house cryogenic preamplifiers. Future work may also include expanding the probe circuit to four 

channels to add another nuclear frequency to the circuit such as 31P or 2H. 

The 1 mm stator system may benefit from further optimization via CFD simulations. In 

this study, the purpose of the simulations was to confirm via modeling that the turbine system, as 

designed, would spin stably at MAS frequencies > 80 kHz. No simulations were run to study the 

frictional power loss in the radial bearing system or to optimize the turbine beyond its original 

design. Future studies may vary different parameters such as drive nozzle diameters and angles as 

well as the number of turbine grooves and their respective curvature.  

Another aspect of the 1 mm stator that could be further optimized is the radial gas bearings 

for helium spinning. The frictional power loss in a turbine system can be calculated using the 

equation 

 𝑃§ =
8𝜇𝜋¨𝑟�¨𝑓>

𝑟O
 4.7 

where µ is the dynamic viscosity of the gas, rr is the radius of the rotor, f is the rotation frequency 

in Hz, and rc is the radial clearance between the rotor and radial bearing.117 It can be clearly 

observed that as the viscosity of the gas increases, the radial clearance between the rotor and radial 

bearing must also increase in order to prevent an increase in the frictional power loss. At room 

temperature, the difference in viscosity between helium and nitrogen gas is not substantial enough 

to warrant a redesign of the stator system. At 100 K however, the viscosity of helium is 
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approximately 40% greater than the viscosity of nitrogen.118 Therefore, for stator systems intended 

for DNP applications, consideration should be given towards increasing the radial bearing 

clearance, either by increasing the inner radius of the radial gas bearing or by decreasing the 

diameter of the MAS rotor. While increasing the radial bearing gap will consequently lower the 

natural frequency of the rotor, at low temperatures the rotor’s spinning frequency should be limited 

more by the density of the driving fluid rather than the critical speed of the rotor.  
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4.9 MATLAB Code for Stepped Transmission Line 
Calculations 

 
An example of the MATLAB code used to design a transmission line with a stepped inner 

conductor is provided below/on the following pages.  
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clear all 
clc 
tic 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
ocd=0.620;                                  %Inner diameter of outer 
conductor 
icdmin=0.120; icdmax=0.500; icdinc=0.001;   %Minimum, maximum, and increments 
of outer diameter possible for inner conductor 
  
nchn=3;                            %Number of channels on probe 
sections=5;                        %Number of desired sections in inner 
conductor 
totplc=28.3;                       %Inner conductor total length constraint 
in inches 
plmin=1; plinc=0.001; plmax=10;    %Physical Length range of inner conductor 
sections     
perm=1000000;                      %Number of inner conductor permutations to 
find 
findlim=1;                         %Number of inner conductor combinations to 
find before code quits 
Zmcut=0.5;                         %Cutoff impedance for the sum of tee 
impedances of all channels 
  
myf=[500.058 125.739 50.67];       %RF freqeuncies of probe in MHz 
Zsc=[0-116j 0+13.2j 0-58.5j];      %Sample chamber impedance 
  
Zcut=20;                           %Cutoff impedance between using air and 
PTFE dielectric in inner conductor 
Z0base=50;                         %Characteristic impedance of first section 
of inner conductor 
Z0top=50;                          %Characteristic impedance of last section 
of inner conductor 
tdT=[86 86 87];                    %Time delay (in picoseconds) of T-arm at 
each frequency 
Z0T=50;                            %Characteristic impedance of T-arm 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
permlim=1000000; 
found=0; 
while found<findlim 
if perm>permlim 
    disp('Number of permutations exceeds permlim max: Please choose smaller 
number') 
else 
     
%Calculation reference values 
c=299792458;                       %Speed of light (m/s) 
myfhz=myf.*1e6;                    %Convert RF frequencies from MHz to Hz 
la=c./myfhz;                       %Reference wavelengths 
in2m=0.0254000508;                 %Constant (inches/meter) - use for unit 
conversions in conductor lengths 
permcount=0; 
f0=myfhz(1); 
la0=la(1); 
bl=tdT*.000000000001.*myfhz*2*pi; 



 108 

  
%Creates Z vector for reflection calculations 
icd=(icdmin:icdinc:icdmax);                 %Outer diameter of inner 
conductor 
kair=1; kptfe=2.1;                          %Dielectric constants of air and 
PTFE 
Z0air=(138/sqrt(kair)).*log10(ocd./icd);    %Characteristic impedance of air-
filled transmission line 
Z0ptfe=(138/sqrt(kptfe)).*log10(ocd./icd);  %Characteristic impedance of 
PTFE-filled transmission line 
  
%Variable preallocation 
G1=zeros(1,nchn); 
G2=zeros(1,nchn); 
Zf=zeros(1,nchn); 
  
Results=zeros(8,sections); 
rowNames = {'Section Number','Physical Length (inches)','Chracteristic 
Impedance (Ohms)','_______________','Frequency (MHz)','Impedance 
Magnitude','Impedance','Reflection Coefficient'}; 
sectionnum=(1:1:sections); 
Results(1,1:sections)=sectionnum; 
  
Z0=Z0air; 
  
for k=1:length(icd)                      
    if Z0(k)<=Zcut 
        Z0(k)=Z0ptfe(k); 
    end   
end 
  
plperms=zeros(perm,sections-1);         %Creates matrix for length 
permutations  
Z0perms=zeros(perm,sections);           %Creates matrix for impedance 
permutations 
plpermsnew=zeros(perm,sections); 
  
for z=1:perm 
randZ=randi(length(Z0),1,sections);     %Creates random number vector to 
select random impedances 
Z0perms(z,:)=Z0(randZ) ;                %Creates matrix with random 
permutations of impedances 
end 
  
plr=(plmin:plinc:plmax);           %Physical length range. Defines the 
physical length range of each section in inches 
  
while permcount<perm 
randpl=randi(length(plr),1,sections-1);   %Creates random number vector to 
select random physical length 
plperms(permcount+1,:)=plr(randpl);       %Creates matrix with random 
permutations of lengths 
    if (sum(plperms(permcount+1,:))>=totplc-plmax) && 
(sum(plperms(permcount+1,:))<=totplc-plmin) 
        plpermlast=totplc-sum(plperms(permcount+1,:)); 
        plpermsnew(permcount+1,:)=[plperms(permcount+1,:) plpermlast]; 
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        permcount=permcount+1; 
    end 
end 
toc 
elperms=plpermsnew./la0; 
Z0perms(:,1)=Z0base; 
Z0perms(:,sections)=Z0top; 
elperms=elperms.*in2m; 
  
for l=1:length(elperms) 
    for m=1:sections 
        if Z0perms(l,m)<=Zcut 
            elperms(l,m)=elperms(l,m).*sqrt(kptfe); 
        end 
    end 
end 
  
for r=1:size(elperms,1) 
 L=elperms(r,:); 
 Z=Z0perms(r,:); 
 G1=multiline([Z0T Z],L,Zsc,myfhz/f0);       %Calculates reflection 
coefficient given vector of characteristic impedances, electrical lengths, 
load impedance and reference frequency 
 Zic=gamma2z(G1);                               %Converts reflection 
coefficient to impedance - gamma2z is built-in MATLAB command 
  
 for n=1:nchn 
     Zf(n)=zprop(Zic(n),Z0T,bl(n)); 
 end 
  
 Zm=abs(Zf); 
  
 if (sum(Zm)<Zmcut) 
    Results(2,1:sections)=plpermsnew(r,:); 
    Results(3,1:sections)=Z; 
    Results(5,1:length(myf))=myf; 
    Results(6,1:length(Zm))=Zm; 
    Results(7,1:length(Zf))=Zf; 
    Results(8,1:length(G1))=G1; 
     
    Results(Results==0)=NaN; 
    FinalResultTable = array2table(Results,'RowNames',rowNames); 
    writetable(FinalResultTable,'outputfile.txt'); 
    
    found=found+1; 
 end 
end 
end 
found 
toc 
end 
disp('Calculations Complete') 
toc 
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5 Design of a Helium Recirculation System for MAS 
DNP 

 

5.1 Abstract  
 

The unique properties of helium could unlock new frontiers in MAS DNP spectroscopy. 

The usage of helium gas to cool RF electronics and spin MAS rotors should provide substantial 

enhancement in spectral resolution and potentially orders of magnitude improvement in sensitivity 

for MAS DNP experiments. Unfortunately, due to the high cost of helium, extended experiments 

that consume helium are often prohibitively expensive. This chapter describes a design for a 

helium recirculation system for MAS DNP experiments that allows recycling of helium instead of 

single-use consumption. This system will be used to perform MAS experiments on a 1 mm DNP 

probe and should enable spinning frequencies >80 kHz at 100 K.  

5.2 Introduction & Motivation 
 

Helium has the potential to substantially improve the sensitivity and resolution of MAS 

DNP experiments. The speed of sound in helium is nearly three times that of nitrogen gas, which 

should allow a MAS rotor to spin approximately three times faster using helium gas compared to 

nitrogen. Additionally, helium is capable of being cooled to ~4 K before liquefying, a property 

that can be utilized to substantially improve the sensitivity of MAS DNP experiments via cooling 

of the sample and electronics.  

Recall from Equation 1.10 that the Boltzmann polarization for nuclear spins scales 

inversely with respect to temperature. If, for example, an NMR sample were cooled from room 

temperature (~293 K) down to 30 K, one should expect an approximately ten-fold increase in 

sensitivity as a result. Furthermore, longer relaxation times at low temperatures may lead to 

significantly improved DNP enhancements. This is demonstrated in Figure 5.1, in which 
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enhancements on silica nanoparticles and urea samples at 30 K are approximately three-fold higher 

than the observed enhancements at 90 K.119  

 
Figure 5.1: DNP enhancements at temperatures from 30-90 K. (a) 1D DNP spectra of silica 
nanoparticles immersed in a solution of deionized water with 10 mM AMUPol. (b) DNP 1D DNP 
spectra of 13C-labeled urea in a glycerol/water matrix with 10 mM AMUPol. Reprinted with 
permission.119 

In addition to the sensitivity enhancements that can be achieved by cooling the sample with 

helium gas, there are substantial benefits to cooling the electronics in the probe circuit as well. The 

signal-to-noise with respect to temperature in an NMR probe circuit scales as 

 𝑆 𝑁⁄ ~
1

«𝑇O𝑅O + 𝑇[𝑅O + 𝑅P] + 𝑇P𝑅P
 5.1 

where Tc is the RF coil temperature, Rc is the resistance of the RF coil, Ta is the noise temperature 

of the preamplifier, Ts is the sample temperature and Rs is the resistance added to the coil by the 

sample, otherwise known as the “sample resistance”.120 Cryogenically cooled solution NMR 

probes are known to enhance the signal-to-noise of NMR spectra by a factor of 2-4 by cooling the 

coil and preamplifier in the circuit to very low temperatures (~20 K) with helium gas. The recent 

thermometer.45 The Vespels turbine and bottom caps were
specially designed to tighten at He-cooled conditions and
loosen at room temperature, facilitating repeated use.46

2.2. DNP MAS NMR

All He-cooled MAS DNP experiments were performed at B0 = 16.4 T
on a 700 MHz solid-state NMR spectrometer (ECA-700II, JEOL
RESONANCE Inc.) equipped with a home-built continuous-wave
460 GHz gyrotron47 and a closed-cycle He-cooling MAS probe
system.29 The MAS rates achievable with this probe are 8 kHz at
20 K, 12 kHz at 30 K, 14 kHz at 60 K, and 18 kHz at 90 K. The
1H and 13C Larmor frequencies were 698.66 MHz and 175.67 MHz,
respectively. The gyrotron uses a 10 T cryogen-free superconducting
magnet (JMTD-10T100, JASTEC), and oscillates at the second
harmonic mode producing high-power (B8 W) microwaves at
460 GHz. While the microwave frequency is tunable over a range
of B0.6 GHz, all measurements presented in this work were
performed at a fixed frequency of 459.95 GHz, which maximized
the enhancements with AMUPol. The frequency-dependence of
DNP enhancement factor measured for the urea sample can be
found in the ESI† (Fig. S1). Also shown in Fig. S2 in ESI† is the plot
representing the signal enhancements as a function of microwave
power measured for the urea sample at three different tempera-
tures. Importantly, the ratios of the signal enhancements measured
at any given temperature remain independent of power within the
measurement error.

All the 13C{1H} cross-polarization (CP) MAS spectra were
collected under B6 kHz MAS and the sample temperature was
changed between B90 K and B30 K. The reported temperatures
were measured within the rotor using the 79Br T1 relaxation time

of KBr.45 The 1H radiofrequency (RF) amplitudes were set to 75,
30, and 70 kHz for the excitation pulse, contact pulse, and
heteronuclear 1H decoupling, respectively. The 13C RF field
amplitude used during CP was set to B20 kHz. The spectra
were recorded by averaging 2 to 128 transients, and the spectral
intensity was normalized to the number of transients to yield the
intensity ‘‘per scan’’. All the reported chemical shifts are relative
to sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). The
recycle delay for all measurements was set to 1.3tDNP, where
tDNP is the time constant obtained when fitting a saturation
recovery experiment under microwave irradiation with the
expression: 1 ! exp(t/tDNP), where t is the recovery time.

3. Results and discussion
3.1. Enhancement factors

Fig. 1 shows 13C{1H} CPMAS spectra of PUP-MSN and urea
recorded at several temperatures between 30 and 90 K, with and
without microwave irradiation. In the PUP-MSN spectra
(Fig. 1a), the signals from the C1, C2, and C3 carbons are
clearly resolved (at 10, 24, and 42 ppm, respectively), while the
signals of aromatic and carbonyl carbons C4–C8 are only
partially resolved due to overlap with each other’s spinning
sidebands. A sideband-free spectrum of PUP-MSN can be found
in our earlier study.41 The spectra of urea (Fig. 1b) exhibit a
single peak at B160 ppm flanked by spinning sidebands. The
signals from deuterated glycerol (at B63 and B72 ppm) are
only barely visible in the microwave-on spectra. The spectral
intensities discussed below were evaluated by integrating the
entire spectral area for PUP-MSN, or the centerband and two

Fig. 1 DNP-enhanced 13C{1H} CPMAS spectra of PUP-MSN (a) and urea (b) obtained at indicated sample temperatures and nR = 6 kHz. Red and blue
lines represent the spectra taken with and without microwave irradiation, respectively. In (a), the resolved peaks are labelled in accordance with the
molecular structure shown. In (b) the arrow marks the centerband.
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development of cryogenically cooled probes for MAS NMR has likewise seen similar increases in 

signal-to-noise by similar means.121 Example MAS spectra acquired with a cryoprobe compared 

to a standard room temperature probe can be seen in Figure 5.2. An excellent review of 

cryogenically cooled probes can be found in other literature.122 

 
Figure 5.2: Spectral comparison of MAS NMR spectra recorded with the CPMAS cryoprobe at 14.1 
T vs. a standard room temperature probe at 20.0 T. Spectra were recorded on a sample of kinesin 
Kif5B microtubules. Reprinted with permission.121 

The benefits of helium are not limited to its cryogenic properties. Helium can also be used 

to improve the resolution of NMR spectra via faster MAS. Average Hamiltonian theory (AHT) 

predicts that spectral linewidths should narrow as 2p/wr, where wr is the spinning frequency of the 

rotor.10 This has been confirmed experimentally for spinning frequencies up to 170 kHz.123, 124 

 

 20

FIGURE 2 

 

 
Figure 2. a),b) 1D and 2D MAS NMR spectra of Kif5b/MT assembly acquired with the 3.2 mm CPMAS 
CryoProbe at 14.1 T (purple) and 3.2 mm EFree probe at 20.0 T (black): a) 13C CPMAS; b) CORD (top) 
and NCACX (bottom). c) Expansions of the CORD spectra showing selected regions containing the 
aliphatic and aromatic sidechain correlations. d) Selected 1D traces through the direct (top) and indirect 
(bottom) dimensions of the CORD spectrum, for chemical shifts shown as green dashed lines. The 
CPMAS spectra were collected with 64 and 512 scans, and the total acquisition time was 16 ms. The 
SNR = 135 and 136; the effective SNR per mg of protein per square root of scan and corrected for the B0 
= 2.2 and 0.7 for CPMAS CryoProbe and EFree probe spectra, respectively. The CORD spectra were 
collected with 36 and 192 scans, the recycle delays were 2 and 3 s; the total experiment times were 1.6 
and 2.5 days. The SNR (1st FID) = 60 and 59 with equivalent processing. The effective SNR per mg of 
protein per square root of scan and corrected for the B0 = 1.3 and 0.5 for CPMAS CryoProbe and EFree 
probe spectra, respectively. The NCACX spectra were collected with 256 and 3072 scans, the recycle 
delays were 3 and 2 s; the total experiment times were 17 and 139 hours. The SNR (1st FID) = 13 for both 
data sets. The effective SNR per mg of protein per square root of scan and corrected for the B0 = 0.1 and 
0.02 for CPMAS CryoProbe and EFree probe spectra, respectively. The MAS frequency in both cases 
was 14 kHz. The estimated amount of U-13C,15N-Kif5b in the samples for experiments with the CPMAS 
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Figure 5.3 shows the maximum achievable spinning frequency for a range of rotor sizes using 

helium and nitrogen as the spinning medium. It can be clearly seen that, especially for smaller 

rotor sizes, using helium gas for MAS can lead to substantially higher spinning frequencies and 

by extension, substantially improved spectral resolution. 

 
Figure 5.3: Maximum theoretical spinning frequencies for different rotor sizes as a function of 
temperature. Solid lines represent spinning frequencies achievable with helium gas. Dashed lines 
represent spinning frequencies achievable with nitrogen gas. 

For smaller rotor sizes (<1.3 mm), MAS frequencies >100 kHz are achievable at 100 K. 

Such spinning frequencies allow for 1H-detected DNP experiments on biological systems, a 

significant feat, as 1H-detection can increase the sensitivity of the experiment by a factor of 

(gH/gC)3/2 ~ 8 compared to equivalent carbon detection. This improved sensitivity can be 

compounded with the increased enhancements discussed previously due to cryogenic cooling of 
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the sample and circuit. When factoring in 1H detection with improved nuclear spin polarization, 

improved DNP enhancements, and reduced noise in the probe circuitry, gains in signal-to-noise of 

> 10,000 are not unreasonable. At this sensitivity level it may even become feasible to record 

multidimensional NMR spectra on natural abundance samples. 

The challenge with using helium gas for MAS DNP is primarily an engineering issue. 

Helium is the smallest atom and consequently has the potential to leak through even well-designed 

seals. This becomes especially problematic at cryogenic temperatures where sealing options are 

more limited. Additionally, using helium for MAS requires high mass flow rates at high pressures 

(>90 psi). Designing a system that is helium-leak tight at these pressures and temperatures is 

extremely challenging. This chapter discusses equipment and methods for building a helium 

recirculation system and the potential difficulties as well as solutions.  

5.3 Helium Recirculation System Layout 

5.3.1 Previous Helium Systems 

A limited number of systems that use helium gas for MAS and DNP have previously been 

demonstrated. Such systems utilize both recirculating and non-recirculating helium. Perhaps the 

most well-known non-recirculating helium system is that by Thurber and Tycko as seen in Figure 

5.4.125-127 This design uses nitrogen as the spinning gas while using liquid helium boil-off to cool 

the sample and RF coil. The helium boil-off is delivered via a line inserted into the center of the 

stator. The 4 mm stator features an elongated rotor to create further separation between the warmer 

nitrogen gas (~80 K) and the colder helium boil-off gas. For a 4 mm rotor, sample temperatures of 

25 K have been achieved at MAS frequencies up to 7 kHz. The helium consumption rate is kept 

low at <1.3 l/hr. Remarkably, an approximately ten-fold increase in the DNP enhancement was 

observed for the triradical DOTOPA-Ethanol when cooling the sample from 90 K to 30 K.  
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Figure 5.4: Thurber and Tycko cryogenic probe design. (a) Schematic representation of helium-
cooled probe with waveguide. (b) Photograph of helium-cooled DNP probe. The helium supply line 
is indicated by the number 6 in the figure. Reprinted with permission.126 

The Barnes group has performed numerous DNP experiments at temperatures <6 K using 

helium without a recirculation system.59, 128-130 This includes in-cell DNP experiments on intact 

human cells where DNP enhancements >40-fold were achieved. The Barnes group has also used 

helium gas to spin MAS spheres to frequencies significantly higher than what is achievable with 

nitrogen gas.72, 73 Using helium gas as the spinning medium, 4 mm MAS spheres have been spun 

to frequencies >28 kHz, which is substantially higher than was is achievable for a standard 4 mm 

cylindrical rotor. 

Helium recirculation systems for MAS NMR and DNP have been pioneered by the groups 

in Osaka and Grenoble. Examples of these systems can be seen in Figure 5.5. Gaël de Paëpe and 

co-workers have developed and built two helium recirculation systems, NUMOC and 
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SACRYPAN, which are capable of performing MAS DNP experiments at temperatures as low as 

30 K.115, 131, 132 NUMOC was a prototype system used to demonstrate the feasibility of a closed-

cycle helium system for DNP applications. In the NUMOC design, cooling of the input gas is 

accomplished via a heat exchanger that contains an external supply of liquid helium. Using 

NUMOC, spinning frequencies of 25 kHz were achieved on a 3.2 mm system at 90 K. 

SACRYPAN differs from NUMOC in that it uses cryocoolers rather than an external supply of 

liquid helium to cool the sample to < 77 K. Both NUMOC and SACRYPAN utilize return gas 

from the probe to cool the RF electronics in the probe as well as shield the incoming gas. 

Yoh Matuski and co-workers have also had success building helium DNP systems.119, 133, 

134 Like the Grenoble systems, the Osaka helium recirculation system has been used to perform 

MAS DNP experiments at 30 K and utilizes return gas to cool the RF electronics as well as assist 

with cooling of the input gas from the heat exchanger. An advantage of the Osaka system is that 

the cryogenic helium circulation (CHC) unit, which contains the cryocoolers and helium 

compressors, can be transported easily to different spectrometers via casters on the bottom of the 

unit. Since the system is a closed helium loop, the only costs to run the system are due to power 

consumption, which are estimated to be ~$3/h.  
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Figure 5.5: Previous helium recirculation designs. (a,b) NUMOC and SACRYPAN helium 
recirculation systems.115 (c) Osaka helium recirculation system design.134 Figures modified with 
permission. 

  
Figure 1. Pictures of the cryostat named NUMOC. Overview of the whole setup 
DNP-NUMOC (top left) installed in our laboratory in Grenoble and the control 
system of our full automatized process (top right). Vessel of the counter-current 
heat exchanger (bottom left), specific cryogenic transfer line and the coupling 
device to the NMR probe (bottom right).  

 

                    

 
Figure 2. Simplified schematic representation of the experimental setups used for 
MASDNP with helium sample spinning using a closed-loop system with NUMOC 
(a) and a fully autonomous system using SACRYPAN (b). 
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5.3.2 Current Design 

Building upon previous systems demonstrated in the literature, we have designed the 

helium recirculation system schematically depicted in in Figure 5.6. The components of the system 

were all chosen to ensure that the required helium specifications could be met and that leaks in the 

system would be minimized. A significant percentage of the system is intended to be controlled 

via LabVIEW programs or other automation programs of choice. A detailed description of the 

individual sections of the recirculation system is provided in the following sections. 

 
Figure 5.6: Schematic representation of current helium recirculation system design. 
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5.3.3 Helium Compressors & Adapters 

Two CPA286i helium compressors, purchased from Cryomech (Syracuse, US), form the 

heart of our helium recirculation system. The mass flow rate required to drive a MAS system can 

be calculated from the ideal gas law 

 
�̇� =

𝑀𝑃�̇�
𝑅𝑇

 5.2 

where �̇� is the mass flow rate, M is the molar mass of the gas, P is the pressure, �̇� is the required 

volume flow rate, R is the ideal gas constant, and T is the temperature of the gas. From 

conversations with Yoh Matsuki and Gaël de Paëpe, it was estimated that the mass flow rate 

required to drive the 1 mm system is between 0.7-1.0 g/s. The Cryomech compressors are each 

capable of outputting helium gas at 100 psig of pressure with a variable flow rate between 0-0.9 

g/s depending on the desired power consumption. By running the compressors in parallel, the total 

helium output of the system can be adjusted from 0-1.8 g/s. Each of the compressors utilizes 

helium-tight Aeroquip fittings. Custom Aeroquip tees and adapters were fabricated to allow the 

compressors to be run in parallel and mated with the NPT ports of a ballast tank.  

 
Figure 5.7: Helium compressors (left) and Aeroquip adapters (right) for helium recirculation system. 
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5.3.4 Counterflow Heat Exchanger 

A counterflow heat exchanger was constructed based on a similar design to Albert et. al.135 

A diagram of the heat exchanger design can be seen in Figure 5.8. The purpose of the heat 

exchanger is to cool the helium gas to low temperatures (<100 K) for DNP experiments. Before 

the helium gas enters the heat exchanger, it is passed through a Polycold gas chiller that pre-cools 

the gas to 150-180 K. The heat exchanger is then further cools the gas to temperatures as low as 

77 K.  

The counterflow heat exchanger features three separate modules (bearing, drive, and VT) 

that sit in a bath of liquid nitrogen. Each module has a two-stage cooling system. The first stage is 

equipped with two heat exchanger coils, one inside the other. The space between the inner and 

outer coil utilizes return gas to pre-cool the gas before entering the second stage. A vacuum 

chamber thermally insulates the first cooling stage from the liquid nitrogen bath, preventing 

unnecessary boil-off. The second stage contains a heat exchanger within a can of pressurized 

nitrogen. The pressure of the nitrogen in the can be regulated to control the level of liquid nitrogen, 

which in turn controls the temperature of the output gas. Higher levels of liquid nitrogen in the can 

will lead to increased cooling, while lower levels will result in warmer gas temperatures. 
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Figure 5.8: Diagram of counterflow heat exchanger. The heat exchanger is used to cool the helium 
gas down to temperatures of approximately 77 K. Figure courtesy of Natalie Golota. 

5.3.5 Sample Exchanger 

The exchange of samples in the DNP probe can potentially introduce air into the system, a 

problem that must be addressed to avoid consequences such as the condensation of oxygen. A 

custom sample exchanger was designed to circumvent this issue and aid with ejection of the rotor. 

A schematic representation of the sample chamber can be seen in Figure 5.9. The procedure for 

removing a rotor from the sample chamber is as follows: first, the cryogenic exhaust valve should 

be shut off and the three-way purge valve should be set to the “off” position. This closes off the 

probe, heat exchanger, and Polycold gas chillers from the rest of the system. Next, with the sample 

exchanger’s ball valve closed, a vacuum can be pulled on the rotor chamber. Once the chamber is 

evacuated, the ball valve can be opened, and the rotor should be pulled into the chamber by the 

vacuum. If the vacuum is insufficient, additional helium gas may be pushed through the Venturi 
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line to aid with ejection. After the rotor has ejected into the rotor chamber, the ball valve may be 

shut off again. 

 
Figure 5.9: Sample exchanger assembly. This apparatus can be used to insert and eject rotors without 
introducing air into the system. 

To insert the rotor, the reverse procedure is used. First, the rotor should be inserted such 

that it is sitting on top of the ball valve. Next, a vacuum can slowly be pulled on the rotor chamber 

to evacuate any air from the system. The sample chamber can then be back-filled with helium gas 

at low pressure. Once the chamber is filled with helium, the ball valve may be opened to allow the 

sample to insert. If the rotor is having difficulty entering the stator, the rotor chamber can be 
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pressurized at higher pressure, and the ball valve may be quickly opened and shut to provide bursts 

of helium to insert the rotor.  

5.3.6 Additional Components 

For a detailed review of the DNP probe and the methods used to create helium-tight seals, 

please see Section 4.4.5. After passing through the counterflow heat exchanger, the gas may 

require additional warming to reach room temperature. This may be accomplished by passing the 

gas through an additional heating chamber that contains a copper coil wrapped in heating tape or 

a hot water bath for example. Introducing impurities such as air or water to the system may result 

in buildup of ice or liquid oxygen in the system. The former can impact the functionality of the 

system and the latter is a significant safety hazard. For this reason, an oxygen detector is included 

in the design. Oxygen sensors typically require that the input gas be at low pressure and close to 

room temperature, so the sensor is placed before the input of the compressors rather than the input 

to the heat exchanger. Assuming it can be properly sealed, an optional dryer may be added prior 

to the compressors as well to remove any water vapor that may leak in. 

5.3.7 Helium Leak Testing of Flex Lines 

Helium leaks in areas with NPT fittings were a major concern for the system. While flex 

lines can be purchased with more secure VCR fittings, these lines are more than an order of 

magnitude more expensive than lines with NPT fittings. To characterize the extent of helium 

leakage, a braided stainless steel hose with NPT fittings was purchased from McMaster-Carr and 

helium leak tested with different thread sealants. An NPT to VCR adapter was attached to one end 

of the line to additionally test the performance of VCR fittings under a pressurized helium 

environment. Of the sealants tested, Torr Seal showed the best performance. Using a helium leak 
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detector, no leaks were observed in the epoxy-sealed NPT fitting or the VCR fitting over an 

extended period of time. 

5.4 Future Work 
 

Future work will involve further assembly of the helium recirculation system, which will 

require automation of the pressure regulation of helium gas for MAS and performance of 

additional leak testing of recirculation system components. Additionally, an operating 

environment must be created to control and operate the system. This can be accomplished using 

LabVIEW or another program of choice. Upon confirmation that the system functions and is free 

of helium leaks, consideration should be given to constructing an additional counterflow heat 

exchanger, consisting of a Gifford-McMahon or pulse tube helium cryocooler, to allow for low 

temperature experiments down to 10 K. Such cryocoolers require a dedicated helium compressor 

for operation, but due to the presence of the Polycold refrigerators and nitrogen counterflow heat 

exchanger, the required cooling capacity should be reduced dramatically. 
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6 Fabrication of Diamond MAS Rotors 
 

6.1 Abstract  
 

The choice of material for MAS rotors has important consequences related to the maximum 

achievable spinning frequency and microwave transparency of the rotor for MAS DNP 

experiments. Traditionally, rotors for MAS NMR and DNP have been fabricated from materials 

such as zirconia, sapphire, and silicon nitride among others. Due to its high strength, thermal 

conductivity, and transparency to microwave radiation, diamond is an ideal material choice for 

fabricating rotors for MAS DNP. This chapter presents a novel laser machining method for 

fabricating MAS rotors and drive caps from chemical vapor deposition (CVD) diamond. An in-

depth description of the machining apparatus and parameters are provided, and preliminary 

fabrication results are shown.  

6.2 Introduction & Motivation 
 

Since the inception of MAS NMR in the 1950s, techniques for fabricating MAS rotors have 

improved significantly. At the time of this writing, the smallest rotor size found in the literature is 

0.5 mm and MAS frequencies >170 kHz are now achievable.123 There are generally two limiting 

factors that determine the maximum spinning frequency of a rotor: (1) the speed of sound in the 

driving medium and (2) the strength of the rotor material. The former can be improved upon by 

using gases such as helium for MAS experiments rather than air or nitrogen. Improving the latter 

is more difficult given the difficulties in machining high-strength materials such as ceramics.  

At spinning frequencies >100 kHz, line broadening from strong 1H-1H homonuclear 

dipolar couplings is significantly reduced, and the resolution of 1H MAS NMR spectra is greatly 

improved.136-138 Furthermore, recent literature has suggested that at MAS frequencies >300 kHz, 
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it is possible to obtain solution-like resolution in selectively protonated samples.105 In addition to 

improved spectral resolution, the structural information that can be obtained from 1H distance 

constraints could prove to be invaluable for protein structure calculations. Given the currently 

limited options for rotor materials, the push towards higher MAS frequencies has been driven 

primarily by fabrication of rotors with increasingly smaller diameters. However, achieving hyper-

fast spinning frequencies via fabrication of rotors where the rotor diameter is <0.5 mm becomes 

somewhat impractical due to the quadratic scaling between the inner diameter of the rotor and its 

sample volume. Instead, one must explore the use of stronger rotor materials as an alternative way 

to achieve these hyper-fast MAS frequencies. 

Faster MAS not only improves spectral resolution, it can considerably boost the sensitivity 

of NMR experiments as well. The ability to perform 1H-detected experiments offers potential gains 

in sensitivity of (𝛾° 𝛾±⁄ )¨ >⁄ ≅ 8 compared to that of equivalent 13C-detection methods. Building 

upon this, if 1H-detection can be combined with dynamic nuclear polarization (DNP), the gain in 

sensitivity could be amplified by additional orders of magnitude.57, 139 In order to optimally 

combine these two techniques, the material used for fabricating rotors would have to be both 

exceptionally strong as well as highly transparent to microwave irradiation. For these reasons we 

explored fabricating MAS rotors from single-crystal CVD diamond. 

6.2.1 Rotor Material Comparison 

CVD diamond offers significant advantages over traditional rotor materials.140 First, 

diamond is one of the hardest materials in the world. The Young’s modulus of CVD diamond is 

approximately five times greater than that of zirconia, which makes it significantly more durable 

with respect to plastic deformation.141 This is a crucial property for MAS rotors due to the 

substantial mechanical stress they experience during MAS. CVD diamond is also one of the 
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world’s best thermal conductors, with thermal conductivity approximately five times greater than 

copper and four hundred times greater than zirconia.142 This makes CVD diamond an ideal choice 

for MAS NMR and DNP experiments, as cooling of the sample can be achieved more uniformly 

and efficiently with diamond compared to other rotor materials. Diamond’s low coefficient of 

friction may also help to reduce sample heating during MAS. In contrast to zirconia, diamond also 

has very high transparency to THz radiation, making it an ideal candidate for DNP experiments.143-

145 Finally, the cost of CVD diamond stock material is surprisingly low. 1x1x5 mm diamond logs 

can be purchased from Element Six (Didcot, UK) for ~$50 which, assuming there is access to 

proper fabrication equipment, makes rotor fabrication very affordable.  

6.2.2 Rotor Dynamics 

Rotor dynamics is a branch of mechanical engineering concerning the behavior of rotating 

structures.146, 147 As such, it is appropriate to utilize concepts from rotor dynamics to study the 

behavior of MAS rotors undergoing rotation. One of the most important factors to consider when 

designing MAS rotor systems is the rotor’s critical speed. The critical speed is the angular 

frequency at which the natural frequency of the rotor is excited. As the rotor approaches its critical 

speed, it will reach a bending resonance condition and will fail. The natural frequency of a tube 

with rigid supports on each end is given by 

 𝑓 =
𝜆>

2𝜋𝐿>
³
𝐸𝐼
𝐴𝜌

 6.1 

where l is the vibrational frequency factor (4.753 when vibration is first order), L is the rotor 

length, E is the young’s modulus of the tube material, I is the moment of inertia, A is the cross-

sectional area and r is the density of the tube material.148 The cross-sectional area and moment of 

inertia for a hollow tube are given by 
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 𝐴 =
𝜋
4
(𝐷> − 𝑑>) 6.2 

 𝐼 =
𝜋
64
(𝐷¶ − 𝑑¶) 6.3 

where D and d are the outer diameter and inner diameter of the tube, respectively.  

For a rotor supported by air bearings, the critical speed of a rotor cannot be calculated 

purely off the above equations, as the air bearings are not rigid supports and therefore have a 

damping effect. A simplified model of a rotor system with two radial air bearings can be seen in 

Figure 6.1. While the air bearings help lower the frictional force on the rotor, they also lower the 

stiffness of the rotor system and consequently the critical speed of the rotor as well. An estimate 

of the average static bearing stiffness is given by  

 𝑘 = 2𝑙𝑟·(𝑝 − 𝑝�6) 𝑟O⁄  6.4 

where k is the static bearing stiffness, l is the axial length of the bearing, rb is the radius of the 

bearing, p is the manifold pressure, patm is the atmospheric pressure and rc is the radial clearance 

between the rotor and bearing wall.149 From this equation we can deduce that there is a tradeoff 

between the natural frequency of the rotor and the frictional force on the rotor. Increasing the 

bearing length, bearing manifold pressure, or decreasing the radial clearance will all result in a 

higher critical speed for the rotor but consequently will also increase the frictional force on the 

rotor. These are important factors to consider when designing MAS systems. 
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Figure 6.1: Cross-sectional schematic of a rotor supported by two radial air bearings. The air 
supplied by the radial air bearings helps to reduce friction and acts like a spring system to help keep 
the rotor spinning on-axis. The stiffness, k, of the air bearings plays a role in determining the critical 
speed of the rotor system. 

For most applications, it is recommended that the maximum angular frequency of a rotor 

not exceed 70-75% of its critical speed. While it is possible to exceed a system’s critical speed 

without damaging the machinery, to accomplish this the system must be rapidly swept through its 

natural frequency which for MAS rotors at high spinning frequencies is not practical. Figure 6.2 

shows the undamped bending resonance zone for diamond and zirconia rotors. Given the number 

and complexity of the forces involved with MAS, accurately predicting the failure point of a rotor 

via theoretical calculations is difficult, however, the undamped critical speed of a rotor provides a 

good approximation of the best achievable spinning frequency for a given rotor material. Figure 

6.2 clearly shows that diamond rotors have a significantly higher bending resonance condition than 

zirconia rotors, which is particularly crucial when using helium gas as the driving medium. 

k
Rotor
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Therefore, fabricating rotors from diamond rather than zirconia should lead to a much higher 

regime of accessible spinning frequencies.  

 
Figure 6.2: Diagram of bending resonance zones for 0.7 mm and 1.3 mm rotors. Critical speed 
bending zones represent 0.7-1.3x the undamped natural frequency of the rotor. Red and blue lines 
indicate the theoretical maximum achievable spinning frequency using helium and nitrogen as the 
driving gas assuming that the rotor is made of an indestructible material. 

6.3 Fabrication Details 
 

6.3.1 Characterization of CVD Diamond Optical Properties 

Given diamond’s extreme hardness, machining it using conventional tooling is incredibly 

difficult. One of the most common methods for machining diamond is using laser machining tools 

due to their ability to make precise cuts in hard materials. Nd:YAG lasers in particular are 

especially popular for cutting diamond.150-152 In order to determine the optimal wavelength for 

cutting our CVD diamond logs, absorbance measurements were recorded on a sheet of single-

crystal CVD diamond. Using these absorbance measurements, the penetration depth of light can 
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be calculated as a function of wavelength. The Beer-Lambert law describes the intensity of light 

in a given material as a function of depth which is given by the equation 

 𝐼(𝑧) = 𝐼&𝑒;¹/ 6.5 

where I is the light intensity, I0 is the light intensity at the material’s surface, a is the absorption 

coefficient and z is the depth. We can see that the intensity of light falls off exponentially with 

respect to depth. Consequently, the penetration depth of the laser light is given by 

 𝛿» =
1
𝛼

 6.6 

where a is the absorption coefficient.  

Figure 6.3 shows the absorbance and penetration depth of light in single-crystal CVD 

diamond as a function of wavelength. Nd:YAG lasers typically emit light at a wavelength of 1064 

nm. This light can be efficiently frequency-doubled so that the laser can also operate at 532 nm. It 

can be seen in Figure 6.3 that both of these wavelengths are ideal for machining high aspect ratio 

features in diamond, as they offer a good compromise between laser absorbance and penetration 

depth. The 532 nm wavelength seems to be particularly ideal as it sits right on the edge of the 

absorbance spike. All absorbance measurements were recorded on an Agilent (Santa Clara, CA) 

Cary 5000 UV-Vis-NIR spectrophotometer. 
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Figure 6.3: (Blue) Absorbance vs. wavelength for CVD diamond sheet. (Green) Penetration depth vs. 
wavelength for CVD diamond. The 532 nm light from a Nd:YAG laser offers a nice combination of 
absorbance and penetration depth. 

6.3.2 Laser Machining Apparatus 

All laser machining of CVD diamond took place on an A Series laser micromachining 

system from Oxford Lasers (Didcot, UK). The laser operates at a frequency-doubled wavelength 

of 532 nm and uses a Q-switch Nd:YAG solid state diode-pumped laser source. The laser produces 

a Gaussian beam which can be focused to a spot size of approximately 13 µm. For all laser 

machining fabrication an optical lens with a focal length of 100 mm was used. The laser cabinet 

features three independent linear actuators from Aerotech (Pittsburgh, US), that are capable of 

traveling distances of 200 mm, 200 mm, and 130 mm in the x, y, and z Cartesian directions, 
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respectively. Each of the Aerotech actuators have linear resolution of 0.25 µm and are accurate to 

within 2 µm. 

To machine diamond rotors and drive caps, a custom machining apparatus was constructed 

within the Oxford laser system. The apparatus that was constructed is referred to as a “micro-lathe” 

and has both a “lathe” mode and “turntable” mode to machine the outer diameter and inner 

diameter of the rotor, respectively. Precise repositioning of the micro lathe setup when switching 

between modes is accomplished using a Thorlabs (Newton, NJ) KB3X3 kinematic base. The 

“micro-lathe” features a DDR100 rotary stage from Thorlabs capable of continuous 360° rotation 

at a maximum rate of 3 Hz. The DDR100 stage has a maximum axial wobble of 60 µrad and a 

maximum radial eccentricity of 6 µm. The rotary stage has a custom designed kinematic mount to 

adjust for tilt and yaw with respect to the stage’s rotational axis. Additional tilt and yaw adjustment 

mounts were placed underneath the rotary stage to assist with squaring the diamond stock with 

respect to the laser beam. A custom clamp to mount the diamond stock to the rotary stage was 

fabricated via wire EDM using aluminum as the stock material. A diagram of the “micro-lathe” 

apparatus can be seen in Figure 6.4.  
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Figure 6.4: Diagram of Oxford “micro-lathe” apparatus. Figure courtesy of Zach Fredin. 

Orthogonal alignment of the diamond stock with the laser beam is accomplished via an 

iterative process. Alignment measurements were performed using an OptoNCDT 2300-10 laser 

micrometer from Micro-Epsilon (Ortenburg, DE). The laser micrometer was attached to the frame 

of the Oxford system such that the micrometer laser faces the front surface of the rotary stage’s 

kinematic mount. The front surface of the kinematic mount was lapped to ensure a smooth finish 

that would minimize surface roughness effects during displacement measurements. 3/16-100 TPI 

fine adjustment screws from Kozak Micro Adjusters (Randolph, NJ) were used to dial in the tilt, 

yaw, and runout of the rotary stage assembly. When properly optimized the “micro-lathe” 

apparatus was able to achieve a measured runout of <10 µm.  
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Figure 6.5: “Micro-lathe” assembly in Oxford laser cabinet. (Left) The apparatus is in “lathe” mode 
which is used to machine the outer diameter of the rotor. The Micro-Epsilon laser micrometer is used 
to dial in the tilt, yaw, and runout of the rotary stage. (Right) The apparatus is in “turntable” mode 
which is used to machine the inner diameter of the rotor. Switching between the two modes can be 
easily accomplished using the magnetic kinematic base. 

6.3.3 Material Removal Mechanism 

To our surprise, we were able to machine holes with remarkably high aspect ratios in the 

diamond logs. We believe that the mechanism for the high removal rate of diamond during the 

laser machining process can be attributed to a phase conversion from diamond to graphite, 

followed by oxidation of the graphite to CO, or CO2. For an excellent review of the phase 

transitions that diamond undergoes under different oxidation conditions, we refer the reader to 

outside literature.153 A brief summary of these transitions can be seen in Table 6.1. A more rigorous 

review of potential material removal mechanisms on a molecular level can be found in other 

literature.154-157 The majority of these mechanisms involve the interaction of oxygen with the 

diamond surface, which causes a rearrangement of the carbon bonds along the surface and eventual 

removal of the carbon via oxidation to CO or CO2. We believe that the oxygen present in ambient 
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air during laser machining plays a key role in material removal. Further studies involving graphite 

and CO2 detection will be performed to confirm these mechanisms.  

Table 6.1: Oxidation Conditions of Diamond.153 

Temperature Oxygen Surface Coverage Phase Transition 

700 °C – 1500 °C 0% Phase transition from sp3 to 
amorphous sp2 carbon 

>1600 °C 0% Phase transition from sp3 to 
crystalline graphite 

>700 °C <20% 
Phase transition from sp3 to 

amorphous sp2 carbon followed 
by oxidation to gaseous CO/CO2 

>500 °C >50% 
Phase transition from sp3 to 

amorphous sp3 carbon followed 
by oxidation to gaseous CO/CO2 

 

6.3.4 Machining Toolpaths and Parameters 

Early attempts at drilling holes in diamond did not involve a rotary stage. Instead, a spiral 

toolpath was used to drill pockets in the diamond logs. In this setup, the diamond log was mounted 

vertically in a vise, and a spiral pattern was traced out at different hole depths. The spiral toolpath 

helped create a pocket in the center of the hole that assisted in material removal. The first drilling 

tests were performed at high power (80-100% of maximum laser power), which led to bulging 

holes and occasional cracking of the diamond material. During initial tests, it was quickly realized 

that lower laser power (£50% of maximum laser power) reduced and usually eliminated any 

potential bulging or cracking from overheating. The lowest pulse frequency of the Oxford laser 

system is 5 kHz, which was found to produce the lowest taper in the drilled holes. The feed rate 
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for the spiral pattern was typically 1 mm/s. All spiral toolpaths were designed using VCarve Pro 

by Vectric (Redditch, UK). 

An important factor to consider when laser machining diamond is the power density of the 

laser pulse compared to the critical energy necessary to remove the diamond material. For a single 

laser pulse, the power density of the pulse is given by 

 𝑃� =
4𝑃½¾
𝜋𝑡&𝑓𝑑·>

 6.7 

where PL is the power density of the laser, Pavg is the average power output of the laser, t0 is the 

pulse width, f is the pulse frequency and db is the beam diameter at the focal point. Likewise, the 

critical energy needed to cause evaporation of the diamond is given by 

 𝑃± =
𝑘(𝑇� − 𝑇&)

2𝐴 ³
𝜋
𝛼𝑡&

 6.8 

where k is the thermal conductivity of diamond, Te is the evaporation temperature, T0 is room 

temperature, a is thermal diffusivity and A is the thermal absorption rate. These equations hold 

true for cases where there is no relative motion between the diamond stock and the laser, otherwise 

adjustments to the calculations must be made. For direct removal of diamond material via laser 

machining, PL should be greater than PC. However, for removal mechanisms involving a phase 

transition to graphite followed by oxidation to CO or CO2, the calculations become more 

complicated. For a more in-depth analysis of this topic, the reader is referred to other literature.158 

Spiral toolpaths generally lead to highly tapered, asymmetric holes during drilling. In an 

attempt to fix these issues, toolpaths utilizing the rotary stage were developed. All rotary stage 

toolpaths utilized the “micro-lathe” apparatus described in section 6.3.2 and were developed using 

custom Python scripts that output the machining toolpath in a G-code format that could be 

processed by the Oxford laser software. The parameters that could be changed via the Python 
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scripts included the laser power, x-axis feed rate, total distance traveled in x-axis, total depth of 

cut, depth of cut per pass, and repetitions per pass.  

To machine the through hole of the rotor, the rotary stage was first mounted in “turntable” 

mode. The diamond log was rotated on the stage at a rotation rate of 1000 °/s, and the center of 

rotation of the log was found using the Oxford’s viewing microscope. Using the log’s center of 

rotation as the origin, a linear path for the laser was traced out using the desired radius of the 

through hole. Rotating the log during machining ensured that whatever hole was produced would 

be rotationally symmetric. Generally, both a coarse and finishing pass were used. It was found that 

the hole taper could be reduced significantly by ramping the laser power with respect to the depth 

of the hole on the coarse pass, as material removal was generally more difficult at deeper depths. 

A finishing pass was then used at 100% laser power to clean up the hole taper further. The finishing 

pass traced out a ring with inner diameter and outer diameter 60% and 100% of the diameter of 

the through hole, respectively. A summary of typical machining parameters for the rotor through 

hole is given in Table 6.2.  

Table 6.2: Inner Diameter Machining Parameters using Rotary Stage Toolpaths 

Step 
Pulse 

Frequency 
(kHz) 

Total 
Cut 

Depth 
(mm) 

Linear 
Feed 
Rate 

(mm/s) 

Depth 
Increments 

(mm) 

Repetitions 
(Double 
Passes) 

Laser 
Start 

Power 

Laser 
End 

Power 

Coarse 
Pass 5 6 0.050 0.050 10 20% 100% 

Finishing 
Pass 5 6 0.050 0.015 40 100% 100% 

 

After machining the inner diameter of the through hole, the rotary stage was returned to 

“lathe” mode to machine the outer diameter of the rotor. The diamond log was first manually 

rotated on the rotary stage to determine the trapezoidal log’s maximum positions in the +y and -y 
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directions. This served as a guide to determine how many coarse passes were necessary to achieve 

dimensions close to the desired outer diameter. The coarse passes were intended to reduce 

machining time by quickly removing excess bulk material. After the coarse passes, an estimate of 

the outer diameter of the diamond tube was determined via the Oxford’s viewing microscope. 

Finishing passes were then used to achieve the desired outer diameter of the rotor as well as the 

desired surface finish. After each finishing pass the outer diameter of the diamond rotor was 

measured via the Oxford’s viewing microscope, and the next pass was adjusted accordingly to dial 

in the correct dimensions.  

A summary of typical parameters used for machining the outer diameter of the rotor is 

provided in Table 6.3. After machining the outer diameter of the rotor, the top of the rotor was 

faced to produce a flat surface. The rotor was then cut from the stock material. For the facing and 

removal operations, the same feed rate and laser power as the finishing pass were used. Generally, 

the 5 mm long diamond logs did not have enough length to machine the entire length of the 4.6 

mm long rotor. In the future, adjustments will need to be made to the mounting clamp that allow 

it to grip the diamond with less stock, or alternatively, longer diamond logs will need to be used.  

Table 6.3: Outer Diameter Machining Parameters using Rotary Stage Toolpaths 

Step 
Pulse 

Frequency 
(kHz) 

Total 
Cut 

Length 
(mm) 

Linear 
Feed 
Rate 

(mm/s) 

Depth 
Increments 

(mm) 

Repetitions 
(Double 
Passes) 

Laser 
Power 

Coarse Pass 5 3.8 0.010 0.050 1 50% 

Finishing 
Pass 5 3.8 0.002 0.005 1 50% 

 



 140 

6.3.5 Removal of Amorphous Carbon Layer 

The laser machining process leaves behind a thin layer of amorphous carbon on the surface 

of the CVD diamond. The amorphous carbon layer on the diamond surface presents a difficult 

problem for NMR and DNP experiments, as the presence of a conductor on the surface of the rotor 

could have a substantial effect on the probe’s RF tuning as well as the microwave transparency of 

the rotor. The microwave transparency of the rotor is particularly concerning, as the skin depth in 

the THz regime is orders of magnitude smaller than at RF frequencies. Many different methods 

were used in initial attempts to remove the amorphous carbon from the diamond surface including 

piranha etching, oxygen plasma cleaning, and microwave acid digestion. All of these methods 

proved to be unsuccessful. 

To remove the amorphous carbon from the diamond surface, the laser machined CVD 

diamond was baked in a furnace at 600 °C. The gas inside the furnace was ambient air at 

atmospheric pressure. In the presence of air, amorphous carbon should oxidize at temperatures of 

approximately 375-450 °C.159 The rate of removal can be increased at temperatures above 450 °C, 

however, care must be taken not to exceed 700 °C, as above this temperature the diamond can 

begin to oxidize and burn away. The best results for the amorphous carbon removal were achieved 

by leaving the diamond in the furnace overnight. An image of a partially machined diamond rod 

can be seen in Figure 6.6 both before and after baking. 
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Figure 6.6: (Left) Partially machined diamond rod. (Right) Partially machined diamond rod after 
baking in furnace at 600 °C. 

6.3.6 Fabrication Progress 

The first attempts at machining diamond rotors produced rough, highly tapered through 

holes. Based on exit hole observations, the through holes being machined were highly 

asymmetrical, which would have inevitably led to substantial rotor imbalances during MAS. The 

taper angle of the holes also prevented drive and end caps from being properly inserted into the 

rotor, even with the aid of adhesives. Subsequent iterations and adjustments have greatly improved 

the quality of the rotors that have been fabricated. The outer diameter of the rotor can be machined 

to within ~5 µm of the target diameter. Using improved toolpaths with the rotary stage, the taper 

angle of the through hole has been reduced to <0.3° and a taper of <1%. This corresponds to a 

difference in the diameter of the entrance and exit holes of less than 50 µm. For comparison, using 

an optical lens with a 100 mm focal length, the taper angle of the Gaussian laser beam is ~3°.  

These results suggest that it is possible to machine a through hole with <10% of the taper of the 
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laser beam itself. As the machining apparatus continues to be improved, we hope to achieve a taper 

angle of <0.05°, which should be sufficient for fabricating well-balanced MAS rotors. A collage 

of our current machining progress can be seen in Figure 6.7. 

 
Figure 6.7: Collage of current diamond rotor machining progress. (Top left) Fully machined diamond 
rotor prior to being baked in a furnace. (Top right) SEM image of diamond rotor. (Bottom left) 
Diamond log with machined through hole. A 0.49 mm gauge pin has been placed through the hole. 
(Bottom right) Fully machined diamond rotor after being baked in a furnace. A 0.49 mm gauge pin 
has been placed through the rotor. 

In addition to laser machining diamond rotors, significant progress has been made 

machining drive caps from CVD diamond as well. CVD diamond drive caps offer several 

advantages over their plastic counterparts such as improved rigidity of the turbine as well as 

improved microwave transparency for potential axial microwave coupling experiments. Diamond 

turbines that qualitatively resemble their plastic counterparts have been achieved, but a primary 
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issue that remains when laser machining drive caps for MAS rotors is the lack of depth control 

during the machining process. This creates difficulty in machining turbines with a flat section on 

the bottom that can seal the rotor. However, as the machining apparatus and parameters continue 

to improve, the potential to machine CVD diamond drive caps remains highly feasible based on 

current progress. A comparison between a laser machined diamond drive cap and a plastic drive 

cap can be seen in Figure 6.8. 

 
Figure 6.8: Drive tip machining progress. (Left) 0.7 mm CVD diamond drive tip fabricated via laser 
machining. (Right) CAD drawing of 0.7 mm Vespel drive tip for comparison.  

6.3.7 Spin Testing 

Prior to running MAS experiments, the diamond rotors must be thoroughly tested in order 

to ensure that the potential for a rotor crash is minimized. To test the viability of spinning laser 

machined MAS rotor components, a spin test was performed with a 1.3 mm diamond end cap. The 

diamond end cap was machined from a 1.5x1.5x5 mm CVD diamond log from Element Six. The 

end cap was epoxied into the end of a 1.3 mm zirconia rotor and spin tested at an unregulated 

spinning frequency of 30 kHz. To our knowledge this was the world’s first spin test of a MAS 

rotor component made from CVD diamond. Despite not achieving the desired dimensional 

tolerances on the end cap, the rotor was able to spin at a MAS frequency of 30 kHz without 
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crashing. Upon trying to spin up to 35 kHz, the rotor ejected from the stator, however, this 

preliminary test is extremely encouraging, as it demonstrates that it is feasible to spin diamond 

rotor components to high spinning frequencies if the dimensions of the components are reasonably 

close to the necessary specifications. A summary of the spin test results can be seen in Figure 6.9. 

 
Figure 6.9: (Left) Diamond end cap in 1.3 mm rotor. (Right) Spin test results for 1.3 mm rotor with 
diamond end cap. 

Given the encouraging results of the 1.3 mm diamond end cap, additional spin testing was 

performed using a 0.7 mm CVD diamond rotor. This rotor was machined from custom 1x1x5.5 

mm long CVD diamond logs to provide enough length to machine the entire 4.6 mm length of the 

rotor. Due to the presence of a ~40 µm taper in the diamond rotor, the Vespel drive cap and end 

cap were epoxied into the ends of the rotor. The rotor was spin tested in the 0.7 mm Bruker test 

stand seen in Section 6.6. Surprisingly, despite the significant taper in the rotor, it was able to spin 

up to a MAS frequency of 7 kHz. While the rotor was unable to meet our ultimate target of >100 
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kHz, this was a monumental first test, marking the first time a diamond MAS rotor has ever been 

spun and further demonstrating that with proper tolerances, diamond rotors are feasible for 

performing MAS experiments. A spin plot of the 0.7 mm diamond rotor spin test is seen in Figure 

6.10. 

 
Figure 6.10: MAS plot of 0.7 mm diamond rotor test. A maximum MAS frequency of ~7 kHz was 
reached. A picture of the diamond rotor can be seen on the right side of the graph. Figure courtesy 
of Brian Michael, Salima Bahri, and Zach Fredin. 

6.4 Future Work 
 

The top priority proof-of-concept test for the MAS diamond rotors is to successfully spin 

a fully machined diamond rotor at high frequencies. However, there are many additional aspects 

of the diamond laser machining process that would benefit from further characterization. First, it 

would be of great interest to further characterize the material removal mechanism, including 
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describing the components of the amorphous carbon layer and detecting the release of CO or CO2 

during the machining process. Determining the effect that different atmospheres have on the 

material removal rate would also be beneficial.160 For example, tests could be performed to 

determine the effects of varying concentrations of atmospheric oxygen on the material removal 

rate. Raising the temperature may also increase the material removal rate and reduce the through 

hole taper by lowering the energy barrier necessary to remove the carbon material. For these tests, 

a miniature furnace was designed which can be seen in Figure 6.11. This furnace can be 

constructed in the future and used as a characterization tool to further study the mechanisms behind 

the carbon material removal.   

 
Figure 6.11: Miniature furnace for heat and atmospheric testing during diamond laser machining.  

Ultimately, the success of fabricating diamond rotors is dependent on reducing the taper of 

the through hole. For optimal spinning, the inner diameter of the rotor must be uniform and circular 

throughout. There are a few different methods by which the taper could be improved. One option 

is to construct a laser apparatus that is capable of angling the laser beam in a way similar to that 

of a galvanometer scanner. In previous literature, inclination of the beam angle has shown to 

significantly reduce the taper of laser machined holes and can even create reverse tapers if done 

properly.161 An example of this can be seen in Figure 6.12.  
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Figure 6.12: Effects of beam inclination on hole taper. Reprinted with permission.161 

Another option for reducing the taper of the through hole is to machine the diamond rotor 

from both ends. This can be accomplished by constructing a laser apparatus with multiple beam 

paths or by flipping the log between operations. The latter option requires a way to accurately 

reposition the laser beam at the center of the log’s rotation axis. Assuming minimum perturbation 

(a few microns) occurs during the process of flipping the log, one way to accurately relocate the 

center of the log is to use a reference marker. The reference marker may consist of a removable 

target which can be laser marked with a microscopic hole prior to flipping the mount. If the offset 

from the center of the log and the mark is known, a viewing microscope can be used to find the 

center of the mark, and the offset can be used to reset the position of the laser to the center of the 

log. Either method would hopefully reduce the taper of the though hole sufficiently so that the 
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drive and end caps could be properly mounted in the diamond rotors and the assembly then used 

for MAS NMR experiments.  
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6.6 Supporting Information 
 

For the purpose of spin testing 0.7 mm and 1.3 mm diamond rotors, a spinning test stand 

was generously supplied by Bruker Biospin (Billerica, MA). Pictures of the test stand can be seen 

in Figure 6.13. The test stand features swappable stator modules for testing 0.7 mm and 1.3 mm 

rotors. The test stand stators lack an RF coil and are manufactured from stainless steel to improve 

the durability of the stator system during destructive testing.  

 
Figure 6.13: Bruker test stand equipped with 0.7 mm stator. The test stand can be used for destructive 
testing of diamond rotors. 
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